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Abstract 

Fused deposition modelling (FDM), a thermoplastic layer-by-layer additive 

manufacturing technique also known as 3D printing, can quickly build complex 

geometries, reducing design limitations and production costs of conventional 

manufacturing methods. Using a fibrous reinforcement strengthens the thermoplastic 

matrix, allowing FDM to be used in more structural complex-shape small-size 

applications. Aligned discontinuous fibre composites (ADFRC) incorporate a high-

performance reinforcement architecture that, owing to a sufficient fibre length and high 

alignment, results in mechanical performance comparable to those of continuous fibre 

composites as well as higher formability and fewer manufacturing defects.  

DcAFF (Discontinuous Aligned Fibre Filament) is a novel ADFRC filament developed 

for 3D printing aiming to achieve both high mechanical performance and formability. 

The ADFRC used in this thesis is produced with the High Performance Discontinuous 

Fibre (HiPerDiF) technology. The DcAFF filament was studied in three main areas: 

production, printing, and performance. A high production rate filament-forming 

machine was designed to compress the high aspect ratio cross-section of the tape 

outputted by the HiPerDiF into a square cross-section filament before its pultrusion to 

obtain a circular cross-section filament. The designed filament-forming process ensures 

that a large fraction of the fibres in the final product is well aligned with the longitudinal 

axis of the filament and the void content is minimised. The printability of the DcAFF 

filament is relatively good in straight rasters, but there are some discrepancies between 

the desired and deposited raster at sharp deposition turnings. This discrepancy was 

minimized with a first-order lag relationship and PI controller that offered an additional 

path to compensate for the turning corner. The DcAFF material was evaluated with 

different testing approaches: tensile, open-hole and short beam shear. Overall, 
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considering the information available in the literature for 3D printed composites using 

the same matrix, i.e. PLA, DcAFF shows mechanical performances superior to those 

reinforced with short fibres and comparable to those employing continuous ones. It is 

concluded that the use of ADFRC in DcAFF filament is sufficient to provide 

performance comparable to continuous fibre composites and relatively better 

formability compared to the 3D printing of continuous fibre. This paves the way for this 

material as a candidate for high-performance 3D printing. 
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Chapter 1 Introduction 

1.1. Background 

Additive layer manufacturing (ALM) fabricates objects from a three-dimensional (3D), 

computer-aided design (CAD) model by stacking material in a layer-by-layer 

arrangement [6]. ALM, also known as rapid prototyping [7, 8], as a layer-based 

manufacturing method, allows for the fabrication of complex geometries within a short 

time compared to conventional subtractive manufacturing methods and automates 

currently labour-intensive operations, i.e. composite layup [9-11]. The reduction in 

design limitations shortens the design and manufacturing cycle whilst speeding up the 

development process leading to high-efficiency products, especially for mass-

customized items [12, 13]. ALM is also cost-effective since it minimises additional 

expenses, associated with tooling or moulds. The higher degree of automation of ALM 

can reduce human error and increase product accuracy. After the invention of the first 

ALM methods, laser-based and photochemical stereolithography (SLA) [7], various 

other approaches based on layer manufacturing were developed, e.g., selective laser 

sintering (SLS), powder bed and inkjet head 3D printing (3DP), etc. [14, 15].  

Among the several ALM methods, one of the most widely used [16, 17] is a polymer 

fused deposition technique known variously as Fused Deposition Modelling (FDM) 

[15],  Fused Filament Fabrication (FFF) [18], Solid Filament Freeform (SFF) [14, 19], or 

Material Extrusion Additive Manufacturing (MEAM) [20]. In this thesis, it will be 

referred to as FDM or 3D printing. The reasons for its popularity compared to other 

ALM methods are immediately clear: ease of use [21] and no extra equipment required 

(e.g. mould, oven, or tools) [7, 22, 23], leading to lower costs of machines and processes. 

Typically, raw materials for FDM are thermoplastics in the form of solid feedstock, 

which are of low toxicity and are easy and safe to handle during processing [24, 25]. 

Besides, the nature of thermoplastics, which can be heated and reshaped, allows the 



2 

 

products to be recycled [26, 27]. FDM was first developed by S. Scott Crump, co-founder 

of Stratasys, in 1988 [28-31] and generally, the process starts with generating a 3D CAD 

model and transforming it into a generic geometry file (typically an .STL file). This 

geometry file is then “sliced” using one of the many open-source or proprietary slicing 

software, which cuts the geometry into a series of layers and encodes the machine 

commands (position, temperature, etc.) into a G-code file readable by the FDM machine 

[28, 29, 32].  

During the 3D printing operation, a thermoplastic feedstock is fed into a melt pool 

where it is heated above its extrusion temperature (Te) which is dictated by the melting 

(Tm) and glass transition temperatures (Tg) of the material and the machine’s feeding 

system configuration [33]. Then, it is finally extruded through a finely-tipped nozzle 

[20, 24, 33]. The deposited filaments, called rasters (or sometimes road lines or beads), 

are placed side by side in the horizontal (XY) plane to build a layer. When the first layer 

is built on the printing bed, the material is deposited on top of the previous raster in the 

through-thickness direction. The relative movement of the extrusion head and printing 

bed is defined by computer numerical control (CNC) [7, 32]. The adjacent and overlaid 

deposited rasters fuse and become a solid part after cooling below the Tg [34]. 

Sometimes, overhung sections of the geometry need support structures, which are 

usually made from removable materials (via a second nozzle) or perforated junctions 

[35]. The nature of layer-by-layer deposition and plastic fusion makes the part highly 

anisotropic [34-36]. Hence, the strength depends mainly on the process parameters to 

achieve good raster fusion and the mechanical performance of the material itself. The 

process is restricted to those thermoplastics, of which the most common are listed 

below, that can be processed at easily achievable temperatures, i.e. below 300°C. Most 

of the commonly used thermoplastics in FDM are commodity thermoplastics, such as 

polypropylene (PP), poly(acrylonitrile-butadiene-styrene) (ABS), poly(lactic acid) 

(PLA), polycarbonate (PC), polyamide (PA, nylon) which have low to intermediate 
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thermal and mechanical properties for general applications [15,28,32,33]. However, 

these polymers typically have low thermal properties, i.e. low Tg, melting temperature 

(Tm), high tendency to shrink during solidification, etc., and low mechanical 

performance compared to thermosetting polymers or metals. This usually limits the use 

of the product to prototypes [20, 33, 37, 38]. To increase the mechanical performance for 

manufacturing of functional products, high-end thermoplastics such as poly(ether ether 

ketone) (PEEK) or polyetherimide (PEI, ULTEM1000) can be selected but they require 

higher processing temperatures, i.e. from 350°C, achievable only with special high-

temperature machines, high-performance heaters, and heat protection [24, 25, 39]. 

Another method to improve the low material properties of the common thermoplastics 

is the composite concept, i.e. the reinforcement of the polymeric feedstock with a second 

phase in the form of fillers or fibres.  

Several fibre architectures are available to reinforce the polymer in order to expand the 

FDM to facilitate more structural applications. The highest strength improvement is 

achieved when using continuous fibre [40]. Several studies on continuous fibre 

composite 3D printing by Markforged show an increase in longitudinal tensile strength 

of the printed part from approximately 30 MPa, for neat nylon, to 400-500 MPa, for pre-

impregnated nylon carbon fibre [11, 41, 42]. Although the presence of the continuous 

fibre strengthens the structure, the low flexibility of the continuous fibre reduces the 

capability for steering around sharp radii causing defects, i.e. matrix-rich pockets and 

unreinforced areas, and causes weak spots in the part. In contrast, thermoplastics 

reinforced with either short or chopped fibres, i.e. with fibre lengths less than 1 mm, 

show higher flexibility and formability [43]. Even though short fibre composites are 

better suited for complex geometries, the overall mechanical performance of the short 

fibre composite is always lower than one reinforced with continuous fibres. Therefore, 

only relatively limited improvements over neat thermoplastics can be achieved. This is 

because the fibre length in the short fibre filaments for FDM, typically below 1 mm, is 
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usually below the fibre critical length, i.e. the length that allows full load transfer from 

matrix to fibre [44]. The fibre length cannot be controlled due to the nature of the 

filament manufacturing process, fibre-matrix mixing and extrusion, which are 

aggressive thermomechanical processes that lead to high levels of fibre breakage. 

According to short fibre mixing and extrusion studies, the filament production process 

reduces the fibre length from the initial 1-3 mm to less than 0.3 mm in the filament [27, 

44, 45]. At high fibre contents, there is an increase in the fibre interaction that creates 

more fibre breakage than the lower fibre content [45], so the fibre content of short fibre 

composite filaments gathered from literature is normally no more than 25% by volume 

[1]. Moreover, the commercial short fibre filaments present a random fibre distribution 

without alignment. These two phenomena lower the mechanical performance of the 

short fibre filaments still further.  

 
Figure 1.1 Effect of fibre architectures on mechanical performance and 

processability/formability [46]. 

Among the fibre architectures presented in Figure 1.1, the aligned discontinuous fibre 

composite (ADFRC) is a good candidate for the 3D printing filament reinforcement as 

it offers mechanical performance comparable to that of continuous fibres, as the fibre 

alignment and fibre longer than the fibre critical length, while retaining the formability 

of short fibres due to the discontinuous fibre. 
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Figure 1.2. Schematic describing the HiPerDiF process starting from spraying fibre onto a plate 

to create an aligned fibre preform about 5 mm in width and ending with impregnated preform 

tape [47]. 

One such novel fibre alignment method, called High Performance Discontinuous Fibre 

(HiPerDiF) technology, was invented at the University of Bristol [48]. The sudden 

change in momentum of a fibre-water suspension when impacted against parallel plates 

is exploited to align the fibre along the gap direction; the suspension is then deposited 

on a conveyor mesh belt where the water is extracted by suction to obtain a dry fibre 

preform [48]. The dry preform can be easily disintegrated by pulling, so it is finally 

impregnated with a matrix, either thermosetting, thermoplastic, or vitrimeric in nature, 

to obtain a thin prepreg tape [47]. The overall conceptual processes are illustrated in 

Figure 1.2 the second-generation, laboratory-scale machine. With this process, it was 

determined that 67% of the fibres were aligned in the main tape direction within a range 

of ±10° [49]. When a HiPerDiF preform was impregnated with PLA to produce a 

composite tape (5 mm x 0.2 mm in cross-section with approximately 12.5 % fibre fraction 

by volume, Vf), it showed a substantial improvement over the unreinforced plastic 

matrix, i.e. 300 MPa in strength and 20 GPa in stiffness [47] compared with 30-60 MPa 

in strength and 2-3 GPa in stiffness of the unreinforced polymers. This high mechanical 

performance of the HiPerDiF reinforcement leads to the initial idea of using it as a 
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reinforcement for 3D printing material. The 3D printing process is expected to exploit 

the high formability of the HiPerDiF material when formed into a fine-diameter 

filament allowing the production of complex geometries instead of using it as a thin 

tape for automated tape layup (ATL) which would only allow large curvature steering. 

1.1.1. Previous research on printing of ADFRC 

A first attempt to produce a 3D printing filament from the HiPerDiF pre-impregnated 

thermoplastic tape was conducted by Blok [50]. The extrusion concept illustrated in 

Figure 1.3 was used to reduce the aspect ratio of the flat tape aiming to finally turn it 

into a circular one by extrusion. The first method, based on the concept of continuous 

tape feeding to a converging channel with a stepper motor, did not work as a continuous 

process because the tape, subjected to a “pushing” compressive force, buckled in the 

nozzle and folded at the entry, as seen in Figure 1.4 (a) and (b), respectively. Owing to 

these problems, many extrusion stages were required where the nozzle diameter was 

sequentially reduced. An alternative concept, tested in that study, was a two-step 

method: a manual moulding technique which compressed the thin tape in a heated 

aluminium mould to form a rectangular cross-section followed by a pultrusion stage to 

achieve a circular cross-section. After the pultrusion, the filament contained a large void 

inside which affected the deposition quality of the raster, as can be seen in Figure 1.5. 

This 1.3-mm-diameter produced filament could be printed at a very low printing speed 

showing a poor surface finishing and could not be printed at higher speeds.  

This study highlighted the importance of controlling the quality of the produced 

filament and the challenges associated with creating material forms appropriate for 

printing. In particular, it can be concluded that minimisation of the void content is an 

essential challenge to tackle. It also demonstrated the importance of a continuous 

process that would improve the consistency of the filament quality.   
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Figure 1.3 Potential continuous tape transformation machine by feeding the tape to a 

convergence channel under heat using a stepper motor proposed by Blok [50]. 

  

(a) (b) 

Figure 1.4 Problems of the tape feeding to the convergence channel: (a) micro-buckling effect 

under compressive force caused by pressure-drop (Δp) between inlet and outlet; (b) folding 

upon entry [50]. 

  
(a) (b) 

Figure 1.5 3D printing of spiralling square printing path using 1.3-mm diameter HiPerDiF-PLA 

filament with different printing speeds at 270 °C, 0.5 mm nozzle height, with different speeds: 

(a) 10 mm/s; (b) 15 mm/s [50]. 
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1.2. Aim and objectives 

This thesis aims to produce a novel FDM 3D printing filament reinforced by ADRFC 

produced with the HiPerDiF technology, known herein as DcAFF1 (Discontinuous 

Aligned Fibre Filament), with a method that can be scaled up to an industrial or 

commercial level. These filaments should be readily adapted for commercially available 

printers without the need for modification of machinery and processing/printing 

strategies which can lead to producing a high performance/quality product in a shorter 

time. This more available stronger product and faster production will progress the 

world of design and manufacturing to another level. To complete the DcAFF 3D 

printing material development, the following objectives need to be achieved: 

• Assess the state-of-the-art of fibre-reinforced FDM 3D printing and the effect of 

process parameters on the physical and mechanical properties of the obtained 

products. 

• Develop a filament-forming method, with a continuous and automated process, for 

HiPerDiF reinforced thermoplastic to produce a composite 3D printing feedstock 

material with low porosity, fibre breakage and fibre misalignment.  

• Create filaments that can be used in conventional commercially available 3D 

printers and require minor modifications of the machines. 

• Develop practical 3D printing techniques for the produced DcAFF filament to 

fabricate complex geometry parts with minimised defects. 

• Characterise the mechanical and physical properties of DcAFF 3D printed parts and 

benchmark them against the available FDM 3D printing composite materials 

reported in the literature. 

 

 

1 For 3D printing without the headaches. 
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1.3. Novelty statement 

Among the FDM 3D printing composite materials available in the literature and market, 

short/micro or continuous fibre-reinforced thermoplastic materials for 3D printing are 

widely present, but there is no evidence of using aligned discontinuous fibre 

reinforcement in this technology. In this work, for the first time, aligned discontinuous 

fibre composite 3D printing filament has been mass-produced with a bespoke 

continuous, semi-automated machine. The novel ability to create long lengths of 

filament allows for investigations into the 3D printing of complex geometries with 

discontinuous fibre filament, which has never been done before. In addition to the 

overarching novelty of this work, there are also a series of more specific novel 

developments and achievements: 

• The feasibility of novel methods for continuously creating good-quality ADFRC 

filaments is explored. Their potential for mass production is examined.  

• The moulding technique for transforming the ADFRC pre-impregnated tape into a 

filament was designed with the aim of preserving fibre alignment, avoiding tearing 

the material apart, and minimising internal defects.  

• The creation of an industrially scalable filament-forming machine (the DcAFF 

machine) is attempted with the perspective of a high filament manufacturing rate 

and low filament defect. 

• Multilayer structural parts are constructed using the new materials forms and their 

morphology and properties are investigated.  

• A novel method to improve printing accuracy when steering the filament along 

complex shapes was devised. 

1.4. Dissertation outline 

This dissertation was constructed by integrating the first-authored publications of the 

author as chapters, according to the University of Bristol’s guidance, to offer a narrative 
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of the DcAFF material development from the study of the available material, i.e. the 

HiPerDiF initial format, passing through the different filament-forming methods, from 

manual moulding to a semi-automated machine, and ending with the final filament 

performance investigation and its printing technique development. These project stages 

are presented in sequence in the forthcoming chapters, organised as follows. 

Chapter 2 is a literature review aimed at identifying the processing parameters of FDM 

3D printing that affect the part quality, and the effects of the fibre reinforcement in the 

3D printing material. This will identify the research gap, give an idea to develop or 

produce a new composite 3D printing filament and summarise the good practices for 

composite 3D printing. The content of Chapter 2 was published in Journal of Composites 

Science [1].  

The first step of DcAFF development, the filament-forming method, was a manual 

moulding technique, inspired by Blok’s work [50]. This chapter shows the new mould 

design, which was developed from Blok’s mould, to achieve a promising compacted 

filament geometry and compares the physical and mechanical properties to the 

performance achieved from the previously moulded filament. Then, the first printing 

trial of the new filament was conducted to investigate the different printing parameters. 

This manual moulding result will be presented in Chapter 3, the content of this chapter 

was published in Additive Manufacturing [2].  

After the success of the manual filament-forming, Chapter 4 will present the further 

development of the filament-forming technique to an industrial scalable semi-

automated machine that reduces energy consumption, labour and production time. The 

whole new process will be detailed in the first part of the chapter. Then, the filament 

properties will be characterised, e.g. fibre content and fibre alignment, to show the 

evolution of the fibre and its alignment through the filament-forming machine. The 

larger amount of filament produced, thanks to the newly designed machine, leads to 
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the printing of more structural parts used for the mechanical testing described in this 

chapter, i.e. single layer tensile specimens, and curvilinear open-hole tensile specimens, 

that can show more aspects of the material performance. Most of the content in Chapter 

4 was published in Materials [3] and the filament characteristic section is part of an 

article published in Composite part B: Engineering [4]. 

The upscaling of the HiPerDiF machine production capabilities and the development of 

the DcAFF machine facilitated the production of enough material to investigate the 

properties of multilayer 3D printing, which is closer to realistic applications. In Chapter 

5, multilayer tensile, short-beam-shear, and open-hole samples were fabricated and 

tested to compare the properties to the single-layer DcAFF printed part and the 

available materials in the literature. The content in this chapter was published in  

Composite part B: Engineering [4]. 

The 3-year work of my PhD study to complete the thesis aim, developing a filament-

forming method for composite HiPerDiF reinforcement, and how it has been organised 

in the chapters of this thesis are summarised in Table 1.1. 

Table 1.1 Work step through the development of the DcAFF material. 

Chapter 
Production Printing (layer) Performance 

Manual Semi-auto 1-layer Multi Tensile OPH SBS 

3        

4        

5        

 

Owing to the steering challenges associated with this new material form, an approach 

to improve the printing accuracy of DcAFF is proposed in Chapter 6. This content was 

published in Materials [5]. 

Finally, the overall thesis discussion which critically appraises the outputs of the 

experimental chapters, in terms of DcAFF filament production, printing, and 
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performance, is summarised in Chapter 7, before proposing the final thesis conclusions 

and possible future works in Chapter 8. 
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Chapter 2 Literature Review 

This chapter reviews the available literature on fibre-reinforced FDM materials to 

investigate how the mechanical, physical, and thermal properties of 3D-printed fibre-

reinforced thermoplastic composite materials are affected by printing parameters (e.g. 

printing speed, temperature, building principle, etc.) and constitutive materials 

properties, i.e. polymeric matrices, reinforcements, and additional materials. In 

particular, the reinforcement fibres are categorized in this review considering the 

different available types (e.g. carbon, glass, aramid, and natural), and resultant 

architectures are classified according to the fibre length (nano, short, discontinuous, and 

continuous). This review attempts to distil the optimum processing parameters that 

could be deduced from different studies and present the relationship between process 

parameters and properties graphically. A review of the literature is used to identify a 

good material/process combination to produce composite FDM filaments and to create 

a benchmark for the experimental work undertaken herein. 

This literature review chapter was constructed based on the work published in Journal 

of Composite Science in 2021 under the title of “Fused Deposition Modelling of Fibre 

Reinforced Polymer Composites: A Parametric Review” [1]. The whole review was 

prepared by N.K. and amended by all the authors. 

N. Krajangsawasdi, L. G. Blok, I. Hamerton, M. L. Longana, B. K. S. Woods, and D. S. 

Ivanov, "Fused Deposition Modelling of Fibre Reinforced Polymer Composites: A 

Parametric Review," Journal of Composites Science, vol. 5, no. 1, p. 29, 2021. 

DOI:10.3390/jcs5010029. 
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2.1. Chapter introduction 

The conventional FDM process suggests feeding a solid thermoplastic filament through 

a heated nozzle – Figure 2.1. The fed thermoplastic filament is melted in the convergent 

zone of the heated nozzle called the “melt pool”. The pressure difference between the 

inlet (larger section) and the outlet (smaller section) due to the convergence of the nozzle 

plus the difference between the pressure in the nozzle and pressure outside is called 

here a “pressure-drop”. The higher pressure in the nozzle will push the molten 

thermoplastic through the nozzle outlet to deposit the material. The deposited material 

in the horizontal (XY) plane following the movement of the nozzle is called a “raster”. 

The rasters are deposited side-by-side to make a “layer”, and then the building of 

several layers on top of the previous layer will make a part. According to the layer-by-

layer building concept of the 3D printing process, the 3D printed part quality will 

depend not only on the raw material but also on the fusion between the rasters, which 

can be controlled by printing/machine parameters. There are several studies to link the 

quality of the part manufactured by FDM to the machine parameters and the constituent 

material properties. This chapter gathers the articles relating to the FDM process, 

mainly experimental-based studies, and then describes the effect of printing parameters 

and material properties on the mechanical, physical, and thermal properties of FDM 

manufactured parts. Section 2.2 describes the FDM process parameters that relate the 

setup values of G-code to the process parameters and the mechanical performance. This 

relationship is shown graphically and can be used to reduce the trial-and-error process 

for the material developer, which means faster R&D and less material wastage. Section 

2.3  describes the material parameters including three constituents: (i) thermoplastics, 

(ii) reinforcements, and (iii) additional materials.  In this thesis, the focus is placed on 

several reinforcement fibres, e.g. carbon fibre (CF), glass fibre (GF), and para-aramid 

fibre (Kevlar fibre, KF), and architectures classified according to the fibre length, e.g. 

nano, short, and continuous. The performance of FDM composites will be analysed at 
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different structural scales from microstructure (i.e. fibre, matrix, and their interactions) 

to mesostructures (i.e. the sintering between the printed rasters, inter-raster bonding) 

and then the part-scale structure (i.e. the finished part). The summary of studied 

parameters (printing and material) and achieved properties, considered in this review, 

is illustrated in Figure 2.1.  

 
Figure 2.1 Investigated parameters and properties of the FDM process. 

2.2. Printing parameters 

This section describes the adjustable parameters in the FDM process and their influence 

on mechanical, thermal, and physical properties, as detailed in Figure 2.1. The tensile 

strength is the main focus of this study and will be shown graphically as a function of 
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several independent printing parameters. Furthermore, other variables characterising 

material state, e.g. viscosity and crystallinity, are described to explain possible 

mechanisms for flow or deformation in fibre-reinforced thermoplastic FDM products. 

For some printing parameters, there are only a few studies on fibre-reinforced 

thermoplastics. Thus, neat polymer studies are also mentioned to give a context to the 

FDM process and product behaviour that can be applied to develop FDM with fibre-

reinforced plastics. 

2.2.1. Printing speed 

Printing speed is the velocity of the nozzle in the XY plane to fill a layer and in the 

vertical (Z) direction when finishing a layer. In most of the commercially available 

devices, it is controlled by a series of stepper motors connected to screws or drive belts. 

The speed (usually designated in mm/min) can be assigned in the G-code and affects 

the part strength, manufacturing time, and part appearance [31]. It influences the neat 

polymer printed part internal structure i.e. internal porosity and interlayer bonding.  

At high printing speeds, the inter-raster bonding period is limited, resulting in weak 

interlayer bonding and porosity. Moreover, for fibre-reinforced thermoplastic 

materials, high printing speed shortens the fibre-matrix impregnation time resulting in 

poor fibre-matrix interaction [45]. Consequently, printing at higher speeds causes lower 

tensile, flexural and shear properties than printing at lower speeds [12, 35, 51, 52]. 

Moreover, the high speed shortens the cooling time before the deposition of the next 

layer and leaves a high amount of material at a high temperature. Exposing the material 

to high temperatures may help the raster fusion but leaving the thermoplastic at such 

temperatures for a long period can cause sagging due to gravity. The sagging changes 

the dimensions of the printed part and can hinder the continuous printing process, as 

detailed by Brenken et al. [53]. The printing speed also affects dimensional accuracy. A 

low printing speed moves the nozzle slowly, so the deposited rasters are steadily placed 
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on top of the previous layer, allowing for more ordered rasters and higher accuracy [31]. 

The pressure-drop that controls the melt flow is affected by the speed as described in 

the study by Geng et al. [24] on PEEK 3D printing. The speed (<65 mm/min) was so low 

as to cause an insufficient pressure-drop to spread the melt flow material; the highest 

printing speed (>400 mm/min) resulted in material slippage. Both cases reduced the 

raster width. 

In some G-code generators, the printing speed of the first layer, i.e. the one in contact 

with the printing bed, can be assigned differently from other layers and the first layer 

speed is normally set to be lower than the rest. This can be justified by the fact that a 

lower printing speed for the first layer may improve the adhesion of the material to the 

bed, due to the higher time for compaction, i.e. the pressure applied by the nozzle to the 

material. To reduce the printing time, the printing speed can be increased when printing 

the plastic on plastic, in the following layers, which can more easily fuse together than 

the fusion of plastic with the bed [20, 27, 54].  

 

  EVA [16]   PLA [55] 

  PLA 45° [56]   PLA 0° [56] 

  PLA [29]   PLA [31] 

  ABS T0.2 [57]   ABS T0.25 [57] 

  ABS T0.3 [57]   PP [58] 

 PP/S.CF [31]   ABS/S.CF [54] 

 ABS/S.CF  [54]   ABS/S.CF [59] 

 ABS/Jute [33]   PLA/S.CF [29] 

 PLA/BF [27]   PLA/S.CF [27] 

  PLA/C.CF [60]   PLA/C.CF [60] 

  PLA/C.CF [51]   PLA/S.CF [61] 

  PLA/C.CF [62]   ABS/C.CF [63] 

Figure 2.2 Tensile strength at different speeds of different materials: T for layer thickness, S.CF 

for short carbon fibre, C.CF for continuous carbon fibre, and BF for basalt fibre (the information 

is shown in Tables 2.2-2.4 along with all printing parameters used in the study). 
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Figure 2.2 shows the influence of speed used in various publications with a wide array 

of materials on the tensile strength (∎, ✻, and ▲ refer to neat thermoplastic, short and 

continuous fibre-reinforced plastic, respectively). It is obvious that the continuous fibre 

reinforcement materials used lower speeds (<600 mm/min) while the short fibre 

reinforcement and neat thermoplastic materials were deposited at higher speeds (up to 

3600 mm/min). Comparing the speed in the same studies, shown as data points linked 

by a continuous line in Figure 2.2, the higher printing speed slightly reduces the tensile 

strength, but the printing speed has a limited effect compared to the tensile strength of 

different materials used. 

2.2.2. Material feed rate or extrusion rate 

The feed rate or extrusion rate is the velocity at which the solid filament is fed to the 

heated nozzle; it is controlled by a stepper motor connected to a roller with a grooved, 

toothed, or gear-like surface that grips the filament by friction and pushes it to the hot-

end. This velocity controls the amount of material in the heated nozzle that controls the 

pressure-drop, the reduction of pressure along with the convergence printing nozzle 

following Bernoulli’s principle, extruding the molten material from the nozzle. The feed 

rate needs to match with the Tg and Tm to achieve proper melting and extrusion. The 

feed rate (FR) can be calculated from the material flow rate (Q) and the expected 

dimension of the printed raster (width (W) and layer thickness (T)) or the angular 

velocity of the feeder motor (ω) and the feeder roller radius (Rf) using Equation (2.1) 

𝐹𝑅 =
𝑄

𝑊 × 𝑇
= 𝜔𝑅𝑓 (2.1) 

The maximum force (Fmax) to drive the filament to the nozzle is limited by buckling of 

the filament according to critical force (Pcr) in Euler’s bucking equation (Equation (2.2)) 

𝐹𝑚𝑎𝑥 = 𝑃𝑐𝑟 =
𝜋2𝐸𝐷2

16𝐿𝑓
2  (2.2) 

where E is the elastic modulus of the filament, D is the solid filament diameter, and Lf 
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is the filament length from the rollers to the entrance of the melt pool. At a high feed 

rate, the high amount of material fed to the liquefier leads to high melted pressure and 

high pressure-drop [64]. This reduces expansion and bubble generation in the material, 

so the surface defects are minimized [24, 64]. However, a feed rate that is too high, e.g. 

over 80 mm/min observed by Geng et al. [24], may cause an excessive melting pressure 

resulting in insufficient power and the molten polymer flows upward along the gap 

between the nozzle wall and the convergence zone in the nozzle, blocking the nozzle. 

The print speed and feed rate need to be synchronized to avoid inconsistent dimensions 

of the printed part. The printing speed (PS) and feed rate have a relationship following 

Equation (2.3): 

𝑃𝑆

𝐹𝑅
= (

𝐷

𝑑
)
2

 (2.3) 

where d is the diameter of the nozzle [24]. For continuous fibre-reinforced plastic with 

the co-extrusion method, the synchronisation between the feed rate and deposition 

speed is the key control of the fibre content, especially in the separate fibre and matrix 

printing systems (described below in Section 2.3.2.1). 

For pre-impregnated continuous fibre-reinforced thermoplastics, the feed rate of fibre 

and deposition speed of the printed composite should be set at the same value. If the 

printing speed is higher than the feed rate, the fibre will be pulled causing residual 

tensile stress in the fibre that may cause them to be torn apart or broken. By contrast, a 

printing speed lower than the feed rate is expected to result in fibre wrinkling or nozzle 

clogging by excessive material. 

2.2.3. Nozzle temperature 

This is the material extrusion temperature driven by an active response heater 

commanded by the printer controller. The temperature relates to the Tg and Tm of the 

printing materials. It is usually set above the Tg to allow the material to soften and fuse 

to the previously deposited rasters, but below the degradation temperature (T5%) to 
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avoid property changes. The nozzle temperature affects the chemical structure of 

polymers. A high nozzle temperature increases the crystallinity of the printed rasters, 

this can increase the tensile strength [16, 56]. A series of research publications [52, 53, 

56], suggested that the high temperature also heated the previously deposited material, 

this, in combination with the residual heat of the currently deposited raster enhanced 

the raster fusion, as seen in the raster temperature distribution in Figure 2.3(a). A better 

fusion and low viscosity at high temperatures allow the adjacent deposited rasters to 

sinter with each other. When the rasters are completely welded, the polymer chains can 

be intermingled to form a randomized chain in the fusion structure (the process is 

shown in Figure 2.3(b)-(e)) reflecting the development of good inter-raster bonding 

strength of the part [65]. 

 
Figure 2.3 (a) Temperature distribution of the printed rasters from the highest temperature (red) 

of the current printing to cold raster (blue) away from the nozzle; raster fusion formation after 

deposition from (b) initial surface contacting of rasters; (c) heat dissipation from the current 

deposition and neck growth; (d) molecular chain diffusion between rasters; (e) chain 

randomization and cold rasters. 

By contrast, the low printing temperature cannot sufficiently reduce the viscosity of the 

polymer, so the polymer chains have low mobility, causing poor inter-raster bonding 

[53]. However, the highest temperature achievable without causing degradation is not 

always the best printing temperature. Tian et al. [51] found that excessive temperature 

decreased surface accuracy when testing with continuous carbon fibre-reinforced PLA 
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(PLA/C.CF). Moreover, heating the material to a completely molten state while printing 

could induce pores in the inner structure of the printed part, which reduces the strength 

[52]. From a manufacturing perspective, a high nozzle temperature causes edge 

warping of the part, as seen in the study reported by Nazan et al. [66]. According to their 

findings, the optimum temperature should be high enough to allow the molten material 

to flow and fuse, but not too high to completely melt the polymer.  

 
Figure 2.4 Printing temperature ranges used for selected polymers and composite materials (the 

information is shown in Tables 2.2-2.4 along with all printing parameters used in the study). 

The bar chart in Figure 2.4 shows the range of the temperature used by several papers 

to achieve a proper printed part with different types of polymers, from which it can be 

seen that the low-end polymers (low mechanical performance thermoplastic e.g. ABS, 

PLA, etc.) can be fabricated at lower processing temperatures than the high-end 

polymers (PEI, PEEK). Amorphous thermoplastics, such as ABS or PC, have a wide 

processing temperature range because of the higher flexibility in molecular structure. 

Comparing the neat polymers to fibre-reinforced samples, the short-fibre 
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thermoplastics and the neat polymers can be printed using similar nozzle temperatures. 

Yet, according to gathered data, for continuous-fibre thermoplastics, different level of 

temperature is used, e.g. PLA/C.CF is printed at a higher temperature than neat PLA, 

while commercial nylon/C.CF produced by the commercial company, Markforged, is 

printed at a lower nozzle temperature than neat nylon. This difference may be because 

of the difference in the printing procedure between the co-extrusion of PLA continuous 

fibre and the printing of pre-impregnated continuous carbon fibre with nylon. The co-

extrusion requires a higher temperature to completely melt the thermoplastic and allow 

for the impregnation of the dry fibre fed to the nozzle head before the deposition. While 

the pre-impregnated carbon-nylon from Markforged needs only heat to soften the 

impregnated nylon to be able to bond to the previous deposited. 

2.2.4. Bed temperature and environmental control 

FDM can operate at room temperature and “standard” environmental conditions but 

environmental control can improve the performance of the printed part. The heated bed 

is one of the main environmental control methods. The temperature of the heating plate 

attached to the printing bed is usually set below the glass transition temperature of the 

printed filament. This heat prevents rapid cooling of the thermoplastic and improves 

inter-raster bonding [13]. Improper temperature control and rapid cooling can reduce 

the crystallinity of printed thermoplastic and induce defects in the printed part. General 

thermoplastics have low rates of nucleation and crystallisation, so they cannot form a 

crystalline structure in a short time, this can reduce the part strength when printing 

without the heated bed [20, 56]. The heated bed could reduce the voids between rasters 

by improving raster fusion [26]. It has been observed that the raster fusion at the bottom 

layers is better than the higher layers because of the short distance from the heated bed 

[12]. The correct bed temperature also enhances the adhesion on the platform and 

eliminates the edge warpage. Environmental control can also be achieved by encasing 

the printer in a closed envelope that stabilizes the overall temperature and minimizes 
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any disturbance. The trend of the selected bed temperature for neat thermoplastic 

filament (in Figure 2.5) is similar to the nozzle temperature as low-performance 

polymers need low bed temperature. There is no specific study for the heated bed 

temperature in the composite 3D printing. However, the bed temperature used for 

composite 3D printing can be adopted from the neat polymer bed temperature with 

some increment, as can be seen in the pre-defined bed temperature of PLA/S.CF and 

ABS/S.CF in Figure 2.5. 

 
Figure 2.5 Bed temperature ranges used for selected polymers and composite materials (the 

information is shown in Tables 2.2-2.4 along with all printing parameters used in the study). 

2.2.5. Building orientation 

 
Figure 2.6 Building orientation definition (a) “flat”(F); (b) “on-edge”(E); (c) “upright”(Z) [67]. 

In this thesis, building orientation is categorized into three types: (a) “flat”, (b) “on-
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edge”, and (c) “upright”. Figure 2.6 shows the different building orientations [67]. 

Considering dumbbell-shape 3D printed tensile testing specimen geometry, the “flat” 

and “on-edge” orientation deposit rasters mainly in tensile load direction (X); the “flat” 

(Figure 2.6(a)) builds a larger surface on the XY plane while the “on-edge” (Figure 

2.6(b)) builds a smaller edge on the XY plane. By contrast, the “upright” orientation 

stacks layers in the Z direction (Figure 2.6(c)), so the tensile load might be applied to the 

Z direction accordingly to the figure axes. It can be implied that the longitudinal tensile 

strength of the “flat” and “on-edge” samples depends mainly on the strength of the 

material, but the “upright” depends on the inter-raster bonding strength which is 

controlled by fusion between the adjacent rasters [53]. Thus, the “upright” building 

parts are always weaker than the others [32, 36, 56, 67, 68] because the inter-raster 

bonding strength is always lower than the material strength. 

Comparing “flat” and “on-edge” samples of neat polymer printing, both have similar 

strength as a result of the same number of longitudinal rasters [68]. The differences in 

the strengths of “on-edge” and “flat” samples have been investigated in a number of 

research studies. Durgan and Ertan [68] found that the “on-edge” ABS samples showed 

higher strength than the “flat” samples. This may be because the number of outer rasters 

(contour), which needs to print to be an outer shell of the 3D printed part, of “on-edge” 

is greater than the “flat”. Another reason is that “on-edge” prints display more contours 

in the Z direction, which offers better compaction by pressure for nozzle and weight of 

the deposition in Z direction compared to a few layers built in the Z direction of the 

“flat” printing. For the shear sample ([±45°] raster angle) of neat ABS and PC, in the 

internal structure of the “on-edge” there is a smaller contact area between crisscrossing 

rasters, than in the “flat”, leading to a weaker through-thickness bonding of layers [32]. 

Considering short fibre reinforcement, the fibre reduces the flexibility of the matrix, so 

the softened/melted material has a high surface tension that holds the melted rasters in 
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a circular shape. This reduces the contact area between rasters, creates inter-raster voids, 

and decreases interlayer strength leading to lower tensile strength in the “upright” 

direction of the short fibre reinforced sample compared to the “upright” orientation of 

neat polymers [44, 59, 69]. The weakness of the “upright” orientation of PLA/S.CF was 

compared to the “flat” by Ding et al. [70]. The tensile strength of the “flat” and “upright” 

orientations in the article are approximately 52 MPa and 35 MPa, respectively. Wang et 

al. [71] compared flexural properties of the “flat” and “on-edge” printing with ABS 

reinforced with different short fibre types; CF, GF, and KF, at the same fibre content 

from the mix-extrusion filament forming mentioned by the manufacturer. The author 

claimed that the “on-edge” shows higher energy absorption than the “flat” referring to 

higher flexural strength and stiffness than the “flat” specimen by 19% and 24%, 

respectively [71]. According to the printing of [0°/90°] raster angle with “flat” and “on-

edge” in Figure 2.7(a) and (b), the rasters in “on-edge” printing act as short columns 

resisting the bending load rather than the long beam raster in the “flat”. This may be 

implied by the higher bending load-bearing capabilities. 

 
Figure 2.7 Different printing orientations: (a) “flat”; (b) “on-edge”, printing with [0°/90°] raster 

angle under bending load [71]. 

For Markforged nylon reinforced with continuous fibre, Chacón et al. [11] claimed that 

the “flat” building orientation shows a higher fibre volume fraction than the “on-edge” 

by the printing principle designed by Markforged, so the “flat” has higher strength than 

the “on-edge”. There is a comparison of impact resistance between the “flat” and “on-
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edge” orientation of Markforged continuous fibres using Charpy impact tests. The 

notch was manufactured by the print path of Markforged printer. The “on-edge” shows 

higher impact strength than the “flat” in any type of fibre: CF, GF, or KF. This relates to 

a difference in fibre volume content when printing with “flat” and “on-edge” 

orientations using Markforged printing scheme that requires neat polymer in the first 

and last layer. Hence, the “on-edge” orientation builds more fibre layers, in the Z 

direction, compared to the “flat” that deposits fibre in the XY plane [58]. Figure 2.8 

shows the tensile strength of different building orientations, raster angle, and material 

of each orientation are divided by filling pattern and colour (grey for PC, green for ABS). 

Overall, the strengths of “flat” and “on-edge” are the same and they are higher than the 

“upright”.  

 

PC [±45°] [32] 

PC [0°/90°] [32] 

ABS [±45°] [32] 

ABS [0°/90°] [32] 

ABS 45° [68] 

ABS 0° [68] 

ABS [36] 

ABS/S.CF [44]    

ABS/S.CF [59] 
 

Figure 2.8 Tensile strengths of different building orientations (the information is shown in 

Tables 2.2-2.4 along with all printing parameters used in the study). The [±45°] and [0°/90°] are 

the printing raster pattern described in the raster angle section (Section 2.2.6), (the short fibre 

samples (ABS/S.CF) are printed and tested mainly in the longitudinal direction).   

The difference in building orientation also affects fracture mechanics under tensile load. 

In neat polymer samples, the “flat” and “on-edge” have ductile behaviour (plastic-

dominated failure) [32]. The crack runs transversely to the rasters and fails 
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perpendicular to the load direction after yielding [67, 68]. By contrast, the “upright” has 

brittle behaviour (inter-raster bonding dominant). Various studies have reported that 

the crack between deposition lines or interfacial crack could leave a smooth failure 

surface [36, 67, 68]. For short jute reinforced thermoplastic printing in the “upright” 

direction, the failure is the trans-filament fracture, due to the presence of voids [33]. 

The surface roughness of the different building orientations was studied in [68], 

printing with neat PC polymer. The “on-edge” and “upright” samples showed high 

surface roughness in the layer stacking direction (Z-direction) while the “flat” sample 

had similar surface roughness in Z and Y directions when the main printing direction 

along the X-axis according to Figure 2.6(a) [68].  

In the manufacturing process, “upright” and “on-edge” samples are more difficult to 

build compared to “flat” because of the low attachment area to the printing bed and 

high stacking layers away from the heated bed that has a low temperature to fuse the 

raster after printing [67]. 

2.2.6. Raster angle  

  
Figure 2.9 Description of printing parameters from the top view including air gaps, raster width, 

number of contours, and raster width [39]. 

In this thesis, the raster angle is the deposition direction on an XY plane (Figure 2.9). 

The X-axis is parallel to the tensile load direction, referred to as low raster angle (0°), 
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and the Y-axis is perpendicular to the load direction, referred to as high raster angle 

(90°). The raster angle is a significant factor in defining the strength of the printed part 

[12]. The building of a component usually follows two principles: a single raster angle 

for all layers or layer-by-layer crisscrossing raster angles. 

For a single raster angle in neat thermoplastic, the ideal angle for the tensile strength is 

0°, i.e. aligned to the longitudinal load direction. The mechanical performance decreases 

when there is an increase in the raster angle as the load-bearing capabilities of the 

printed structure decrease [22, 25, 31, 39, 72]. For angles higher than 45°, the tensile 

modulus stays constant when the raster angle increases [72]. This may be caused by the 

fact that the component stiffness is dictated by the stiffness of the inter-raster welding, 

rather than the material stiffness. However, some researchers reported contradictory 

findings. Song et al. [56] minimized the contour effect of PLA by cutting only the inner 

structure of the printed part before the tensile testing. They found that the 0° samples 

had a stress drop after yielding while the 45° had no stress drop before breakage. 

Onwubolu and Rayegani [34] found that the high porosity in 0° samples decreased the 

tensile strength, which was lower than that of 45°. Carneiro et al. [73] used a new 

printing procedure by printing only inner filling (infill structure described in Section 

2.2.10) to various angles without contour, the tensile test of the new printing path shows 

that the 90° sample has higher mechanical performance than 45° because of the poor 

fusion at the extremity of the 45° part, which has no closing contour. Under tensile load, 

Hill and Haghi [72] found that the raster angle between 45° to 60° failed by shear of the 

inter-raster bonding, but the small raster angle (15° to 30°) had unpredictable failures 

as 15° failed at bonding following perpendicular to load failure and 30° showed 

interfacial failure without material failure. Figure 2.10 shows a generalised decrease in 

the tensile strength when the raster angle increases in specimens printed with a single 

angle. There are some cases, shown with dashed lines, which have a fluctuation in their 

trend. 



29 

 

In the flexural test, parts printed with a raster angle of 0° have higher bending strength 

and stiffness than those printed with 45° or 90°, as found in the study by Durgun and 

Ertan [68], so the low printing angle increases the flexural strength of the part. Under 

bending load, the 0° fails by material failure and the crack grows transverse to load 

direction while the 90° also fails mainly by delamination or interfacial failure according 

to the low bonding strength [12, 72]. 

 

 PLA 4-contours [31] 

 PLA 5-contours [31] 

 PLA [56] 

 PEI [39] 

 PEEK [25] 

 ABS [34] 

 ABS [12] 

 PP [73] 

 PC [72] 

 ABS/S.CF [12] 

Figure 2.10 Tensile strength of a single raster angle, normally the strength decreases as an 

increase in the raster angle from 0° to 90°, but there are some fluctuations shown as a dashed 

line that strength increases when the raster angle increases (the information is shown in Tables 

2.2-2.4 along with all printing parameters used in the study). 

Considering crisscrossing raster in neat polymers, crisscrossing is commonly used in 

commercial G-code generators because of their ability to distribute stress. The balanced 

[±45°] is expected to be the strongest angle because of an even load distribution and the 

[0°/90°] crisscrossing is expected to be the weakest angle because of the loss of all 

material strength along the 90° angle which inter-raster-bonding dominates the tensile 

strength [74]. The [±45°] angle shows more uniform strain thanks to the balance in load 

distribution, but the [0°/90°] angle shows a bi-modal strain pattern alternating between 

the different orientation layers, and consequently, a high-stress gradient, which 
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indicates a high strain in the individual 90° raster layers as mentioned by Cantrell et al. 

[32], this causes the [0°/90°] to fail sooner than [±45°]. Nevertheless, there are some 

deviation trends found by Carneiro et al. [73] and Cantrell et al. [32], the less effective 

raster angle was the [±45°] that showed lower performance than the [0°/90°]. In the PC 

sample, Hossian et al. [75] found a slight difference in strength between different raster 

angles, the highest ultimate strength was recorded in the [30°/60°] sample. By 

investigating inter-raster void, the [±45°] samples have diamond-shaped voids but the 

[0°/90°] have triangular voids. The triangular void has more contact area (~75%) than 

diamond-shaped voids which generates a lower void content and a better interfacial 

strength [59, 76]. Figure 2.11 shows the tensile strength when printing with different 

crisscrossing angles. Overall, a fluctuating trend can be observed, as mentioned above. 

 

 ABS [74] 

 PP [73] 

 PC [32] 

 ABS/S.CF [54] 

Figure 2.11 Tensile strength of crisscrossing raster angle of neat thermoplastic printing and 

composite printing (the information is shown in Tables 2.2-2.4 along with all printing 

parameters used in the study). 

For fibre-reinforced samples, the fibre is supposed to be the main load-bearing 

component, so the alignment of the fibres in the load direction is the most efficient way 

to strengthen the part. Angle printing may reduce the performance of the fibre 

reinforcement, as seen in the research conducted by Ning et al. [52] with short, 
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approximately 0.15 mm, carbon fibre reinforcement. They found that the raster angle of 

[0°/90°] had better mechanical performance, i.e. higher tensile strength and stiffness, 

than [±45°]. Load transferring in the fibre until fibre rupture was observed in [0°/90°] 

samples, but fibre pull-out failure was observed in [±45°] samples.  

Zhang et al. [12] compared the difference between [±45°] crisscrossing and purely 0° or 

90° printing. For neat polymer fabrication, the [±45°] raster angle has lower porosity and 

achieves a better interface than only one angle. By contrast, in the case of fibre filler, the 

one angle printed (0° or 90°) has lower voids and shows better mechanical properties 

than the crisscrossing. 

  
(a) (b) 

 
(c) 

 

Figure 2.12 (a) Smooth radius printing path; (b) stop-and-turn trajectory path simulated by 

Comminal et al. [77]; (c) printing of continuous fibre with the spiral printing path obtained by 

Blok et al. [43]. 

Some studies show the relationship between the raster angle appearance and printing 

speed and extrusion rate using flow simulation [77, 78]. The synchronized printing 

speed, federate and smooth tool path (Figure 2.12(a)) can present a smoother turning 

radius compared to a stop-and-turn trajectory used in the conventional path (Figure 
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2.12(b)). This printing principle can be applied to smaller-angle printing to achieve 

smoother turning. In continuous fibre printing, the Markforged continuous fibre is 

printed with a different aspect from conventional printing. It places the fibre filament 

in each layer as a continuous spiral without stopping from the outer edge to avoid 

cutting the continuous fibre. It can be seen in Figure 2.12(c) that it is difficult to fill the 

smaller turning radius at the inner raster with the stiff fibre; resulting in an unfinished 

part and a fibreless area.  

2.2.7. Raster distance (raster width and air gap) 

Raster distance is the in-plane length between the two adjacent printing paths that can 

control the raster width and air gap. Both parameters can be adjusted by the same action 

related to the nozzle movement on the XY plane. The amount of material fed to the 

nozzle and the defined raster thickness limits the raster width while the spacing 

between the in-plane adjacent rasters is called an air gap or raster gap. The air gap 

influences part density. For “negative” air gaps, an overlap of rasters can compact them 

together and allow them to achieve a good interface, high part density and good flexural 

strength. A small gap size increases raster fusion that achieves proper polymer chain 

diffusion creating a good bonding interface [74, 75, 79-81]. By contrast, for the “positive” 

gap there is no touching between adjacent rasters being a predefined space expected for 

perfect raster fusion. However, improper raster spacing leads to an imperfect bonding 

that causes inter-raster voids and reduces the density of the part. This results in a 

reduction in tensile and flexural properties. From a manufacturing perspective, the 

small gap consumes more material and increases the time required to finish a part 

compared to the larger gap, however, it offers higher printing resolution. A large gap, 

which leaves voids, decreases part resolution and accuracy [61, 72, 74]. 

The effect of the assigned raster width on the strength was investigated by several 

researchers. Tian et al. [51] found that the high width created an overlap region that 



33 

 

disrupted the printing process. Hill and Haghi [72] suggested that high width slowed 

down the movement of the printing head leading to longer manufacturing time and 

requiring more materials to build the part. Moreover, it also showed a poor surface 

finish. The high number of inter-raster bonding reduces the overall part strength 

because of the lower strength compared to the polymer strength. Thus, the large raster 

width, and the subsequent reduction in the number of bonded raster edges, benefits the 

tensile strength.   

2.2.8. Raster/layer thickness 

Raster/layer thickness is defined by the vertical distance from the nozzle outlet to the 

printing bed/previous layer. The thickness is related directly to the interaction of the 

layers that reflects the tensile strength. Current research findings can be categorized into 

two groups. The first group found that a high number of interfaces reduces tensile 

strength. Thus, the high raster thickness decreased the number of layers minimising the 

interface and improving the strength. The effect is limited to only neat polymers, as 

shown in [22, 31, 73]. By contrast, another group claimed that a low raster thickness 

could compress layers together. Hence, achieving good compaction reduces porosity 

between raster and increases the interlayer bonding strength. This increases the 

mechanical properties, not only the tensile strength but also the flexural and shear 

strength. The effect can be widely seen in neat thermoplastics, short and continuous 

fibre reinforced thermoplastics as mentioned in [11, 12, 25, 35, 51, 52, 56, 62]. In 

continuous fibre reinforcement, produced by feeding the fibres to the polymeric matrix 

melted pool in the nozzle (the co-extrusion method for continuous fibre reinforcement 

printing described in Section 2.3.2.1), high raster thickness produces a reduction in the 

fibre content by an increase in the matrix covering a fibre that leads to a decrease in 

strength [62]. Figure 2.13 shows the relationship between tensile strength and raster 

thickness (the solid line represents neat polymer and the dash-dot line is the short fibre 

reinforced thermoplastic). There are both upward and downward trends, however, the 
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average trend is a decrease in tensile strength when the thickness increases. 

From a manufacturing point of view, a high thickness produces a better temperature 

gradient which reduces the part distortion [22, 31] whilst low thickness can cause edge 

warping [66]. The high thickness exhibited a rough “staircase-like” pattern surface 

because of the imperfect fusion, this decreases overall finished sample accuracy [25, 82]. 

The raster thickness relates to manufacturing efficiency, setting low thickness uses more 

material and time, increasing the cost of products. Normally, the first layer thickness is 

defined to be slightly lower than the other layers, in order to apply high compaction 

force and ensure good bed adhesion.   

 

 PP [73] 

 ABS [22] 

 PLA [31] 

 PLA [55] 

 PLA [56] 

 PEEK [25] 

 ABS/Talc [12] 

 ABS/Silicate [57] 

 ABS/S.CF [54] 

 PLA/S.CF [45] 

 PLA/S.CF [29] 

 

Figure 2.13 Tensile strength at the various raster/layer thickness of neat thermoplastics and 

short fibre reinforced thermoplastics, most of the findings show a modest reduction in strength 

when the thickness increases (the information is shown in Tables 2.2-2.4 along with all printing 

parameters used in the study). 

2.2.9. Contour numbers 

By default, commercial FDM machines always generate outer shells (Figure 2.9) to 

ensure good surface finishing and reduce stress concentrations at the end of the raster. 

The contour always runs concentrically around the part, so part of the contour always 

lies in the load direction despite any pre-defined (inner structure) raster angle. It can be 
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implied that the number of contours affects tensile properties. A high number of 

contours increases the material laid in the load direction, increasing the tensile strength 

and stiffness but decreasing the elongation of the raster [16, 31, 39]. The number of 

contour lines (NC) can be defined as the product of two times the number of 

longitudinal rasters per layer (2nc), to take into account both specimen edges, and the 

number of layers (nl), as shown in Equation (2.4) [83]. 

𝑁𝐶 = 2𝑛𝑐𝑛𝑙 (2.4) 

According to this equation, the contour has a high influence on the tensile properties 

compared to other printing parameters, e.g. printing orientation (“flat” and “on-edge”) 

or a small different raster angle. Samples with the same number of contours, but 

different orientations or raster angles show similar tensile properties. 

2.2.10. Infill volume (% infill) 

This parameter refers to the amount of material used to fill space inside the contours. 

The infill material is deposed within the outer contour according to various patterns, 

e.g. rectangular, triangle, honeycomb, zigzag, or line with several raster angles, 

described in Section 2.2.9. The G-code generator can adjust the volume content of the 

infill from 20-100% to change the amount of material used in the inner structure. A high 

% infill increases the amount of material in the part and consequently its net density. 

Carneiro et al. [73] suggested that denser parts always have high tensile strength and 

stiffness because of the high amount of material available to carry the load. De Toro et 

al. [84] confirmed the state by printing nylon reinforced with 20 wt% S.CF with 100% 

and 60% infill and testing their properties. The 100% infill shows approximately a three-

fold improvement in tensile strength and stiffness from 60%. Yasa and Ersoy [85] 

observed that the change in infill percentage from 50 to 75% of the commercial 

Markforged chopped fibre (Onyx) increases the tensile stiffness by about 6%. They 

continued to study the infill percentage effect on toughness and found that the increase 
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of infill from 75% to 100% resulted in a two-fold toughness improvement, but the 

improvement is insignificant when the shift from 50% to 75% infill [86]. However, the 

high amount of infill requires a high amount of material and time to complete the part, 

causing high manufacturing costs [31, 87]. By contrast, a low % infill offers high 

accuracy. Nazan et al. [66] found that at low % infill, the rasters showed better heat 

diffusion than the high-density part, reducing the warping of the part. 

2.2.11. Nozzle geometry 

Typically, the nozzle tip diameter for commercial neat thermoplastic 3D printing 

filament (1.5-2.85 mm in diameter) is 0.4 mm. The available nozzle diameters range from 

0.1 to 0.5 mm depending on the accuracy requirement and material viscosity. The 

Markforged continuous fibre reinforced nylon filament, 0.35 mm filament diameter, is 

printed by a 0.9 mm nozzle diameter with a filleted outlet edge. The edge fillet is 

expected to guide the continuous fibre and promote its placement on the bed. In the 

dual-nozzle Markforged printer, the nozzles used for neat thermoplastic (0.4 mm 

diameter) and continuous fibre reinforced thermoplastic filament (0.9 mm diameter), 

are shown in Figure 2.14. 

 
Figure 2.14 Nozzles for Markforged dual-nozzle 3D printer: (a) neat thermoplastic 0.4 mm 

diameter nozzle; (b) nylon continuous fibre 0.9 mm diameter nozzle [88]. 

Normally, the convergent nozzle is divided into three stages: large inlet, convergence 

zone, and small outlet shown in Figure 2.15(a). The pressure-drop depends on the 

dimensions of the large inlet section (the conical section) and the small outlet section. A 

test of feeding PLA filament through a convergent nozzle by Sukindar et al. [89] detected 
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a large pressure-drop at the small outlet diameter that caused a poor surface finish of 

the printed part. Yet, the high pressure-drop offered a consistent material flow that 

increased the accuracy of the printing. The printed geometric error, calculated from 

conical angular and outlet diameters (Figure 2.15(b)) using Equation (2.5), showed that 

the larger nozzle diameter created a higher geometric error than the smaller nozzle 

diameter. The nozzle diameter also links to extrusion time or fabrication time calculated 

with the combination of feed rate (FR), the part volume (V), and total layer thickness 

(ΣL) using Equation (2.6). According to this, the small diameter requires longer times to 

complete the part. Sukindar et al. [89] also claimed that the optimum nozzle diameter, 

providing an appropriate pressure-drop to maximize accuracy and minimize 

geometrical error, was 0.3 mm. To ensure the consistency of the printed part, Geng et al. 

[24] suggested that printing with a small nozzle diameter at high speed and feed rate 

could maintain the same amount of deposited materials during the printing. The effect 

of nozzle outlet geometry was also investigated by Papon et al. [76, 90] using carbon 

nanofibre/PLA polymer. Three nozzle outlet shapes with the same cross-section area of 

0.1257 mm2 were studied in this research: square, star, and circle. According to the 

simulation, the star-shaped nozzle was predicted to deposit a smooth velocity gradient 

that reduced the swelling effect and provided a rectangular deposited raster cross-

section. This could reduce the void formation from circular raster cross-section that has 

small contact between rasters. Figure 2.16 shows the different nozzle outlet geometry in 

the study reported by Papon et al. [76] and the simulated shape of the deposition at the 

different outlet geometry. Hence, nozzle shape and size should be considered for 

different materials to achieve good product properties as they cause different flow 

behaviour.  

𝐸𝑅𝑅𝑂𝑅 =
𝑅

sin (
𝛽
2
)
− 𝑅 

(2.5) 

𝑡𝑖𝑚𝑒𝑒𝑥𝑡𝑟𝑢𝑠𝑖𝑜𝑛 =
𝑉

𝑑 × 𝐹𝑅 × ∑𝐿
 (2.6) 
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Figure 2.15. (a) Conical shape 3D printing nozzle dimension and area of pressure-drop from 

zone A(large inlet area), B (convergence area), and C (small outlet area); (b) parameters for error 

calculation of circular nozzle, in Equation (2.5), where R is the radius of the extrusion orifice 

and β is the angle of the modelled conical nozzle geometry using in the simulation [89]. 

 
Figure 2.16. Investigation of the different nozzle outlet geometry: circular; square; and star on 

the deposition geometry at the outlet using ANSYS fluent computational fluid dynamic 

modelling studied by Papon et al. [76]. 

2.3. Material parameters 

According to Figure 2.1, this section describes three types of materials used in the 

FDM process: (i) thermoplastic polymers as a matrix, (ii) fibres as a reinforcement, 

and (iii) additional materials as a sizing agent. 

2.3.1. Matrix 

In general, the FDM process uses thermoplastic polymers that can melt at relatively low 

temperatures and be re-shaped in a short time. Several thermoplastics, from the low 
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performing (e.g. polypropylene (PP), poly(acrylonitrile-butadiene-styrene) (ABS), 

poly(lactic acid) (PLA), polycarbonate (PC), polyamide (PA, nylon)) to the high 

performing (e.g. poly(ether ether ketone) (PEEK) or polyetherimide (PEI, ULTEM1000)) 

accordingly to their mechanical properties have been used with the FDM process. 

Among those materials, the most common thermoplastic used in FDM is PLA because 

of its low processing temperature, low shrinkage, and relatively high mechanical 

performance-to-cost ratio. Another “generic use” thermoplastic is ABS which has better 

thermal conductivity than PLA, but its high viscosity hinders the fusion of the printed 

raster and leads to porosity in the structure [47, 56]. Different classes of polyamide (e.g. 

PA6, PA12, PA66, etc.), also known as nylon, have high strengths compared to the first 

two thermoplastics but have poor layer adhesion and moisture absorption issues. PC is 

one of the high-performance thermoplastics, e.g. high strength, toughness, and 

hardness. Yet, it has high heat resistance that requires high printing temperature and 

makes it difficult to print [91]. PEEK and PEI are high-end thermoplastics which have 

high mechanical performance and require high process temperatures. 

 

 

(a) (b) 

Figure 2.17 (a) Six polymers for 3D printer benchmarks according to a study from 3D Matter 

[92]; (b) sensitivity study of different thermoplastics for producing highly aligned 

discontinuous fibre thermoplastic 3D printing filament suggested by Blok et al. [47]. 

3D Matter [92] proposed a comparison of six low-to-medium performance 
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thermoplastics: PLA, ABS, poly(ethylene terephthalate) (PET), nylon, thermoplastic 

polyurethane (TPU, rubber-like material), and PC, for FDM process, shown in Figure 

2.17(a), considering the printability, visual quality, strength, elongation at break, impact 

resistance, layer adhesion and heat resistance. It can be implied that the optimum 

thermoplastic in terms of manufacturability and mechanical performance is PLA which 

shows relatively high mechanical performance and high printability with good visual 

quality, although it has a low heat resistance leading to some issues in high-temperature 

applications and warping on the printing bed. Another full review of the possible 

thermoplastics used for highly aligned discontinuous fibre thermoplastic composite in 

the FDM filament was studied by Blok et al. [47]. This trade-off study considered several 

parameters, including process temperature, moulding temperature, cost, glass 

transition temperature, coefficient thermal expansion, thermal conductivity, shrinkage, 

printing ability, interfacial properties with carbon fibre, specific heat capacity, density, 

crystallinity, and strength. Each parameter has its weight score according to its 

suitability to produce composite FDM filament and then fabricate 3D printed products 

from the filament. Figure 2.17(b) shows that ABS is the most suitable matrix to combine 

with the highly aligned discontinuous fibre followed by poly(ethylene terephthalate 

glycol) (PETG) and PLA. This study procedure would benefit generally composite 

material developers and particularly the material selection in the next chapter to find a 

proper combination of polymer and reinforcement. The tensile stiffness and strength of 

neat thermoplastic as a filament gathered from manufacturers are listed in Table 2.1. 

Focusing on the tensile strength and stiffness of polymers, the 3D printed parts (in the 

chequered pattern), gathered from the research papers shown in Table 2.2, always have 

lower strength and stiffness than the bulk polymers filament, before printing (bulk 

colour), gathered from various sources in Table 2.1, as seen in Figure 2.18. This is 

because of the instinct effect of layer-by-layer manufacturing that leaves porosities, poor 

inter-raster bonding and rough surface finishing in the printed structure. 
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Table 2.1 Tensile strength and stiffness of neat thermoplastic as a 3D printing filament gathered 

from various sources. 

Material 
Tensile Stiffness (GPa) Tensile Strength (MPa) 

Reference 
Min. Max. Average Min. Max. Average 

PLA 2.3 4 2.9 ± 0.8 26.4 65 44.2 ± 14.2 [93-97] 

ABS 1.1 7.6 3.1 ± 2.6 25 50 35.8 ± 10.1 [94, 98-101] 

PP 0.2 1.75 1.1 ± 0.8 8.2 36 27.7 ± 11.0 [97, 102-104] 

PC 1.94 2.28 2.1 ± 0.2 57 76.4 67.7 ± 7.3 [97, 105-108] 

Nylon 0.4 1.7 1.2 ± 0.6 32 51 43.1 ± 7.9 
[100, 109-

113] 

PEI 2.77 3.3 3.1 ± 0.3 64 85 78.8 ± 10.0 
[100, 114-

116] 

PEEK 3 4.3 3.9 ± 0.6 90 115 101.6 ± 10.8 [117-119] 

 

  
(a) (b) 

Figure 2.18 Range (minimum to maximum) of (a) tensile strength; (b) tensile stiffness of neat 

thermoplastics as a filament (bulk) according to the information and their reference in Table 2.1 

and as-printed (chequered pattern) from Table 2.2. 

2.3.2. Reinforcement 

This section considers fibre reinforcement categorized according to the length of the 

fibre in the filament after the filament production (accounting for a fibre breakage 

during the process) including nano, short, discontinuous, and continuous. Nanofibres 

are defined as fibres with a diameter that is less than 1 μm and an aspect ratio (the ratio 

between length and width) greater than 50 [120]. Critical fibre length, defined as the 
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length that allows full load transfer from matrix to fibre, is used to classify short and 

discontinuous fibre. For lengths below the critical fibre length, the fibres are defined as 

short: the load cannot be fully transferred between the fibres through the matrix, and 

the failure is usually fibre pull-out or matrix failure. While for length above the critical 

length, the fibres are here defined as “discontinuous” and the composite material fails 

by fibre breakage as in continuous fibre composites. The main types of fibre 

reinforcement; GF, CF, and KF are mainly considered in this review. 

The following subsections will discuss the process to add the reinforcement to the 

polymeric filament and describe the effects of fibre reinforcement on the polymeric 

filament and the printed part. Finally, the effects of reinforcement parameters, amount 

of fibre and fibre length, on the mechanical properties will be reviewed.  

2.3.2.1. Fibre composite filament production 

Most of the research in composite 3D printing used commercial fibre-reinforced 

filament produced by commercial manufacturers, e.g. Markforged, MakerBot [33] or 

Lulzbot TAZ [43], which have a fixed composition of each filament. Some researchers 

have produced their customized composite 3D printing filament so that the 

composition in the filament, i.e. matrix type, fibre type, fibre architecture, fibre length, 

the amount of fibre and sizing agents, can be tailored. To produce the customized 

composite filament, various filament-forming processes were designed. In this 

literature review, the filament production processes are divided accordingly to the fibre 

architecture, i.e. nano-, short, and continuous fibre mentioned above. 

For nanofibre reinforcement, Shofner et al. [30] produced ABS reinforced with vapour-

grown carbon fibres (VGCFs) by mixing both substances with a high shear rate in a 

Banbury mixer. Next, the melted composite was heated and pressed to form a sheet, 

then the sheet was granulated. Finally, the granules were melted and extruded using a 

single screw extruder and spooled manually to store the 1.7 mm constant diameter 



43 

 

filament. 

 
Figure 2.19 Short fibre FDM filament processing by mixing and extrusion used by Ning et al. 

[54]. 

For short fibre reinforcement, the fibre is combined with the polymeric matrix using a 

similar method as the nanofibers: mixing and extrusion. Before the fibre-matrix mixing 

process, it might be necessary to chop the commercially produced continuous fibre to 

an appropriate length for the mixing machine, typically between 1 to 3 mm, as described 

in [44, 45, 54]. The short or chopped fibres are usually blended with melted 

thermoplastic in a high-shear rate mixing machine or twin-screw extruder at high 

temperatures [19, 37, 90]. The molten composite could be cooled and chopped again 

into pellets ready to be fed to the final extrusion [19, 27], or fed directly to the final 

extrusion, usually a single screw extruder with a small circular die [44, 45]. The final 

circular cross-section filament diameters range from 1.5 to 2 mm, depending on the die 

size. After the extrusion, the filament is cooled to room temperature naturally or 

forcibly, e.g. using a cooling bath [27]. Finally, the constant cross-section diameter 

filaments are spooled in a suitable feedstock format at temperatures around 50°C to 

soften the polymer [27]. The short or discontinuous fibre-reinforced matrix filament 

feedstock can be printed using a general FDM machine without any extra equipment. 

An example of a brief procedure is shown in Figure 2.19. Fibre breakage always occurs 

during the mixing and extrusion, using a screw extruder, because of the high shear 
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stress during the compound process. For example, Sang et al. [27] showed fibre breakage 

from the initial 1-3 mm to an average of 0.13 mm after the process. Moreover, the similar 

process studied by Tekinalp et al. [45] and Love et al. [44] underlined the fibre breakage 

from the chopped 3.2 mm to less than 0.4 mm when using Brabender Intelli-Torque 

Plasti-Corder prep-mixer at speed of 60 rpm for 13 minutes and extruding to a plunger-

type batch extrusion unit to make 1.75 mm diameter filament. 

For continuous fibre reinforcement, there are two well-known methods to fabricate 

continuous fibre reinforcement. Markforged developed a pre-impregnated continuous 

fibre feedstock using nylon and various types of continuous fibres [11, 43, 121-123]. The 

filament is fabricated by applying tension to the fibre while passing it through a melted 

matrix pool. Then, the pre-impregnated composite filament, 0.35 mm in diameter, is 

spooled to be stored, similarly to neat polymeric filament feedstock. This filament can 

be printed via the Makforged dual-nozzle commercial 3D printer, shown in Figure 

2.20(a), or a normal FDM machine with some modifications: a fibre cutter to finish the 

fibre extrusion and a specific filleted edge nozzle, as shown in Figure 2.14(b). In the 

Markforged dual-nozzle commercial 3D printer, the fibre cutter is attached away from 

the printing head to avoid adding the weight of the moving part. The fibre pre-

impregnated filament is normally printed in combination with a neat thermoplastic 

layer to enhance the adhesion between layers or to the printing bed and fill the gap that 

the stiff fibre cannot fill, so the printer needs two separated nozzles, impregnated fibre 

and matrix nozzles, as shown in Figure 2.14, that separately fed the fibre and neat 

thermoplastic filaments. In recent research, there has been an introduction of a new 

material to replace the neat thermoplastic filament in the dual nozzle printer. This is 

called “Onyx”, a product from Markforged which uses nylon reinforced with short 

carbon fibres. According to Yang et al. [63] study, the Onyx filament has an average fibre 

length of around 0.12 mm with a fibre volume fraction of about 13%. In common with 

the neat nylon filament in the dual nozzle printer, the Onyx filament is normally printed 



45 

 

along with the pre-impregnated continuous carbon fibre [36, 124, 125]. The gaps filled 

with the short carbon fibre-nylon composite provide higher strength than the neat 

nylon. 

 
 

(a) (b) 

Figure 2.20 Schematic of (a) Markforged dual-nozzle printer for feeding separate impregnated 

fibre and thermoplastic matrix, modified from Pertuz-Comas et al. [123]; (b) customized co-

extrusion continuous FDM process feeding fibre to the melted matrix in the melted pool [51]. 

The second procedure to print continuous fibre is the customized method developed by 

many researchers [51, 61, 126]. The main concept of customized continuous fibre 

printing is a co-extrusion method that feeds continuous dry fibre bundles to mix with 

the melted thermoplastic filament in the hot nozzle bath. The composite is extruded by 

the pressure difference between the inlet and outlet of the nozzle. The matrix used in 

the method is usually a normal neat thermoplastic 3D printing spool. Figure 2.20(b) 

shows the customized continuous 3D printing concept with the co-extrusion method 

using dry fibre and thermoplastic spool feeding to the hot nozzle and their deposition. 

The fibre content in the composite printing with this method depends on the fibre and 

matrix feed rate and printing speed e.g. feeding fibre at a higher speed than the matrix 

results in high fibre content, but poor fibre-matrix interface [51, 60, 61, 126]. Obviously, 

the co-extrusion method, compared to the former commercial pre-impregnation, shows 

poorer surface impregnation since, in the co-extrusion process, the impregnation takes 
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place in the heated nozzle without the possibility of in-situ quality control, while the 

quality of the pre-impregnated filament can be inspected in the production line. 

2.3.2.2. Effect of reinforcement on 3D printing filament 

Adding fibres to the 3D printing feedstock causes the formation of voids within the 

filament owing to the improper fibre-matrix interface. Zhang et al. [12] compared the 

filament cross-section of ABS, ABS/CNT (carbon nanotube reinforced ABS) and 

ABS/S.CF using scanning electron microscopy (SEM) imaging, as seen in Figure 2.21. It 

is obvious that the neat ABS filament (Figure 2.21(a)) has no inner void while voids are 

present in the composite material filament. According to Figure 2.21, ABS/S.CF filament 

clearly shows the largest void. The voids left in the initial filament may present as inner-

raster voids in the printed part. Inner-raster voids are also found in the printed part of 

the Markforged containing continuous fibre filament because of the poor interfaces 

between fibre and matrix [121]. In the Markforged continuous fibre filament, it was 

observed that the fibres are distributed just on the edge of the filament leaving a large 

matrix-rich area in the middle of the cross-section [43, 127], as seen in Figure 2.21(f). 

 

 

(f) 

Figure 2.21. SEM images of the 3D printing filament with the different materials: (a) neat ABS; 

(b) ABS/CNT; (c) ABS/S.CF; (d) and (e) enlarging of the last two filaments from Zhang et al. [12]; 

(f) Markforged continuous fibre cross-section showing the large matrix-rich area in the middle 

of the cross-section from Blok et al. [43]. 
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2.3.2.3. Effect of reinforcement on the 3D printed part 

Considering the mesostructure of composite 3D printing parts, the fusion ability of the 

deposited rasters, the reinforcement increases heat diffusion of the thermoplastic and 

enhances the raster fusion. This causes a reduction in porosity between rasters, for 

example, glass fibres improved the thermal properties of poly(phenylene sulphide) 

(PPS) [59]. This result was emphasized in a mesostructured study of ABS and ABS/S.CF 

by Tekinalp et al. [45]. Figure 2.22 shows a polished cross-section of the printed ABS and 

ABS/S.CF with different fibre content from 10-30 wt% (chopped fibre length of 3.2 mm 

before filament production and broken to around 0.2-0.35 mm after the mixing and 

extrusion depending on the fibre content). It can be seen the triangular voids in printed 

neat ABS (Figure 2.22(a)) are larger than the ABS/S.CF parts Figure 2.22(b) to (d). 

Tekinalp et al. [45] suggested that the fibres decrease the die swelling phenomenon, so 

the cross section of the deposited raster is more rectangular than circular in shape. The 

fibre reinforcement also increases thermal conductivity which helps raster fusion and 

fills the rectangular voids. 

 
Figure 2.22. Micrograph cross-section of FDM printed part using (a) neat ABS; ABS/S.CF with 

(a) 10 wt%; (b) 20 wt%; (c) 30 wt%, manufactured by Tekinalp et al. [45]. 

Other articles suggested different results. Ivey et al. [20] found that the presence of the 

S.CF in PLA (commercial filament produced by 3DXMax CFR Carbon Fibre 
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Reinforcement PLA Filament, 3DXTech, Wyoming, MI, USA with 15 wt% of CF) 

increased the polymer viscosity and reduced melted flow flexibility. This hindered the 

flowability of the melted polymeric composite to fuse to the adjacent rasters, so the 

depositions were imperfectly fused. It left inter-raster voids in the structure. They also 

commented that the high viscosity at high fibre content might cause nozzle clogging 

and inconsistency melted flow, so the deposition was unsteady causing large voids in 

the structure. Duty et al. [69] mentioned that the short fibre reinforcement changed the 

flow field of the melted polymer and created a favourable nucleation site for bubble 

formation. Figure 2.23 shows the inter-raster voids and the ability to fuse between the 

rasters of ABS, ABS/CNT, and ABS/S.CF printed part when printing with 0° raster 

angle, from which it can be seen that large inter-raster voids are found in the fibre 

reinforced thermoplastic [12]. The inter-raster void depends directly on the percentage 

of the fibre filler as concluded by Sang et al. [27] and Blok et al. [43]. 

 
Figure 2.23. Cross-section of printed parts from (a) ABS; (b) ABS/CNT; (c) ABS/S.CF with 0° 

raster angle and the difference in the inter-raster void formation which shows larger voids in 

the fibre-reinforced specimen than the neat ABS and nanofibre samples observed by Zhang et 

al. [12]. 

The effect of fibre on the mesostructure of the FDM part is ambiguous (from Figure 2.22 

and Figure 2.23). However, the latter effect, that the fibre reduces the raster fusion 

leading to inter-raster voids, was more extensively published than the improvement in 

mesostructure when adding fibres. This may depend on several variables such as fibre-

matrix compatibility or sizing agent added to composites. 
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2.3.2.4. Effect of reinforcement on physical and chemical properties 

The volume of crystalline structure within the polymer increases with the addition of 

fibre reinforcement. Sang et al. [27] stated that fibre reinforcement promoted the 

formation of crystalline structures from the amorphous phase by decreasing the 

crystallization temperature. Liao et al. [37] suggested that the presence of carbon fibre 

in nylon reduced nucleation-free energy and allowed the molecular chain to arrange 

into a crystallized phase because the fibre acted as an efficient nucleating agent for the 

crystallization. 

The fibre reinforcement raises the degradation temperature of the polymer because it 

performs like a thermal stabilizer that absorbs heat [37]. This, however, has a very small 

influence on process temperatures especially Tm and Tg [27, 37]. 

The presence of fibres improves the thermal conductivity of the composite and the 

capabilities related directly to the fibre content [43]. The improvement in the thermal 

conductivity helps residual heat from the previously deposited raster to transfer to the 

recent deposition, increasing the inter-raster bonding and part strength. The better heat 

transfer of fibre-reinforced filament compared to neat thermoplastics, caused by the 

presence of fibres, reduces the thermal residual stress and local high-temperature 

points, so the weak points are eliminated [43, 59]. Furthermore, the presence of fibres 

decreases the coefficient of thermal expansion (CTE), preventing warping during 

fabrication and improving dimension accuracy [43, 128]. Owing to the random short 

fibre alignment in anisotropic fibre-reinforced thermoplastic, the direction and amount 

of conductivity cannot be controlled. To achieve a controllable conductive direction of 

short fibre composite, fibre alignment technology was introduced [129]. 

Different fibre architectures show different effects on polymeric matrix viscosity. 

Shofner et al. [30] reported that VGCFs have an insignificant effect on viscosity[30]. Sang 

et al. [27] claimed that short fibres increased the complex viscosity of the molten matrix 



50 

 

proportionally to their content. Ivey et al. [20] suggested that a large amount of short 

fibre reinforcement in the matrix might result in nozzle clogging, caused not only by 

the fibre entanglement but also by the lack of backpressure to push the melted filament 

through the nozzle. Considering short fibre reinforcement, the viscosity of PLA/S.CF is 

higher than short basalt fibre (BF), so the PLA/S.BF has higher printability than carbon 

fibre [27]. Moreover, Zhang et al. [12] claimed that short carbon fibre restricted flow 

during printing, thus the raster fusion was diminished resulting in inter-raster voids. 

2.3.2.5. Effect of reinforcement on mechanical properties 

Overall, the reinforcements aim to improve the mechanical performance of 

thermoplastics. Shofner et al. [30] investigated the effect of VGCFs on the mechanical 

performance of ABS in a static tensile test, according to ASTM D638, and through its 

dynamic properties, following a DMTA procedure. The findings indicated that the 

VGCFs increased tensile properties, 40% in tensile strength and 60% in tensile stiffness, 

and storage modulus of ABS. Gardner et al. [18] found that CNT yarn improved the 

strength of PEI, but it had less effect on the stiffness and strain to failure. 

For short fibres, commercial short GF reinforced PP filament, e.g. Niroumand Polymer 

Company (Iran) used by Sodeifian et al. [23] and SOFTER used by Carneiro et al. [73], 

show improvements in strength and stiffness over neat PP. Short CFs increase the 

mechanical performance of the thermoplastic, especially in the load direction. The 

stiffness of the CF composite 3D printed parts clearly improves, as confirmed by many 

articles [20, 29, 54, 59], for example, 400% improvement from neat ABS when adding 13 

wt% of CF with 3.2 mm long chopped fibre (before mixing and it is expected to be 

broken during the filament production) claimed by Love et al. [44]. The strength of the 

CF composite parts also increases, but less significantly than the stiffness [21, 54]. This 

might be because of the plastic-dominated failure. As detailed in Ferreira et al. [29], PLA 

carried most of the stress in PLA/S.CF composite (estimated fibre length of 60 μm after 
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filament production and printing) at the failure instead of the fibre reinforcement. The 

presence of fibre changes the material behaviour from ductile to more brittle with a 

reduction of the failure strain [20, 29]. By contrast, in the through-thickness direction, 

the presence of S.CF fibre, from the aforementioned study by Love et al. [44] diminishes 

through-thickness tensile strength. This is mainly because the through-thickness 

mechanical properties depend on the raster bonding strength and the fibre restricts 

interlayer bonding as mentioned above. 

For continuous fibre reinforcement, the mechanical performance of the composite 

substantially increases due to the continuous nature of the fibre that can transfer load 

along the length. A good example is Matsuzaki et al. [60] who reported a PLA/C.CF co-

extrusion 3D printed composite that showed a 600% improvement in tensile strength. 

Brenken et al. [53] claimed that the continuous fibre lifts the mechanical properties of 

the thermoplastic composite 3D printing material (continuous carbon fibre-nylon) to a 

level comparable to aluminium. The study of Zhou et al. [121] in flexural properties of 

the continuous fibre reinforcement produced by Markforged also showed an 11-fold 

improvement in flexural strength from neat nylon printed with the same procedure (395 

MPa of continuous fibre compared to 32 MPa for neat nylon). Some articles [61, 122] 

applied the rule of mixture to describe the mechanical behaviour of continuous fibre 

printed materials. They mentioned that the mechanical properties of composite 

materials printed by FDM technology did not comply with the rule of mixture, being 

always lower than the ones theoretically predicted. This may be because of poor fibre-

matrix interface, porosity (both inner and inter-raster voids) in the structure instinct in 

the layer-by-layer technology and the poor steering capability of the stiff continuous 

fibre creating defects in the part. Comparing the different types of continuous fibre 

including CF, GF, and KF produced by Markforged, CF shows higher mechanical 

properties in the tensile and flexural tests [11]. Although the continuous fibre composite 

material has high mechanical performance, the continuum of stiff fibre causes low 
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flexibility, this may result in manufacturing defects, i.e. fibre waviness. In the layer-by-

layer deposition, the low flexibility fibre cannot fill a small radius leading to the fibreless 

area seen in Figure 2.24(a), compared to nylon/S.CF printed sample as a square shape 

produced by Lulzbot TAZ 6 printer (Figure 2.24(b)) [43]. The manufacturing defects, 

being weak areas, reduce the full performance of continuous fibre [11]. 

  
Figure 2.24. (a) Fibreless area inspected in continuous fibre printed parts; (b) small space 

between raster of short fibre printed part studied by Blok et al. [43].  

 
Figure 2.25. Tensile strength of several reinforcement types: CF, GF, and KF, and architectures: 

nano-, short, and continuous, with ABS, PLA, and nylon (the information is shown in Tables 

2.2-2.4 along with all printing parameters used in the study). 

Figure 2.25 plots the tensile strength in longitudinal fibre direction in different fibre 
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reinforcement formations from nano-, short to continuous fibre in ABS, PLA, and nylon 

against neat polymers. Nanofibre reinforcement strength is similar to neat 

thermoplastics. Short fibre reinforcement shows a moderate improvement with a 

slightly higher strength than the neat polymers. The continuous fibre reinforcement 

shows a substantial increase in tensile strength and the best reinforcement is the 

commercial continuous CF-nylon produced by Markforged which is 10 times stronger 

than neat nylon. Other customized continuous fibre reinforcement produced by some 

researchers using ABS and PLA shows an increase between 2- and 3-fold in tensile 

strength because of the poor interface and fibre wetting. 

2.3.2.6. Effect of reinforcement on failure mechanisms 

Fibre reinforcement changes the failure mechanism of the thermoplastic filament from 

ductile to brittle and causes the printed components to fail for various reasons. Most of 

the nano and short fibre reinforcement composites show pull-out failure because of (i) 

the fibre length is below the critical length, the load cannot fully transfer to fibres, and 

(ii) the poor fibre-matrix interface [21, 30, 36]. The effect of poor fibre-matrix adhesion 

was emphasised by Hofstätter et al. [130]. They observed in the micro-scale that the 

imperfectly round shape cross-section of fibre created gaps that were difficult to be 

filled by viscous matrix, leading to the poor interface. In this study, 40% of the fibres in 

the load direction were confirmed to have undergone pull-out. Liao et al. [37] observed 

that short fibres (15-20 mm before feedstock mixing and filament extrusion) act as a 

crack stopper, impeding the crack growth that meets the fibres perpendicularly even if 

intuitively that could have been considered a crack nucleation point being foreign 

objects in neat polymers. 

In continuous fibre, the tensile load parallel to the fibre direction is fully transferred 

amongst fibres, until failure occurs, so the expected failure of continuous fibre is fibre 

breakage. However, other failure modes were detected in 3D-printed continuous fibre, 
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especially for those manufactured with the customized co-extrusion printing method. 

A mixed-mode failure of fibre breakage and fibre pull-out, due to imperfect wetting in 

the nozzle and poor interfacial bonding, occurred in various continuous fibre specimens 

[13, 60, 61, 126]. 

Even though the impregnation of fibre-matrix in the commercial Markforged 3D 

printed filament with continuous fibre is expected to be better than the customized co-

extrusion methods, failures of CF Markforged 3D printed part under tensile load, 

observed by Chacón et al. [11], were through extensive fibre pull-out and minor fibre 

breakage due to improper coating and poor interfacial bonding. They mentioned that 

the thermoplastic coated the outer surface of the fibre bundle while the internal fibres 

were hardly infiltrated, so the fibre-matrix adhesion was relatively low compared to 

vacuum-assisted thermosetting fibre impregnation. The research also found that a 

similar failure occurred in GF and KF, except that the CF specimen broke perpendicular 

to the load direction, but the others broke at several locations, in the centre of the 

specimen and close to end tabs, perpendicularly to the load direction and then the crack 

ran parallel to the load. Figure 2.26 shows fibre breakage on the rupture surfaces of the 

tensile testing specimen with different types of continuous fibre reinforcement: CF, GF, 

and KF, from Chacón et al. [11] article. Al Abadi et al. [122] conducted a failure 

prediction using a finite element software, Abaqus, with Hashin's damage initiation 

theory observing that the initial damage in CF coupons was matrix tensile damage 

caused by tensile and shear stresses, while GF and KF initially failed by the fibre tensile 

damage. Those failure modes were confirmed by their experiment. A poor fibre-matrix 

interface results in matrix failure, rather than fibre failure common in conventual 

composites, leading to a reduction in strength. This causes low confidence in using 

thermoplastic 3D printing techniques for structural applications. The improvement of 

the fibre-matrix interfacial strength in thermoplastic composites should be studied to 

increase the final product strength. 
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Figure 2.26. SEM images showing details of fibre breakage on the rupture surface of the tensile 

samples with different fibres: (a) C.CF; (b) C.KF; (c) C.GF at 140x magnification, as observed by 

Chacón et. al [11]. 

2.3.2.7. Effect of fibre length on composite performance 

The critical fibre length is the length that determines load resistance ability. It can be 

calculated using Equation (2.7) [48] where Sc is the critical fibre length aspect ratio, σf is 

the tensile strength of fibre, τi is the shear strength or the shear yielding stress of the 

interface or the frictional shear stress at the interface, lc is the critical fibre length and df 

is the fibre diameter. 

𝑆𝑐 =
𝜎𝑓

2𝜏𝑖
=
𝑙𝑐
𝑑𝑓

 (2.7) 

A fibre length greater than the critical fibre length allows full load transfer to fibres 

causing a fibre-dominated failure. In contrast, if the length is below the critical length, 

the applied load cannot be fully transferred through the matrix from fibre to fibre, 

leading to matrix failure and fibre pull-out (slippage between fibre and matrix). 

Normally, for the carbon fibre-epoxy case, the critical fibre length is 0.45 mm. 

Ideally, the long fibre shows better mechanical performance than the short fibre [27, 46]. 

Ning et al. [54] showed that a fibre length of 0.15 mm showed higher tensile strength 

and stiffness than 0.1 mm. As detailed in Section 2.3.2.1 above, the short and 

discontinuous fibre breakage during the filament-forming processes, i.e. fibre-matrix 

mixing and extrusion, leads to a fibre length reduction in the produced feedstock. Sang 
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et al. [27] observed that the initial chopped 1-3 mm fibre can be broken down to less than 

0.13 mm after the mixing extrusion filament production. The fibre length in this process 

has a reverse relationship with the percentage of fibre in the composite. The high 

percentage of fibre shows more fibre breakage which reduces the fibre length. This is 

because of the higher contact between fibres at the high concentration during mixing. 

Figure 2.27 shows the reduction of fibre when the fibre content increases as proposed 

by Tekinalp et al. [45]. It can be implied that the highest percentage of fibre cannot 

achieve the highest strength and the optimized fibre content of short fibre in 

thermoplastic composite should obtain the best mechanical properties and minimum 

production cost. Moreover, fibre breakage was observed during the printing with a 

commercial nylon/S.CF [84]. With extremely short fibres (60 μm), Ferreira et al. [29] 

found poor matrix adhesion that may result in low interfacial strength and reduce the 

overall part strength. 

 
Figure 2.27. Fibre breakage at the high amount of randomly aligned fibre in the matrix resulted 

in minor strength improvement showing the optimized fibre volume fraction in ABS/S.CF 

filament, observed by Tekinalp et al. [45]. 

2.3.2.8. Effect of fibre content 

Differences in fibre content, fibre volume fraction, or the amount of fibre filler in a 

composite, change the overall properties. A high fibre volume fraction is expected to be 
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beneficial to the properties. Nevertheless, a high fraction does not always reflect in 

mechanical performance improvement. In the nano-reinforcement case, the high 

content of nanofibre causes them to aggregate, reducing the printability of the filament; 

moreover, this has a double effect of creating a weak point in the matrix and subtracting 

reinforcement from the remaining material volume, reducing the part strength [21, 131]. 

A high-volume fraction of nanofibre increases the viscosity of the matrix causing a high 

surface tension of the raster leading to inter-raster voids [76]. 

The trend described above is also found in short-fibre reinforcement cases: the 

maximum strength and stiffness are not achieved at the highest fibre fraction. Ning et 

al. [54] suggested that the too-high content of short CF leads to high porosity that 

diminished the interfacial strength. Sang et al. [27] claimed that the fibre content, when 

excessive, also increased viscosity, reducing the printability of the composite and 

causing nozzle clogging. Tekinalp et al. [45] found nozzle clogging when adding 40 wt% 

of CF in ABS.  

  
ABS/S.CF  

ABS/ 

S.GF 

[59] 

     
ABS/ 

CNT   

[12] 

    
ABS/ 

S.Jute  

[33] 

 

Ave. 

Neat 

ABS 

PLA/S.CF 

PLA/ 

S.BF 

[27]  

 
PLA/ 

MWCNT 

[132] 

 

Ave. 

Neat 

PLA 

 ● [54] ● [44] ● [59] ●[29] ●[20] ●[133] ●[70] [27]  

 ● [52] ● [45] ● [12] ●[134] ●[90] ●[135] ●[136] ●[137] 

(a) (b) 

Figure 2.28. Tensile strength of composite FDM parts with different percentages of short fibre 

reinforcements in (a) ABS; (b) PLA with the average neat thermoplastics (as printed) strength 

shown in the red line (the information was gathered from several studies from Table 2.2-2.4). 
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Figure 2.28(a) and (b) show the tensile strength development from neat ABS and PLA 

when nano- and short fibres are added. The average 3D printed neat polymers strength 

(ABS and PLA), obtained from articles concluded in Figure 2.18, is presented as a red 

dash line as a baseline. This also shows the performance reduction at the too-high fibre 

content. In the through-thickness direction, the properties decrease with the fibre 

content, this is because of an increase in the viscosity that induces interlayer porosity 

[59]. 

A study by Silva et al. [26] adjusted the fibre content by selecting different fibre yarn 

types (1K and 3K) that changed the fibre volume fraction from 3.4 vol% to 11.73 vol%. 

With the customized co-extrusion printing for continuous, the fibre content is adjusted 

by controlling the fibre and matrix feed rate, printing speed, raster thickness and raster 

width. As detailed by Tian et al. [51], the fibre content decreased with an increase in the 

feed rate of the polymeric filament to the melted pool, raster thickness, and raster width. 

This is because the same amount of fibre is covered by a higher amount of the matrix 

when increasing the mentioned printing parameters. 

2.3.2.9. Fibre alignment during the FDM process 

The printing path can be predefined to control fibre orientation [13]. Generally, the 

majority of short fibres are aligned following the nozzle movement, while there are a 

few fibres laid perpendicular to the nozzle movement direction [21, 29, 45, 63]. This 

effect can be seen in both straight-line and turning-radius printing paths [53]. 

Considering the streamline in the convergence zone of the nozzle shown in Figure 

2.15(a), a velocity gradient is generated in the flow direction, resulting in higher shear 

stress in the flow direction. The fibres are forced to align in the flow direction to reduce 

the flow resistance [37]. Hence, the fibre orientation could be estimated from the 

velocity and velocity gradient of the deposition using a fibre orientation tensor [53, 63, 

128, 138]. During the printing, the re-melting of the previously deposited raster due to 
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the next raster deposition disturbed the fibre orientation; the fibres were more oriented 

at the middle of the extrusion line and showed more random orientation at the outer 

surface [130]. It can be inferred that the FDM process enhances fibre alignment, 

especially for short fibre reinforcement, along the nozzle movement direction, so the 

relationship of the printing path and alignment should be investigated further to 

improve the product performance. 

2.3.3. Additional materials 

Additional material or sizing agents are chemical substrates added to matrix or fibre to 

improve the performance of composite materials. The presence of hydrated magnesium 

silicate (Talc, Mg3Si4O10(OH)2) in PLA leads to an increase in melting and degradation 

temperature while reducing Tg [55]. In composite materials, sizing agents aim mainly to 

improve the interfacial strength between fibre and matrix. Linear low-density 

polyethylene (LLDPE) was added to ABS/C.GF filament to increase the ductility of the 

composite and hydrogenated Buna-N (an elastomer) was added to increase the 

compatibility of the composite to LLDPE. Plasticizers and compatibilizers in the 

composite could improve the strength of the part [19]. Maleic anhydride polyolefin 

(POE-g-MA) was added to PP/S.CF composite to increase the elasticity and flexibility of 

the brittle composite, but an increase in POE-g-MA led to a decrease in tensile strength 

and more fibre pull-out failure, possibly because of degradation in the interactions 

between the functional groups on MA and hydroxyl group on GF [23]. BF, a poor 

surface interface natural fibre, was treated with a silane coupling agent (3-aminopropyl 

triethoxysilane, KH550, NH2CH2CH2CH2Si(OC2H5)3) Aladdin reagent to improve the 

fibre-matrix adhesion [27]. In customized co-extrusion continuous carbon fibre 3D 

printing, Li et al. [126] suggested a surface modification of the carbon fibre bundle to 

improve interfacial strength according to the process shown in Figure 2.29. However, 

those examples of surface treatment methods and sizing agents are not always 

compatible with all polymers and reinforcements, so the proper additional material and 
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method need to be investigated to achieve the best combination for specific composite 

materials. 

 

Figure 2.29 Surface modification of continuous carbon fibre and PLA, proposed by Li et al. [126]. 

2.4. Chapter discussion 

 
Figure 2.30 Printing and material parameters, that can be assigned to the FDM process to high 

tensile strength and the outgrowths from the setting such as crystalline structure, low porosity, 

and surface finishing. 

According to the review, FDM, layer-by-layer manufacturing, allows for the fabrication 

of complex geometries within a short time, but the part quality depends significantly 

on the exact combination of printing parameters and the materials used in the process. 
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The focused printing parameters in this review have shown that the highest tensile 

strength can be generally achieved by maximising the number of contours and 

percentage of infilled material while minimising the printing speed and the raster 

distance (air gap) and optimizing the nozzle and bed temperature. Thermoplastics, the 

material used in the general FDM process, have low mechanical performance compared 

to thermosetting or metals, so the neat thermoplastic FDM products are limited to low-

performance applications. The fibre reinforcement with different architectures and fibre 

content is a mechanical performance improvement. Long and continuous fibre offers 

the highest performance improvement because of their load-transferring ability. The 

short fibre reinforcement shows a lower mechanical performance improvement than 

the continuous, but it has high flexibility and formability. Although the addition of 

fibres improves the overall performance, it degrades the internal structure of the 

filament because of the poor fibre-matrix interface. Moreover, the fibre hinders the 

printed raster fusion, leading to poor inter-raster bonding and porous structure in the 

printed part. The microstructure interface can be solved by surface treatment 

procedures such as adding sizing and the poor inter-raster fusion can be minimized by 

optimizing the printing parameters. Figure 2.30 proposes an overview of the process, 

both printing and material, parameters, that allow for achieving the highest tensile 

strength and other properties improvement. 

2.5. Chapter conclusion 

Among the gathered articles, there are several studies on the mechanical 

performance improvement of FDM products, both on the printing parameters and 

the composite printing, but there are still several research gaps in the use of fibre as 

a reinforcement to thermoplastic in FDM applications. Although the continuous 

fibre shows the best strength improvement, it creates defects, i.e. fibre-free areas and 

fibre waviness, because of their poor formability. The short fibre reinforcement 

offering similar formability to the neat thermoplastic provides an insignificant 
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increase in mechanical performance. Hence, an optimized fibre architecture with 

high formability and mechanical properties, such as highly aligned discontinuous 

fibre, which can use a fibre longer than the critical fibre length plus the good fibre 

alignment, has rarely been considered as a reinforcement for the 3D printing 

thermoplastic. In this thesis, the aligned discontinuous fibre used for the 

reinforcement is produced with the HiPerDiF technology described in Chapter 1. 

The challenge of using HiPerDiF fibre to produce 3D printing filament is the 

available filament production processes, reviewed above, that may be 

inappropriate to produce discontinuous aligned fibre-reinforced thermoplastic 

filaments. This is because the blending-mixing used with short fibre would break 

the fibre and demolish the alignment; while the pultrusion through a resin bath for 

impregnation, used to manufacture continuous fibre filaments, is impossible 

because the pulling force would tear the discontinuous fibre preform apart. A new 

method should be developed to preserve an appropriate fibre length and alignment 

which are the two main characteristics of the HiPerDiF. Apart from the mechanical 

properties gained from the long discontinuous fibre and the alignment, the 

HiPerDiF fibre is claimed to help with the formability of the reinforcement during 

printing. It should enhance the complex geometry fabrication with a high degree of 

manufacturing freedom in the 3D printing process, but again there are very few 

publications that consider the printing of discontinuous aligned fibre thermoplastic 

using FDM. The printing of pre-impregnated continuous fibre should be the most 

similar case for the printing technique and initial printing parameter trial as it also 

needs to steer the long-stiff fibre.  
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2.6. List of the available literature on FDM 

After the review of the quoted articles, the summary of the method to print the FDM materials, both printing and material 

parameters, are concluded in Table 2.2-2.4 which is organised according to the composition of the filament: neat thermoplastic, 

short/discontinuous fibre, and continuous fibre, respectively.   

Table 2.2 Summary of parametric study in neat thermoplastic of the FDM process. 
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[73] PP     3600 165 room  45, 0, 90, 

[±45], [0/90] 
0.2, 0.35 

20, 60, 

100 
 0.3-1.2 10-35 

[22] ABS        F 

[0/90], 

[15/75], 

[30/60], 

[±45] 

0.127, 

0.178, 

0.254 

   9.95-18.09 

[34] ABS        F 0, 45, 90 
0.127, 

0.330 
   4.01-34.61 

[83] ABS        F, E ±45 0.25  1, 4, 7, 10 1.81-2.11 23.9-29.7 

[68] ABS        F, E, Z 
0, 30, 45, 60, 

90 
0.253   1.9-2.5 19-37 

[74] ABS     1800 250 120  

[0/90], 

[30/60], 

[±45], 

[75/15] 

0.5  1  28-35 

[32] ABS      235 105 F, E, Z [0/90], [±45] 0.1   1.96-2.05 30.0-32.8 
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[12] ABS     

3600,  

4800,  

6000 

   0, [±45], 90 

0.18,  

0.24,  

0.3 

  1.95-2.44 22.31-27.69 

[36] ABS        F [±45] 0.25   1.89-2.18 21.5-28.8 

[59] ABS      250 95      2.3-2.41 31.2-34 

[55] PLA     2100-2700 210 50  [0/90] 0.12 100  2.66-3.74 28.37-34.43 

[56] PLA     
2700, 3600, 

6000, 9000 

200, 

210, 

220, 

230 

 E 0, 45, 90 
0.1, 0.2, 

0.3, 0.4 
  3.96-4.04 46.24-61.42 

[31] PLA         3600 205 60 F 0, 18, 45, 72, 90 
0.1,0.12,0.1

5,0.18,0.2 
100 

2, 3, 4, 

5, 6 
2.79-3.49 37.62-53.59 

[20] PLA         
1800 1st 

2100 rest 
200 85   [0/90] 0.1 100 2 3.37 59.3 

[76]  PLA         1200 220 110   [±45/90/0]s 0.4 100   1.67 45 

[134] PLA     1800-5400 190-230 40-50  0 0.2 100  3.47 46.67 

[139] PLA     2400-5400 195-230  E 0, 45,90 0.1-0.3 100  1.52-2.25 22-55 

[140] PLA     2400  210-230 60 E 0-90  20-100  1.50-2.44 20-54.4 

[141] PLA     3000 210 70 E 0,45,90 0.1-0.3 100  4.73 26.75-47.3 

[142] PLA     1800 200 50  45 0.1-0.2 20-50  0.73-1.34 27.6-48.9 

[143] PLA         [0/90],[±45] 0.2-0.4 100  3.2-3.4 48.5-60.4 

[29] PLA     3000 190 70 F 0,90  100  3.4 54.7 
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[144] PLA     2400-5400 215  E 0-90 0.1-0.3   1.52-2.23 23.78-55.86 

[145] PLA         0,45,90    1.24-1.52 31.1-38.7 

[137] PLA     1200 190-240 40 F 
[0/90], [30/60], 

[±45], [75/15] 
0.1 100 12 2.12-2.62 28.71-35.66 

[10] PLA      240 90   0.08-0.64 20-80  2.35 1.18-25.41 

[136] PLA     1200  230 60   0,90 0.2 100  0.61-0.63 48-54.5 

[146] Nylon              concentric, 0       0.53 61 

[11] Nylon           274  F, E  0  
0.1, 0.125, 

0.2 
100   0.41-0.47 27.2-30.9 

[32]  PC           345 145 F, E, Z 
[0/90], [30/60], 

[±45], [75/15] 
      1.62-2 30.4-43.5 

[72] PC           300   F 

0, 

15, 30, 

45, 60, 75, 90 

0.267     1.35-2.08 16.89-59.77 

[67] PC               F, E, Z [0/90] 0.508     1.18-1.57 20.6-35.7 

[75] PC           345 140   

[0/90], 

[30/60], 

[±45] 

0.432-0.508     1.5-1.83 45-55 

[25] PEEK           334   F 0, 30, 45 0.2, 0.3, 0.4   2   32.4-56.6 

[131] PEEK      405  F [±45] 0.2 100  3 81 

[39] PEI               F 0, 90     1, 5   26-77 

[18] PEI           375 162   0       3 90 
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Table 2.3 Summary of parametric study in nano/short fibre thermoplastic FDM process. 
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[73] PP GF   30 480 185    [±45] 0.2     100   1.9 40 

[23]  PP GF      240 30     0.1, 0.4 100    0.25-0.4 20-32 

[54] ABS CF 
0.15 

,0.1 
7.2 3 - 15 

1200 1st 

1500 rest 
230     [±45] 0.2 100   2-2.6 34-44 

[52] ABS CF   5 
15, 20, 25, 

30, 35 

200, 210, 

220, 

230, 240 

80 F [±45], [0/90] 

0.15, 0.2, 

0.25, 

0.3, 0.35 

100  3 0.6-1.1 18-37 

[45] ABS CF <0.4  10 - 40   205       0.2     2-14 30-65 

[44] ABS CF <0.4  13   220             1.52-8.91 7.0- 70.69 

[69] ABS CF 1  20 3048 250     0, 90       2.13-11.92 10.27-66.18 

[59] ABS CF <3  13, 20   250 95           8.18-11.94 53.3-66.4 

[12] ABS CF   8 

3600, 

4800,  

6000 

      0,[±45], 90 

0.18,  

0.24,  

0.3 

    2.19-5.89 13.74-39.05 

[19]  ABS GF      250 60 F, Z           24-58 kg* 

[69] ABS GF 1  20 3048 250     0, 90       2.48-5.65 15.30-54.33 

[59] ABS GF <3  20   250 95           5.67 54.4 

[33]  ABS Jute   5 3300 230       0.27     0.871-1.543 12.9-25.9 

[33] ABS  Nano TiO2  5 3300 230       0.27     1.355-1.708 18.4-32.2 
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[12] ABS CNTCF     15 

3600,  

4800,  

6000 

      0, [±45], 90 
0.18, 0.24, 

0.4 
    2.01-2.52 21.46-29.64 

[30] ABS VGCFs 0.1 0.1 10                 37 

[29] PLA CF   15 3000 190 70  0,90 0.3 100  7.54 53.4 

[27] PLA CF 0.131 7 5,10,20 
1200 1st 

3600 rest 
210 60   [±45] 0.1 100   3.4-7.4 60-70 

[20] PLA CF 0.125 7.4 15 
1800 1st 

2100 rest 
200 85   0/90 0.1 100 2 5.68 55.2 

[134] PLA CF   10 1800-3000 210-240       1.6 34.2 

[137] PLA CF 0.06  15 1200 190-240 40 F [±45] 0.1 100  3.6 30.35 

[10] PLA CF     240 90  [0/90], [±45] 0.08-0.64 20-80 2 2.35 25.41 

[133] PLA CF .015-0.03 6.105 20 3600 230 72  45 0.1-0.3 25-100 2 0.55-1.45 16.56-48.06 

[70] PLA CF 0.15-0.2 7 20 1200-3600 190-230  F,E,Z  0.1-0.3    20-54.5 

[90] PLA CF 0.15 7.2  1200 200 80   0.4 100  2.75 55 

[136] PLA CF 0.15-0.2  5,10 1200 230 60 F,Z  0.2 100  0.96 -2.02 54.1-81.2 

[135] PLA CNT   1,5,10 3600 220  F [0/90], [±45] 0.2 100  3.8-4.2 35-45 

[27] PLA BF 0.13 12 5 - 20 
1200 1st 

3600 rest 
210 60   [±45] 0.1 100   3-5.5 61-70 

[21] PLA MWCNT    14.3                ~3-3.5 40-50 
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Table 2.3 Cont. 
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[76] PLA    nano CF 0.0005 0.05 0.5 - 2 1200 220 110   [±45/45/90/0]s 0.4 100   1.822 41-48 

[43] nylon 
  micro 

CF 
0.1   6   260   F   0.2     1.85 33.5 

[21] nylon CF 0.13   14.3                 ~1-2 45.5 

[26] nylon CF 0.05-0.2 5 65 300 270 110     1     3.5 153.62 

[37]  nylon CF   6-7 2 - 10 1800 250 120   0   100   1-3.5 48-90 

[36] nylon CF             F [±45] 0.1     3.019 58.2 

[125] 
nylon 

Onyx 
CF   30  275   [0/90] 0.125 100  1.59 64.2 

[85] 
nylon 

Onyx 
CF        [0/90] 0.1 100  3.2 51 

[59] PPS GF <3   40   357 95           10.82 51.2 

[69] PPS GF 1   40 3048 251     0, 90       10.82 51.2 

[18] PEI CNT yarns        375 162   0       3 119 

[131] PEEK  MWCNT  3-10  405-450 100 F [±45] 0.2 100  3.4-3.8 51-101 
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Table 2.4 Summary of parametric study in continuous fibre thermoplastic FDM process. 

 

Study 

Material Parameters 
Printing Parameters Tensile properties 

P
o

ly
m

er
 

Reinforcement 

M
at

er
ia

l 

L
en

g
th

 (
m

m
) 

D
ia

m
et

er
 (

μ
m

) 

C
o

n
te

n
t 

(b
y

 w
t%

) 

P
ri

n
t 

sp
ee

d
  

(m
m

/m
in

) 

N
o

zz
le

 t
em

p
. (

°C
) 

B
ed

 T
em

p
. (

°C
) 

B
u

il
d

 o
ri

en
ta

ti
o

n
   

   
   

F
, E

, Z
 

R
as

te
r 

an
g

le
 

(d
eg

re
e)

 

R
as

te
r 

th
ic

k
n

es
s 

 

(m
m

) 

In
fi

ll
 v

o
lu

m
e 

(%
) 

C
o

n
to

u
r 

(l
in

es
) 

S
ti

ff
n

es
s 

(G
P

a)
 

U
lt

im
at

e 
S

tr
en

g
th

 

(M
P

a)
 

[43]  nylon CF     36.67 2.39 cm3/hr 260     0 0.125 100   62.5 968 

[21] nylon CF     35.7         0       10 341 

[121]  nylon CF               0           

[11]  nylon CF   350 2.4-32   
274 (nylon) 

232 (fibre) 
  F, E 0 0.125     7.6-51.7 96.6 - 436.7 

[122]  nylon CF     45         [±45]/0       37 360 

[41] nylon CF         
265 (nylon) 

270 (fibre)  
    

concentrict, 

0 
0.125 50     235.5 - 404.3 

[42]  nylon CF     30-35           0.125     15-35.7 128 - 520 

[146]  nylon CF   350 13.59   263 NO   
concentrict, 

0 
0.125     7.73 216 

[124] Onyx CF  350 38-41  
270Onyx 

250CF 
  

[0,±45,90], 

[± 45] 
0.125 100  71.7-80.4 597-768 

[11]  nylon GF   300 4-34   
273 (nylon) 

232 (fibre) 
  F, E 0 0.1     3.7 - 19.6 113.4 - 381.2 

[122]  nylon GF     47.62         [±45]/[0/90]       6.4 180 

[41] nylon GF         
266 (nylon) 

270 (fibre)  
    

concentrict, 

0 
0.1 50     302.6 - 372.1 

[146] nylon GF   300 10-13   263 NO   
concentrict, 

0 
0.1     3.12-3.75 194 - 206 

69 



70 

 

Table 2.4 cont. 

 

Study 

Material Parameters 
Printing Parameters Tensile properties 

P
o

ly
m

er
 

Reinforcement 

M
at

er
ia

l 

L
en

g
th

 (
m

m
) 

D
ia

m
et

er
 (

μ
m

) 

C
o

n
te

n
t 

(b
y

 w
t%

) 

P
ri

n
t 

sp
ee

d
  

(m
m

/m
in

) 

N
o

zz
le

 t
em

p
. (

°C
) 

B
ed

 T
em

p
. (

°C
) 

B
u

il
d

 o
ri

en
ta

ti
o

n
   

   
   

   
 

F
, E

, Z
 

R
as

te
r 

an
g

le
 

(d
eg

re
e)

 

R
as

te
r 

th
ic

k
n

es
s 

 

(m
m

) 

In
fi

ll
 v

o
lu

m
e 

(%
) 

C
o

n
to

u
r 

(l
in

es
) 

S
ti

ff
n

es
s 

(G
P

a)
 

U
lt

im
at

e 
S

tr
en

g
th

  
  

(M
P

a)
 

[11] nylon KF   300 3.2-29   
275 (nylon) 

232 (fibre) 
  F, E 0 0.1     5.2 - 25.5 55.8 - 235.6 

[122] nylon KF     42.1         [±45]/[0/90]       8.7 170 

[122] nylon KF     42.1         [±45]/[0/90]       8.7 170 

[41] nylon KF         
267 (nylon) 

270 (fibre)  
    

concentric, 

0 
0.1 50     259.7 - 309.14 

[146] nylon KF   12 8.6-10.8   263 NO   
concentric, 

0 
0.1     3.61-4.37 150 - 164 

[60]  PLA CF     9.3 60 210 80   0       20 200 

[126] PLA CF     <42.92                   91 

[51] PLA CF     34.93 

100, 200, 

300, 400, 

500, 600 

180, 190, 

200, 210, 

220, 230, 240 

NO     

0.3, 0.4, 

0.5, 0.6, 

0.7, 0.8 

        

[147] PLA CF   24-35 300 220   0 0.25-0.4   39-61 481-650 

[148] PLA CF   20.19  210   0 0.3   14.76 140 

[61] PLA CF     1.45 100 210 80           5.8 90 

[149] PLA CF     260 100  0     112 
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Table 2.4 cont. 
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[150] PLA CF  7 36.3 300 215   0 0.5   8.28 61.4 

[60] PLA Jute      7.11 60 210 80   0       5 50 

[62] PLA KF     13.11 100 210 NO     0.1-0.3     7.42 73.54 

[151]  PLA KF  400 6.54 vol%      0.8  4 3.29 104.64 

[148] PLA KF   8.07         2.6 125.22 

[13] ABS CF     10 600 230 90     0.5     4.18 147 
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Chapter 3 Manual Moulding Filament 

This chapter aims to study the feasibility of forming a DcAFF 3D printing filament 

from ADFRC, produced with the HiPerDiF technology and impregnated with PLA. 

At this stage, this study deploys manual moulding, which is a pragmatic interim 

solution given its low manufacturing complexity and minimal investment 

requirement. Then, the printability of the produced circular filaments will be 

investigated. Finally, the tensile properties of the batch-produced DcAFF filament 

will be benchmarked to commercially available 3D printing materials. 

This chapter was constructed based on the work published in Additive Manufacturing 

in 2021 under the title of “Batch production and fused filament fabrication of highly 

aligned discontinuous fibre thermoplastic filaments” [2]. The whole article and the 

testing result were prepared by N.K. and amended by all the authors.  

N. Krajangsawasdi, M. L. Longana, I. Hamerton, B. K. Woods, and D. S. Ivanov, 

"Batch production and fused filament fabrication of highly aligned discontinuous 

fibre thermoplastic filaments," Additive Manufacturing, vol. 48, p. 102359, 2021. 

DOI: 10.1016/j.addma.2021.102359. 
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3.1. Chapter introduction 

The HiPerDiF ADFRCs are initially produced in the form of thin tape. One of the 

main challenges with printing ADFRC is the creation of a circular cross-section 

filament that would be suitable for a generic FDM machine. The literature review in 

Chapter 2 showed that the conventional filament manufacturing techniques are not 

appropriate for the dry fibre preforms produced with the HiPerDiF technology. 

Blending/mixing used with short fibre composites would break the fibres and undo 

the careful fibre alignment created by the ADFRC process; while the other option 

(used to manufacture continuous fibre reinforced filaments) of pultruding the fibres 

through a resin bath for impregnation is impossible because the pulling force would 

tear the discontinuous fibre preform apart. Thus, a new bespoke filament-forming 

process must be developed for the DcAFF filament to minimise fibre breakage and 

maintain fibre orientation.  

In this chapter, a manual moulding method was used for the first filament-forming 

feasibility study to reshape the HiPerDiF-PLA tape into a DcAFF circular cross-

section filament. In the beginning, the mould designed by Blok [50] was examined, 

before a new mould was designed to address the issues with the original mould, i.e. 

the voids trapped in the filament and low filament quality. After a satisfactory 

moulded filament had been achieved with an optimized mould, the printability of 

the produced filament was tested under different printing parameters: deposition 

speed, process temperature, and layer thickness. As a result, a set of printing 

parameters offering a good deposition was proposed. Then, the physical and 

mechanical properties of the produced material at each manufacturing stage were 

studied. Finally, the performance of a component produced with the DcAFF filament 

was compared with the data available in the literature. This placed the results in a 

wider context and paved a clear route forward to improve the production rate and 

performance of the DcAFF filament. 
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3.2. Materials properties 

Poly(L-lactic acid) (PLA), a common FDM material, was chosen for this preliminary 

study as a proof-of-concept matrix due to its high printability, well-known 

mechanical and thermo-chemical characteristics and low cost, as mentioned in 

Chapter 2. The PLA used in this study is a commercial 3D printing transparent PLA 

filament, supplied by 3D4Makers B.V. [152]. The filament has a melting temperature 

between 145°C and 160°C. 

The fibres used to produce the HiPerDiF preform are commercial 3-mm chopped 

C124 carbon fibre with a fibre diameter of 7 μm supplied by Toho Tenax GmbH. 

According to the calculation of the critical fibre length of PLA/S.CF mentioned by 

Blok et al. [47], the critical fibre length is between 0.8-1.38 mm depending on the 

interfacial shear strength of PLA-carbon fibre, around 11-19 MPa, reported by Wan 

et al. [153]. The selected fibre length, 3 mm, is chosen to be comfortably above the 

mentioned fibre critical length. The raw material properties: PLA filament and 

carbon fibre, are shown in Table 3.1. 

Table 3.1 Physical and mechanical properties of PLA filament and carbon fibre. 

Material 
Density 

(g/cm3) 

Tensile modulus 

(GPa) 

Tensile strength 

(MPa) 

PLA filament [154] 1.24  3.86 144 

C124 carbon fibre [155] 1.82 225 4344 

3.3. Manual filament forming manufacturing 

The forming process to obtain a circular cross-section DcAFF 3D printing composite 

filament starting from discontinuous fibres and PLA tape is summarised in Figure 

3.1. The process can be broken into four main stages: 

3.3.1. Stage (A): preparation of fibre and matrix  

Dry HiPerDiF preforms were prepared using the HiPerDiF machine as described in 

Chapter 1 (Figure 1.2). The fibres were suspended in water at the calculated 

concentration, 0.001–0.003% of the fibre in volume, and processed through HiPerDiF 

to obtain an aligned discontinuous fibre preform. The PLA was initially printed, 
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using a RepRap Prusa i3 MK3S 3D printer, into a thin film of approximately 0.1 mm 

in thickness, 13 mm in width, and 200 mm in length. 

 
Figure 3.1 Summarized manual moulding method to produce a circular-shaped DcAFF 

filament from stages (A) preparation of discontinuous fibre (HiPerDiF) and PLA matrix; (B) 

consolidation of HiPerDiF-PLA; (C) manual moulding; (D) pultrusion. 

3.3.2. Stage (B): consolidation 

HiPerDiF preform was placed on top of the printed PLA film on a guiding slot and 

then they were fed into a custom-built consolidation module, shown in Figure 3.1 

stage (B). There are two stages in the consolidation process: a hot press at about 

210°C, with approximately 1 bar pressure for about 25 seconds, followed by a cooling 

section under the same pressure, as described by Blok et al. [47]. These parameters 

were found in processing trials as those that offered a better tape mechanical 

performance compared to other temperature and pressure ranges. After the preform 

was impregnated with the PLA film, the excess PLA tape, occurring due to the 

transverse shear flow of the matrix, was trimmed, resulting in a tape measuring a 

width of 5 mm and a thickness of 0.2 mm; the cross-section of the tape and all of the 

following produced materials were prepared, polished and inspected with the 

method (microscope) described in Appendix A. Figure 3.2 shows the current 

HiPerDiF-PLA impregnated tape. It was observed that there was a greater 

concentration of fibres (seen as white dots) on the upper surface of the preform. This 

is because the preform was placed on top of the PLA tape and the pressure is not 
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high enough to cause diffusion of the fibres into the lower surface. 

 
Figure 3.2. Cross-section of 5 mm wide HiPerDiF-PLA tape. 

3.3.3. Stage (C): manual moulding  

  
(a) (b) 

 

 
  

(c) (d) (e) (f) 

Figure 3.3. (a) Schematic of the 4-piece mould including three aluminium blocks and a press 

plate with a preform tape inside; (b) cross-section of the moulded filament after moulding 

with the 4-piece mould; (c) schematic of the 2-piece mould designed with a perfect sharp 

machined corner shape of the female and male mould; (d) cross-section of the moulded 

filament with the 2-piece mould under 150°C and 2 MPa condition showing folding tape 

without thermoplastic fusion; (e) and (f) cross-section of the moulded filament with the 2-

piece mould under 200°C and 1 MPa condition at different positions: 120 mm and 240 mm. 

In Figure 3.1 stage (C), the tapes were reshaped using two different small-channel 

moulds; the first mould, from Blok’s study [50], was made from three assembled 

aluminium blocks and using an off-the-shelf L-shape aluminium extrusion to 

compress the tape, shown schematically in Figure 3.3(a), called a “4-piece mould”. 

The HiPerDiF-PLA tapes were placed in the mould that was then heated to 250°C in 

an oven for an hour. Next, the L-shape bar was inserted into the channel to press the 
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Bo om mould

Side mould

Press plate
Preform tape
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heated tape and change the flat shape into the moulded shape, as shown in Figure 

3.3(b). The moulded filament has a flat side, corresponding to the flat end of the 

channel, and a material overflow side, caused by the L-shape press plate filleted 

edges. Moreover, some material also flowed into the channels created between the 

bottom mould and the filleted corners of the side mould blocks.  

The uncontrolled material overflow into the slot and the high aspect ratio of the 

moulded part may induce voids inside the filament during the next pultrusion stage 

to form a circular cross-section filament. To reduce this uncontrollable phenomenon, 

the mould was re-designed to produce a controlled square or rectangular moulded 

shape under compression pressure and heat. The modified mould was designed and 

precisely machined into two pieces: a female slot mould with perfect 90° corners at 

the bottom and a male mould with a perfectly flat end, as illustrated in Figure 3.3(c) 

and called the “2-piece mould”. The temperature and pressure of the moulding 

process were investigated to find the lowest temperature and pressure in order to 

identify the minimal energy needed to produce the filament. In this case, the 

pressure is calculated from the mass of the metal placed on the mould and the area 

of the slot. At the lowest temperature (150°C) and pressure around 2 MPa (8 kg per 

40 mm2), the tape cannot reshape to a proper square shape. Figure 3.3(d) shows an 

improper moulded cross-section shape which presents a folding of the thin tape 

without thermoplastic fusion. This will lead to void formation in the filament. The 

desired cross-section was achieved at 200°C and 1 MPa (4 kg per 40 mm2) condition, 

while higher temperatures yielded similar results and tended to degrade the 

thermoplastic. Examples of the cross-section of moulded filament at 12 and 24 cm 

along the length of a moulded filament under 200°C and 1 MPa condition are shown 

in Figure 3.3(e) and (f). It can be seen that the moulded filament cross-section has an 

almost sharp square shape with very limited material overflow: there are almost no 

voids in the cross-section and the fibres are more evenly distributed. Although the 

bottom corners are curved and do not conform perfectly to the 90° corners, this may 

in fact be beneficial during further stages of the process which form a circular 
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filament. There are tiny overflows at the top corner because of the small gap between 

the female and male mould that is necessary for mould insertion. This overflow is 

expected to be eliminated during the pultrusion and will not trap voids in the same 

manner as the previous large overflow area. Fibre dispersion in this moulding 

technique is manipulated by the formation of folding due to compression, as seen in 

the improper fusion at low temperatures (Figure 3.3(d)). 

3.3.4. Stage (D): pultrusion 

The moulded filaments were pultruded through a series of circular cross-section 

brass nozzles, converging from 1.5 mm to 1.2 mm in diameter with steps of 0.1 mm 

at a temperature of 120-140°C to produce a circular cross-section filament. Initially, 

the moulded filaments produced from 4-piece mould filament could be smoothly 

pultruded until reaching a circular filament of 1.2 mm diameter and the cross-section 

at different positions of a filament were observed through polishing, as shown in 

Figure 3.4(a)-(c). It can be seen that the fibres disperse around the cross-section. The 

pale grey and black colours in the filaments represent voids filled and unfilled by 

the potting resin. The pale voids in the middle of the filament are believed to have 

become entrapped by the folding of overflow material in the 4-piece moulded 

filament (Figure 3.3(b)) and this is consistent with the assumption that the two 

overflow triangles on either side join to produce an asymmetric section, as seen in 

Figure 3.3(a)-(c).  

With the 2-piece mould filament, the moulded filament processed was pultruded 

through a circular 1.2 mm diameter die at 120-140°C, to change the cross-section 

from square to circular. As the large void area was eliminated by the 2-piece mould, 

the final filament cross-section can be reduced to a diameter of 1.1 mm which still 

can be easily pultruded through a circular nozzle. Figure 3.4(d)-(f) shows the cross-

section of the circular-shaped filament at different positions. Overall, the 2-piece 

moulded filament cross-section is almost circular at every position, although where 

the cross-section is slightly less than 1 mm2, due to inconsistent tape impregnation 
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and excessive pressure during moulding, a square-shaped filament with a round 

corner is observed, as Figure 3.4(d). The imperfect circular-shaped filament may 

cause non-continuous extrusion during printing as the diameter variations impede 

correct material feeding. Owing to the uncontrollable folding of the tape during 

mould compaction, some cross-sections present non-uniform fibre distribution, as 

seen in Figure 3.4(f) where there is a higher fibre concentration on the right edge of 

the filament than in the centre. The phenomenon needs to be addressed if better 

damage tolerance of composite is required. Because of the short length of the mould 

(400 mm), it is necessary to bond multiple filaments end-to-end before the pultrusion 

process to produce a continuous filament that could be fed continuously to the 

printer. 

   

(a) (b) (c) 

   
(d) (e) (f) 

Figure 3.4. (a)-(c) cross-section microscopy of a 1.2 mm filament produced from the 4-piece 

mould filament at the different positions along the length; (d)-(e) cross-section microscopy 

of a 1.1 mm filament produced from 2-piece mould filament at the different positions along 

the length.  
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The information gained by comparing the two moulding techniques is important for 

the future development of a continuous process as it makes the first attempt to relate 

process parameters to internal morphology resulting from the re-shaping of the thin 

tape. Moreover, it was demonstrated that a well-designed mould can reduce the 

thickness-to-width ratio of the moulded filament close to 1-to-1. At the same time, 

the void formation during pultrusion can be reduced by minimizing the material 

overflow during moulding. 

3.4. Filament characterisation 

3.4.1. Thermogravimetric analysis of the HiPerDiF-PLA tape 

Thermogravimetric analysis (TGA) was conducted on the HiPerDiF-PLA composite 

tape to identify the degradation temperature and establish a maximum processing 

temperature for this study. TGA was operated at a ramp rate (10°C/min) from room 

temperature to 800°C using a simultaneous thermal analysis (STA) instrument 

(Netzsch STA 449 F1 Jupiter [Netzsch-Gerätebau GmbH, Wolverhampton, UK]). 

STA result of the HiPerDiF-PLA sample is shown in Figure 3.5. The maximum 

temperature for this study is limited to a maximum of 250°C as there is no significant 

mass loss below this temperature. 

 
Figure 3.5. TGA result of a HiPerDiF-PLA composite material showing no degradation of a 

sample before 250°C as the mass loss around 0.5%, which is less than the 5% mass loss 

criterion, at 250°C. 

3.4.2. Fibre alignment calculation with microscopic image method 

In this preliminary study chapter, the degree of fibre alignment was calculated on a 
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single cross-section microscopy image using the trigonometric method [47], an easy 

and low machine requirement method. The misalignment changes the visualised 

fibre cross-section shape from circular (perfectly aligned, single radius) to an ellipse 

presenting major and minor axes. The misalignment angle of each fibre can be 

determined from the length of the ellipse axes using the trigonometry ratio between 

the major and minor axes of the ellipse (Figure 3.6(a)). The major and minor axes of 

each ellipse can be measured using Ellipse split, an extension in ImageJ. Then, the 

misalignment angle from the longitudinal axis (θ) of each fibre on the cross-section 

is plotted on a histogram, as shown in Figure 3.6(b). Finally, the fibre alignment is 

presented as the percentage of fibre in a range of the misalignment variation. For 

example, the cross-section of filament in Figure 3.6(c) has 80% of the fibres aligned 

in ±10°. Owing to the low resolution of the small cross-section of fibres (7 μm) in the 

microscopic image (~1 mm), this method can tell roughly the orientation with low 

accuracy and reliability. This method can be used for the comparison between two 

different setting batches which may show a significant difference in the alignment. 

More efficient methods to measure the alignment, and produce absolute results will 

be considered later on in this thesis. 

 
 

 

(a) (b) (c) 

Figure 3.6. (a) Concept of fibre alignment calculation using trigonometry concept in the 

elliptical cut cross-section; (b) histogram of alignment angle in the cross-section of a filament; 

(c) the analysed filament. 

3.4.3. Fibre content investigation in filament 

Two fibre content calculation methods were considered in this study, i.e. matrix 
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burn-off technique and employing microscopic images, to compare their accuracy 

and ease of use. 

3.4.3.1. Fibre content calculation using matrix burn-off method 

The burn-off technique uses a special TGA programme that was developed to 

calculate fibre weight fraction in composite materials [156]. This method needs a 

TGA instrument, the same one used for the degradation test in Section 3.4.1, to 

measure the weight loss after reaching a predefined temperature. The sample was 

heated rapidly to 250°C with a 20°C/min ramp followed by a 10°C/min heating rate 

to 600°C and then held isothermally for 40 minutes. The heating programme 

(indicated by the dashed and dotted red line) and the TGA results of fibre, PLA, and 

DcAFF composite filaments are shown in Figure 3.7. There is no significant 

degradation of the fibre at 600°C and the average residue from pure PLA is 0.9%. 

The filaments tested using the programme show around 16-19% residual mass. The 

fibre weight fraction (fF) is the difference between the residual mass and the PLA 

residual percentage, so the fibre fraction of the filament is approximately 15-18 wt%. 

The fibre weight fraction can be converted to fibre volume fraction (Vf) and 

compared to the image method using Equation (3.1) 

where 𝐷𝐶  is composite density by measurement and 𝐷𝐹 is fibre density. The void 

volume (𝑉𝑉) also calculated from the TGA result using Equations (3.2) and (3.3): 

𝑉𝑉 =
100(𝑇𝐷 − 𝐷𝑐)

𝑇𝐷
 (3.2) 

 𝑇𝐷 =
100
𝑅

𝐷
+

𝑟

𝐷𝐹

 (3.3) 

where R is the percentage of resin by weight, r is the percentage of fibre by weight 

that is the result of the TGA and D is the resin density. 

𝑉𝐹 = 𝑓𝐹
𝐷𝐶
𝐷𝐹

 
(3.1) 
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Figure 3.7. Special TGA programme, using Netzsch STA 449 F1 Jupiter, to investigate fibre 

weight fraction by considering residual fibre content after matrix burn-off including fibre, 

PLA and DcAFF filament with the temperature profile (red). The FT indicates the filament 

produced from the 4-piece moulding method and the numbers is the different filaments in 

the tensile testing below. 

3.4.3.2. Fibre content calculation using the microscopic image method 

Fibre content can be calculated with a cross-section microscopic image by a 

separation of the different colour shades, with white representing fibre, grey PLA 

matrix, and black or pale grey as voids in the cross-sectional area. The percentage of 

the white area in the cross-section is computed. The percentage shows the volume 

of fibre in the cross-section. The colour shade difference is identified by the threshold 

adjustment using ImageJ software. Figure 3.8 illustrates an example of threshold 

adjustment to identify the amounts of white dots in the total cross-sectional area (in 

the yellow envelope) of a circular filament, as shown in Figure 3.4(b). 

 
Figure 3.8. Threshold adjustment to identify fibre in the cross-section of filament in Figure 

3.4(b) showing the fibre, red highlighted colour, is 8.1% of the total area in the yellow circle.  
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The fibre content by volume calculated from the matrix burn-off method is the direct 

calculation procedure that measures the actual weight of fibres, but it is a time and 

resource-consuming process. This fibre volume calculation neglected the void 

volume in the sample (assuming Vv = 0), so the calculated fibre volume content from 

the TGA burn-off technique presented in Table 3.2 are overestimated and the actual 

fibre volume content should be slightly lower. The microscopic image can be 

produced and analysed easily, but it analyses only one section along the length. 

Thus, the image method is an indirect measurement and has lower reliability 

compared to the burn-off method which needs to be verified. The result from the 

microscopic image method of several circular filaments produced from the 4-piece 

mould is compared to the result from the burn-off method in Table 3.2 to verify the 

reliability of the microscopic method.  

Table 3.2 Comparison of fibre content by volume of the same filament batch at the different 

positions along the length calculated with microscopic image over the polished cross section 

area and TGA burn-off methods over a certain length (~10-30 mg). 

Sample FT2 FT3 FT4 FT8 

Microscopic image 9.5 7.5 8.8 8.1 

Burn-off 13.1 13.0 11.4 13.3 

%difference 27.4 42.3 22.8 39.1 

 

The difference between the two methods is relatively large and variable. Although 

the microscopic method can reduce the calculation resource, i.e. special machine, and 

save processing time in the heating stage, it may be an inaccurate method to measure 

the fibre content due to the low resolution of the small fibre diameter on the filament 

diameter and can be used only for fibre comparison between batches. It is 

recommended that the fibre content should be calculated using the matrix burn-off 

technique, but this can provide only the fibre weight content and cannot reveal the 

void content. Hence, the void content still needs to be calculated following the 

microscopic image method. Owing to the limited resources, time, and access to the 

TGA instrument, the fibre and void content of the materials produced in this chapter 

were estimated roughly based on the microscopic method. The fibre content used 
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for a comparison to the following chapter will be the result of the matrix burn-off. 

3.4.4. Filament mechanical performance 

To investigate the mechanical performance of filaments produced from the 4-piece 

and 2-piece moulds, tensile testing was used to compare the improvement after the 

reduction of voids by the newly designed mould. The specimens were prepared by 

cutting 100-mm long sections from the circular filament, and 20-mm long fibreglass 

end-tabs were attached at both ends of the samples leaving a gauge length of 60 mm, 

as shown in Figure 3.9, with the assistance of a thick double side sticky tape on the 

circular sample. Repeated measurements of specimens’ dimensions were taken 

along the gauge length by a micrometre for cross-section area calculation. The fibre 

alignment and fibre content in this chapter were calculated based on the microscopic 

image method presented in Sections 3.4.2 and 3.4.3.2. A servo-electric tensile testing 

machine (Shimadzu, Japan) with a 1 kN load cell operated at a cross-head 

displacement speed of 1 mm/min was used. The strain was measured using a video 

extensometer (Imetrum, UK). The outliers in tensile stiffness and strength results 

were eliminated using the “Modified Thompson Tau Test” [157] and the specimens 

that broke in end-tabs were discarded from strength calculation. This procedure 

allowed to calculate the mechanical properties of the filaments averaging over 7 and 

14 samples for the 4-piece and 2-piece moulds, respectively. 

 
Figure 3.9. Schematic of circular filament specimen produced from moulded filament with 

4-piece and 2-piece mould and the end-tab position in top and side view. 

The properties of 4-piece and 2-piece moulded filament and the improvement 

achieved from the mould design are shown in Table 3.3. The fibre alignment, 

measured according to Section 3.4.2, shows that the 2-piece mould has a slightly 

lower percentage of fibres aligned within ±10° than the 4-piece mould. This may be 

20 mm
End tab

60 mm
Gauge length

20 mm
End tab

  1 mm

End tab

 1.2 mm for 4 piece mould
 1.1 mm for 2 piece mould

0.2 mm
Double side 
sticky tape
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a result of the restriction in the 2-piece mould that offers no space for the molten 

material to flow creating backpressure so the fibres cannot freely move 

perpendicularly to the compression force. However, the majority of fibres in the 2-

piece moulded filament are still aligned in the longitudinal direction. An obvious 

change between circular filament produced from 4-piece and 2-piece mould is the 

reduction in the total cross-section area. The circular filaments produced from the 2-

piece mould square shape filament have a smaller cross-section area than the 4-piece 

mould one because of the lower void content trapped in the circular filament after 

the pultrusion. The void content substantially decreases from above 30 vol% to 

below 10 vol%, according to the void calculation across the cross-section microscopic 

image method presented in Section 3.4.3. As the reduction of the overall cross-section 

area, there is an increase in the fibre content by volume calculated as a fraction of the 

total cross-section area. Although there are several improvements in the physical 

properties when using the 2-piece mould, the mechanical properties of both groups 

are practically almost the same when considering the average values and standard 

deviation, as can be seen in the plot of Figure 3.10, especially the tensile strength. 

The similarity in strength is because both groups have a similar failure mode as fibre 

pull-out dominated by the fibre-matrix interface. There is a small increase in the 

tensile stiffness of the 2-piece filament due to the mass reduction of the voids. 

Table 3.3 Properties comparison of circular cross-section filament produced from moulded 

filament with the 4-piece and 2-piece mould. 

 4-piece mould 2-piece mould % difference 

Alignment (% in ± 10°) 79.4 70.4 -11.3% 

Cross-section area (mm2) 1.21 ± 0.03 0.87 ± 0.10 -28.1% 

Fibre content (vol%) 7.7 ± 0.7 8.6 ± 2.0 +9.4% 

Void content (vol%) 33.9 ± 3.9 9.6 ± 9.2 -71.7% 

Tensile stiffness (GPa) 16 ± 1 18 ± 2 +10% 

Tensile strength (MPa) 163 ± 42 170± 81 +5% 
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(a) (b) 

Figure 3.10. Comparison of (a) stiffness and (b) strength of circular filament produced from 

moulded filament with the 4-piece and 2-piece mould.  

3.5. Printing parameter study 

3.5.1. Parametric selection 

The printability of the produced filament was studied using a Creality Ender 3 

commercial 3D printer. The printing nozzle was specifically designed for the DcAFF 

filament and inspired by the filleted edge nozzle used in the Markforged continuous 

fibre printer and the flat face nozzle [158]. The customized nozzle drawing and the 

machined brass nozzle used in the printing process are shown in Figure 3.11. The 

bed temperature was kept constant in this chapter at 60°C as the lower bound 

temperature mentioned in Section 2.2.4, Figure 2.5. The investigated printing 

parameters are deposition speed (S), processing temperature (T), and layer thickness 

(L). The process temperature was chosen from the literature featuring PLA and fibre-

reinforced PLA printing, Figure 2.4. Consequently, a low boundary temperature 

(210°C) was selected to ensure that the filament would be sufficiently softened 

during extrusion, while the upper bound was limited to 250°C, which is the limit of 

the degradation onset temperature of the HiPerDiF-PLA composite tape according 

to the TGA data presented in Section 3.4.1. To enhance the filament placement, the 

use of a low range of deposition speeds for printing continuous fibre filaments, as 

summarised from the literature review in Chapter 2, is preferable and so the speed 

was set in the range of 300-900 mm/min. The layer thickness was set to be lower than 

the diameter of the filament (1.2 mm) to press the filament on the printing bed; the 
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tested layer thickness is between 0.4 mm and 0.8 mm. The test matrix is shown in 

Table 3.4. The printing path was defined in a G-code to be a 100 mm long straight 

raster. At the end of printing, the filament feeder was reversed to cut the filament 

and finish printing.  

  
(a) (b) 

Figure 3.11. (a) Drawing of the designed nozzle with a 1.4 mm diameter and 1.25 mm fillet 

radius; (b) brass nozzle used in the printing process. 

Table 3.4 Testing parameters and their levels in the printing trial. 

Parameters Symbol Low Medium High 

Process temperature (°C) T 210 230 250 

Deposition speed (mm/min) S 300 600 900 

Layer thickness (mm)  L 0.4 0.6 0.8 

 

3.5.2. Set-up printing trial with 4-piece moulded 1.2-mm circular filament  

This set-up printing trial was performed using the 4-piece mould circular filament 

to investigate the effect of printing parameters, mentioned in Table 3.4, and then 

scope the possible parameters used for the produced filament. There are three 

repeated prints for each test case. The printing results are shown in Figure 3.12. 

Deposition at a speed of 900 mm/min resulted in a wavy raster because the material 

was not sufficiently softened within the nozzle resulting in a large deviation from 

the desired path (Figure 3.12(a)). During deposition at higher speeds, the raster 

tended to curl, possibly due to locked-in thermal stresses dominating the adhesion 

to the printing bed. In contrast, the lower speeds, 300 or 600 mm/min, provided good 

bed adhesion and produced straighter rasters, as shown in Figure 3.12(b). In this 

case, the lowest deposition speed (300 mm/min) is the most favourable, but it is time-

consuming. Hence, also the medium speed (at 600 mm/min) was selected for 

subsequent tests, and the high speed of 900 mm/min was discarded. 
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The low process temperature generates a smooth surface, as seen in Figure 3.12(c). 

At the higher process temperatures, 230°C and 250°C, the polymer was in a fully 

molten state that allowed fibres migration and reorientation, resulting in a partial 

loss of their longitudinal alignment. Fibre misalignment resulted in fuzzy and stray 

fibres that blocked the nozzle. Besides, the raster printed with high temperature 

shows a ‘fuzzy’ surface, as seen in Figure 3.12(d1) with the high magnification in 

Figure 3.12(d2). The high and medium process temperatures (at 230°C and 250°C) 

were discarded as they led to nozzle clogging and fuzzy fibre on the surface of the 

deposited rasters, whereas 210°C was deemed optimal. 

 
Figure 3.12. Set-up printing trial with single raster at different conditions for comparison: (a) 

high deposition speed; (b) low deposition speed; (c) low process temperature; (d1) high 

process temperature with the fuzzy fibre surface; (d2) high magnification of the fuzzy fibre 

surface when printing at high process temperature; (e1) low layer thickness with the matrix-

rich area; (e2) high magnification at the matrix rich area when printing at low layer 

thickness.  

Layer thickness is controlled by the nozzle height from the printing bed defined in 

the G-code. Printing at a low layer thickness (0.4 mm) caused a flat raster that sticks 

well to the printing bed, but the low layer thickness generates a high compression 

force that sometimes promotes lateral matrix flow causing matrix-rich areas at the 

sides of the raster, as seen in Figure 3.12(e1) with the high magnification in Figure 
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3.12(e2). The material overflow is difficult to control and it may change the expected 

raster width. Printing at the high layer thickness, 0.8 mm, provides insufficient 

compression forced to push the filament against the printed bed. This sometimes 

leads to poor adhesion of the raster to the printing bed, preventing proper 

deposition. The medium layer thickness (0.6 mm) was the most suitable because it 

gives a good bed adhesion and no matrix-rich area. However, the 0.4-mm thickness 

was kept for the next experimental trial because it provides good bed adhesion. Only 

the sample with a 0.8-mm thickness was discarded. 

3.5.3. Refined printing trial with 2-piece moulded 1.1-mm circular filament  

A further printing trial using three different conditions distilled from the parametric 

study result in Section 3.5.2 was performed using the 1.1-mm-diameter filament 

produced with the 2-piece mould. The refined parameters of the three conditions are 

shown in Table 3.5.  

Table 3.5 Printing trail with refined conditions. 

Condition 
Process 

temperature (°C) 

Deposition speed 

(mm/min) 

Layer thickness 

(mm) 

Raster-1 210 300 0.4 

Raster-2 210 300 0.6 

Raster-3 210 600 0.6 

  

The 3D printer with the nozzle replacement was the same as the one described in 

Section 3.5.1. There are 12 repeated prints for each condition in order to confirm the 

repeatability. Figure 3.13 shows examples of printing trials resulting from each 

condition and their cross-section.  

At the low-speed conditions (Raster-1 and Raster-2), the printing shows a good raster 

adhesion to the printing bed, especially at the low layer thickness (Raster-1). Yet, 

when printing under high-speed conditions, the deposition tended to curl and leave 

the printing bed. The rasters printed with the Raster-1 condition are flatter compared 

to the Raster-2 condition because of the lower layer thickness, but the low thickness 



91 

 

(Raster-1) leads to lateral matrix flow and the formation of matrix-rich areas, as seen 

on the edges of the raster in Figure 3.13(a1) and the matrix with low fibre content on 

both sides, as seen in the cross-section microscopy in Figure 3.13(a2). This is a result 

of an excess compression pressure applied by the motion of the nozzle. Although the 

low thicknesses provided a good bed adhesion, it sometimes caused the raster to be 

severed, leading to discontinuous printing. Printing at the highest speed, as the 

Raster-3 condition, results in wavy rasters (Figure 3.13(c1)) and poor bed adhesion 

as it is difficult for the raster to adhere to the bed, as shown by the rough lower 

surface in Figure 3.13(c2). The most favourable manufacturing condition is Raster-2 

because the defined thickness of 0.6 mm does not cause matrix-rich areas at the sides 

of the raster and the raster still shows enough adhesion on the bed, Figure 3.13(b1) 

and (b2). Besides, the lower speed slowly deposits the raster on the printing bed. 

This is better in terms of bed adhesion and raster orientation than the higher speed.  

 

   
(a2) (b2) (c2) 

Figure 3.13. Examples of the printing trial at different conditions from the top view printing 

with conditions: (a1) Raster-1; (b1) Raster-2; (c1) Raster-3, and cross-section of the printing 

in conditions: (a2) Raster-1; (b2) Raster-2; (c2) Raster-3. 

3.5.4. Single-layer printing trial 

To examine full-layer properties, a one-layer rectangular shape of 100 mm x 10 mm 

was fabricated using the Raster-2 condition with a 1.3 mm raster distance (80% 

expected width to allow for overlaps between rasters). The printed path was 

designed as a spiralling print starting from the outside contour to the inside, as 

shown in Figure 3.14(a). Figure 3.14(b) and (c) show the rectangle part on the top and 
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side attached to the printing bed, respectively. Although the deposition along the 

straight section performed well following the desired path, the deviations were 

observed at the corner and the short side of the rectangle instead of a sharp 90° 

corner. The flat heated nozzle dragged on the top surface during printing motion, so 

the top surface is flatter and the material fused better than the side attached to the 

printing bed. This can be seen as the raster path of Figure 3.14(c). The improper 

fusion of raster showing on the side attached to the printing bed causes poor raster 

bonding that may lead to a premature failure of the single-layer printing. The poor 

fusion defect could likely be reduced through optimisation of the raster distance or 

tuning printing speed and temperature. 

(a) 

 

(b) 

 

(c) 

 
Figure 3.14. (a) Printing path of a rectangular shape with one layer; the rectangle printed 

part on (b) top surface; (c) side attached to the printing bed surface. 

3.6. Mechanical performance investigation 

3.6.1. Comparison of the different stages of filament manufacturing 

To investigate the effect of the filament manufacturing process on the tensile 

properties using the same tensile testing and measurement procedure of the single 

filament described above in Section 3.4.4, the DcAFF material produced with the 2-

piece mould was tested at the different stages of the manufacturing process listed 

below:  

• square shape moulded filament produced with the 2-piece mould, called 
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“moulded” (11 samples);  

• circular filament after pultrusion called “filament” (14 samples); 

• single raster printing trial with different conditions called Raster-1, Raster-2, 

Raster-3 as defined in Section 3.5.3 (12 samples on each group); 

• single layer printing trial as rectangular shape using Raster-2 condition (Section 

3.5.4) called “1-Layer” (5 samples). 

 

Figure 3.15. Schematic of tensile specimens with the end-tab position in top and side view: 

(a) moulded; (b) filament; (c) printed single raster; (d) printed single layer. 

There are two different types of specimens in this tensile testing. The first type is a 

single 100 mm long “line” of the material cut from the square moulded bar, the 

circular filaments, and the single raster printed in Section 3.5.3. The second type is 

the full layer printed as a rectangular part with the procedure described in Section 

3.5.4 (Figure 3.14). 20-mm fibreglass end tabs were attached at both ends of the 

samples leaving a gauge length of 60 mm. The specimens’ schematics and 

dimensions are illustrated in Figure 3.15. The pre-impregnated HiPerDiF-PLA tape 

properties obtained by Blok et al. [47] are included in the comparison as the initial 

formation of the material before moulding.  
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Table 3.6 Tensile properties result from DcAFF at different stages with the HiPerDiF-PLA 

tape. 

Stage 
Area 

(mm2) 

Fibre content 

(vol%) 

Tensile stiffness 

(GPa) 

Tensile 

strength (MPa) 

Tape [47] N/A 12.5 24 ± 4 275 ± 30 

Moulded 0.99 ± 0.13 8.9 ± 2.1 18 ± 3 223 ± 31 

Filament 0.87 ± 0.10 8.6 ± 2.0 18 ± 2 188 ± 67 

Raster-1 1.11 ± 0.12 8.2 ± 1.4 14 ± 3 109 ± 46 

Raster-2 1.04 ± 0.12 7.5 ± 1.6 15 ± 3 126 ± 21 

Raster-3 1.06 ± 0.11 7.0 ± 1.6 12 ± 3 85 ± 34 

M. 1-Layer 8.07 ± 0.45 N/A 14 ± 2 104 ± 32 

     

The statically analysed result, cross-section area, fibre content, tensile stiffness and 

strength, after the elimination of outliers summarised in Table 3.6. The envelopes 

generated by the tensile stress-strain curves of the different sample groups are 

presented in Figure 3.16 and the tensile strength and stiffness of each stage are 

illustrated in Figure 3.17(a) and (b), respectively. Overall, the cross-section area of 

the filament at each stage remains constant at about 1 mm2, with no statically 

significant difference; however, the aspect ratio of the cross section is changed by the 

printing process due to the constraint of the defined nozzle height/layer thickness, 

especially at low layer thickness (Raster-1 condition) that applied high compaction 

force causing also the matrix-rich areas at the sides of the raster and large 

unreinforced area. The fibre content of the produced samples in every stage ranges 

from around 6-10 vol% (according to the microscopic image measurement, Section 

3.4.3.2) which is slightly lower than the HiPerDiF-PLA tape fibre content 

investigated by Blok et al. [47] (12.5 vol%). The tensile properties reduce after each 

processing step as the moulded bar has the highest performance among the tested 

materials, but it is lower than the tape. It can be inferred that the processing may 

induce defects, e.g. voids or fibre breakage, to the filament, especially during the 

printing stage which is difficult to control. Comparing the printing conditions, they 

show statistically the same, but the Raster-2 condition seems slightly superior 

performance to other printing conditions in this test. This is because in the Raster-1 

condition, the low layer thickness, has unreinforced matrix-rich areas, as described 
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in Section 3.5.3. and shown in Figure 3.13(a1), which may have a detrimental effect, 

particularly when damage accumulation is concerned. The Raster-3 condition uses 

high speed which gives insufficient time for adhering to the substrate, as the raster 

tends to leave the printing bed. The poor adhesion to the printing bed resulted in 

poor fibre orientation and may cause voids in the raster during printing with Raster-

3 condition. The single-layer rectangle shows slightly lower properties compared to 

the single-raster Raster-2 condition. This may be because of the poor inter-raster 

fusion shown by the initial inter-raster breakage parallel to the load direction during 

the test. The raster distance needs to be re-considered to improve the inter-raster 

fusion.  

 
Figure 3.16. Stress-strain data clouds of the tested samples presented as the range of the 

curve for moulded, filament, printing single layer with Raster-1, Raster-2 (M.1-Raster), 

Raster-3 condition, and single layer printing. 
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(a) (b) 

Figure 3.17. Comparison of tensile (a) stiffness and (b) strength between DcAFF material at 

different manufacturing stages from original HiPerDiF-PLA tape [47], moulded, circular 

filament, single raster printed with Raster-1, Raster-2 (M.1-Raster), Raster-3 condition, and 

single layer printed with Raster-2 condition (M. 1-Layer). 

3.6.2. Failure mechanism during tensile testing 

The failure of specimens at different stages of the development from moulded, 

filament, printed rasters (Raster-1, Raster-2, Raster-3), and the full layer printing (M. 

1-Layer) are shown in Figure 3.18.  

(a) 
 

(b) 
 

(c) 

 

(d) 

 

(e) 

 

(f) 

 
Figure 3.18 Failed samples for each stage of filament development: (a) moulded; (b) filament; 

(c) Raster-1; (d) Raster-2; (e) Raster-3; and (f) full layer printing (M. 1-Layer). 
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The expected failure during tensile testing of the discontinuous fibre composites is 

fibre breakage. Fibres that are shorter than the initial length (3 mm) and the rough 

fibre breakage surface were observed by scanning electron microscope (SEM) shown 

in Figure 3.19. However, the dominating failure mechanism, as can be deduced by 

analysing micrographs of failure surfaces, is fibre pull-out. The evidence of that is 

the fibre-diameter-size holes (Figure 3.19). The pull-out might occur because of 

improper fibre-matrix interface bonding due to the lack of fibre surface treatment in 

this study. 

 
Figure 3.19. SEM images of fibre pull-out failure with fibre-sized holes on the breakage 

surface investigated in a circular filament after tensile breakage and their high magnification 

to indicate the pull-out holes.  

Apart from the two major failure modes, there are also some peculiar mechanisms. 

Some filaments have poor fibre dispersion leading to fibre bundles that are not fully 

impregnated by the matrix. This causes dry fibres in the centre of the bundle which 

can be easily pulled out under tensile load, as seen in Figure 3.20(a). Even if voids 

are minimized by the 2-piece designed mould, some imperfect compression in the 

mould and pultrusion process created occasional voids inside the filament that 

present themselves as large cavities, as seen on the breaking surface in Figure 3.20(b). 

The large void reduces the load-bearing area leading to breakage. The joint position 

to increase the filament length for printing, as described in Section 3.3.4 (stage D) is 
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the weakest point of the filament because of the low strength of thermoplastic-to-

thermoplastic bonding, so some filaments fail at the joint position without fibre pull-

out or breakage. Figure 3.20(c) shows a clear-cut surface without evidence of fibres 

connecting across the fracture surfaces. Those failures that arise from manufacturing 

defects reduce the tensile strength of the material. 

   
(a) (b) (c) 

Figure 3.20. SEM images of (a) a moulded filament with a bundle of fibre in the middle that 

was pulled out under tensile load; (b) a circular filament with a large hole in the middle that 

leads to failure; (c) a printing part with Raster-3 condition fails at the filament bonding 

position leaving with clean failure surface without fibre pull-out holes or fibre failure on the 

surface. 

3.6.3. Properties comparison to other 3D printing composites  

In Figure 3.21, the tensile properties of the DcAFF printed as the single layer with a 

rectangular shape (Section 3.5.4) were plotted against other PLA [10, 20, 29, 31, 55, 

56, 134, 137, 139-145], PLA-short carbon fibre (PLA/S.CF) [20, 27, 29, 70, 90, 132-137, 

159], PLA-continuous carbon fibre (PLA/C.CF) [60, 61, 126, 148-150] from the 

literature. The DcAFF single-layer printed part has significantly better mechanical 

performance compared to the PLA and PLA/S.CF. In addition, the stiffness of the 

DcAFF is higher than the average of the PLA/C.CF manufactured by co-extrusion of 

fibre-matrix in the heated nozzle before printing: in this case the difficulties in 

controlling the impregnation results in the poor fibre-matrix interface [1, 60, 61]. The 

strength of the DcAFF is comparable to the PLA continuous carbon fibre. This can 

be indicated that the discontinuous fibres longer than the critical length have a 

similar load-transferring ability to the continuous one.  
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(a) (b) 

Figure 3.21. Comparison of (a) tensile stiffness; (b) tensile strength between the DcAFF 

printed as single-layer rectangular part and other composite 3D printing from publications: 

PLA [10, 20, 29, 31, 55, 56, 134, 137, 139-145], PLA-short carbon fibre (PLA/S.CF) [20, 27, 29, 

70, 90, 132-137, 159], PLA-continuous carbon fibre (PLA/C.CF) [60, 61, 126, 148-150]. 

3.7. Chapter conclusion 

This preliminary study chapter proposed a filament-forming method using a simple 

and low production rate manual moulding process to show the feasibility of 

producing DcAFF filament from HiPerDiF-PLA tape. Then, the printability and the 

mechanical properties of the produced filament were studied. Some of the key 

findings can be concluded below: 

• The thin HiPerDiF-PLA tape, achieved from the HiPerDiF alignment machine 

and impregnation process, can be re-shaped to a square shape by a manual 

moulding technique. Although the first moulding technique using off-the-shelf 

materials to make the 4-piece mould from the previous design caused large 

voids in the circular shaped filament, the more optimised designed 2-piece 

mould, with adequate heat and pressure, offers a nearly perfect square shape 

moulded cross-section leading to a lower void content final circular shaped 

filament. After pultrusion through a circular die of 1.1 mm in diameter, the 

filament is ready to be used in a general 3D printer.  

• The printability of the produced filament was investigated by a single raster 

 

 

  

  

  

  

 
  

  
  

  
  
  

 
  

  
  

 
  

       

    

    

    

     

  

       

 

  

  

   

   

 
  

  
  

  
  
  

 
  

  
 

 
  

       

    

    

    

     

  

       



100 

 

printing trial with three printing parameters: deposition speed, processing 

temperature and layer thickness. The proper printing condition, that can feed 

the material and lay on the printing bed properly with the lowest dimensional 

fault and no composite degradation, was recommended for the 1.1-mm diameter 

filament produced from the 2-piece mould.  

• Then, a full-layer printing trial was conducted as a spiralling rectangular shape 

with the suggested printing condition. Then, it was tested under the tensile 

testing standard. Although the full-layer printed part showed slightly lower 

tensile properties than other formats, i.e. moulded or pultruded filament, due to 

the poor inter-raster strength, the DcAFF single-layer printed part shows an 

outstanding mechanical performance, i.e. higher tensile stiffness and strength 

than other PLA composites in 3D printing technology including the continuous 

fibre one.  

• Although this preliminary chapter shows the first successful production, 

printing and performance of the DcAFF, the manual moulding filament 

production technique, which is time-, energy- and labour-consuming, with less 

than a meter per hour production rate, prevents the novel filament from scale-

up to print larger or more complex geometry and finally commercialising the 

DcAFF filament. Thanks to this good mechanical performance of the DcAFF 

material, there is an inspiration to modify and improve the filament-forming 

process to be a continuous and automated process which can increase the 

production rate so that the higher amount of filament will allow to study other 

aspects of the material. With an automated continuous process, the DcAFF 

materials could gain some considerable benefits, in terms of steering capabilities, 

and enhance material properties. 

  



101 

 

Chapter 4 Automated Filament Forming Machine 

The previous chapter proved the concept that DcAFF filaments of acceptable quality 

can be produced and showed the requirements for such a process. However, at that 

stage, the moulding process was manual and labour-intensive. A more continuous 

and automated process based on a bespoke filament-forming machine designed, 

built, and tested is the subject of this chapter. The scale and relative consistency of 

the process allowed for the production of sufficient quantities of material to print a 

series of single-layer specimens and assess the basic tensile properties of the 

produced composites. Subsequently, open-hole tensile tests with a curvilinear 

printing path were trialled to show the capability of the printing DcAFF and explore 

the potential benefits of using the ADFRC as a filament.  

The details of creating the automated filament-forming machine, the printing of the 

new filament type, and the mechanical performance of the printed part presented in 

this chapter were published in Materials in 2022 under the title of “Open Hole 

Tension of 3D Printed Aligned Discontinuous Composites” [3]. The whole article 

and the testing result were prepared by N.K. and amended by all authors. 

N. Krajangsawasdi, I. Hamerton, B. K. S. Woods, D. S. Ivanov, and M. L. Longana, 

"Open Hole Tension of 3D Printed Aligned Discontinuous Composites," Materials, 

vol. 15, no. 23, p. 8698, 2022. DOI: 10.3390/ma15238698. 

The DcAFF filament fibre alignment angle measurement section (Section 4.3.2) is a 

part of the work published in Composite part B: Engineering in 2023 under the title of 

“DcAFF (Discontinuous Aligned Fibre Filament) – Investigation of Mechanical 

Properties of Multilayer Composites from 3D Printing” [4]. This characterisation is a 

collaboration work with µ-VIS X-ray Imaging Centre, University of Southampton. 

N.K. analysed the test result and prepared the whole article. 
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4.1. Chapter introduction 

In the successful manual filament forming described in the previous chapter, a thin 

HiPerDiF-PLA tape was re-shaped by compression in a 2-piece, male and female, 

metallic mould under high temperature and finally pultruded to a 1.1 mm diameter 

circular cross-section suitable to be fed to a general 3D printer. The fine circular 

cross-section filament offers the possibility to manufacture more complex 

geometries with fewer defects than flat tape. Although the DcAFF printed part 

shows a significant improvement in the tensile properties comparable to those of 

PLA/C.CF with providing much greater potential in terms of fibre steering, one of 

the limitations of the first manufacturing method is that the filament-forming was 

performed manually, which is time-, energy-, and labour-consuming and can only 

batch-produce a few centimetres of filament per hour. This is not sufficient for the 

printing of large parts or commercialisation. 

A new industrially scalable filament forming method, designed to continuously 

produce the DcAFF filament, was developed from the 2-piece moulding concept to 

compress the thin tape in the small slot to form a square-like cross section. The 

invented filament-forming method is designed to reshape the tape without breaking 

the fibre length and keeping the fibre alignment while running at a high production 

rate with a continuous process, called now DcAFF semi-automated filament-forming 

machine, and will be described in this chapter. After the fine-tuning and testing of 

the new machine, the DcAFF filament was mass-produced for physical and 

mechanical testing. With the DcAFF machine, the filament production rate increased 

from a metre per hour (using manual moulding) to a half metre per minute. This 

allows the fabrication of more structural geometries than the straight rasters printed 

in Chapter 3. In this chapter, only single-layer parts were considered due to the 

limitation of the HiPerDiF tape produced with the lab-scale machine. At first, simple 

rectangular specimens were fabricated to characterise the tensile mechanical 

properties with a higher number of samples than in Chapter 3. Moreover, a more 

complex geometry, i.e. curvilinear printing, was printed to investigate the steering 
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potential of the material around tight radii during fabrication and evaluate the 

mechanical behaviour changes caused by steering the filament to produce an open-

hole specimen instead of cutting the fibre as per conventional material subtraction 

methods. The curvilinear, 3D-printed open-hole samples will be benchmarked 

against a subtractive manufacturing process using a similar geometry: straight 

samples with the same material system, original width and thickness HiPerDiF tapes 

manually laid and consolidated in an oven, where an open hole is obtained by an 

extra machining step, i.e. punching. Post-printing consolidation was also considered 

to show the potential for improving mechanical properties after the printing process.  

Thanks to the collaboration with the µ-VIS X-ray Imaging Centre, University of 

Southampton, under an NXCT grant, the fibre alignment of the produced material 

at each stage of the filament-forming process, from the tape, square and the final 

circular filament, can be calculated precisely in this chapter obtaining a more 

representative evaluation of the whole fibre structure than the microscopic image 

method, mentioned in Section 3.4.2. 

4.2. Materials and filament forming method  

The raw materials, carbon fibre and PLA, are the same as presented in Section 3.2 in 

the previous chapter. The HiPerDiF preform and PLA thin tape were prepared, with 

the HiPerDiF process and 3D printing, and impregnated to composite thin tape with 

a nominal 0.2 mm × 5 mm cross section using the same method in Section 3.3.1 (stage 

A). To increase the fibre content of the filament, which should result in mechanical 

properties improvement, the pump speed of the fibre-water suspension nozzle was 

increased from 70% to 90% and the conveyor belt speed was decreased from 60% to 

40% from the previous process. This leads to a denser fibre preform and the fibre 

content will be presented later in the next section. According to the requirement of 

the production rate mentioned in the previous chapter, a new semi-automated 

continuous filament forming process was developed to enhance the production rate 

while retaining the quality of the filament.  
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4.2.1. Roller compaction machine 

To replace the manual moulding method in Chapter 3 (Figure 3.1 stage (C), the tape 

was formed by feeding it through a matching pair of heated rollers, as shown in 

Figure 4.1, where the rollers were designed to interface with each other through a 

slot and rim profile which leaves a square-shaped gap (approximately 1 mm × 1 mm) 

when fully meshed for the formed filament. Owing to the circular cross-section of 

these rollers, the film experiences a progressive, gradual reduction in width as it is 

fed through the counter-rotating rollers. The roller moulding concept was adapted 

from the metal rolling process used to form metal profiles. The rollers were 

machined with an aluminium shaft of 50 mm in diameter with corresponding male 

and female shapes at the compression point. The rollers were coated with a release 

agent, LOCTITE® Frekote 770-NC, before each production to prevent the material 

from sticking to the metal rollers. Both rollers were heated with cartridge heaters 

that were inserted into the axis of the rollers. The temperature of both rollers is set 

just below the melting point of the HiPerDiF-PLA material, around 130 °C, to allow 

the material to soften and fuse, but not melt, which helps prevent tearing. The 

rotation of the rollers was driven by stepper motors with a controlled tuneable linear 

speed between 200-500 mm per minute. 

 
 

(a) (b) 

Figure 4.1 (a) Concept of male and female roller compaction module with motor driving and 

cartridge heater temperature control that can produce a square-like cross section filament; 

(b) 3D sketch of the rollers. 

After leaving the rollers, the now square filament is also pulled by an additional 

motor and traction drive system. The linear pulling speed is synchronized to the 
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roller speed to avoid any net changes in the length of the filament. Microscopy 

images of the cross sections of various filaments following passage through the 

moulding rollers are shown in Figure 4.2.  

  
(a) (b) 

  

(c) (d) 

Figure 4.2. Square filament after passing through the rollers: (a) folding of tape with poor 

bonding; (b) microvoids in the filament ; (c) - (d) material overflow at the corners. 

When the gap between the rollers is too wide, the tape is folded and not well 

homogenised, presenting a curved shape with a large void area of imperfect fusion 

that is difficult to eliminate at the next step, Figure 4.2(a), or some microvoids which 

are more acceptable than a single large void as it can be removed by the next 

pultrusion, Figure 4.2(b). If in the initial setup, the two rollers are too close, then 

material overflows, created by the small gaps between the male and female rollers, 

are produced and present themselves as flanges on the corners of the square shape 

Figure 4.2(c) and (d). These flanges are perhaps preferable to the inner voids as they 

could potentially be reduced by manufacturing the male and female rollers to higher 

dimensional tolerances. Microvoids and flange imperfections, as seen in Figure 
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4.2(b), (c), and (d), are acceptable at this stage, as a further step allows to minimize 

them and mitigate their effect on the filament properties. 

4.2.2. Movable nozzle pultrusion 

To shape the filament cross section to circular, the square filament (with 

imperfections) was pultruded through a specifically designed moveable nozzle. The 

moveable nozzle was designed as two mirror parts that can be assembled into a 

convergent nozzle (Figure 4.3(a), (b)) with a conical hole with a bore tapering from 

1.4 mm to 1 mm. The two-side blocks are compressed with springs to ensure that 

they are always in contact during the process and form a circular filament while they 

can move slightly to allow large overflows to pass through. The nozzle was heated 

to 130°C to soften the matrix and allow the reshaping of the filament into an almost 

circular cross-section, as shown in Figure 4.3(c). If the material overflow is 

compressed this causes an improper fusion of the matrix, as shown in Figure 4.3(d). 

Both figures show an imperfect circular shape caused by the joining between the two 

sides of the half-circle.  

 
 

(a) (b) 

  
(c) (d) 

Figure 4.3. (a) - (b) A schematic of a two-side assembly convergent nozzle before and after 

assembly; (c) - (d) circular filament after passing through the two-side convergent nozzle. 
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To refine the shape and improve surface finishing, the filament was finally 

pultruded through a straight drilled PTFE polymer nozzle with a diameter of 1 mm 

and a length of 8 mm, Figure 4.4(a), at the temperature of 130°C. This also applies a 

compression force due to the thermal stress in the heated nozzle resulting in lower 

voids and better surface finishing as demonstrated by the highly circular cross-

sections shown in Figure 4.4(b). The fibre distribution in the cross section cannot be 

controlled with this filament-forming procedure leading to inhomogeneities in the 

filament. However, this non-uniform fibre distribution is also found in commercial 

3D printing composite filaments [43, 160]. 

 
 

(a) (b) 

Figure 4.4 (a) The cross section of final pultrusion nozzle; (b) the final perfect circular cross 

section filament. 

4.3. Filament characterisation 

4.3.1. Fibre content investigation in filament 

Because of the new DcAFF machine setting for the higher fibre content, the fibre 

content needs to be re-checked. Owing to the higher accuracy of the matrix burn-off 

method than the microscopic method, the same TGA programme, detailed in Section 

3.4.3.1, was performed on the new batch of the DcAFF filament. The TGA machine 

was changed from the one in Chapter 3 to the TGA Q500 V20 (TA Instruments, USA). 

According to the TGA results in Figure 4.5, after the dwelling, the mass loss in the 

fibre is around 0.9% and the PLA residual mass is negligible. The residual mass 

percentage after the matrix burn-off procedure of the composite needs to be 
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increased by the fibre mass loss (0.9%) to represent the initial fibre weight content in 

the filament. The fibre weight fraction ranges from 28-33 wt%, equivalent to a fibre 

volume fraction between 21-25 vol%. This accounts for about 2-fold higher than the 

fibre content of the material in Chapter 3. 

From the literature [45], it was observed that in a short (<0.3 mm) randomly oriented 

fibre composite filament, a fibre content above 40% by weight caused nozzle 

clogging during printing; however, the DcAFF filament, made of highly aligned 3 

mm long fibres, is expected to experience less clogging, due to the lower fibre content 

aided by a better alignment.  

 
Figure 4.5 Special TGA programme, using TGA Q500 V20, to investigate fibre weight 

fraction by considering residual fibre content after matrix burn-off showing the fibre, DcAFF 

(HiPerDiF-PLA) composite, and PLA with the temperature profile (red line). 

4.3.2. DcAFF filament fibre alignment angle measurement   

In Chapter 3, the alignment was measured from a single microscopic image of the 

specimen cross-section. Assuming that the single fibre cross-section is perfectly 

perpendicular to the 0° direction, perfectly aligned fibres will appear perfectly 

circular, but the misaligned ones will present an elliptical cross-section. The size of 

the elliptical shape, major and minor axes, were calculated and converted into the 

misalignment angle from the longitudinal axis via a trigonometric method. This 

method is cumbersome and allows the researcher to measure only a few cross-
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sections along the whole filament length, making it relatively unrepresentative and 

inaccurate. There are some methods to calculate fibre alignment in the literature, 

especially the series of HiPerDiF fibre alignment studies. There is a technique used 

to measure the HiPerDiF tape fibre alignment based on the image analysis of a 

polished in-plane surface. The method can evaluate only the in-plane fibre 

orientation of the through-thickness polished surface [48]. This is not suitable for the 

three-dimensional shape of the filament produced in this work. To measure the fibre 

alignment throughout the whole filament length, a higher-fidelity method is 

required. Microfocus X-ray computed tomography (μCT) is a suitable tool to analyse 

the whole structure of the material. It can separate the different materials (different 

densities), in this case, fibre, matrix, and voids, to different greyscale and reconstruct 

a 3D image of the whole specimen. In a previous study [49], HiPerDiF tape fibre 

orientation was analysed with μCT scanning and the scanned images were 

processed using VoxTex software [161] developed at KU Leuven originally designed 

for the analysis of textile architectures. In this study, the orientation was analysed 

with commercial software, AVIZO with its extension X-Fibre, which can detect fibre 

or tube-like structures and calculate the orientation of each tube with respect to a 

defined set of coordinates [63].  

The DcAFF material was scanned using a Zeiss 160 kVp Versa 510 μCT scanner. The 

source voltage was set at 80 kVp and 7 W power, 2401 projections were acquired 

with a 3-second exposure time per projection over a 360° rotation of the tomography 

stage, using a 4× magnification optics module. The source-to-object and object-to-

detector distances were 24 mm and 16.4 mm, respectively, resulting in a 2 µm 

reconstructed voxel size. This resolution permitted to resolve individual fibres, 7 μm 

in diameter. Each μCT acquisition consisted of four vertically overlapping scans to 

obtain a 3 mm × 3mm × 12 mm field of view that could cover more than a whole fibre 

length (3 mm). The same length of the sample has been analysed through the three 

stages of the filament-forming process: tape, square-like filament, and circular 

filament to show the development of the fibre orientation during the filament-
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forming process. After scanning, the 3D images were analysed in AVIZO using the 

X-Fibre extension. First, the composite material was segmented to separate fibre and 

matrix depending on the grey scale of the scanned images, then a cylinder 

correlation module was applied to the stacked image to find the cylindrical volumes, 

supposed to be fibres. After that, the fibre tracing was applied to the cylinder 

correlation data to convert the traced cylinder into position and orientation data of 

each fibre by tracing the centre line of the cylinder. The orientation was calculated in 

reference to the axis shown in Figure 4.6(a). In this analysis, the interesting value is 

the fibre orientation angle θ which is the deviation angle from the longitudinal axis. 

However, two cylindrically-shaped volumes of similar grey scales can be present in 

the scanned volume: real fibres, and, especially on the edge of the specimen, long 

cylindrical “channels” of the matrix, denoted here as “fibre-like matrix artefacts”. To 

avoid misinterpretation, the “fibre-like matrix artefacts” had to be filtered out from 

the tracing data accordingly to the following assumptions: 

• Short fibres are rigid, no fibres with pronounced curvature can be presented in 

the scanned material; 

• For the cylindrical shape filament (square or circular), there is a limit of fibre 

misalignment dictated by the size of the filament: in this case, the 1 mm x1 mm 

square-like filament diameter can provide room for 3-mm long fibre to deviate 

from the longitudinal axis no more than 28°;   

• Fibre length limitation from the 3-mm input fibre:  

- The fibre cannot be extended: the maximum admissible fibre length is 3.5 

mm; 

- The fibres are not broken during the process: the minimum admissible 

fibre length is 2.5 mm. 

The traced cylindrical volumes were filtered retaining those with a length between 

2.5-3.5 mm which is the fibre following the given assumptions. The fibre length 

range assumptions were confirmed with FASEP system (IDM Systems, Darmstadt, 
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Germany) [162], an image-processing fibre length measurement. Fibres extracted 

from a dry HiPerDiF preform around 0.5 g were dispersed in deionised water to be 

photographed through a flatbed scanner on the FASEP machine. To avoid the fibre 

agglomeration that can lead to a long processing time and some errors, the fibre-

water suspension was diluted for several steps with the deionised water until 

reaching 0.02-0.04 g/L before putting the solution in a petri dish for the scanner. After 

the scanning, the image was analysed by separating the single fibre from clusters or 

dust and the software is able to break up complex fibre clusters into single fibres by 

tracking the intersection and end points of each fibre. Then, the fibre length was 

automatically measured using a straight-fibre algorithm by FASEP software. The 

fibre length distribution after the HiPerDiF process, in Figure 4.6(b), confirms the 

assumption of fibre length distribution between 2.5-3.5 mm by showing the majority 

of the fibres are around 3 mm. Owing to the image processing method, the very low 

and high fibre lengths could be the noise, (non-fibre voxels of similar grey scale) 

from the measurement system. 

 

 
(a) (b) 

Figure 4.6 (a) Reference axis to calculate the fibre orientation; (b) FASEP fibre length 

measurement distribution of fibres processed from the HiPerDiF 3G machine.  

The percentage of the number of fibres that deviated from the longitudinal axis (θ) 

was plotted in three histograms as a function of θ, for the different filament formats: 

tape (Figure 4.7(b)), square-like filament (Figure 4.8(b)), and final pultruded circular 

filament (Figure 4.9(b)). According to those three histograms, most of the fibres are 

aligned within the range of 0°-15°. Overall, the amount of perfectly aligned fibres (0° 
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-1°) is lower than that of slightly misaligned ones (2-5°). The tape format, Figure 4.7, 

may have a slightly higher misalignment because of the lesser geometrical constraint 

of the thin and wide tape, wider than the fibre length, so the aligned 3-mm fibres on 

the tape surface can be easily deviated by the impregnation and forming process. 

This is shown by the misaligned fibre on the tape surface in Figure 4.7(a). However, 

the misalignment is significantly reduced due to the filament-forming process that 

helps to force the fibres to align in one direction by compressing the tape into a 

constrained cross section, 1 mm x 1 mm, so the 3-mm-long fibre cannot deviate out 

of this boundary. In the square-like filament, the majority of fibres are well-aligned 

and the amount of fibres more than 15° out of alignment is just 2%. The higher 

amount of aligned fibre can be seen in the 3D rendered image of the square filament, 

Figure 4.8(a). After the final pultrusion, the fibre orientation shows insignificant 

changes from the previous stage. The cross-section transformation after pultrusion 

into the circular filament is more uniform in shape and the surface of the circular one 

(Figure 4.9(a)) is smoother than the square filament. The alignment level of each 

stage of the filament-forming, as calculated by the amount of the fibre aligned within 

10°, is presented in Table 4.1. The current HiPerDiF tape shows a fibre alignment 

similar to that of the previous study with the same HiPerDiF machine (2nd generation 

machine) measured with μCT scanning and analysed with VoxTex software [49], i.e. 

67% of fibre aligned within ±10°. The filament-forming process provides a significant 

alignment improvement with about 90% of the fibre within 10°.  

Table 4.1 Fibre alignment comparison over the development of DcAFF from tape to square-

like and finally circular cross-section filament. 

Format Alignment (within 10°) 

Tape 64% 

Square-like filament 89% 

Circular filament 88% 
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(a) 

 
(b) 

 
Figure 4.7 (a) 3D modelling of the μCT scanned image for cropped tape (2.4 mm wide); (b) 

fibre orientation angle distribution deviation from the longitudinal axis of the tape. 

 

 
(a) (b) 

Figure 4.8 (a) 3D modelling of the μCT scanned image for square-like filament; (b) fibre 

orientation angle distribution deviation from the longitudinal axis of the square-like 

filament. 
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(a) (b) 

Figure 4.9 (a) 3D modelling of the μCT scanned image for final pultruded circular filament; 

(b) fibre orientation angle distribution deviation from the longitudinal axis of the circular 

filament. 

4.4. Tensile properties characterisation 

4.4.1. Single-layer tensile specimen preparation 

The tensile specimen is often produced using a simple 2D rectangular shape. 

However, for the single small rectangular specimens (as presented in Chapter 3), that 

requires steering around a very tight corner, i.e. 90° turning, when the head reverses 

the print direction, as can be seen in Figure 3.14. The many tight turns make the 

precise duplication of replicate samples difficult to achieve. Combined with the large 

number of samples required for the tensile testing, a new printing path for uniaxial 

single-layer tensile samples was designed to reduce the total number of raster turns 

in each specimen, while also producing more samples per print. The printing path 

was programmed as a single layer of 100 mm x 100 mm square spiral, with an empty 

centre, to produce four samples of 100 mm x 10 mm in one printing, as shown in 

Figure 4.10(a). The printing was performed with the same 3D printer used in Chapter 

3 with the same bespoke nozzle. The printing set-up conditions were similar to the 

suggested condition in Chapter 3, e.g. nozzle temperature 210°C, bed temperature 

80°C, and speed synchronized to feed rate of 300 mm/min. However, the set layer 

thickness was reduced to 0.4 mm due to the smaller filament cross section (1 mm 
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diameter) and the intention to increase the bed adhesion. While the raster distance 

was increased from 1.3 to 1.6 mm to compensate for the now excessive overlap 

between rasters caused by the reduction of the thickness (and subsequent increase 

in raster width). The bed temperature was increased to the higher bound of the PLA 

material (Section 2.2.4), from 60°C to 80°C, with the intention of promoting better 

bed adhesion. Figure 4.10(b) shows a picture of the ‘as printed’ square specimen and 

a detail of the corner region. The printed rasters are well laid following the defined 

printing path, but some interruption of the feed resulted in empty areas, even if the 

printing was continued at almost the same point as the stopping position. The linear 

section to produce the tensile specimen is straight following the path, but a perfect 

sharp 90° turn could not be achieved at the corners as the poor bed adhesion of the 

filament to the printing bed makes the sudden change of direction problematic [163]. 

The impregnated fibre presented on the surface is the result of high fibre volume 

fraction and imperfect fibre distribution. There are some fuzzy fibres that deviated 

from the printing path because of the fibre movement under the compaction nozzle.  

Inspired by the post-consolidation of a commercial 3D printed continuous carbon 

fibre from 9T Labs [164] that provides mechanical properties improvement by the 

elimination of the voids and an increase in inter-raster adhesion, a group of samples 

was separated and then thermal consolidated under a vacuum pressure (1 bar) in an 

oven at 200°C for 1 hour, which in this work will be referred to as ‘consolidated’ 

specimens. This will allow for improved inter-raster fusion and allow for 

comparison of the improvement due to post-printing consolidation and exploration 

of the material mechanical performance limitation. The post-printing consolidated 

parts show smoother surfaces caused by the fusion of the rasters and accumulations 

of material on the edges, as can be seen in the comparison between the high 

magnification images of Figure 4.10(c) and (d). However, the inter-raster bonding 

can still be observed on the surface. Since the filament was already compacted by the 

modified nozzle during printing, the thickness reduction of the single-layer part due 

to the consolidation is relatively small, around 10%, and caused mainly by the 
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removal of microvoids. 

  
(a) (b) 

(c) 

 

(d) 

 
Figure 4.10 (a) Printing path of large square shape with 90° sharp turning corners to produce 

four tensile samples starting from inside; (b) top surface of the sharp corner printed part 

with a zoom-in of a corner [163]; (c) high magnification of the large square as printed; (d) 

high magnification of the same large square printed after post-printing consolidation. 

To produce a uniaxial 10 mm x 100 mm tensile specimen from both ‘as printed’ and 

‘consolidated’, their corners were discarded to avoid inconsistency of the printing 

by cutting at the transition from flat to a curved path, as shown as the cutting line in 

Figure 4.10(b), with a metal hack saw to make four tensile specimens. Finally, 20 mm 

fibreglass end tabs were attached at both ends of the 10 mm x 100 mm specimens 

leaving a 60 mm gauge length, similar to Figure 3.15(d). There are five large square 

printed parts, so a total of 20 specimens were fabricated for the as-printed testing. 

While there are two large square post-printing consolidated parts resulting in eight 

specimens of the consolidated one. 

10 mm

Cu ing line

5 mm



117 

 

4.4.2. Tensile testing and result 

The testing machine, strain measurement and testing procedure are the same as 

described in Section 3.4.4 with a higher load cell capacity, i.e. 10 kN. In Table 4.2, the 

current DcAFF printed part, ‘as printed’ and ‘consolidated’ are compared to the 

previous HiPerDiF-PLA studies: (a) the properties of the DcAFF single-layer part 

printed from the filament using the manual moulding technique (DcAFF M. 1-Layer) 

in Chapter 3 and (b) HiPerDiF-PLA the thin tape obtained from the consolidation 

machine [47]. In this chapter, the fibre content was calculated based on the matrix 

burn-off method. The tensile properties of the current part are significantly increased 

from the previous 3D printed part, with the manually moulded DcAFF filament. The 

mechanical properties improvement from the previous printing should be the result 

of a two-fold increase in fibre content. When comparing the DcAFF to the thin tape 

HiPerDiF-PLA format obtained from the consolidation machine [47], the DcAFF part 

presents a comparable tensile stiffness, while the strength is significantly lower. The 

difference in the tensile strength between the tape and printed formats is attributable 

to an undesirable failure mode triggered by poor raster-to-raster fusion in the 

printed part resulting in an initial breakage parallel to the load direction (Figure 

4.11(a)). The better load-bearing ability correlates with the localised fibre rupture 

rather than the delamination failure mode manifested in the breakage perpendicular 

to the loading direction, Figure 4.11(b). Post-printing consolidation improves tensile 

properties, especially tensile stiffness, because of the reduction of the microvoids in 

the part and the better sintering of the rasters similar to the consolidation result 

suggested by 9T Labs and observed by Grieder et al. [164]. The average tensile 

strength of the consolidated one is higher than the as-printed one, this difference is 

however statistically insignificant when accounting for the large standard deviation 

of both groups: in both cases, the undesired failure mode, i.e. inter-raster breakage, 

is observed. The inter-raster bonding is still the weak point in both groups as shown 

by the presence of seamlines between the adjacent rasters instead of a homogeneous 

part. Some of the consolidated ones failed similarly to the ‘as printed’ specimens, 
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parallel to the printed raster, in Figure 4.11(c). However, post-printing consolidation 

with heat and pressure could still be considered as an option to improve the physical 

and mechanical properties of the DcAFF filaments after printing for simple shape 

parts without internal cavities. 

Table 4.2 Tensile properties comparison of the current DcAFF samples to the previous 

studies. 

Specimen format 
Fibre weight 

fraction 

 Tensile 

stiffness (GPa) 

Tensile strength 

(MPa) 

DcAFF “as-printed” (A. 1-Layer) 28-30% 19 ± 3 132 ± 21 

DcAFF “consolidated” 28-30% 24 ± 2 151 ± 29 

Tape [47] 17.3% 24 ± 4 274 ± 31 

M. 1-Layer (Chapter 3)  16-19% 14 ± 2 104 ± 32 
 

(a) 

 

(b) 

 

(c) 

 

Figure 4.11. Breakage sample of tensile sample: (a) inter-raster failure parallel to the load 

direction; (b) favourable failure perpendicular to the load direction showing the load 

transfer to the fibre direction; (c) breakage of the post-printing consolidated sample showing 

the breakage, parallel to the raster direction.  

4.4.3. Comparison of the DcAFF to literature (considering fibre content) 

For a fair comparison of the DcAFF 3D printed part performance with other available 

3D printing materials from literature, the tensile stiffness and strength of the DcAFF 

produced from the semi-automated filament forming machine and printed in a 

single layer (DcAFF A. 1-Layer) were plotted against the DcAFF single-layer printed 

from the manual moulding filament in Chapter 3 (DcAFF M. 1-Layer), other PLA 
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[20, 29, 31, 56, 71, 134, 137, 144, 145], PLA-short carbon fibre (PLA-S.CF) [20, 27, 29, 

70, 132-134, 137, 159] and PLA-continuous carbon fibre (PLA-C.CF) [60, 61, 126, 149, 

150] were plotted against their weight fibre content gathering from the literature. In 

Figure 4.12, both stiffness and strength versus fibre weight content plots show that 

the properties of the current printed DcAFF are superior to all of the PLA/S.CF 

composite 3D printed parts and most of the PLA/C.CF 3D printed parts even if the 

PLA/C.CF have higher fibre content than the DcAFF. This may be the result of the 

fibres that are longer than the fibre critical length plus the alignment. This again 

confirms the high tensile performance, comparable to continuous fibre, achieved by 

using discontinuous aligned fibre to reinforce a thermoplastic matrix. 

  
(a) (b) 

Figure 4.12. Comparison of (a) tensile stiffness; (b) tensile strength between the DcAFF 

printed as single layer 3D printed part, “DcAFF A. 1-Layer”, (20 tested specimens), the 

DcAFF printed with manually moulding filament from Chapter 3, “DcAFF M.1-Layer”, (5 

specimens) and other composite 3D printing from publications: PLA [10, 20, 29, 31, 55, 56, 

134, 137, 139-145] (Table 2.2), PLA-short carbon fibre (PLA/S.CF) [20, 27, 29, 70, 90, 132-137, 

159] (Table 2.3), PLA-continuous carbon fibre (PLA/C.CF) [60, 61, 126, 148-150] (Table 2.4), 

plotting against their fibre weight content. 

4.5. Open-hole testing 

FDM allows for the manufacture of specimens where the fibre orientation can follow 

the load path, for example, the raster could be placed around an open hole to reduce 
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stress concentrations [31, 40, 71, 132, 165-167]. There are several 3D printing studies 

about the customized printing path to reduce the stress concentration around a hole. 

An optimized printing path, called Curvilinear Variable Stiffness (CVS), inspired by 

considering fluid flow around a circular obstacle, showed a significant strength 

improvement compared to a unidirectional composite straight fibre printing path 

with a drilled hole [168]. Concentric ring printing to the hole shape is another 

potential option that is known to reduce stress concentration [165, 169]. This section 

is the first demonstration of the complex part printing of DcAFF and the benefit of 

bulking the tape into the fine-diameter filament for 3D printing, instead of using a 

thin tape for automated fibre placement technologies [170] that is suitable for only 

large radius steering. The open-hole 3D-printed part with the designed curvilinear 

path will be compared to the conventional tape layup open hole manufactured by 

material subtraction methods. 

4.5.1. Open-hole specimen fabrication 

Open-hole samples were fabricated using two different methods: 3D printing with a 

curvilinear path and hand layup of unidirectional tapes with heat-pressure 

consolidation plus hole punching. Two different curvilinear deposition paths were 

considered. One set of printed specimens was consolidated under vacuum pressure 

in an oven to replicate the tape layup process with the heat-compaction process. In 

total, four sets of specimens were tested: 10-curvature printing (10C), 4-curvature 

printing (4C), 4-curvature printing with post-printing consolidation (4C-Oven), and 

tape hand layup with heat-compaction forming (Tape). There are four samples in 

each group in the testing. 

4.5.1.1. Open-hole printing 

To study the load-bearing behaviour of the different printing paths, the G-code was 

set to print the curvilinear specimen in two different ways: steering 10 rasters around 

the hole and keeping one straight-continuous line on each edge (known here as 10C), 

Figure 4.13(a1); and steering only four rasters around the hole and keeping eight 
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straight-continuous linear lines (4C), Figure 4.13(b1). 

Figure 4.13. (a1) and (b1) Designed curvilinear 3D printing path for 10- and 4-curvature 

samples; (a2) and (b2) high magnification at the curvature hole of 10- and 4-curvature 

samples on the bottom side (attached to the printing bed) [163]. 

These paths were deposited in a single layer with the same printing condition as the 

large square tensile specimen mentioned in the previous tensile testing section. The 

finished parts of the 10C and 4C paths are shown in Figure 4.13(a2) and (b2), 

respectively. The hole was defined by the printing path as perfectly circular with a 

diameter of 10 mm, however, the circular hole cannot be achieved due to the poor 

adhesion between the printing bed and the deposited raster. At the sudden turning 

point from the linear to curvature, the raster cannot be held on the bed while the 

(a1) 

 

(a2) 

 

(b1) 

 

(b2) 
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nozzle moves upwards and sideways. This motion drags the filament, producing an 

eye-shaped hole rather than the one defined by the desired half-circular path. The 

measured hole dimension, in the direction perpendicular to the load, is around 5-6 

mm.  

4.5.1.2. Post-printing consolidation of the printed part 

For a further study inspired by the thermal consolidation process carried out in the 

tensile testing, four of the 4C printed parts were consolidated in a vacuum bag (1 

bar) at a temperature of 200°C for 1 hour, those specimens are identified as 4C-Oven. 

This post-printing consolidation aimed at obtaining better raster bonding and 

reaching a performance similar to the oven-consolidated lay-up, as described below. 

To prevent the shape-changing of the printed part, especially the hole, cork tape was 

used as a dam around the specimen and inside the hole. The changes in the sample 

surface between the printed and the consolidated specimens with a smoother surface 

and well-joined rasters can be seen in Figure 4.14(a) and (b). The hole shape does not 

change from the previous printed part, but there is material accumulation on the 

hole and sample edges, as the matrix cannot flow over the cork, leading to thicker 

edges. The overall raster direction does not change with the post-printing 

consolidation. The thickness reduction after the consolidation is approximately 20%, 

from an average of 0.60±0.043 to 0.48±0.023 mm 

(a) 

 
(b) 

 
Figure 4.14. (a) 4-curvature printed part before post-printing consolidation; (b) the sample 

after the consolidation under heat and pressure (4C-Oven) showing a smoother surface and 

better raster fusion. 
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4.5.1.3. Open-hole layup 

(a) 

 
(b) 

 

(c) 

Figure 4.15. (a) Stacking sequence of the layup sample showing four layers with trimming 

lines to make a 25 mm wide sample; an example of a layup part with a cutting hole using a 

hollow punching tool: (b) top surface and (c) lower surface (surface attached to the metallic 

mould) [163]. 

Open-hole layup samples were built by placing the initial HiPerDiF tape, 5-mm-

wide, side-by-side and staggered through the thickness to obtain the desired width 

and thickness. The tape used in this stage is the same production batch of the 

filament in the previous section, so the fibre volume fraction is in a similar range. In 

this case, there are four layers of tape as the thickness of the original tape is between 

0.1 and 0.2 mm and the aim was to achieve a total thickness of ~0.6 mm. Figure 4.15(a) 

shows the cross section of the stacking sequence with the half-width overlap of six 

and five tapes on each layer [163]. The produced laminate was compressed and 

heated using the same pressure, temperature and duration of the post-printing 

consolidation of the printed one as described in the previous section to ensure the 

fusion of the PLA composite. The achieved consolidated thickness is between 0.6 and 

0.7 mm. The layup edges were trimmed with a knife, where the first and third layers 

protrude from the other layers, to achieve a 25-mm-wide sample. Finally, the hole 
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was cut with a 6-mm-diameter hollow punching tool with a hammer. The punching 

is expected to produce a straight-cut hole rather than a spinning cutting of the drill 

as the specimen is a thin panel. The hole size was selected to be equivalent to the size 

of the holes of the printed samples measured perpendicularly to the longitudinal 

direction. The top and lower surfaces of the lay-up specimen are shown in Figure 

4.15(b) and (c), respectively. The lower surface is smoother than the top surface, as it 

is an imprint of the tool in which the composite is laid up, however, some dry areas, 

corresponding to dry patches in the composite tapes, can be observed. The average 

measured thickness of the layup after the oven processing is 0.70±0.046 mm. 

4.5.2. Open-hole testing method 

There are four groups of the tested sample: 10C, 4C, 4C-Oven and tape layup, and 

each group has four samples. The samples’ width and thickness at the position of 

the hole were measured for stress calculation. The hole size was measured from the 

scanned image of the sample at the widest position of the hole. The cross-section area 

used to calculate the strength is the specimen thickness multiplied by the difference 

between the specimen width and hole diameter. The samples were tested using the 

same testing machine and procedure as the tensile tests described in Section 4.4.2. 

The strain was measured via digital image correlation (DIC) to obtain the strain map 

during loading. The DIC parameters are illustrated in Table 4.3. 

Table 4.3 DIC technique parameters. 

Software Davis10.1.2 Image resolution 2056 x 2418 pixel 

Camera & Lens M-lite & 35 mm Field of view 78.95 mm x 95.27 mm 

Correlation mode Sum of Difference Frame rate 1 image per second 

Subset size 
21x21 pixel  

(0.8 mm x 0.8 mm) 
Strain resolution 7.56 x 10-4 ε 

Step size 2 pixel (0.076 mm) Scale factor 26.04 pixel/mm 

 

4.5.3. Open-hole testing result 

The strengths of each sample group are shown in Figure 4.16(a). There is a significant 

OPH strength difference between the only printed parts (10C and 4C) and the post-
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printing consolidation part (both 4C-Oven and tape layup). The post-printing 

consolidation strengthens the inter-raster bonding showing an increase in the OPH 

strength. The stress-strain curve of a sample from each tested group is shown in 

Figure 4.16(b). This also shows the different mechanical behaviour between the post-

printing consolidated parts, which show a linear behaviour with a sudden failure of 

the whole structure, and the ‘as printed’ specimens, which display a highly non-

linear behaviour with a gradual load drop after the initial failure caused by the 

separation between the curvilinear rasters while the remaining structure still carried 

the further load. The failure samples in each case are shown in Figure 4.17. 

The strain maps obtained at the highest load in each sample, marked in Figure 

4.16(b), in longitudinal, transverse and in-plane shear achieved from DIC are plotted 

in Figure 4.18 - 4.20, respectively. 

 
 

(a)  (b) 

Figure 4.16. (a) Open-hole strength of different sample types; (b) open-hole stress versus 

average longitudinal strain curves of each sample type showing different failure behaviours. 
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(a) 10C (b) 4C (c) 4C-Oven (d) Tapes 

Figure 4.17. Breakage of the open-hole samples: (a) 10C showing hole closing by the inter-

raster separation following raster breakage [163]; (b) 4C showing the raster separations with 

defect at the linear line that occurs before the breakage of the raster at the curvature area; (c) 

4C-Oven showing the catastrophic failure in the rasters perpendicular to the load direction; 

(d) tape lay-up showing breakage perpendicular to the fibre/load direction at the middle of 

the hole [163]. 

    

 
(a) 10C 

at 60 MPa 

(b) 4C 

at 101 MPa 

(c) 4C-Oven 

at 159 MPa 

(d) Tapes 

at 166 MPa 

Figure 4.18. DIC analysis of longitudinal strain (εx) at the maximum load of each sample in 

different types: (a) printed 10C; (b) 4C; (c) 4C-Oven (post-printing consolidated part); (d) 

tape (lay-up part with a punched hole). 
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(a) 10C 

at 60 MPa 

(b) 4C 

at 101 MPa 

(c) 4C-Oven    

at 159 MPa 

(d) Tapes 

at 166 MPa 

Figure 4.19. DIC analysis of transverse strain (εy) at the maximum load of each sample in 

different types: (a) printed 10C; (b) 4C; (c) 4C-Oven (post-printing consolidated part); (d) 

tape (lay-up part with a punched hole). 

    

 
(a) 10C 

at 60 MPa 

(b) 4C 

at 101 MPa 

4C-Oven 

at 159 MPa 

Tapes 

at 166 MPa 

Figure 4.20. DIC analysis of in-plain shear strain (εxy) at the maximum load of each sample 

in different types: (a) printed 10C; (b) 4C; (c) 4C-Oven (post-printing consolidated part); (d) 

tape (lay-up part with a punched hole). 

10C samples show the lowest average open hole strength according to Figure 4.16(a). 

This is because it has the greatest number of curvilinear rasters that have a lower 

load-bearing capacity than linear rasters. It also results in the highest non-linear 
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behaviour and shows a large deformation at failure, as seen in Figure 4.16(b). The 

longitudinal strain map of the 10C, Figure 4.18(a), shows that the tensile strain is 

concentrated in the inter-raster region around the curvilinear area. The tensile load 

in the longitudinal direction converts into compression in the transverse strain 

which is shown as a high compressive strain near the sharp corner of the elliptical 

shape, Figure 4.19(a). The primary strain of 10C is the shear strain (Figure 4.20(a)) 

which tends to separate the joint between rasters in correspondence with the 

curvilinear path in the 45° direction, which is weaker than the longitudinal raster 

direction. After the initial inter-raster failure, the printed rasters still stay connected, 

as seen in Figure 4.17(a), this behaviour may benefit some applications that require 

a non-linear, high strain capable behaviour rather than a high strength with a 

catastrophic failure. 

4C sample has a lower number of curvilinear rasters than 10C which, in turn, means 

a greater number of linear rasters. This leads to higher open hole strength, Figure 

4.16(a), and lower non-linearity than 10C, Figure 4.16(b), presented as the stress 

drops significantly after the maximum load. According to the strain map, the strain 

also accumulates around the curvilinear rasters showing the separation between 

them. The strain map of a 4C sample in all directions (Figure 4.18(b), Figure 4.19(b) 

and Figure 4.20(b)) also shows the high strain at the edge of the sample in 

correspondence to the linear rasters. This looks greater than the longitudinal strain 

near the curvature (Figure 4.18(b)). This may be a result of a printing defect. This 

leads to a weak point in the linear raster and a failure at the edge, as seen in Figure 

4.17(b), rather than only curvilinear raster separations. 

After the consolidation, the 4C-Oven samples have a significant increase in the open 

hole strength from around 80 MPa to 140 MPa, Figure 4.16(a). This is a similar level 

to the conventional tape layup sample. However, the post-printing consolidated part 

still shows a small non-linearity and a small plateau before the failure (Figure 4.16 

(b)). Thanks to the welding of the rasters, due to consolidation, the inter-raster 
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separation is clearly reduced. The initial strain concentration moves from the inter-

raster around the curvilinear area to the area near the edge of the hole and the 

fracture starts from this point before breaking the whole sample across the hole area, 

Figure 4.17(c). The separation of the rasters at the sharp corner of the eye shape is no 

longer present, showing a compressive strain at the sharp corner, Figure 4.19(c), 

rather than the tensile strain between rasters presented in the printed 4C. However, 

there is a high strain concentration in the longitudinal direction at the inter-raster 

bonding as clearly seen in Figure 4.19(c) because this is one of the weakest points, 

but this point also offers the non-linear behaviour, as mentioned above. 

The tape layup with heat-compaction forming shows the highest open hole strength 

in this experiment, Figure 4.16(a). The strength is at a similar level to the 4C-Oven 

one, this confirms that the consolidation strengthens the raster bonding. Moreover, 

there is no non-linearity in this sample, as seen in Figure 4.16(b). The sample 

suddenly fails after the maximum load is reached, as seen in Figure 4.17(d). Instead 

of symmetric strain distribution around the hole, there are several small high-strain 

spots around the hole edges, as shown in Figure 4.18(d). This may be because of the 

different behaviour of the discontinuous fibre and the imperfect bonding on the butt-

joint between tapes as shown by the strain concentration as the vertical lines parallel 

to the tape edges, as seen in Figure 4.19(d). The high compressive strain in the 

transverse direction should be the result of the butting line between two tapes that 

move against each other. 

4.6. Chapter conclusion 

In this chapter, a new filament-forming method was invented to continuously 

reshape HiPerDiF-PLA tape into DcAFF circular cross-section filaments suitable for 

3D printing and replace the previous labour-and-time-intensive manual moulding 

method. The faster and easier filament-forming process here offers an opportunity 

to print more samples than in the previous chapter and perform a study of the 

DcAFF printability. The key findings and conclusion drawn from this chapter are 
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listed below: 

• The concept of the 2-piece manual moulding has been converted to a semi-

automated machine using two small slot compaction rollers. The thin 

impregnated tape passed through the well-adjusted gap between two rollers 

presented a promising square-like shape cross section. Then, the well-

compressed square-like filament was pultruded through a series of nozzles 

leading to a good quality smooth surface circular 1-mm diameter 3D printing 

filament. The production rate was increased from a meter per hour with the 

manual process to a half meter per minute with the semi-automated machine. 

The DcAFF machine also increases the fibre alignment with almost 90% of fibre 

aligned in the longitudinal direction after reshaping from thin tape to circular 

filament. 

• In tensile testing, the single-layer part printed with the DcAFF filament 

produced with the new forming method again presented superior tensile 

properties to other 3D-printed PLA composites even with a lower fibre content 

of DcAFF. This shows the potential of the produced filament to be used as a 

commercial filament. 

• The open hole with curvilinear was chosen for the printability testing and 

revealing the actual benefit of using DcAFF as a filament instead of thin tape. 

Although the curvilinear printing of the filament shows some discrepancy 

between the desired and the deposited raster, the open hole with the curvilinear 

path has a different behaviour under tensile load to the layup with a material 

subtraction. The curvilinear open hole 3D printed sample changes the stress 

concentration from at the hole edges to the inter-raster separation. This resulted 

in a change of failure mechanism from brittle breakage that occurred in the layup 

with post-printing consolidation to the more progressive failure mode by 

breaking at the inter-raster bonding around the curvature. After the initial inter-

raster failure, the rasters still stayed connected and carried the load for a while 

before its completed failure. This will be beneficial to applications that require 
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non-catastrophic failure. 

• Despite the faster filament production rate, the limitation of the HiPerDiF 

preform produced with the lab scale machine leads to a limited amount of 

DcAFF filament. This resulted in the investigation of those mechanical 

properties in this chapter only on the single-layer 3D printing which presents 

only the behaviour of the in-plane adjacent raster. To enable large-scale filament 

production, the HiPerDiF pre-impregnated tape needs to be produced in a faster, 

more continuous and more efficient method. Thanks to the development of the 

HiPerDiF machine to a larger lab scale, ready for the industrially upgraded scale, 

more aspects of the DcAFF material will be studied in the next chapter. The 

multilayer printing must be investigated to complete the actual properties (with 

the through-thickness) of the 3D printed material and properties. The printing 

accuracy needs to be addressed to eliminate the discrepancy seen in curvilinear 

or complex geometry printing. 
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Chapter 5 Multilayer Printing 

Following the development of the previous chapter, where the feasibility of printing 

DcAFF filaments has been demonstrated in single-layer trials, the printing of 

multilayer composites is explored here. The extension of the previous assessment is 

essential to examine the role of the newly formed interfaces on the performance of 

the composite. The mechanical properties of the multilayer part will be studied 

through tensile, short beam shear (SBS), and open-hole (OPH) tensile testing. These 

performances will be compared to those of the single-layer part obtained in the 

previous chapter and literature data. 

The detail of the filament characterisation and the multilayer DcAFF printed 

properties part were constructed with some parts of the work published in Composite 

part B: Engineering in 2023 under the title of “DcAFF (Discontinuous Aligned Fibre 

Filament) – Investigation of Mechanical Properties of Multilayer Composites from 

3D Printing” [4]. The whole article and the testing result were prepared by N.K. and 

amended by all authors. 

N. Krajangsawasdi et al., "DcAFF (Discontinuous Aligned Fibre Filament)–

Investigation of mechanical properties of multilayer composites from 3D printing," 

Composites Part B: Engineering, vol. 264,  p. 110903, 2023. DOI: 10.1016/j.compositesb 

.2023.110903. 
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5.1. Chapter introduction 

In Chapters 3 and 4, the HiPerDiF pre-impregnated tape was produced at a small 

production rate (less than a meter per minute) with the second-generation lab-scale 

HiPerDiF machine. This leads to a low amount of produced DcAFF filament even 

though the semi-automated machine was successfully developed. Therefore, the 

printing was limited to only single-layer parts. Thanks to the further development 

of the HiPerDiF technology, the third generation machine, called “HiPerDiF-3G”, 

which can produce a higher amount of HiPerDiF preform (metres per minute), was 

commissioned at National Composites Centre, UK. This allows to produce more 

DcAFF material at a faster rate offering an opportunity to study other aspects, i.e. 

more complex geometries and multilayer specimens, of its application and 

exploitation in 3D printing. Figure 5.1 shows the schematic of the HiPerDiF-3G 

machine including three modules: (i) the fibre-water mixing tank where the fibres 

are mixed to the calculated concentration, (ii) the alignment head where the fibres 

are sprayed to the alignment head, and (iii) the impregnation module where the dry 

preform is impregnated with the selected matrix.  

 
Figure 5.1 Schematic of the HiPerDiF-3G, larger-lab-scale, machine located at the National 

Composites Centre, UK (developed within EP/P027393/1, High Performance Discontinuous 

Fibre Composites - a sustainable route to the next generation of composites). 

After the mass production of the DcAFF filament, the DcAFF was printed to 
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multilayer samples and then its mechanical performance was investigated using (i) 

multi-layer tensile testing, (ii) short beam shear testing (SBS) and (iii) multi-layer 

curvilinear open-hole tensile testing (compared with a multi-layer printed part with 

a hole obtained by drilling). The post-printing consolidation was considered with 

the expectation to improve the properties of the printed part even more than what 

was achieved from the single-layer printing in Chapter 4. The multilayer properties 

were compared to the single-layer part to show their difference. 

5.2. DcAFF filament quality 

5.2.1. DcAFF filament production 

In this chapter, the carbon fibre reinforcement is the same Toho Tenax 3-mm 

chopped carbon fibre used in the past chapters. The PLA, matrix was changed to a 

commercial PLA (poly-L-lactic acid) film, supplied as a roll of 32-mm wide and 0.05-

mm thick film by Goodfellow Cambridge Ltd [171]. In the current HiPerDiF-3G 

process, the fibre concentration in the suspension was 0.0004-0.0008% by volume and 

the belt speed was set at 5 mm/s. This will be a dry-aligned fibre preform with an 

areal weight of 26-30 g/m2. After the HiPerDiF alignment process, the dry preform 

was merged with the PLA film with a series of rollers which apply pressure around 

1 bar at 200°C to ensure the well-impregnated fibre preform with the PLA matrix. 

The 32-mm-wide composite tape was slit into approximately 7-mm-wide tapes. 

Then, the slit tape was reshaped into a 3D printing filament with the semi-automated 

filament-forming machine described in Chapter 4. The tape was firstly compressed 

into a square-like cross-section (Figure 5.2(a)) in the small gap between two 

counterrotating and interlocking aluminium rollers. Then, the square filament was 

pultruded through a series of nozzles and finally a 0.8 mm diameter PTFE one to 

produce a circular filament with a diameter of 0.8 mm (Figure 5.2(b)) that is ready to 

be used with a standard 3D printer.  
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(a) (b) 

Figure 5.2 Cross-section microscopy of (a) square-like filament after the compression process 

in the DcAFF machine; (b) final circular filament ready to use in a 3D printer. 

5.2.2. Fibre content investigation 

The matrix burn-off procedure and TGA machine used in this test are the same as 

described in Section 3.4.3.1. The raw materials (i.e. dry fibre and PLA) were also 

tested beside the composites using the same programme to verify their residual mass 

after the dwelling stage. Figure 5.3 shows the result of the TGA programme. The 

amount of fibre burn-off is about 0.9% and the residual pure PLA after the process 

is relatively small around 0.3%. After accounting for those numbers, the fibre weight 

content of the current filament batch ranges between 22-30 wt% in different sections 

of the filament and the printed part. The fibre content depends on the quality of the 

alignment process that feeds the fibre to the alignment head and conveyer belt. The 

fibre content of the material produced with the HiPerDiF 3G was intentionally kept 

slightly lower than the one produced with the second-generation lab-scale machine 

(approximately 28-33 wt%) in Chapter 4 with the intention to increase the amount of 

matrix in the composite to improve the adhesion of the filament to the printing bed 

and adjacent rasters. The void (dark spots) on the cross-section can be estimated with 

the nominal diameter of filament in Figure 5.2(b) using the microscopic image 

method presented in Section 3.4.3 accounting for less than 5% void in the cross-

section volume. 
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Figure 5.3 Special TGA programme, using TGA Q500 V20, to investigate fibre weight 

fraction by considering residual fibre content after matrix burn-off showing the fibre, four 

DcAFF composite specimens produced from the HiPerDiF-3G machine, and the current 

used PLA film with the temperature profile (red line). 

5.3. Multilayer Tensile testing 

5.3.1. Tensile specimen preparation and testing procedure 

After the DcAFF material is formed into a circular cross-section and wound into a 

filament, it is ready to be printed into a defined shape. The commercial Ender3 3D 

printer with flat-end nozzle replacement, mentioned in Chapter 3, was used for 

sample fabrication. The printing conditions in this chapter were: nozzle temperature 

210°C, bed temperature 80°C, speed and feed rate 300 mm/min, and set raster 

thickness 0.3 mm (slightly lower than in Chapter 4 due to the smaller diameter of 

filament). The nozzle height was reduced from Chapter 4 due to the finer diameter 

of the final extrusion to 0.8 mm. The raster distance was calculated based on the 

expected compacted area of the 0.8-mm-diameter filament with 0.3-mm raster 

thickness to the rectangular cross-section shape presenting about 1.6 mm raster 

distance. This printing condition will be used throughout the chapter. 

The printing path for tensile specimens was designed to be a 100-mm long concentric 

path similar to the sample in Chapter 3 (Section 3.5.4), with four spiralling rasters for 

each layer, and built up to four layers. This is done via continuous printing by 
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moving the nozzle 0.3 mm upwards at the end of each layer. The printing of the 

following layer started immediately after, and the raster was placed on top of the 

previous layer. The printing path of the four layers is shown in Figure 5.4(a). The top 

and bottom surfaces of the tensile specimen printed following the defined path are 

shown in Figure 5.4(b). The discrepancy between the desired and deposited raster 

was observed again around the corner presenting as a blunt corner, similar to Figure 

3.14. When investigating the cross-section of the specimen (Figure 5.4(c)), the 

imperfect bonding between the adjacent rasters can be seen, especially the top 

surface that has only one round of nozzle compaction. While better inter-raster 

bonding was observed on the bottom layer thanks to the four cycles of compaction 

by the nozzle. Although the nozzle is able to provide a certain degree of compaction, 

the bonding between layers is still imperfect, as shown by the presence of some 

interlayer voids – Figure 5.4(c). There were five as-printed specimens. 

(a) 

 

(b) 

 

(c) 

 
Figure 5.4 (a) Printing path for 4-layer stacking tensile specimen; (b) top and bottom surface 

of an as-printed 100-mm-long tensile specimen; (c) cross-section of the printed part showing 

four layers with four adjacent rasters on each layer. 

As found in Chapter 4, the mechanical properties can be improved by post-printing 

consolidation. Another five printed tensile specimens were processed under similar 
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conditions to the consolidation in Section 4.4.1, under vacuum pressure in an open 

mould at 200°C for 1 hour. In the multilayer part, the consolidation significantly 

changes the sample morphology from the as-printed part by improving the contact 

between adjacent rasters and surface finishing, as seen in Figure 5.5(a). Moreover, 

the cross-section of the consolidated specimens is more uniform with fewer inter-

raster voids than the as-printed part, as seen in the consolidated cross-section of 

Figure 5.5(b). To prevent material flow during the compaction, the specimens were 

placed in an open mould with a dam on the edges, this caused a slightly uneven 

cross-section with a higher thickness on the outer edges compared to the middle of 

the specimen.  

(a) 

 

(b) 

 
Figure 5.5 (a) Comparison of the tensile specimen before and after post-printing 

consolidation; (b) cross-section of the tensile specimen after post-printing consolidation (the 

cross-section microscopic image was taken after the tensile testing). 

The width and thickness of the specimens were measured at five positions across the 

length with a calliper and a micrometre, respectively. The average width and 

thickness of the five as-printed specimens are 6.94±0.074 and 1.48±0.065 mm, 

respectively. The average dimension change due to the consolidation of the five 

consolidated specimens was recorded from the part before the consolidation as 

7.02±0.23 mm in width and 1.45±0.12 mm in thickness to 7.53±0.15 mm in width and 

0.99±0.21 mm in thickness after the consolidation. The consolidation reduces the 

thickness but increases the width of the specimen, so the average volume reduction 

is about 26% from the part before the consolidation, this could be attributed to the 



139 

 

removal of voids. 

There are five samples in each testing case. The tensile samples were provided with 

20-mm-long end-tabs at both ends leaving a 60-mm gauge length, similar to Figure 

3.15(d). The testing machine, strain measurement and testing procedure are the same 

as described in Section 4.4.2. 

5.3.2. Tensile testing result 

The tensile testing result is presented as a stress-strain curve in Figure 5.6. The 

DcAFF shows a brittle behaviour under tensile load, as seen in the linear curve until 

the breakage. Unlike the small improvement observed in the single-layer 

consolidated part (in Chapter 4), the post-printing consolidation significantly 

increases the tensile properties of the multilayer 3D printed sample, i.e. stiffness from 

27 GPa to 44 GPa (about 60%) and strength from 184 MPa (~1895 N failure load) to 

268 MPa (~2000 N failure load), accounting for about 45% increase, as seen in Figure 

5.7(a) and (b).  

 
Figure 5.6 Tensile stress-strain curve of the as-printed and consolidated specimens. 
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(a) (b) 

Figure 5.7 Comparison of as-printed and consolidated (under heat and pressure) tensile 

testing mechanical properties: (a) tensile stiffness; (b) tensile strength. 

  
(a) (b) 

Figure 5.8 SEM image of tensile fracture surface: (a) as-printed; (b) post-printing 

consolidation. 

According to the low increase in the failure load of the consolidated sample (only 

5% from the as-printed), the property improvement is mainly the result of the cross-

section area reduction from the elimination of the voids or other defects that 

improves the bonding between the raster/layer. SEM images in Figure 5.8 show the 

fracture surface of the tensile specimen with and without consolidation. In Figure 

5.8(a), the as-printed specimen fracture surface presents a layer separation due to the 

poor bonding between layers; by contrast, the consolidated part, in Figure 5.8(b), 
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shows a united structure at the rupture surface. In both samples, there is no clear 

evidence of fibre breakage. The presence of “clean” fibres with no traces of resin on 

the fracture surface suggests that the major failure mechanism is fibre pull-out. 

In Figure 5.9, the DcAFF as-printed part was compared to other 3D-printed tensile 

specimens from the literature, the collection of data, including the material used, 

fibre content, tensile stiffness and strength, can be seen in Table 2.2-2.4.  

(a) 

 

 

 

 

 

 

Raw data for 

literature 

 

 

 

Normalized 

result to 25 wt% 

fibre content 

 

 (b) 

 
Figure 5.9 Comparison of tensile properties: (a) stiffness; (b) strength, between neat PLA [10, 

15, 20, 29, 31, 55, 56, 134, 139, 143], short carbon fibre-PLA (PLA-S.CF) [20, 27, 29, 70, 132-

134, 136, 137, 159], DcAFF as-printed single layer achieved from Chapter 4 (DcAFF A. 1-

Layer), the current test DcAFF multiple layers as-printed indicated by a star “★” (DcAFF M. 

Multi. L), continuous carbon fibre-PLA (PLA-C.CF) [60, 61, 126, 149, 150] and continuous 

carbon fibre nylon (Nylon-C.CF) [11, 41, 122, 132, 146, 172-175], the whole composite sample 

was normalized with fibre weight content to 25 wt% as the average fibre content of the 

current DcAFF in the checked pattern bar according to the literature data in Table 2.2-2.4. 
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The multilayer DcAFF has significantly better mechanical properties than the neat 

PLA. In the reference studies reporting the results for reinforced filaments, the fibre 

content varied due to different manufacturing techniques. Short fibre composites 

showed consistently lower fibre volume fraction than DcAFF (5-20 wt%), and 

composites with continuous fibres can achieve higher volume fraction (up to 40-50 

wt%). Owing to the difference in the fibre content in each study, the literature data 

were normalised with the average fibre weight content of the current DcAFF at 25 

wt% (~18.6 vol%). When normalising the stress and stiffness from the literature to a 

fibre weight content of 25% using the rule of mixture, the strength of the short fibre 

composite increases up to the level of the DcAFF, this is because of the low fibre 

content in the short fibre composites, i.e. 5-20 wt%. However, on a practical level, it 

would be extremely difficult, if not impossible, to increase the short fibre content to 

25 wt% since the randomly aligned short fibres will cause nozzle clogging during 

printing. The stiffness of DcAFF material is significantly higher than the short fibre 

because of the alignment and the 3-mm long longer fibre indicated by the fibre length 

measurement using FASEP and the μCT scanned images mentioned in Section 4.3.2, 

which can carry and transfer the load better than fibres with lengths below 1 mm. 

When comparing the multilayer DcAFF (DcAFF A. Multi-L) to the single-layer 3D 

printed part (DcAFF A. 1-Layer), the multilayer printed material has higher stiffness 

and strength: this is the result of a better load-bearing capability given by more 

integrated rasters.  

Comparing the multilayer DcAFF printed part to continuous fibre PLA composites 

which, on the contrary, have been scaled down, reveals that the DcAFF material has 

higher stiffness, whereas the strength of DcAFF is slightly lower after normalisation. 

It can be inferred that the fibres used in the HiPerDiF process, which are close to the 

critical fibre length, plus the high alignment, are sufficient to provide mechanical 

properties comparable to a continuous fibre composite. Furthermore, it is likely that 

the performance of the DcAFF filament can be improved further if the fibre content 

increases. Unlike the case of randomly aligned fibres, the fibre volume fraction of the 
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aligned fibre in the DcAFF can be boosted further towards the limit of the packing 

efficiency. This, in turn, offers a lower possibility for nozzle clogging, although this 

still requires some issues with the porosity of the filaments. Comparison of strengths 

is less straightforward as the performance of the matrix and fibre-matrix interface 

plays a more substantial role. The published results show the performance of the 

material with nylon matrix, whereas the current study operates with PLA. Owing to 

the high degree of hydrogen bonding present in nylon generally, and a specific 

treatment to improve fibre-matrix adhesion, the tensile strength of the nylon/C.CF 

from Markforged is superior to the current DcAFF. 

5.4. Short beam shear testing (SBS) 

To investigate the multilayer printed material properties, short beam shear testing 

was selected. The test was adopted from ASTM D2344 [176]. According to the layer-

by-layer manufacturing method of FDM, the interlaminar shear strength of the 3D 

printed part is an important property, so there were several studies focused on the 

short beam shear behaviour of 3D printed materials [9, 10, 58, 90, 125, 177]. 

Moreover, heat treatments after 3D printing were also addressed in the literature to 

find the ultimate properties of the 3D printing part after the consolidation. The heat 

treatments can be performed from just above the glass transition temperature (70-

80°C) to above the melting point (250°C) [90, 177]. Table 5.1 gathered the SBS 

strength with different material systems from the literature.  

Table 5.1 Collection of 3D printed short beam shear (SBS) strength from literature. 

Ref. Material 
SBS strength (MPa) 

As-printed Consolidated 

[9] Nylon-C.CF 43 - 

[177] Nylon-C.CF 25 27.8 

[58] Nylon-C.CF 32 - 

[125] Nylon-C.CF 40.9 - 

[10] PLA-S.CF 5.6 - 

[90] PLA-S.CF 15.38 - 

[178] PLA-S.CF/C.CF 8.81  
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5.4.1. SBS specimen preparation and testing procedure 

According to the SBS specimen recommended size in ASTM D2344 [176], i.e. testing 

span-to-thickness is 4, width-to-thickness is 2 and length-to-thickness is 6. The 

testing span was first selected to be 10 mm leading to the required thickness of 2.5 

mm (eight layers of 0.3-mm raster thickness), higher than the minimum specimen 

thickness of 2.0 mm prescribed by ASTM D2344 standard [176], and width of 4 mm 

(four adjacent rasters on each layer). This approach was also taken in the literature 

[125, 177, 179]. The specimen was built with the same concentric printing procedure 

and length as the tensile specimen with an addition of four more layers. The 100-mm 

long specimen was then cut into four of 20-mm long specimens with a hack saw. The 

cut-end was then deburred with a P1200 grid silicon carbide sandpaper and the 

dimensions of the specimens were measured. The average thickness and width are 

2.51±0.05 mm and 7.28±0.22 mm, respectively. 

A group of the 8-layer, 100-mm long specimens was post-printing consolidated at 

the same condition as the tensile samples (200°C for 1 hour under vacuum). Then, it 

was cut to the SBS size as specified by the standard. The top surface of the 

consolidated specimen (Figure 5.10(b1)), presents no visible raster lines and is 

smoother than the as-printed part (Figure 5.10(a1)). Voids in the specimen were 

removed after the consolidation, as shown by the comparison in Figure 5.10(a2) and 

(b2). Similar to the tensile specimens' case, the SBS specimens after consolidation are 

1.99±0.08 mm thick and 7.71±0.31 mm wide (20.7% thinner and 5.9% wider than the 

as-printed).  

There were six samples tested in each group. The SBS was tested with the three-point 

bending method. The span support was set at 10 mm. The support and loading nose 

diameters were 3 and 4 mm, respectively. The loading nose diameter was reduced 

from the size recommended in the ASTM D2344 standard [176] due to the short span 

limited by the span-to-thickness ratio used in this testing. This is expected to 

distribute the load around the contact points. The testing machine was the same 
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Shimadzu machine mentioned in Section 3.4.4 using the 10 kN load cell with the 

three-point bending fixture, as shown in Figure 5.11. The displacement and the load 

were recorded. According to ASTM D2344 standard [176], the testing was stopped 

when the displacement was larger than the thickness of the sample (2.5 mm) or the 

load drop-off was more than 30% of the maximum load. The short beam shear 

strength (𝐹𝑠𝑏𝑠) was calculated from the maximum load (𝑃𝑚𝑎𝑥) following Equation 

(5.1) where b and h are the width and thickness of the sample, respectively. 

𝐹𝑠𝑏𝑠 = 0.75 ×
𝑃𝑚𝑎𝑥

𝑏𝑥ℎ
 (5.1) 

 

  
(a1) (b1) 

(a2) 

 

(b2) 

 
Figure 5.10 (a1)-(b1) Top view of SBS specimen: as-printed and post-printing consolidation; 

(a2)-(b2) cross-section of 8-layer printed specimen: as-printed and consolidated.  
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Figure 5.11 SBS test setup on the testing machine following the ASTM D2344. 

5.4.2. SBS testing result 

Plots between SBS stress calculated from the load response with Equation (5.1) versus 

displacement of SBS as-printed and post-printing consolidation specimens are 

shown in Figure 5.12(a) and (b), respectively. The average SBS strength result of the 

as-printed and consolidated specimens is presented in Table 5.2. It can be seen that 

the as-printed has slightly lower SBS strength than the consolidated one while the 

stress-displacement response curves of the as-printed and the consolidated part are 

remarkably different. The as-printed part displayed no load drop after the initial 

failure/maximum load. This may be caused by the inelastic deformation that can be 

seen in the failed sample: the sample deformed plastically under the bending load. 

The inelastic deformation can cause a tensional crack on the bottom surface or a 

compressive crack on the top surface, as shown in Figure 5.13(a). This plateau stress-

displacement curve and the inelastic deformation behaviour were also found in the 

literature of 3D printed SBS testing [9, 177]. This inelastic failure may only be 

indicative of the general trends in the through-thickness behaviour of this material, 

but it cannot be interpreted as interlaminar shear strength. However, interlaminar 

failure is found in some failed samples, e.g. a partial interlaminar cracking on the 

side of a specimen Figure 5.13(b).  

On the other hand, the post-printing consolidated sample shows a sudden load drop 

after reaching the maximum load before slightly increasing again until the test is 

stopped. This drop is a result of the brittle fracture of the compacted layers that 

causes the whole structure to fail at the same time. The failure of the post-printing 
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consolidated sample can be a compressive failure on the top surface (Figure 5.14(a)), 

tensile cracking on the bottom surface or layer separation (Figure 5.14(b)). The 

consolidation can reduce the single-layer separation that can be seen in the as-

printed part and change the failure behaviour of the sample.  

Table 5.2 SBS strength between as-printed and post-printing consolidated specimens. 

Conditions Short beam shear strength (MPa) 

As-printed 20 ± 1 

Consolidated 25 ± 2 

 

  
(a) (b) 

 Figure 5.12 SBS stress versus displacement of the SBS testing: (a) as-printed; (b) post-printed 

consolidated sample.  

  
(a) (b) 

Figure 5.13 As-printed SBS failure sample: (a) tensile fracture on bottom side; (b) inelastic 

deformation with side layer separation. 
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(a) (b) 

Figure 5.14 Post-printed consolidated SBS failure sample: (a) compressive failure on the top 

surface; (b) mid-layer separation with the kink on the top surface.  

The comparison of the as-printed DcAFF SBS strength to other composite 3D printed 

materials available in the literature (Table 5.1) is shown in Figure 5.15. The DcAFF 

material shows higher SBS strength than the short carbon fibre PLA-based materials. 

This should be the result of the long and aligned fibre in the HiPerDiF and the higher 

fibre content that strengthens the material, as seen in the tensile testing. DcAFF 

shows slightly lower properties compared to nylon/C.CF, e.g. Markforged. This is 

because of the different printing procedures of the Markforged which has dual 

nozzles feeding neat thermoplastic and impregnated fibre separately: the higher 

amount of thermoplastic on the outer specimen surfaces may enhance the raster 

fusion and increase the layer strength. Moreover, the continuous carbon fibre, the 

compatible fibre-nylon surface sizing, and the higher mechanical performance of 

nylon can also increase the strength of the material.  

 
 [9]  [177] [180] [125] [10]  [178] [90] DcAFF  

Figure 5.15 Comparison of the DcAFF SBS strength to other SBS testing in the literature of 

nylon-continuous carbon fibre reinforcement [9, 58, 125, 177] and PLA-short carbon fibre 

reinforcement [10, 90, 178]. 
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5.5. Multilayer open-hole tensile testing 

Open-hole tensile properties of the DcAFF were tested and compared to the single-

layer part from Chapter 4. The aim of the testing is not only to examine the 

performance of raster bonds in the presence of stress concentration but to study the 

capacity of the steering of the new filaments for multilayer printing. In Chapter 4, it 

has been observed that the single-layer curvilinear 3D printed shape for open-hole 

tensile testing promoted a non-catastrophic failure, as the inter-raster breaks while 

the whole structure retained its continuity, this was not the case when the hole was 

obtained with a material subtraction method. As seen in the multilayer tensile testing 

in Section 5.3.2, multilayer 3D printing provides structural integrity that increases 

the overall mechanical performance of the part. Thus, the multilayer open-hole 

testing is expected to show some layer interaction that cannot be seen in the single 

layer. In this chapter, the open-hole sample was fabricated with a similar shape, 

curvilinear printing path, mentioned in Section 4.5.1 (Figure 4.12(b1) the 4C sample). 

The printing path was modified aiming to print the whole layer in one go without 

stopping by including curvilinear, short, and long linear rasters. The curvilinear 

printed path open-hole behaviour will be compared with a multilayer linear 3D 

printed specimen with a drilled hole in the middle. According to the claim from 

many papers [166, 168, 169], the curvilinear 3D printing path on the open-hole 

sample can provide composite steering with a higher fraction of continuous fibres 

aligned with the loading direction [166]. By contrast, the drilling will cut the fibre 

presenting a discontinuous load flow path. Hence, the curvilinear multilayer printed 

part is again expected to have a higher open-hole strength than the one where the 

hole has been obtained by drilling through continuously printed rasters. 

5.5.1. Open-hole tensile specimen preparation and testing 

5.5.1.1. Normal printing (OPH-N) 

The curvilinear path was modified from the path in Chapter 4 to complete one layer 

without stopping. There are four curvilinear rasters with four free-end rasters on 

each quarter of the circle. The free-end-rasters, called short rasters, are extended to 



150 

 

attach to the circular curve to provide polymer adhesion. Eight straight rasters were 

built at the outer edge to strengthen the part. There are three superimposed layers 

of the same printing path. The curvilinear printing path and the printed sample are 

shown in Figure 5.16. The printed sample shows an eye-shape hole with a slightly 

smaller hole size than expected (~8 mm) due to the sliding of the raster on the 

printing bed as it is dragged by the nozzle during deposition. There are no important 

geometrical differences between the layers. The 3D printed part with the normal 

curvilinear, standard path, is called here “OPH-N”. There were four samples for this 

batch. The produced specimens' thickness and width were measured with a physical 

measurement, i.e. micrometre and calliper, while the hole size was measured via 

image processing of the scanned specimens. The average width, thickness and hole 

size were 25.87±0.25 mm, 1.51±0.11 mm and 6.25±0.29 mm, respectively. 

(a) 

 

(b) 

 

(c) 

 
Figure 5.16 Normal curvilinear open-hole printing (OPH-N): (a) continuous printing path; 

(b) and (c) example of the printed sample on top and bottom (attached to bed) surface, 

respectively. 

5.5.1.2. Modified printing path (OPH-M) 

Owing to the poor hole shape, a modified path was introduced to improve the 

circularity of the hole and reduce the eye-shape effect. The movement of the raster 
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should be caused by the imperfect bonding between the deposited raster and the 

printing bed. This imperfect bonding may be because of the filleted nozzle that 

leaves a 2-mm gap between the centre of the nozzle (reference point) and the position 

where the flat-end filleted nozzle can provide full pressure onto the deposited raster 

to generate adhesion on the printing bed. The imperfect printing was expected to be 

cancelled out by modifying the printing path by moving the nozzle further inward 

towards the centre of the hole to provide more contact to the bed at the entry and 

exit of the circular section. The modified printing path is shown in Figure 5.17(a). 

The overshooting length is 2 mm according to the estimated gap of the filleted 

nozzle. The top and bottom surfaces of the printed part are shown in Figure 5.17(b) 

and (c).  

(a) 

 

(b) 

 

 (c) 

 
Figure 5.17 Modified curvilinear open-hole printing: (a) modified printing path with the 

overshooting inward through the centre of the hole; (b) and (c) example of the printed 

sample on top and bottom (attached to bed) surface. 

The eye-shape corner at the attachment point disappears, but the hole is asymmetric 

due to the different behaviour between the movement at the entry and the exit of the 

circular section. This generates a sharp corner at the curvilinear entry, but a smooth 

curve at the exit due to the pulling on the raster because of the nozzle movement. 
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The hole size is still smaller than the expectation, but it is closer to a circular shape 

than normal printing. This open-hole printed part with the modified path will be 

called “OPH-M”. There were three samples in this batch. The average width, 

thickness, and hole size were 24.18±0.17 mm, 1.42±0.10 mm and 5.30±0.97 mm, 

respectively.   

5.5.1.3. Layup specimen with consolidation (OPH-D) 

The 3D-printed open-hole will be benchmarked against the multilayer 3D printed 

with a drilled hole. The printing path is a concentric rectangular path, similar to the 

tensile specimen in Section 5.3.1, but this part has more rasters in the layer than the 

tensile specimen. There are 16 linear rasters on one layer with three superimposing 

layers. After the printing, the centre position was marked and the hole was obtained 

via drilling. A 6-mm diameter carbide drilling bit was used in this case. The cutting 

speed was set at 2000 rpm and the feed rate was 1 mm per min. The drilled sample 

is shown in Figure 5.18. The sample with a drilled hole will be called “OPH-D”. 

There were four samples in this batch. The width and thickness average across the 

sample were 26.03±0.27 mm and 1.45±0.08 mm, respectively. The hole size was 

precise at 6 mm. 

(a) 

 

 (b) 

 
 Figure 5.18 Drilled sample on three layers 3D printed part: (a) top side; (b) bottom (bed) 

side. 

5.5.2. Open-hole tensile testing procedure 

There are three testing cases: normal curvilinear printing (OPH-N), modified 
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curvilinear (OPH-M), and straight raster printed part with a drilled hole (OPH-D) 

with four samples for each testing case. All samples were completed with 20-mm 

long end tabs bonded to both ends. The tensile testing was performed with the same 

procedure and machine used for the tensile testing mentioned in Section 5.3.1. The 

strain was measured via digital image correlation (DIC) to obtain the strain map 

during loading. The DIC parameters are illustrated in  

Table 5.3. The stress was calculated across the cross-section at the hole area and the 

presented strain was calculated along the longitudinal axis with the video 

extensometer feature of the DIC software. 

Table 5.3 DIC technique parameters. 

Software Davis10.1.2 Image resolution 2466 x 2092 pixel 

Camera & Lens M-lite & 50 mm Field of view 75.78 mm x 64.28mm 

Correlation mode Relative to first Frame rate 1 image per second 

Subset size 
51 x 51 Pixel  

(1.6 mm x 1.6 mm) 
Strain resolution 2.33 x 10-04 ε 

Step size 2 pixel (0.061 mm) Scale factor 32.54 pixel/mm 

5.5.3. Open-hole tensile test result 

The plot between open-hole stress, calculated across the hole section, versus the 

longitudinal strain of each specimen batch is presented in Figure 5.19(a)-(c). The 

stress-strain curve of the three groups is linear in the first part and the slope 

decreases near the maximum load. This is slightly different from the single-layer 

open-hole testing in Chapter 4: the multilayer has more linear behaviour than the 

single-layer one, and there is no load drop with increasing displacement. This may 

be because the multilayer, thicker cross-section, and good bonding between layers 

and rasters, allows to store more energy in the part. When the failure point is 

reached, the energy is released to the whole structure causing the whole part to fail 

rather than gradually sacrificing the weak inter-raster bonding as in the single layer 

open-hole part. The strength of the OPH-N multilayer is comparable with the single-

layer 4-curvature samples (the similar printing path), around 80 MPa. The strength 

of the specimens printed with the standard path is slightly lower than those with the 
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modified one. This is because the modified path deposited slightly more material at 

the modified point than the standard printing. However, when comparing the three 

specimen groups shown in Figure 5.19(d), there are no statistical differences in the 

open-hole strength. The similar strength may be caused by the same amount of the 

continuous raster through the length of the specimen. There are four short linear 

rasters in the curvilinear part that are held to the other rasters by just the low-

strength thermoplastic bonding. The number of short rasters is similar to the number 

of cut rasters due to the drill. Other printing procedures or post-printing processes 

may be considered to fill this gap, as seen in [166], and keep the number of 

continuous rasters as high as possible.  

  

(a) (b) 

  

(c) (d) 

Figure 5.19 Open-hole tensile stress-strain curve of: (a) OPH-N; (b) OPH-M; (c) OPH-D; (d) 

open-hole strength comparison between three groups of the sample. 

The local strain map at the maximum load of each sample of the three groups for 

longitudinal (εx), transverse (εy), and shear (εxy) strains are shown in Figure 5.20-5.22. 
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εx (%) 

 
(a) OPH-N 

at 2512 N 

(b) OPH-M 

at 2344 N 

(c) OPH-D 

at 3469 N 

Figure 5.20 DIC strain map in longitudinal (εx) at the maximum load of each sample: (a) 

OPH-N; (b) OPH-M; (c) OPH-D. 

   

εy (%) 

 (a) OPH-N 

at 2512 N 

(b) OPH-M 

at 2344 N 

(c) OPH-D 

at 3469 N 

Figure 5.21 DIC strain map in transverse (εy) at the maximum load of each sample: (a) OPH-

N; (b) OPH-M; (c) OPH-D.  
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εxy (%) 

 
(a) OPH-N 

at 2512 N 

(b) OPH-M 

at 2344 N 

(c) OPH-D 

at 3469 N 

Figure 5.22 DIC shear (εxy) strain map at the maximum load of each sample: (a) OPH-N; (b) 

OPH-M; (c) OPH-D.  

In the OPH-N sample, there is a high longitudinal tensile strain at the contact points 

between the short raster and the curvilinear section, in Figure 5.20(a). This is caused 

by the separation of the thermoplastic adhesion of the short rasters from the attached 

point on the curvilinear section. A separation between the curvilinear rasters is also 

found, but it is a lower longitudinal strain than the linear contact. This is because of 

the worse bonding at the short-raster-end contact point than at the side-by-side 

raster. In the transverse direction (εy), Figure 5.21(a) shows a high tensile strain on 

the hole side where the linear raster attaches to the curvilinear raster. As a result of 

the low contact area at that point, the linear raster tends to separate from the 

curvilinear section. There is also a compression strain between the two attached 

middle rasters at the sharp corner of the eye-shape hole caused by Poisson’s ratio 

effect. In Figure 5.22(a), the OPH-N shows a symmetric shear strain between two 

halves of the hole caused by the separation of the short rasters from the curvilinear 

contact point. 

In the modified path (OPH-M) sample, the longitudinal strain distribution, Figure 

5.20(b), is asymmetrical around the hole. There is a high tensile strain on the 
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curvilinear entry side that has a higher bending angle than the exit which has higher 

curvature. The high bending angle accumulated high stress at the turning corner 

while the curvilinear section has less stress accumulation. This presents as the 

different strain map on the opposite quarter of the circle. A high compression strain 

in the transverse direction is observed in Figure 5.21(b) as a result of the tensile strain 

in the longitudinal direction. The short raster separation presents a high tensile strain 

in the transverse direction on the bottom left quarter. Unlike the OPH-N sample, the 

OPH-M, shear strain distribution is asymmetric, as seen in Figure 5.22 (b), presenting 

different strain distributions on each quarter of the hole, due to the asymmetric hole 

shape described above. 

In the drilled sample (OPH-D), the longitudinal strain accumulated at the hole edge, 

as seen in Figure 5.20(c). This can be the cut of the raster that splits the rasters on the 

hole edge which is the weakest point in the part. In the transverse direction, the 

remarkable strain is the compression strain between the rasters on the left of the hole, 

as observed in Figure 5.21(c). This is the result of the high tensile strain in the 

longitudinal direction on the right of the hole that reflects the crushing on the left as 

a hinge point in the structure. At this high strain point, the rasters may have poor 

adhesion, or the drill cut through the raster reducing raster strength. 

The failed samples, shown in Figure 5.23, comply with the strain map result. In the 

OPH-N sample, Figure 5.23(a), the crack started from the contact point of the short 

linear rasters and then it progressed through the diagonal direction producing a 45° 

failure on the opposite quarters due to the high shear strain, Figure 5.20(c). The 

breakage also ran through the curvilinear rasters after the initial failure. There is also 

a raster separation between the curvilinear rasters. In the OPH-M sample, the crack 

is similar to the OPH-N, but the final breakage is the linear breakage of the linear 

rasters, as seen in Figure 5.23(b). This is because the high strain progressed from the 

short raster contact point. The printed part can hold the structure together after the 

breakage. On the other hand, the drilled part (OPH-D) has a breakage through the 
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hole perpendicular to the load direction, as seen in Figure 5.23(c), especially on the 

right of the hole, according to the high tensile strain in the longitudinal direction 

presented in Figure 5.20(c)). 

   

(a) (b) (c) 

Figure 5.23 Open-hole tensile testing breakage sample: (a) OPH-N; (b) OPH-M; (c) OPH-D. 

5.6. Chapter conclusion 

In this chapter, other 3D printing aspects of DcAFF, especially the interaction 

between layers, were studied for the first time in this thesis. This is thanks to the 

development of the third-generation HiPerDiF machine that allows for a higher 

DcAFF production rate. Some key findings in this chapter are concluded below: 

• The full-part multilayer printing enhanced the bonding between the adjacent 

rasters delivering structural integrity resulting in higher tensile properties 

compared to the single-layer printing in Chapter 4. Such integrity is achieved 

through layer nesting and filling the inter-raster space by the adjacent plies. Both 

the DcAFF single-layer and multilayer prints show higher tensile properties than 

other PLA-composite 3D printing studies, particularly the continuous fibre 

composites, even when normalised at the same fibre weight content. In addition, 

the stiffness of the DcAFF is at a similar level to the continuous carbon fibre 

Markforged 3D printed part. This is because of the alignment and the use of 
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discontinuous fibres that give properties comparable to those of continuous 

fibre. The tensile properties can be increased further with the post-printing 

consolidation under heat and pressure.  

• The SBS testing was performed to show the interlayer properties of the material 

and the 3D-printed part. The layer properties again can be increased with the 

post-printing consolidation that compacted the layer structure. Although there 

is no clear evidence of the interlaminar failure at the middle surface due to the 

high ductility of the as-printed material, the DcAFF shows a superior SBS 

strength to other carbon fibre PLA 3D printed parts from the literature.  

• The more complex structure printed part as the open-hole multilayer tensile 

printing was performed compared to the single-layer open-hole in Chapter 4. 

Although the curvilinear OPH printing part provides no significant strength 

improvement compared to the drilled sample, it shows a different failure 

behaviour as the structure retained its continuity and carried the load for a 

period after initial breakage similar to the behaviour of the single-layer OPH 

sample in Chapter 4.  

• Overall, the three different mechanical tests of the full multilayer part printed 

with DcAFF show the DcAFF material properties and the potential to study 

further or scale up the DcAFF material to a commercialisation phase. 

• One serious problem in this stage of the 3D printing filament development can 

be seen in the complex geometry printing, i.e. the open-hole samples. The 

deposited rasters deviated from the defined path creating an eye-shaped hole 

instead of a perfectly circular one. This poor printing accuracy causes an 

incorrect in-plane shape. The discrepancy may be the result of (i) the poor bed 

adhesion, (ii) the too-tight turning radius of the printing path for the stiff 3-mm-

long fibre in the 1 mm diameter composite filament and (iii) the design of the 

nozzle with the filleted end. In the next chapter, several printing techniques will 

be introduced to increase the printing accuracy of DcAFF.  
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Chapter 6 Printing Accuracy Improvement 

Accurate printing of DcAFF poses a challenge, especially for complex geometries, 

because: (i) there is a discrepancy between the path where the filament experiences 

the adhering pressure from the filleted nozzle and the nozzle path; and (ii) the rasters 

display poor adhesion to the printed bed after deposition, which causes the filament 

to be dragged when the printing direction changes. This chapter explains the 

implication of these phenomena on steering capabilities and examines the 

techniques for improving the accuracy of DcAFF printing that may be possible to 

apply to other continuous fibre printing. 

The chapter on the printing accuracy improvement was composed using elements 

of the work published in Materials in 2023 under the title of “Steering Potential for 

Printing Highly Aligned Discontinuous Fibre Composite Filament” [5]. The 

conceptualisation of the printing path modification algorithm, obtained by adding 

compensation coordinates, was formed by N.K., D.N., B.W, M.L. and the code was 

constructed by D.N. while the experimental results were prepared by N.K. The 

whole paper was amended by all authors. 

N. Krajangsawasdi, D. H. Nguyen, I. Hamerton, B. K. Woods, D. S. Ivanov, and M. 

L. Longana, "Steering Potential for Printing Highly Aligned Discontinuous Fibre 

Composite Filament," Materials, vol. 16, no. 8, p. 3279, 2023. DOI: 

10.3390/ma16083279.  
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6.1. Chapter introduction 

Several studies have noted that the current FDM 3D printing procedure, which 

deposits the molten thermoplastic following the defined path convert directly from 

the CAD model, creates some geometrical inaccuracy [16, 24]. There is an intrinsic 

inaccuracy associated with 3D printing when the printed features exhibit a steep 

change in printing direction and when the radius of curvature of the printed path is 

comparable with the characteristic dimensions of filaments [181, 182]. In neat 

thermoplastic 3D printing, Ai et al. [183] suggested that imperfection in 3D printing 

can be caused by the shrinkage or crystallization of the polymer. These defects can 

be very small and visually undetectable. Furthermore, introducing fibre 

reinforcement to the thermoplastic reduces the printability of thermoplastic and the 

dimensional accuracy because of (i) the finite stiffness of fibres [43], and (ii) worse 

adhesion of the filament to the substrate. This is reflected by the fact that 3D printing 

of continuous fibre has a worse potential for steering on curved or angular 

trajectories compared to neat polymer and short fibre reinforced filaments [182]. The 

reinforced filaments are also prone to defects associated with the mechanical 

behaviour of the reinforcement, i.e. twisting and folding of filament, when printing 

tight radius curvatures [181, 184, 185].  

The previous chapters, as well as the literature on relevant subjects, did not examine 

the printability of DcAFF in full. In Chapters 4 and 5, DcAFF was printed into an 

open-hole specimen with a defined curvilinear printing path combining straight-line 

printing with half circles. The printing accuracy was found to be relatively low: it 

can be seen in the curvilinear printing of 10-mm diameter, Figure 6.1(a), that the hole 

size (from the middle of the top and bottom rasters) is smaller than the desired path 

(10 mm) and the transition from linear to the circular path created a deviation from 

the programmed raster trajectory, giving an eye-shape to the hole. Although in 

Chapter 5, an empirical path modification was attempted by moving the nozzle 

further inward the circular radius to reduce the eye shape at the turning corner 

(Figure 6.1(b)), the hole remained asymmetrical (not circular as per design) due to 
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the nozzle dragging the printed raster. This highlights the need for further studies 

to improve printing geometry accuracy. 

  
(a) (b) 

Figure 6.1 (a) Open hole printed part with normal curvilinear printing path; (b) open hole 

printed part with an empirical printing path modification (Chapter 5) by moving the nozzle 

further inwards. 

In the literature, various mathematical models have been constructed to understand 

fibre printing defects and the deviation from the desired path. For instance, 

Matsuzaki et al. [181] studied the performance of continuous carbon fibre 

impregnated with ABS by printing a circular raster at different radii and found a 

twisting of fibre during steering resulting in a smaller radius than the defined path. 

Based on the experiments, they presented two mathematical models, twisting 

(where fibre twists and folds back around the curved steering) and path length 

difference (where the fibres overcome the bed adhesion and move from outside to 

inside the curvature), to explain the behaviour of the fibre printing and predict the 

actual printed radius when printing a circular path at different radii with stiff 

continuous fibre. With the advancement of automation technology, real-time 

monitoring and machine learning were introduced to 3D printing to detect the 

printing defect and modified the printing process, e.g. adjusting printing parameters 

or printing path, so that the printing accuracy and quality can be improved. With 

neat polymer printing, Delli and Chang [186] used a camera to capture the printing 

and detect the defects in the semi-finish part. Then, the images were analysed with 

a supervised machine learning method, support vector machine (SVM), to classify 
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the printing and discard them when the defect was detected. Instead of pausing to 

take a single shot image, Jin et al. [187] installed a real-time video camera to monitor 

the printing and then the images were fed to a model, a trained machine learning 

algorithm, to find the printing defect. If an issue is detected, e.g. over or under 

extrusion, there is a command to automatically and instantly adjust the printing 

parameters e.g. feed rate and layer thickness in the 3D printer controlling unit. This 

method is faster than human interaction. A similar idea was adapted to continuous 

fibre printing proposed by Lu et al. [188]. A high-resolution video camera was 

attached to the 3D printer for real-time defect detection, and then training and 

supervised deep learning was performed leading to closed-loop self-adjusting 

printing parameters to reduce defects, i.e. fibre misalignment and the abrasion 

between rasters. 

This chapter aims to explore the routes for improving the printing accuracy of 

DcAFF material. In a first attempt, additional printing actions, i.e. the adjustment of 

the printing parameters, have been coded using a computer numerical control 

(CNC) programming language. In a second attempt, the initially desired raster has 

been modified using the instrumentarium of Proportional-Integral-Derivative (PID) 

control to compensate for the expected discrepancy between the desired and 

predicted paths. A PI controller was applied to generate a compensated printing 

path. The results of this modification will be benchmarked against nominal printing 

for the cases of the corner sections and a 10-mm diameter curvilinear open-hole 

sample. 

6.2. Material and printing methodology 

The DcAFF material used in this chapter is the same batch as the one in Chapter 5, 

produced with the HiPerDiF-3G machine and passed to the DcAFF machine to form 

the circular shape DcAFF filament. The filament has a nominal diameter of about 0.8 

mm and the fibre content ranges between 20 and 30 wt%. The 3D printer, nozzle 

replacement, and printing setup are the same as those presented in Chapter 5: nozzle 
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temperature 210°C, bed temperature 80°C, nozzle moving speed and material feed 

rate 300 mm/min, set nozzle height 0.3 mm, raster gap 1.6 mm and using blue 

masking tape for the 3D printer to increase the bed adhesion. 

6.3. Dimension accuracy study  

The dimensional accuracy of the DcAFF filament was investigated by printing circles 

with different radii, from 5 to 20 mm with linear entry and exit. The nozzle path is 

defined incrementally, in a series of discrete linear steps following the circle contour. 

Representative results of the printed rasters are shown in Figure 6.2. It can be seen 

that the sharp change of path, such as at the entry and exit of the circular part, creates 

a triangular space between the entering and exiting rasters or fibre bridging between 

the circular and straight segments. In addition to these artefacts, the circle diameter 

(the centre of the raster is used for its measurements) is slightly smaller than the 

defined diameter, the difference ranges from ~4% in the large circular radius (20 mm) 

to 20% in the small radius (5 mm). The poor dimensional accuracy is caused by the 

nozzle geometry, the property of the filament, and the adhesive property between 

the filament and the substrate. The nozzle is filleted, which aims to offer a gentle 

direction change to the filament of being deposited from vertical in the nozzle to 

horizontal on the bed without breaking the fibres. Due to the limited stiffness of 

reinforced filament, this results in a small gap between the deposited material and 

the bed, as sketched in Figure 6.3, which will affect the adhesion of the deposited 

raster. The point of pressure applied by the nozzle is offset from the centre of the 

nozzle which follows the nozzle path. The location of the pressure application 

changes depending on the angle of the deposition and does not match the position 

where maximum adhesion needs to be achieved. 

The second aspect of the problem is the behaviour of the deposited filament. To hold 

the filament in place, a sufficient adhesion bond must be formed. This requires 

longer processing times and higher pressure of the nozzle at the nip point. If the 

bonding is not fully formed, then bending stresses built in the reinforcements drive 
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the filament from the desired path.  

 
Figure 6.2 Depsotied rasters at different radii from 5 - 20 mm presenting with the desired 

path (red line), same as the nozzle path, to show the dimension accuracy. 

 
Figure 6.3 Gap between the filament and the bed because of the nozzle fillet end creating an 

offset of full contact position and the deviation of filament to the vertical middle line of the 

nozzle due to the smaller filament diameter than the nozzle diameter. 

6.4. Printing modification by tuning printing parameters 

As highlighted in the previous section, the location where the desired path and 

printed raster diverge the most in correspondence to the sharp direction change 

between the straight segment and the curved one. This can be simplified into a 90° 

turning point. This section will, therefore, focus only on sharp turning angles, and 

describes the first attempt to correct the poor printing at the 90° turning corner 
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without changing the nozzle path, in this case, the nozzle path coincides with the 

desired geometry. This will study only the modification of the printing parameters 

to build more adhesion to a specific point which is expected to reduce the gap created 

by a 90-degree corner turn. The desired raster and the nozzle path are the same as a 

30 mm x 30 mm square with one loop raster. Generally speaking, there are three 

possible additional printing actions: (i) slow down in the vicinity of the corner to 

increase adhesion time; (ii) pause the movement at the corner; (iii) increase applied 

pressure by moving the nozzle downwards. It is possible to create combinations of 

these three actions in a single run, so the tested cases (shown in Table 6.1) are: 

• P1: reduce the print speed from 300 mm/min to 200 mm/min at 5 mm before the 

corner and accelerate to 300 mm/min at 5 mm after the corner; 

• P2: pause at the corner for 1 second before moving forward; 

• P3: reduce the nozzle height (stamping) from 0.3 to 0.2 mm at the corner; 

• P4: reduce nozzle height to 0.2 mm at 5 mm before the corner and rise back to 

0.3mm at 5mm after the corner; 

• P5: same as P4 plus reducing speed from 300 mm/min at 5 mm before the corner 

to 200 mm/min at the corner and rise back to 0.3 mm height at 5 mm after the 

corner with the increasing speed back to 300 mm/min. 

Table 6.1 Printing parameter adjustment to tackle the 90° turning corner. 

 
Speed (mm/min) Nozzle height (mm) 

5 mm 

before 
At corner 

5 mm 

after 

5 mm  

before 
At corner 

5 mm  

after 

P1 300 200 300 0.3 0.3 0.3 

P2 300 0 for 1 sec* 300 0.3 0.3 0.3 

P3 300 300 300 0.3 0.3 → 0.2** 0.3 

P4 300 300 300 0.3 0.2 0.3 

P5 300 200 300 0.3 0.2 0.3 

* Pause for 1 sec at the corner 

** Stamping at the corner (reduce height 0.3 to 0.2 mm) 
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(a) P1 (b) P2 

 
 

(c) P3 (d) P4 

 

 

Speed 300 mm/min 

 

Speed 200 mm/min 

 

Pause 1 second 

 

Stamp down 0.1 mm 

 Reduce height 0.3 to 0.2 mm 

while moving 

  

(e) P5   

Figure 6.4 Additional machine actions to increase the printing accuracy following the P1 to 

P5 described above. 



168 

 

Figure 6.4 shows the rasters deposited using the modified actions. It is evident that 

none of the proposed modifications achieved the required adhesion to eliminate the 

fibre bridging at the corner. The important contributor to this is the lack of pressure 

in the centre of the filleted nozzle due to the gap described above (Figure 6.3). 

Irrespective of bonding time and applying pressure by the entire nozzle, the pressure 

at the nip point cannot be sufficiently built. That causes an imperfect bonding of the 

raster to the bed at the turning position: the unbonded deposited raster was dragged 

by the nozzle when it suddenly changed the printing direction. Hence, simple 

modifications of the printing parameters alone cannot provide good printing 

accuracy. A different method to reduce the corner gap by adjusting the nozzle path 

is needed. 

6.5. Printing modification by adding compensation coordinates 

6.5.1. Algorithm development 

Section 6.3 has highlighted the challenges of printing along a defined path due to the 

discrepancy between the centre nozzle position (nozzle path) and the raster-surface 

contact point. Generally, the “(initially) desired path” is directly converted into the 

“nozzle path” by the G-code generator and then printed to obtain the “deposited 

raster”. Owing to the low deposition accuracy of the deposited raster, the nozzle 

path needs a compensation feature to correct the printing path for any turning angle.  

The first step to build the compensation algorithm is to numerically model the 

nozzle-raster lag. It is noted that any step change in the nozzle travel direction 

requires some time for the raster to ‘catch up’ before they both travel in the same 

direction again. This relationship resembles a first-order lag, approximated by 

Equations (6.1) and (6.2): 

𝑥̇𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 = 𝜏(𝑥𝑛𝑜𝑧𝑧𝑙𝑒 − 𝑥𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑) (6.1) 

𝑦̇𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 = 𝜏(𝑦𝑛𝑜𝑧𝑧𝑙𝑒 − 𝑦𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑) (6.2) 

where 𝑥𝑛𝑜𝑧𝑧𝑙𝑒 and 𝑦𝑛𝑜𝑧𝑧𝑙𝑒 are the x- and y-coordinate of the nozzle centre (in mm). 

Movement of the nozzle via 𝑥𝑛𝑜𝑧𝑧𝑙𝑒 and 𝑦𝑛𝑜𝑧𝑧𝑙𝑒 will result in the raster being printed 
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at locations with coordinate 𝑥𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 and 𝑦𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑. Their time derivatives 𝑥̇𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 

(
𝑑𝑥𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑

𝑑𝑡
) and 𝑦̇𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 (

𝑑𝑦𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑

𝑑𝑡
) represent the component of predicted velocity, 

and 𝜏 is an empirically-derived constant (in s-1). The block-diagram representation 

of this first-order lag is shown in Figure 6.5(a). This simple approximation is only 

valid when the nozzle velocity is constant, which was kept at 5 mm/s in all 

experiments. 

 

(a)         (b) 

Figure 6.5 Schematic of the raster dynamics simulation (a) without; (b) with proportional 

and integral (PI) compensation. 

The value of 𝜏 was empirically derived by comparing the predicted movement 

(Equations (6.1) and (6.2)) with the actual deposited paths in printing trials. Since the 

algorithm should be able to improve the accuracy for any turning angle, these trials 

are not only performed on the 90° turning case mentioned in the previous 

section, Figure 6.6(a), but also on other representative turning angles, represented 

by an acute angle (45° turning) and an obtuse one (135° turning), Figure 6.6(b). Then, 

numerical simulations were conducted with different values of 𝜏 until a good match 

between simulation and experimental results (Figure 6.6) was achieved. This 

approach results in 𝜏 = 1.25 s-1 that the predicted one matches to both 90° and 135°-

45° cases. Simulation result of the nozzle and predicted path based on Equations (6.1) 

and (6.2) using 𝜏 = 1.25 s-1 is shown in Figure 6.7(a) which can be seen that the 

predicted path are similar to the actual deposited in Figure 6.6. 
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(a) (b) 

Figure 6.6 Preliminary shape study (before compensation): (a) 90° square; (b) parallelogram 

135° - 45°. 

 

                     (a)                         (b) 

Figure 6.7 Simulated nozzle path (a) without; (b) with compensation showing with predicted 

raster path (the proportional and integral gains used by the PI controllers in (b) are KP = 1.5 

and KI = 2.5).   
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With the nozzle-raster relationship identified, the next step is to derive a method to 

adjust the nozzle trajectory, so that the raster movement is more closely aligned with 

the ideal shape. A proportional-integral (PI) controller [189] is deployed to calculate 

the nozzle path, as shown in the closed feedback loop in Figure 6.5(b). The PI 

controller then calculates the necessary nozzle movement (𝑥𝑛𝑜𝑧𝑧𝑙𝑒 and 𝑦𝑛𝑜𝑧𝑧𝑙𝑒) while 

minimising the difference between the desired path (𝑥𝑑𝑒𝑠𝑖𝑟𝑒𝑑 and 𝑦𝑑𝑒𝑠𝑖𝑟𝑒𝑑) and the 

predicted path. The mathematical description of this algorithm follows conventional 

PI controller principles, shown in Equations (6.3) and (6.4): 

𝑥𝑛𝑜𝑧𝑧𝑙𝑒 = (𝑥𝑑𝑒𝑠𝑖𝑟𝑒𝑑 − 𝑥𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑)𝐾𝑃 +𝐾𝐼∫(𝑥𝑑𝑒𝑠𝑖𝑟𝑒𝑑 − 𝑥𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑)𝑑𝑡 (6.3) 

𝑦𝑛𝑜𝑧𝑧𝑙𝑒 = (𝑦𝑑𝑒𝑠𝑖𝑟𝑒𝑑 − 𝑦𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑)𝐾𝑃 + 𝐾𝐼∫(𝑦𝑑𝑒𝑠𝑖𝑟𝑒𝑑 − 𝑦𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑)𝑑𝑡 (6.4) 

The coordinates (𝑥𝑛𝑜𝑧𝑧𝑙𝑒 and 𝑦
𝑛𝑜𝑧𝑧𝑙𝑒

) are updated in the iterative process until the 

desired path is achieved with sufficient accuracy. The two parameters of the PI 

controller are the proportional gain (KP) and integral gain (KI), both of which 

determine the trajectory of the compensated nozzle movement. The method to 

determine these gains is based on a similar fitting system, as described in the 

following section. When the convergence to the right nozzle path is achieved, the 

compensated nozzle path can be fed to the printer. The examples of compensated 

paths are shown in Figure 6.7(b). 

6.5.2. Tuning the compensation algorithm 

Experiments have indicated that optimum 𝜏 depends on the turning angle, although 

this value hovers around 1.25 s-1 (for the current deposition speed of 5 mm/s). 

Changing 𝜏, in turn, affects the raster dynamics model, thereby requiring a different 

set of KP and KI to ensure accurate compensation. Identifying the relationship 

between 𝜏, KP, and KI requires an extensive assessment that is beyond the scope of 

this paper, so some simplification has to be made. According to the visual inspection 

of the predicted raster from the generated PI-controlled software, it was found that 

increasing KP beyond 1.5 provided negligible modification to the compensation path. 
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KI, on the other hand, showed a significant influence on the compensated path. 

Therefore, it was decided to fix 𝜏 and KP at 1.25 and 1.5, respectively, while KI was 

determined empirically by running different numerical simulations of the 

compensated algorithm. Such an adjustment provides a pragmatic empirical 

solution and the demonstration of the compensation algorithm, though for arbitrary 

shapes these dependencies need to be explored with greater detail. These sets of 

nozzle trajectories were then verified in real experiments. The values of KI that 

offered the best result (the print shape is closest to the desired shape) were then 

chosen.  

The compensation algorithm was applied to the following two shapes printed 

following a spiralling trajectory made of three parallel rasters: 

• A 30°-60° triangle that represents 90°-120°-150° turning. 

• A parallelogram that represents 45° and 135° turning. 

Figure 6.8(a) and Figure 6.9(a) show the spiralling triangle and parallelogram 

trajectories printed part without compensation, Figure 6.8(b)-(e) and Figure 6.9(b)-

(e) are the printed parts with different KI. The deposited raster is shown with the 

compensated nozzle path (yellow dotted line). The printing trials show that the 

magnitude of compensated overshooting is directly related to the KI variable. 

Smaller KI gives smaller compensated overshooting, and vice versa. In Figure 6.8(b), 

the KI-1.5 print result is good with 90° turning, while the higher KI creates longer 

overshooting which generates an extra curvature at the turning point. In Figure 

6.8(d)-(e), The higher KI, 2.5-3, works well with the large turning angle. The corners 

are filled-up, especially at the 120° turning (Figure 6.8(e)) better than using the low 

KI-1.5, Figure 6.8(b), though there is some excess length on the sharp corner at 150° 

or 135° turning. At the 135° corner (small turning angle of 45°), the KI 1.5-2 cases, 

(Figure 6.9(b)-(c)), performed well in terms of filling and building up the accurate 

corners. According to this visual observation, the high KI values of 2.5-3 are suitable 

for the high turning angle and the low KI of 1.5 is suitable for the low turning angle. 

The resulting relationship between the turning angle and PI gains is shown in Figure 
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6.10. By stitching each segment of the G-code from the previously generated paths, 

i.e. the best KI for each turning angle, a printing test with variable KI was performed, 

as seen in Figure 6.8(f) and Figure 6.9(f). These show a suitable compensation and a 

good match between the desired path and the deposited one. 

 

 

(a) (b) 

  
(c) (d) 

Figure 6.8 Cont. 
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(e) (f) 

Figure 6.8 Triangle deposited rasters: (a) without compensation; (b)-(e) after path 

compensation with different levels of KI from 1.5 to 3; (f) with varied KI (KI =1.5 at 90°, 2.5 at 

120°, 3 at 150° turning angle). 

 

 

(a) (b) 

 

 

(c) (d) 

Figure 6.9 Cont. 
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(e) (f) 

Figure 6.9 Parallelogram deposited rasters: (a) without compensation; (b)-(e) after path 

compensation with different levels of KI from 1.5 to 3; (f) with varied KI (KI =1.5 at 45°, 2.75 

at 135° turning angle).  

 

Figure 6.10 Controller gains, KP and KI, that are suitable for specific turning angles according 

to the experimental result  

6.5.3. Path compensation of curvilinear printing 

To resolve the steering problem, described in the introduction, the path 

compensation from the previous calculation was applied to the open-hole 

curvilinear geometry. The curvilinear desired path was approximated by a series of 

straight segments along the path and defined in cartesian coordinates. According to 

the relationship between the turning angle and the compensation controller gains 

(Figure 6.10), the most suitable controller gains are KP-1.5 and KI-1.5 for the 

curvilinear path which exhibits a turning angle between two adjacent segments less 

than 90°. In Figure 6.11, the compensation algorithm is applied to the open-hole 10 

mm diameter (D10) desired raster (red) to create the compensated nozzle path 
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(yellow dotted). The compensation algorithm also predicts the printed raster (green) 

which appears slightly deviated from the centre of the circle.  

(a) 

 

(b) 

 

Figure 6.11 10-mm diameter curvilinear open hole part (D10): (a) coordinates of desired 

raster (red), compensated nozzle path (yellow dotted) and predicted raster (green); (b) 

deposited raster. 

The compensated part has a circular diameter of about 9.5 mm (Figure 6.11(b)), 

which is closer to the desired path (10 mm) than the non-compensated one (Figure 

6.1, diameter less than 9 mm). This can be implied that the compensation can slightly 

improve the curvilinear printing accuracy. However, it is still inaccurate in the hole 

diameter (middle of each raster) which is quite far off the desired raster. The 

compensated nozzle path is asymmetric between the entry and exit of the curvature. 

At the entry corner, the nozzle moves further inwards to the circle centre and 

dragged the raster in that direction resulting in a curved deposited raster at the 

corner similar to the non-compensated path. On the other hand, at the exit corner, 

the vertical (upwards/downwards) compensated movement of the nozzle can hold 

the raster at the desired position generating a sharp turning corner at the transition 

point. Due to the imperfect curvature shape seen in Figure 6.11(b), it can be implied 

that the curvature (5 mm radius) is too small, compared to the raster width (1.6 mm) 

and the filament diameter (0.8 mm), to provide geometrical accuracy. In addition, 

the length of the fibre (3 mm long) is comparable to the radius of curvature (5 mm) 
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and the filament diameter (0.8-1 mm) which significantly increases the in-plane 

bending stiffness of the filament. 

The size limit is investigated further using larger diameters than 10 mm, such as 20 

mm (D20) and 30 mm (D30). The deposited raster, D20 and D30, without 

compensation, are shown in Figure 6.12(a) and (b), respectively. The circle diameter 

of D20 and D30 is more accurate than the diameter measured on the 10-mm-diameter 

curvilinear, but the eye-shape issue at the corner still presents. This causes two 

noticeable gaps at the entry-exit corners that need to be filled with raster.  

 

 

(a) (b) 

Figure 6.12 Curvilinear printed parts of (a) 20 mm; (b) 30 mm diameter without path 

compensation. 

Using the proposed compensation algorithm, the new nozzle paths for D20 and D30 

were generated, as seen in Figure 6.13(a1) and (b1). Figure 6.13(a2) and (b2) show 

that the hole dimension is very close to the as-designed dimensions, 19.6 and 29.7 

mm, respectively, and the eye-shape effect at the corner is reduced. This deposition 

represents the desired path much better than the parts produced without 

compensation in Figure 6.12(a) and (b). At the transition, the top and bottom raster 

become closer to each other in the D20, this is slightly better in the larger diameter 

(D30). This may be caused by the larger curvature size allowing more nozzle 

travelling time that may create a better bed adhesion. The filling of the second raster 

is slightly better than with no compensation. The second raster corner is almost fully 

filled by the overshooting of the second raster.  
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(a1) (b1) 

 

 

(a2) (b2) 

Figure 6.13 (a1) and (b1) Compensated path of 20 and 30 mm diameter circle calculated with 

the PI controller (yellow dotted) showing with the predicted printed path (green) and the 

desired raster (red); (a2) and (b2) curvilinear printed part of 20 mm and 30 mm diameter 

with the compensation. 

To quantitatively show the improvement achieved by the algorithm, the 

compensation of curvilinear printing was further numerically analysed with error 

calculation between the deposited raster and the desired path using the root-means-

square error (RMS) equation. This use of RMS for the evaluation of 3D printing errors 

was previously suggested by Sugiyama et al. [190] and Reich et al. [191]. In our case, 

the curvilinear deposited rasters were divided horizontally into 2.5 mm segments 

from the middle of the circle to 0.5 mm on the linear section at the entry and exit of 

the curvilinear path (another two segments before the entry and after the exit of the 

curvilinear path were added), as can be seen in the example of the 10-mm curvilinear 

path with compensation in Figure 6.14. On the divided lines, the intersection length 

of the vertical divided line on the deposited raster were measured (orange arrows 

line). The middle of the measured line was marked as the assessment points (yellow 
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points in Figure 6.14). There are 9, 13, and 17 assessment points on the single 

curvilinear raster for D10, D20, and D30 cases, respectively, according to the size of 

the part. With the image processing in ImageJ software, the vertical deviation from 

the desired raster (red line) to the calculation point on the deposited raster (yellow 

point) was measured. The deviation at different positions was recorded and 

converted to RMS values for the path deviation analysis. The RMS vertical deviation 

values were presented in Table 6.2. According to this table, the D10 curvilinear 

shows a minor accuracy improvement after the compensation. On the other hand, 

there is a strong reduction (with a factor of two) of error in the compensated D20 and 

D30. When normalised by the diameter of the circle, the RMS of D20 and D30 cases 

become similar. These metrics also show that the highest error is characteristic of 

higher curvatures. This confirms that there is a size limit for this compensation 

algorithm.  

 

Figure 6.14 Example of the vertical deviation calculation of 10-mm compensated curvilinear 

part showing the assessment points (yellow point), at the middle of the intersection line 

between the divided line and the deposited rater, and the measured vertical deviation. 

Table 6.2 RMS of vertical deviation measuring from the desired and the centre of the 

deposited raster. 

Printing  

Diameter 

Calculation 

points 

Compensation Normalized RMS by diameter 

NO YES NO YES 

D10 9 0.76 0.73 0.076 0.073 

D20 13 0.91 0.45 0.046 0.022 

D30 17 1.28 0.64 0.043 0.021 

6.6. Chapter conclusion 

This chapter studied the printing accuracy of the novel DcAFF 3D printing material 

5 mm
Vertical 
deviationIntersection line

Assessment point
at the middle of 
intersection line

Divided lines

1 mm
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and suggested a possible way to improve it. The key findings are summarised below: 

• The printing accuracy was studied with circular shape printing and the result 

shows that the deposited rasters deviated from the defined path due to the 

nozzle design (filleted end) and insufficient bed adhesion. This caused 

dimensional inaccuracies such as slightly smaller circular diameters and poor 

turning corners. 

• The first solution, i.e. the adjustment of machine parameters without changing 

the defined printing path, was insufficient to achieve sharp turning angles. 

• A printing path compensation with a first-order lag relationship was used to 

calculate the path error, then a PI controller was added to generate a path 

compensation which presented itself as an overshooting of material deposition 

at the turning corners. This helps the raster to fully attach to the printed bed at 

the sharp turning corner. 

• After the controller’s gains were adjusted and matched to a specific turning 

angle, the compensation code was applied to the open-hole curvilinear case. 

Although this cannot give a good result in the 10 mm diameter circle, as it is too 

small for the 0.8-mm-diameter filament reinforced with 3-mm long fibres, the 

printing of larger diameter (20-30 mm diameter) curvilinear specimens offers a 

good indication that using the compensation algorithm as a feedforward tool to 

define the nozzle path could help to achieve complex shape with DcAFF or other 

discontinuous and continuous fibre reinforced filament. 
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Chapter 7 Overall Discussion 

This chapter offers the general outlook on the original studies [50], the contribution 

of the current work, and the state-of-the-art studies reported in the literature. It 

attempts to revisit the key findings of the work presented here, identify their 

connections and comment on the current limitations. The three main areas of study: 

filament production, printing trials, and performance assessment, shown in Table 

1.1, will be discussed to portray the context and potential for further development in 

each study area.  

7.1. Production of DcAFF filament 

 
  

(a1) (b1) (c1) 

 

  

(a2) (b2) (c2) 

   
(a3) (b3) (c3) 

Figure 7.1 Development of DcAFF 3D printing material from the manual moulding with (a1) 

the first 4-piece mould to (b1) a single-slot simpler 2-piece mould and (c1) the semi-

automated filament forming machine showing the compacted tape (square filament) (a2, b2, 

c2 according to the developed stages) and the final circular filament after the pultrusion of 

the compacted filament (a3, b3, c3 according to the developed stages). 
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As stated in the introduction, the main challenge of this thesis is to develop a method 

to produce aligned discontinuous fibre thermoplastic filament from the HiPerDiF 

preform tape while keeping the characteristics of HiPerDiF produced ADFRCs, i.e. a 

fibre length definable as “discontinuous” (3 mm long) and a high level of fibre 

alignment. The study of Blok et al [50] showed that the manual moulding technique 

using a 4-piece assemble aluminium mould (Figure 7.1(a1)) could reshape the cross-

section of the pre-impregnated tape to a bulked and thick rectangular cross-section. 

This technique compressed the thin HiPerDiF tape in a small slot, where the tape 

was heated above the melting point. The compressed moulded filament, shown in 

Figure 7.1(a2), has a high aspect ratio and material overflow on the corners. After a 

hot pultrusion, this high aspect ratio and the material overflow in the moulded 

filament caused folding and joining of the rectangular sides that trap air in the 

structure causing a large central void, Figure 7.1(a3).  

The second stage of the development was to design a proper mould that can produce 

a low aspect ratio or square cross-section filament after compression at a high 

temperature. The customized machined 2-piece mould with sharp 90° corners (as 

opposed to the rounded corners of the 4-piece mould) at the bottom female side and 

a perfectly flat end male side, seen in Figure 7.1(b1), produced a high potential 

compressed cross-section with little overflows and low aspect ratio, Figure 7.1(b2). 

This leads to a void-free pultruded circular cross-section filament at the end of the 

production, Figure 7.1(b3). However, the moulding technique using an oven to reach 

the required high temperature, approximately 250°C, is a time-, energy- and labour-

consuming process with a production rate of less than a meter per hour. The filament 

production needed to be scaled up to a continuous and more automated process in 

order to produce more material for other aspects of the study and, finally, to allow 

for future commercialisation.  

This, to the best of the author's knowledge, was the first time that an aligned 

discontinuous fibre composite filament for 3D printing was continuously produced 
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with an automated machine using the concept of two hot counter-rotating rollers 

shown in Figure 7.1(c1). With the fine-tuning of the roller gap, rotation speed and 

temperature, a promising square-like cross-section filament (Figure 7.1(c2)), 

presenting a low aspect ratio, void and material overflow, similar to the one achieved 

from the 2-piece moulding technique, was produced with a higher rate than the 

manual method, from a metre per hour to about a half-metre per minute. This leads 

to a similar quality of the pultruded filament in the final stage as the one pultruded 

from the 2-pieced moulded filament. When the HiPerDiF process was developed 

from the small lab-scale, 5-mm wide preform tape, to a larger-lab scale (third 

generation, 3G) machine, with 30-mm wide preform tape, the DcAFF filament was 

mass-produced and spooled up in a 3D printing feedstock filament ready to be fed 

to a general 3D printer. This filament-forming process, called DcAFF machine, has a 

high potential to be scaled up from a lab scale to an industrial machine. 

  
(a) (b) 

  

(c) (d) 

Figure 7.2 Available short fibre composite filament: (a) SEM image of ABS/S.CF 15 wt% 

achieved from [12] (Recalled from Figure 2.21(c)); (b) μCT scanned image of commercial 

nylon/S.CF from Markforged achieved from [192]; (c) and (d) cross-section microscopy of 

Markforged nylon/C.CF achieved from [43] and [127], respectively.  
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Comparing the DcAFF machined filament cross-section (Figure 7.1(c3)) to the 

available composite 3D printing filament, the DcAFF filament has a fibre distribution 

and microvoids across the filament similar to the one observed in ABS/S.CF [12] 

(Figure 7.2(a)) or Onyx (nylon/S.CF by Markforged) [13, 192] (Figure 7.2(b)). In 

addition, the DcAFF has a better fibre distribution than the Markforged nylon/C.CF 

found in [43, 127] (Figure 7.2(c) and (d), respectively) in which those are distributed 

just around the edge of the cross-section. 

There are some points to be considered for the design of the next, semi-industrial, 

iteration to form a circular cross-section DcAFF filament from thin HiPerDiF pre-

impregnated tape: (i) using larger and higher precision machined rollers so that the 

gap between the two rollers is precise and the compressed filament cross-section is 

consistent, i.e. square shape without void and material overflow; (ii) using a higher 

efficiency heating method, e.g. laser or infrared heater, which consistently heats the 

tape to a finely controllable temperature instead of heating the entire rollers; (iii) a 

better rotational motor controller to synchronise and smooth the feed into and pull 

out of the rollers without tearing the filament apart. 

Currently, the precursors for DcAFF filaments are the thin pre-impregnated 

thermoplastic HiPerDiF tapes. This material form necessitates the production 

methods to reform the high aspect ratio tape into a circular filament. As was shown 

in this thesis, the deployed method is prone to the entrapment of voids during the 

forming because:  

• the extrusion had to be performed at a temperature lower than the melting point 

of the polymer to avoid the disintegration of the tape; 

• the material tends to fold and the pressure applied by the nozzle is not sufficient 

to suppress the occurring voids (excessive pressure gradient may lead to 

backflow, nozzle clogging and filament disintegration); 

• the extrusion of the continuous filaments relies on the backflow as the 

mechanism to increase the pressure in the nozzle. This however cannot be 
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utilised for DcAFF filaments as any backflow will impact the alignment of short 

fibres. 

Hence, the next generation of approaches should address the issues with the initial 

material form, the bespoke nozzle design, and the tuned processing parameters. For 

instance, a better HiPerDiF format could deploy “intermingled fibre”, the 

combination of reinforced fibre, i.e. carbon fibre, with polymer fibre in a similar size 

(diameter and length) as the reinforced one. With this intermingle-aligned fibre 

format, it may be easier to reform/compress the particle-like structure than the solid 

thin tape into the low aspect ratio cross section or circular shape. This may result in 

less void creation compared to the folding of composite tapes as the flow length will 

be substantially reduced. Reforming the intermingled fibres may improve the 

alignment of the reinforced fibre better than the folding of the pre-impregnated tape 

in the rollers. A new filament forming method may be introduced to tackle the 

intermingled fibre preform, e.g. slightly bulking the intermingled fibres through a 

gradually converging nozzle while the thermoplastic fibres are solid. This approach 

is anticipated to result in improved fibre alignment, as compared to the conventional 

method of crushing and folding the thin tape in a roller. Following the bulking of the 

fibre preform to a lower aspect ratio, the subsequent melting of the thermoplastic 

during pultrusion through a circular nozzle is expected to facilitate further 

alignment of the reinforced fibre, by following the direction of the melt flow. 

Moreover, the reinforced fibre distribution in the composite should be more uniform 

than the pre-impregnated tape because the thermoplastic fibre can be distributed 

around the reinforcement fibres during the alignment stage preventing their 

clustering.  

7.2. Printing 

At each stage of filament production described above, the circular pultruded 

filament, ready for 3D printing, was fed to a general 3D printer for several printing 

trials. Creality Ender 3, a commercial 3D printer, was used in the whole study. The 

only modification made to prevent fibre breakage during printing was the 
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installation of a purposely designed nozzle, which can be easily done by the user. A 

nozzle that would be suitable for the discontinuous fibre filament was designed 

inspired by the continuous fibre printing nozzle used in the Markforged machine as 

seen in Figure 3.11. 

7.2.1. Printing parameter trial 

At first, the range of acceptable printing parameters was inspired by examples from 

the literature. The literature review conducted in Chapter 2, identified possible 

printing parameters for the DcAFF, such as the temperature range of the PLA 

printing, layer thickness and deposition speed synchronized with material feed rate 

(190-210°C for printing temperature and 80-90°C for bed temperature). These 

parameters were initially applied on single raster deposition in Chapter 3. After 

several printing trials, this set of parameters (Figure 3.13(b)) was further tuned. This 

allowed to print a straight raster with a good top surface finish. The established 

parameters comprised 210°C printing temperature, 80°C printing bed temperature, 

nozzle travelling speed equal to the material feed rate, i.e. 300 mm/min, and the 

application of a masking tape onto the printing bed to enhance adhesion. The low 

printing speed was found necessary to provide enough time to build good bed 

adhesion. Compared to neat polymer, the high fraction of fibre in the DcAFF creates 

challenges for reaching a good bond with the substrate as the effective viscosity of 

the filament is increased and hence flow and diffusion mechanisms are impeded.  

For the initially produced 1.1-mm diameter filament, the layer thickness of 0.6 mm 

was selected from the printing trial. The raster distance was assigned as 1.3 mm 

which is smaller than the expected width (1.58 mm) calculated from the cross-section 

of the filament and the defined thickness. This was given with the intention to 

provide an overlap between rasters to improve the strength as mentioned in the 

literature. The single layer part printed with this large overlap (20%) presented a 

swell line at the inter-raster connection and high surface roughness. When the 

filament was pultruded to a smaller diameter, i.e. 0.8 mm, the nozzle height was 
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decreased to 0.3 mm as a proportion to the reduction of diameter and the intention 

to increase the bed adhesion. The calculated expected width is 1.68 mm, so the raster 

distance was set as 1.6 mm. This smaller overlap (~5% of the width), as used in the 

literature [74, 75], was chosen to prevent a swelling line from forming at the inter-

raster area or a gap between adjacent rasters. 

7.2.2. In-plane printing defect and mitigation 

This section will show the development of the printing procedure for DcAFF to 

improve the printing accuracy and discuss the reason behind the modification of the 

printing path, which will differ from the desired path, to achieve accurate 

deposition. The discrepancy between the deposited raster and the nozzle path was 

observed when steering, particularly at the large turning angles (>30° from the initial 

direction). The problem is clearly described by the printed aerofoil outline shown in 

Figure 7.3 which shows constantly evolving path curvature. The printing path is the 

linear interpolation between a discrete set of points placed along the path. The 

printing started from the top surface at the trailing edge (small yellow arrow) 

passing the leading edge and ending again at the trailing edge on the lower surface. 

The top trajectory, A-B, has a small curvature evolution with a long recovery 

distance between the neighbouring points. This allows for achieving accurate 

deposition. While at the leading edge, B-D, there is a large direction change, 

especially at point C. This leads to a large discrepancy as can be seen around C-D. 

This required a long recovery distance until the deposited raster returned to the 

accurate deposition around point E.  

 
 Figure 7.3 Aerofoil printing presenting different direction changes along the printing path 

and showing the deposition discrepancy, especially at the leading edge. 
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The discrepancy was highlighted when printing a 90° corner turning of a rectangular 

part. The deposited raster cannot form a sharp corner and the nozzle drags the 

deposited filament from the corners inwards. The deviation at the corner was clearly 

seen in the high fibre content deposited raster - Figure 7.4(a), as a blunt corner 

instead of a sharp 90° angle. This also created a printing difficulty due to the peeling 

of the deposited raster from the printing bed.  

It is important to observe that the increase in fibre volume fraction results in more 

difficulties for steering. At the lower fibre content (~18-25 wt%), there was more bed 

adhesion, and the corner was formed better, as shown in Figure 7.4(b). The straight 

section almost reached the corner before the raster was dragged downwards at the 

turning and again when reaching the lower corner. This issue is manifested by the 

raster following an elliptical rather than a rectangular path. This sharp corner 

forming problem is also common in the printing of stiff continuous fibre 

(Markforged), as highlighted by many publications [43, 185, 193]. 

  
(a) (b) 

Figure 7.4 Corners of rectangular full layer printing expected to be used as a tensile 

specimen: (a) printing at high fibre content (28-32 wt%); (b) printing at lower fibre content 

(18-25 wt%). 

Although the reduction of the fibre content can provide a better bed adhesion of the 

deposited material that retains the shape of the deposited raster, the deposition still 

deviated from the corner creating a poor deposition at the end of the rectangular 

printing. This leads to a new solution to fabricate a 90° corner by replacing the sharp 

corner (Figure 7.5(a)) with a small radius turning, a 3-mm radius, shown in Figure 
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7.5(b). The small radius corner deposited rasters tend to follow the defined nozzle 

path more than the sharp corner path, but there are some deviations, especially the 

sliding of the deposited raster inwards through the centre of the radius as a result of 

the nozzle movement that made the curvature smaller than the defined radius. 

Although this method is suitable for the large dimension printing used in Chapter 4, 

it is difficult for a small double turning, e.g. rectangular shape that has a short side 

smaller than 3 mm or a curvilinear path. Hence, this is not a practical solution. 

  
(a) (b) 

Figure 7.5 High magnification at a corner of a large square printing part: (a) with a sharp 90° 

corner; (b) a replacement of the sharp turning corner with a 3-mm radius fillet corner. 

To solve the discrepancy problem, the deposition path defined in the G-code (nozzle 

path) might need to be different from the exact transposition of the desired shape 

into a path. It was hypothesised that the discrepancy may be the result of the nozzle 

shape. The schematic in Figure 7.6 shows the interaction between the nozzle and 

filament while printing a 90° angle with the designed filleted end nozzle. In Figure 

7.6(a), from the side view, due to the smaller diameter of the filament than the nozzle, 

the filament in the nozzle is hanging and slightly inclined, so the filament always 

touches only one side wall of the nozzle opposite to the nozzle moving direction. 

The fillet allows the filament to gently change direction from vertical in the feeder to 

horizontal on the printing bed. Yet, this fillet created a small gap (~2 mm) between 

the centre of the nozzle which is the defined position from the G-code and the full 
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contact point where the flat nozzle can initially provide full pressure to the deposited 

raster to build bed adhesion. These issues in the nozzle design will have a small effect 

when printing along a linear path, but for the turning case, the filament cannot be 

made to change direction instantly at the turning point (Figure 7.6(a) top view). The 

filament will slightly change direction when the nozzle starts to move in a different 

direction, Figure 7.6(b), before it comes back to full contact at the lower side of the 

wall as presented in Figure 7.6(c). Because of the hanging of filament and the filleted 

nozzle that delays the full contact point, the deposited raster cannot build full 

adhesion on the printed bed and the printing inaccuracy is built up. Eventually, this 

leads to a curved turning corner. Since the fillet in the nozzle is necessary for fibre 

printing and cannot be eliminated, a new approach should be devised to solve this 

problem. 

 

 
(b) 

 
(a) (c) 

Figure 7.6 Action during printing 90° turning angle with filleted nozzle from (a) side view 

of the filament feeding to nozzle before deposition on the bed and top view of the deposition 

when reaching the 90° turning corner showing the misaligned of the filament centre and the 

nozzle centre (nozzle path); (b) top view of the deposition at the moment just after passing 

the 90° corner, the filament slightly recover back to the nozzle movement direction; (c) top 

view of the deposition when the filament fully reaching the nozzle movement and attached 

to the lower side nozzle wall while the nozzle moving up presenting a blunt corner 

deposition. 
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Owing to the 2-mm gap between the centre of the nozzle and the full contact point 

on the flat end, the idea to add an overshooting feature at the turning point to allow 

the filament providing full contact with the bed before turning was introduced. The 

initial idea was tested with a 90° turning square by printing an additional 45° line 

after reaching the corner before returning to the same corner point and continuing 

the printing until reaching another corner, Figure 7.7(a). This idea provided extra 

material to build a sharp corner. Hence, it was adopted to solve the problem found 

in the complex shape open hole printing with a 10-mm hole diameter curvilinear 

path presented in Chapters 4-5. Initially, in Chapter 5, an additional path was 

empirically added at the transition from straight segment to curvature, as shown in 

Figure 7.7(b), which was called the modified curvilinear open-hole printing path.  

(a) 

 
(b) 

 
(c) 

 
Figure 7.7 Manually adding an overshooting feature at the turning corner to provide a full 

contact: (a) initial study in a square case; (b) single raster half-circle curvilinear open hole 

tensile test sample; (c) full-circle curvilinear open hole tensile test sample showing an 

asymmetric hole shape. 
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The additional path extended the nozzle movement inwards to the circle more than 

the defined path before returning to the transition point and entering the curvature. 

This addition was built again before exiting the curvature as a mirror to the entry. In 

the single curvilinear case, most of the modified deposited raster followed the 

desired curvilinear path, but there was a slightly sliding raster from the corner only 

at the exit of the curvilinear corner. Although this empirical additional path scheme 

works well with one curvilinear raster, the fabrication of the whole part which has a 

nozzle moving in the opposite direction to complete the full circular presented an 

asymmetric hole shape between the entry and exit of the circular section, seen in 

Figure 7.7(c). 

Due to the asymmetric shape hole obtained with the empirical overshooting 

addition, the additional path was studied in detail to achieve a more accurate 

deposited raster. This led to, our ultimate printing solution presented in Chapter 6, 

the study of the nature of the deposition lag after deposition direction changes using 

a first-order lag equation to predict the mismatch of the deposited raster and the 

nozzle path. Then, a PI control was added to the equation to create an overshooting 

feature that could compensate for the nozzle path and bring the deposited raster to 

the desired path. After fine-tuning the PI controller algorithm for different turning 

angles, the code was built up and could completely solve the large turning corner 

problem, as seen in Figure 6.8-6.9. This algorithm works with large-dimension 

curvilinear paths, e.g. 30-mm curve in Figure 7.8(a) showing a low discrepancy 

between the desired and deposited paths. Yet, it cannot tackle arbitrary turning 

angles, especially the small recovery distance before the next turning of a small 

radius of curvature, e.g. 10-mm curvilinear (in Figure 7.8(b)). To improve this 

algorithm and minimize the discrepancy, a camera should be installed in the printer 

to capture the deposited raster and real-time monitoring sensors should be added to 

the code to give instant feedback to in-situ modify the nozzle path. 
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(a) 

 

(b) 

 

Desired path 

Nozzle path 

after 

compensation 

Figure 7.8 Curvilinear open hole printing with the developed algorithm: (a) large hole size 

30-mm showing promising deposited hole size and decent deposited raster (recalled from 

Figure 6.13)); (b) small hole size 10-mm showing large discrepancy. 

In this stage of the material development, the current 1-mm diameter filament cannot 

achieve precise deposition when fabricating the steering radius of below 6 mm, as 

seen in Figure 7.8. For the first layer, bed adhesion plays an important role in this 

phenomenon. The 3D printing adhesion tape, blue masking tape, cannot provide 

sufficient bed adhesion for tight radius steering. Better bed adhesion should be 

introduced, e.g. chemical glue or printing the first layer with neat polymer before 

printing composite filament. For the subsequent layer, the study of the nozzle height, 

printing speed and the temperature of the deposition should be considered to 

provide the proper pressure on the previous layer so that they can build an adhesion 

between the layers. Another option to increase the steering potential is to reduce the 

filament diameter. The smaller diameter filament should better fill the curvature 

gap, but it may create a challenge in the filament forming stage as it can carry lower 

force during pultrusion.  
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7.2.3. Inter-raster defects, in-plane and through-thickness, and mitigation 

Chapter 5 highlights another printing defect – voids - Figure 5.10(a1). They can be 

categorized into three groups: (i) improper bonding between the adjacent rasters; 

“inter-raster microvoids”; (ii) imperfect compaction between layers, “inter-layer 

microvoids”; and (iii) the joining of the four corners, “inter-raster diamond-shaped 

voids”. The three mentioned defects are schematically shown in Figure 7.9.  

 
Figure 7.9 Schematic of void formations found on the cross-section of a multilayer DcAFF 

3D printing: (i) inter-raster microvoids, (ii) inter-layer microvoids, (iii) large cavity inter-

raster diamond-shaped voids. 

These through-thickness voids can cause an inter-raster or a layer separation failure 

under tensile load which reduces the strength of the part. The inter-layer and inter-

raster microvoids are the result of the improper polymer fusion between two rasters, 

as mentioned in Figure 2.3, Chapter 2. The imperfect raster fusion can also be caused 

by the waviness of the deposition, the inconsistency of the filament diameter along 

the length of the spool or the fluctuation of fibre content and fibre distribution in the 

filament. They can be minimized by producing a consistent diameter filament and 

optimising the printing parameters: e.g. printing temperature, layer thickness, raster 

distance and printing speed, to the range that allows enough time and pressure for 

the raster fusion and the polymer chain diffusion. However, the inter-raster 

diamond-shaped voids, caused by the meeting point of the four small raster corners, 

are the instinct of 3D printing and are generally found in the literature [43, 79]. These 

diamond-shaped voids present a large cavity in the cross-section. It is more difficult 

to eliminate the diamond void even when printing with a negative raster gap. The 
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too-high overlap between two adjacent rasters aiming to completely remove the 

diamond-shaped void may build up a thicker inter-raster junction, reducing the 

resolution and creating another weak point in the part. 

To eliminate the three mentioned voids in the 3D printed part, an additional 

manufacturing step was suggested. In this thesis, a post-printing consolidation 

under heat and pressure was applied to the printed part with inspiration from the 

compression moulding after printing proposed by 9T labs [18, 194]. In this thesis, the 

main consolidation was based on an open-moulding technique using a flat metal 

plate as a tool on the bottom side and vacuum bagging on top to apply vacuum 

pressure. The open-moulding technique used in the thesis is schematically shown in 

Figure 7.10 The consolidation reduces voids and strengthens bonding between 

rasters/layers, but it is at the cost of dimension changing. As presented in Chapter 5, 

the reduction of the volume accounted for around 20-30% which was a significant 

change in the part dimension. Although the post-printing consolidation can 

strengthen the 3D printed part, it changes the character of additive manufacturing: 

building a near-net shape part within a short time and a single-step process. A 

broader parametric study of the DcAFF printing, i.e. wider range of the studied 

parameters and other non-studied parameters (e.g. bed temperature, raster gap or 

the stacking pattern), should be considered to minimize the through-thickness 

defects, increase inter-raster strength and precisely print the part to the desired size 

and shape. For a clearer understanding of the DcAFF inter-raster bonding behaviour, 

the mechanical response to compaction load of DcAFF material under high 

temperature, e.g. squeezing flow, spring back, etc., needs to be studied through the 

modelling/experimental framework. This can help tune the nozzle compaction 

pressure (related to the nozzle height, printing speed and temperature) to improve 

the inter-raster strength and this will benefit the in-plane deposition accuracy 

mentioned above. 
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Figure 7.10 Schematic of open moulding for post-printing consolidation of the 3D printed 

part used in this thesis.  

7.3. Performance 

To complete the aim of the thesis, both the physical and mechanical performance of 

the produced filament were investigated and compared to other available 3D 

printing composite materials.  

7.3.1. Fibre alignment 

The fibre alignment in each filament forming step: tape, compressed filament 

(square) and pultruded filament (circular), were evaluated efficiently using μCT 

scanner and image-processing, as presented in Chapter 4. The histograms presented 

in that chapter have been consolidated into the distribution curve presented here in 

Figure 7.11. The result shows that the designed DcAFF filament-forming machine 

can improve the fibre alignment from the HiPerDiF-impregnated tape. The DcAFF 

filament forming machine shows an increase in the amount of fibre aligned within 

10° from 63% in the thin tape up to 90% in the square filament. The pultruded 

filament has no change in the fibre alignment from the square due to the small 

change in the outer shape. It can be implied that the DcAFF filament forming process 

can enhance the fibre alignment after the HiPerDiF process and bring the alignment 

to a higher level than the HiPerDiF alignment process itself achieves. However, these 

small fibre misalignments can diminish the material properties, so they should be 

minimized at every stage. 

To minimize the fibre misalignment on the surface of the pre-impregnated HiPerDiF 

tape, a better impregnator is needed to properly infuse the matrix through the 

preform and cover the fibre which can prevent the movement of the fibres on the 
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surface. Additionally, it is crucial to minimize any contact between the tape and 

external surfaces, which can be achieved by designing a new conveyor system that 

connects the HiPerDiF machine directly to the DcAFF machine without any human 

interaction. To maximize the fibre alignment in the circular filament, the pultrusion 

process should be studied in-detail. The optimization between the pultrusion 

temperature, speed, and the convergent angle of the nozzle should be considered. A 

flow modelling of the pultrusion should offer a clear understanding of these 

parameters to achieve a better fibre alignment.  

 
Figure 7.11 Fibre alignment distribution of HiPerDiF-PLA tape (brown), DcAFF square 

filament (light yellow dash) and DcAFF circular filament (yellow). 

Looking forward to the alignment of the printed part, although there is no μCT 

scanned result at the moment, it can be implied that the misalignment during 

printing could be one of the results of the reduction of the tensile properties of the 

printed part compared to the circular filament (Figure 7.13 below). To ensure the 

alignment after the deposition, it is imperative to study and optimize printing 

parameters such as nozzle shape (as mentioned in 2.2.11, Figure 2.16 [159]), printing 

temperature, speed, and layer thickness. The adjustment of these parameters is 

crucial in providing adequate pressure to eliminate voids in the filament and 

minimize back-flow, which can potentially disturb the alignment process. 
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7.3.2. Fibre volume fraction 

The fibre content of the filament at each stage of production was measured using a 

well-established method, the matrix burn-off technique. The highest achievable fibre 

content was almost 35 wt% found in the HiPerDiF preform achieved with the lab-

scale HiPerDiF machine operated at the highest machine performance; high pump 

speed and low conveyor belt speed. This fibre content is higher than any available 

short and discontinuous fibre composite filament available in the literature (~ 5-20 

wt%). This is because the aligned fibre in the filament can reduce the nozzle clogging 

during printing. By contrast, a high amount of randomly aligned short fibre will 

prevent the molten matrix to flow and cause nozzle clogging, as mentioned in 

Chapter 2 [27, 45]. Although the high fibre content filament showed poor bed 

adhesion, it can be used for steering with our printing procedure. The fibre content 

of DcAFF can be theoretically increased to the level of thermosetting composite for 

the structural part (~60%) by doubling the amount of fibre in the HiPerDiF system 

or using a thinner thermoplastic film. Again, the higher fibre content composite may 

increase the viscosity and it may be difficult to pultrude to a circular shape or deposit 

through the printing nozzle. It will increase the bending stiffness of the filament 

while steering to a high curvature path creating adhere issue on the substrate. To 

tackle that possible problem, other filament production methods and more 

complicated printing techniques may need to be introduced, e.g. adding a 

compaction roller to the printing head. Hence, in this thesis, the fibre content that 

was the most used in the thesis is around 25 wt% which is the compromise between 

mechanical performance and printability.  

7.3.3. Mechanical performance 

This section will compare the mechanical properties, especially tensile properties, of 

DcAFF material in each stage of the material development with the normalised fibre 

content for a fair comparison and discuss the result of each filament manufacturing 

method and the printing procedure. Then, the tensile properties will be compared to 

the available composite 3D printing material in the literature including the 
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commercial continuous fibre filament from Markforged. The tensile stiffness and 

strength at each stage from manual moulding as the filament (M. Filament), single 

raster deposition (M. 1-Raster) and single layer printed part (M. 1-Layer) to the semi-

automated filament forming machine as a filament (A. Filament), single layer 

printed part (A. 1-Layer) and finally the multilayer printing (A. Multi-L) were 

plotted in Figure 7.12 to compare the development of the filament and the different 

format of the DcAFF material. They were compared to the HiPerDiF-PLA as a thin 

tape from the previous study by Blok [47]. The post-printing consolidation results 

are also shown in Figure 7.12. The tensile stiffness and strength of the DcAFF in any 

form are normalised to 25 wt% fibre content, the most common fibre content level in 

this thesis. Overall, the properties of the material in different formats are in a similar 

range especially when they are normalised. The tape from the previous work shows 

the highest normalised tensile properties because of the good impregnation of the 

tape, good fibre distribution within the composite, and the failure of the tape that is 

always perpendicular to the fibre/load direction. The filaments format also failed 

perpendicular to the load, so their strength is relatively high. Although the filament 

produced from the DcAFF machine may have slightly higher performance than the 

manual filament owing to the higher fibre content, after normalisation, the manual 

and the machined filament show substantially the same properties. It can be implied 

that the automated method offers a similar performance filament to the 2-piece 

mould manual technique designed to minimise intra-filament defects. For single-

layer printing, there is some failure parallel to the raster, between the raster joint, 

due to the poor inter-raster bonding. This brought the tensile strength down to the 

lowest group in the comparison. The multilayer part which has higher structural 

integration shows better tensile properties than the single-layer part without 

presenting inter-raster failure. However, layer separation, always observed in the 

rupture surface, prevents the multilayer strength to increase to a higher level. 

Removing all the through-thickness defects with the post-printing consolidation can 

minimise the layer separation and increase the strength of the multilayer part to the 
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level of the filament, making it fail perpendicularly to the load direction without 

layer separation. Moreover, the consolidation boosts the stiffness of the multilayer 

part to the highest one in the comparison.  

(a) 

 

(b) 

 

Figure 7.12 Comparison between the different manufacturing techniques and format of 

DcAFF: manual moulding as the filament (M. Filament), single raster deposition (M. 1-

Raster) and single layer printed part (M. 1-Layer) to the semi-automated filament forming 

process as a filament (A. Filament), single layer printed part (A. 1-Layer) and finally the 

multilayer printing (A. Multi-L) showing with the properties obtained from the post-

printing consolidation technique of the layer printed part (highlighted in red) comparing 

with the HiPerDiF/PLA tape achieved from the previous study and normalised all the as-

printed part result to the fibre content 25 wt%. 

The DcAFF material was compared to other composite 3D printing available in the 

literature presented in Table 2.2-2.4 in Chapter 2. An Asby-style plot of tensile 

stiffness-strength, Figure 7.13, shows that the DcAFF material shows high tensile 

properties in both stiffness and strength which offer a possibility to apply the 
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material in a wide range of applications, i.e. both stiffness and strength driven 

designs.  

 
Figure 7.13 Tensile stiffness-strength plot of the available composite 3D printed part from 

literature: PLA [10, 20, 29, 31, 55, 56, 134, 137, 139-145], PLA-short carbon fibre (PLA-S.CF) 

[20, 27, 29, 70, 90, 132-137, 159], PLA-continuous carbon fibre (PLA-C.CF) [60, 61, 126, 148-

150] and continuous carbon fibre nylon (Nylon-C.CF) [11, 41, 42, 122, 132, 146, 172-174], 

compared with our DcAFF tensile properties studied in this thesis from the thin tape, single 

filament forming with the manual and semi-automated technique, DcAFF printed as single-

layer and the multilayer printing.  

Compared to other 3D printed PLA composites (in Figure 7.13) including the 

continuous fibre PLA composite in the literature, the DcAFF still shows properties 

that are relatively higher than those. It can be implied that the use of 3-mm fibre, 

which is longer than fibre critical length, combined with the fibre alignment from 

the HiPerDiF process and the filament-forming machine, is sufficient to provide the 

mechanical properties of a continuous fibre 3D printed composite. Compared with 

the widely used commercially available 3D printing filament, i.e. the nylon/C.CF 
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manufactured by Markforged, the DcAFF has similar average tensile stiffness, but 

lower average tensile strength (about 60%) when looking at the multilayer sample. 

The lower tensile strength of the DcAFF to Markforged continuous fibre filament 

could be the result of (i) the relatively high fibre content of the pre-impregnated fibre 

filament, (ii) a better performance matrix system (i.e. the high degree of hydrogen 

bonding present in nylon) and (iii) a special surface treatment technique used by 

Markforged to improve nylon-carbon fibre bonding. These three fields should be 

considered in the further development of DcAFF to improve the quality of the 

produced filament. 

The superior trend in the mechanical properties was also found in the SBS testing 

presented in Chapter 5. The DcAFF also shows a higher SBS strength to other PLA 

composites 3D printed parts while again being slightly lower than the Markforged 

nylon carbon fibre.  

Apart from the good mechanical performance, the building concept of 3D printing 

can offer a non-catastrophic failure when fabricating an open hole feature on the 

structure by steering the small-diameter composite filament around the hole 

compared to the general material subtraction, e.g. cutting or drilling hole. This effect 

was clearly seen in the single layer, Chapter 4, as the failure turned from breaking 

through the hole area to the separation of the raster due to the weaker thermoplastic 

bonding. Since the current printing, via a curvilinear path, cannot show a significant 

increase in the open hole strength, another printing path such as the combination of 

a concentric ring and curvilinear path in different layers should be considered so 

that the combination can maintain the hole shape, delay the initial failure and offer 

a promising strength, as the suggested in the literature [166]. 
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Chapter 8 Thesis conclusion 

The present thesis was aimed at producing an FDM filament feedstock based on a 

PLA thermoplastic matrix reinforced with ADRFCs, obtained through the HiPerDiF 

technology, with a method that has good potential to be scaled up to an industrial 

and commercial level. The initial attempt was based on a manual and batch-

processing approach. Then, a filament-forming machine was developed with a semi-

automated approach and a clear scale-up potential. The DcAFF filament produced 

with this machine shows a mechanical performance comparable to or even superior 

to 3D printed composites reported in the literature and a good printing ability, 

however further work is still needed to improve the product quality and 

processability. The work done and the key findings are highlighted and listed below 

in this chapter, along with suggestions for future works. 

8.1. Conclusions 

The thesis aim, to produce a highly processable and high mechanical performance 

composite 3D printing filament reinforced with highly aligned discontinuous fibre, 

was achieved by working on three main study areas: production, printing and 

performance of the filament. The noteworthy novel outcomes of this thesis can be 

summarised as follows: 

• Among the literature on composite 3D printing, there is no work using the 

aligned discontinuous fibre (ADFRC) architecture to reinforce a 3D printing 

material. Moreover, the available filament production and printing methods are 

not suitable for ADFRCs as they may demolish the aligned fibre architecture and 

shorten their length below the critical ratio. It is, therefore, necessary to design a 

new filament-forming process and develop specific printing techniques, 

particularly for the ADFRC filament.  

• The success of the newly developed, 2-piece mould inspired the design of the 

industrial scalable filament-forming machine with the concept of compressing 

the thin tape through a tiny gap between two counter-rotating rollers. The fine-
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tuned parameters of the rollers: gap, temperature and speed, resulted in a good 

square cross-section with low internal voids (<5% by volume). Then, the filament 

was pultruded through a heated nozzle to achieve a smooth surface circular 

cross-section filament with a diameter of ~0.8-1 mm. The DcAFF machine 

enhances the fibre alignment throughout the process showing that almost 90% 

of fibres in the final circular filament are aligned within 10° from the longitudinal 

axis, as demonstrated by μCT scanning. This machine has a significantly 

increased production rate of around half-meter per minute. The produced 

material can be printed using a general 3D printer with only a nozzle change.  

• The filament and the current printing procedure performed well with straight-

line printing, e.g. a rectangular part for tensile testing, but there is an obvious 

deviation of the deposited raster from the defined printing path when changing 

the printing direction, especially the sharp turning corner or small complex 

geometries. The in-plane printing discrepancy was minimized with the study of 

first-order lag and the addition of a PI controller to generate an overshooting 

segment in the nozzle path that can compensate for the sliding of the raster on 

the printing bed after the deposition. The algorithm works well with large 

features, but the deviations are highlighted when printing small ones, e.g. 

circular paths with diameters smaller than 10 mm. 

• The fibre content of the produced filament ranged between 15-35 wt% which is 

higher than any available short-fibre composite 3D printing filament available 

in the literature. Moreover, thanks to the high level of alignment, fibre content 

does not cause clogging of the nozzle during printing, as reported in the 

literature for the printing of high-fibre contents. 

• In multilayer printing, DcAFF gives better mechanical properties, both in tension 

and shear, when compared to PLA/S.CF and, more importantly, PLA/C.CF 

composite 3D printed parts reported in the literature. This demonstrates that the 

produced filament can perform to the same real-world levels of performance as 

continuous fibre filaments. 
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• The curvilinear 3D printing procedure can change the open-hole tensile testing 

failure from catastrophic, as generally observed for parts produced by material 

subtraction, to non-catastrophic; the part retains its continuity and still carries a 

certain amount of load after the initial failure. 

• The mechanical performance can be improved with post-printing consolidation 

which eliminates the inter-raster defects. This can increase the tensile properties 

by about 50% but it might cause a dimensional change of more than 20%. 

8.2. Suggestions for future work 

Given the user-friendliness of the filament developed in this thesis and the relatively 

minor modifications required to generic tabletop 3D printers, i.e. the nozzle changing 

and software update, to allow its usage as feedstock, it is the author’s view that the 

DcAFF could be, in the future, commercialised for domestic use almost in its current 

state. Considering the extremely promising mechanical performance of the filament, 

this could be used with more finely tuneable printers to produce more structural 

components.  

 
Figure 8.1 Possible application of the high-performance DcAFF filament in the future, e.g. 

automotive replacement parts [195], formula one frame [196], high-strength tooling [197], 

prosthesis leg [198], UVA parts [199], new design wind turbine [200]. 

Provided that further developments, suggested below, are successfully completed, 

it is envisaged that DcAFF could be used to produce one-off or small production 
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volumes of highly tailored parts, e.g. prosthesis or orthoses, mould for composite 

manufacturing, R&D prototypes for wind tunnels and functional testing, and on-

the-go repair or replacement parts, as the examples shown in Figure 8.1. However, 

a possible commercialisation of DcAFF could only be considered after completing 

appropriate market research and production costs analysis, after full technology 

scale-up. 

To pave the way for commercialisation, there are some scientific aspects, that have 

not been addressed in the thesis due to time and resource limitations in the PhD 

study but need to be addressed to improve performance and add more engineering 

value to the material. These aspects could also be considered as suggestions for those 

interested in furthering high-performance fibre-reinforced 3D printing. 

The present thesis has demonstrated that the lab-scale 3D printing filament-forming 

system for ADFRCs can provide a good quality composite filament. The DcAFF 

machine can be scaled up to an industrial production rate using higher performance 

components, e.g. high precision machined rollers, a high potential heater, more 

robust motors with a precise controller, and a high wearability pultrusion nozzle. 

These upgrades should also improve the quality of the produced filament by 

reducing internal voids and improving fibre distribution. 

Despite the fact that the in-plane printing accuracy of the filament was improved 

with the first-order lag compensation, this still cannot eliminate the discrepancy 

between the desired and deposited raster when printing a very small complex 

geometry. A first approach to improve deposition accuracy should be to increase the 

bed adhesion, for example by printing a first layer of neat thermoplastic or 

considering a dual nozzle, DcAFF and neat PLA, as seen in Markforged continuous 

fibre 3D printing. In terms of G-code adaptation, a real-time monitoring system, i.e. 

cameras and sensors, could be added to the 3D printing system to support a closed-

loop real-time compensation algorithm and allow in-situ path adjustment.  
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In this thesis, the fibre alignment evolution was studied only during the filament-

forming process, from tape to the circular filament, but there is no further study on 

the deposited raster. The use of μCT scanning to study fibre alignment should be 

extended to the deposited raster, also considering the printing of different features 

should offer further insight to improve both the deposition strategy and the final 

mechanical performance. 

Even though the tensile properties of the DcAFF are significantly better than other 

PLA-based 3D printing composites, the current DcAFF-PLA material provides lower 

performance than nylon/C.CF 3D printing. Hence, a higher-performance 

thermoplastic, e.g. nylon, poly(ether ether ketone) (PEEK), or polyetherimide (PEI, 

ULTEM1000), should be combined with the HiPerDiF fibres to produce a better-

performance DcAFF filament. In this thesis, there is no surface treatment of the fibre. 

Some chemical treatments should be applied to enhance the fibre-matrix interface in 

order to improve the performance of the composite material. Furthermore, a more 

extensive characterisation campaign should be undertaken by performing a wide 

variety of tests, e.g. flexural, compressive, in-plane shear, hardness or toughness 

testing, to produce a data sheet for the DcAFF material. 

The performance of the 3D printed part remarkably increases with the post-printing 

consolidation on an open mould, but it is at the cost of dimension reduction due to 

the elimination of a large amount of through-thickness voids. A more precise 

printing, which offers a minimum of the through-thickness voids, plus a closed 

moulding consolidation should be considered to retain the initial dimension and 

improve the performance of the printed part. 
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Appendix A: Microscopic method 

The sample for microscopic inspection was cut to a proper size at the interesting 

position and prepared for potting in Prime 27 epoxy with a slow hardener following 

a heat treatment to harden the resin in an oven at 70°C for 1 hour. After the potted 

sample was removed from the mould, it was polished using Bulher EcoMet™ 30 

Semi-Automatic Grinder Polisher following a polishing sequence suggested by 

Buehler® [201]. The polishing step is shown in Table A1. After the final washing, the 

polished samples were inspected with a Carl Zeiss™ Microscope with different 

magnifications depending on the type of the samples. 

Table A1 Polishing step for microscopy (CW-clockwise, CCW-counter clockwise) 

 Abrasive Solution 
Load 

(N) 

Base 

speed 

Head 

speed 

Time 

(min:sec) 

Silicon Carbide 

Sandpaper P400 grit 

water-cooled 25 30 

CW 

330 

CW 

Until flat 

Silicon Carbide 

Sandpaper P1200 grit 

water-cooled 25 30 

CW 

330 

CCW 

2 

MicroCloth 9μm MetaDi 

Supreme 

Diamond 

25 30 

CW 

120 

CCW 

5 

MicroCloth 3μm MetaDi 

Supreme 

Diamond 

25 30 

CW 

180 

CW 

5 

MicroCloth 0.05μm 

MasterPrep 

Alumina 

25 30 

CW 

120 

CCW 

1:30 
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