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Improved fibre placement in filament-based 3D printing of 

continuous carbon fibre reinforced thermoplastic composites 

Ka Zhang, Haoqi Zhang, Jiang Wu, Jiayun Chen, Dongmin Yang*

Institute for Materials and Processes, School of Engineering, University of Edinburgh, EH9 3FB, 

UK 

Abstract  

This study investigates the mechanism of fibre deposition in conventional 3D printing and presents 

an aligned fibre deposition (AFD) method to improve the fibre placement. The deposition mechanism 

reveals that the cracking of the filament in the transition zone and the torsional deformation during 

the steering path are the main cause of the defects in the conventional printing process. The AFD 

method is shown to reduce and mitigate the fibre waviness and twisting, hence producing smooth 

filament deformation, introducing less air voids and fibre breakage during printing. It is found that 

the AFD method improves the fibre alignment angle from ±25° to ±12° and reduces the void content 

to 0.27% during straight-line deposition. During curved-line printing at a large radius of curvature, 

tow shearing instead of fibre folding is produced by AFD method, resulting in smooth edges with less 

fibre breakage.  

 

Keywords: 3D printing; Aligned fibre deposition; Fibre misalignment; Tow shearing. 

                                                 

* Corresponding author. Email: Dongmin.Yang@ed.ac.uk 



 

2 
 

1. Introduction 

3D printing of continuous carbon fibre-reinforced thermoplastic polymer composites (cCFRP) has 

been gaining rapid momentum across a number of industrial sectors including aerospace, automotive 

and sporting goods [1]. Commercialised bench-top material extrusion based printers [2, 3] are 

available on market for printing branded cCFRP filaments. In-house printers have also been 

developed using in-nozzle impregnation methods to print custom-made composite filament of 

continuous fibres and thermoplastic matrix [4, 5]. Besides, multi-axis gantry systems [6] and robotic 

arms [7] have been used to assist the printing of large composite structures with more complex shapes 

by increasing the degree of freedom for the printer head and thus becoming more similar with the 

automated tape/fibre placement (ATP/AFP) [8] which have existed for decades before 3D printing 

emerged in composites industry. Whilst ATP/AFP has been mainly adopted in aerospace industry to 

place large fibre tapes (above 6K fibre bundle), 3D printing of cCFRP using filament with small fibre 

bundle (e.g., 1K or 3K, see Fig. 1a) has the potential to manufacture high precision composites with 

complex shapes at a lower cost [9].  

However, current 3D printing methods for cCFRP still face a few critical challenges before reaching 

their full potential, such as fibre misalignment [10], fibre breakage [11, 12], fibre folding [13] as well 

as high void content during the deposition process. Printing defects have been observed in our 

previous experimental work [10]: (i) fibre waviness/misalignment occurs even when printing a 

straight path (see Fig. 1b); (ii) fibre twisting/folding occurs at curved sections (see X-ray computed 

microtomography image in Fig. 1c); and (iii) printed stripe size (width and thickness) is inconsistent, 

resulting in poor geometric accuracy of the printed part.  

Different to the ATP/AFP process in which the carbon fibre tows are normally prepared as tapes and 

pressed using a soft compact roller, the cylindrical filament used in most 3D printing processes is 

pressed into a thin stripe, which involves a more significant change of shape and thus more 

complicated stress re-distribution. Fibre misalignment would occur because of the severe deformation 

of fibre bundle [14]. Fibre folding, on the other hand, which is thought to be caused by the tensile 

force of filament during printing [15], would trigger fibre breakage and reduce the precision of the 
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printed radius [13]. This is different to the fibre wrinkling or fibre buckling on the inner side of the 

curved tape that occurs in the tape placement process of ATP/AFP. Small radii of curvature of 4 mm 

and 5 mm have been achieved using the 1K and 8K fibre filaments [13], respectively, making 3D 

printing distinctive to AFP that normally produces a large radius of over 500 mm for 24K tows [16]. 

Hence, it is worth investigating the formation of defects and improving the deposition process in 3D 

printing of cCFRP. 

 

Fig. 1 X-ray computed microtomography (µCT) of composite filament: (a) 3D view of the raw filament with matrix 

hidden, top view of (b) the printed filament in a straight path, and (c) the printed filament at a curved section with a 

turning angle of 90° [10]. 

Hirohide et al. [15] have observed the deposition process through a mirror, but the printing 

mechanism of such composite filament is not fully understood due to the low resolution of 

observation. So far there is still a knowledge gap in holistically establishing a more appropriate 

deposition method, such as nozzles as well as printing systems, to improve the fibre deposition, 

although some works have tried to explore new printing processes [17]. 

In this paper, a most popular fibre deposition process of filament-based 3D printing is theoretically 

investigated and an aligned fibre printing/deposition system is proposed and developed to mitigate 

the aforementioned printing defects. Both straight and curved paths are printed, characterised, and 

then compared with those from the traditional printing method. Furthermore, evolution of the fibre 

bundle of these two printing methods is experimentally observed and numerically simulated to 

uncover the mechanism of the deposition process. The paper is organised as follows. In section 2, a 

theoretical analysis is carried out on the current fibre deposition methods and a new disposition 

method is proposed. Section 3 introduces the methodologies to comprehensively compare these two 

deposition methods. Section 4 presents the characterisation results of printed filaments. Section 5 

interprets the deposition mechanisms. Finally, main conclusions are drawn in Section 6. 
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2. Fibre deposition methods 

2.1 Current fibre deposition methods  

The most popular fibre deposition methods for 3D printing of continuous fibres currently use a 

cylindrical nozzle which directly evolves from those used for neat thermoplastic [18]. For example, 

Mark Two® uses a cylindrical brass nozzle (‘M-nozzle’) with an enlarged conical outlet and a ring-

like flat tip for its carbon fibre filament, as shown in Fig. 2a. The inner edge of the nozzle tip is 

rounded to facilitate the feeding and bending of the vertical filament to the flat compression plane. 

Continuous carbon fibre filaments are normally 1K or 3K fibre bundles [13, 19]. During the 

deposition, the filament is vertically fed into the nozzle (i.e., vertical fibre deposition), and then bent 

and compressed by the nozzle tip to bond with the printer bed or the substrate layers. A deformed 

elbow is formed where the cylindrical filament is bent and compressed. This area, which is called the 

transition zone (in Fig. 2a), is thus the critical region of interest for investigating the microstructure 

of the printed fibre bundle (fibre misalignment/waviness and fibre folding).  

 

Fig. 2 (a) Schematic deposition process using M-nozzle, (b) bending deformation of the filament and (c) the contact of 

filament and nozzle tip 

The large bending deformation caused by the vertical feeding passage would lead to longitudinal 

compression and tension at the elbow of the filament and cause unequal fibre lengths. Fibre waviness 

would then occur due to the compression of the fibres with excess lengths, which also makes the 

interaction points between fibres much complicated before they are compressed by the nozzle tip. 

Studies [14, 20, 21] have shown that fibre misalignment and waviness are related to the deformation 

of fibre networks and their contact points during compression. For the vertical deposition methods, 
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the fibre bundle is not aligned in the first place before compression because of the bending 

deformation. The non-aligned fibre contact points would aggravate the fibre waviness and 

misalignment. 

Fibres at the inner periphery of the bending filament are under compression and causing fibre 

waviness, while fibres at the outer periphery may be pulled to move due to the tension (see Fig. 2b). 

Considering the central line of the filament as a neutral line where the fibres rarely move, the fibre 

length at the radius of 𝑟  is equal to the length of neutral line, and can be calculated [22] as: 

 𝐿 = ∫ 1 + d = ∅(𝐷 + 2𝑅)
∅

 (1) 

Where  is the differential of a 𝑦 = 𝐴sin(𝜔𝑥 + 𝜑) type waved fibre; 𝐷 and 𝑅 are the diameter and 

inner radius of the filament elbow, respectively. The bending angle is ∅ =  for the vertical 

deposition method.  

Suppose there are n cycles within the integral length ∅𝑟 , hence 𝜔 =
∅

. The length of waved fibres 

at radius 𝑟  can be derived as: 

 𝐿 =
∅

√1 + 𝛼 ∙ 𝐸    (2) 

Where 𝐸(𝑚) is the elliptic integral of the second kind; and  𝛼 = 𝐴𝜔. 

The maximum excess length of waved fibre exists when the radius equals to R, and it can be expressed 

as: 

 𝐿  _ _ = 𝐿 − ∅𝑅 = ∅𝐷 (3) 

The maximum excess length of fibre can be derived by substituting Eq. (2) into (3): 

 ∅𝐷 = ∅ [√1 + 𝛼 ∙ 𝐸 − ]  (4) 

Eq. (4) can be rearranged as: 

 = √1 + 𝛼 ∙ 𝐸 −  (5) 

While the maximum misalignment angle caused by the excess fibres can be calculated by the 

derivative of the sine curve: 

 𝛼 = tan(𝜃 )  (6) 

Eq. (5) can be written as the following, when substituting Eq. (6) into it: 
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 = 1 + tan(𝜃 ) ∙ 𝐸
( )

( )
−  (7) 

Obviously, the maximum alignment angle is related to the bending radius 𝑅 and the filament diameter 

𝐷. Considering the right-hand side of Eq. (7) as a function 𝑓(𝜃 ), which can be proved as a 

monotonic increasing function by plotting the curve in MATLAB. This shows that the fibre alignment 

can be improved by increase 𝑅 or reducing 𝐷. However, for the current printing methods, increasing 

𝑅 means the use of a larger nozzle size. An alternative way is to feed the filament through a passage 

at an inclined angle which could increase the bending radius without increasing the nozzle size. A 

smaller diameter of filament would also help the fibre deposition. The thin tapes for the traditional 

fibre placement can cause less fibre misalignment than the cylindrical filament, but it is more 

challenging to steer tapes than filament because of the fibre wrinkling issue [23]. Furthermore, it is 

practically easier to manufacture filaments rather than thin tapes using 1K or 3K fibre tows.  

The non-rotational movement of the deposition methods could be the main reason causing fibre 

twisting and fibre folding because the fibre bundle is not aligned in its placement direction. The 

inversion of the inner and outer circumferences of the fibre bundle would occur twice when a circle 

is printed [13]. The fibre filament should twist along with the printing path to avoid the fibre folding 

and twisting. 

Furthermore, the conical outlet of the M-nozzles would have an edge effect on the printed stripe. The 

ring-like nozzle tip squeezes the filament as it moves forward. The deformed tow would be pressed 

by the side of the edges, as shown in Fig. 2c, which would cause a non-uniform pressure distribution 

along the width direction. As such, fibre waviness and waved edges could be further exacerbated.  

2.2 Aligned fibre deposition (AFD) method 

Based on the above theoretical analysis, a rotational nozzle (‘R-nozzle’) with an inclined passage 

(45°) and a rectangle outlet is designed (see Fig. 3a). The bending radius is increased to 2.5 mm 

comparing to the 0.6 mm of M-nozzle, thanks to the inclined passage. The rectangular outlet ensures 

that the filament can be pressed evenly by the rounded rear edge of the nozzle tip to mitigate edge 

effects. The width of the rectangle is 0.8 mm, which is slightly narrow than the placed stripe (around 

1.2 mm, referring to a previous study [10]) to enable a smooth extension of the filament in its width 
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and limit the wobble of the filament to achieve higher deposition accuracy. The other edge of the 

rectangle is 0.6 mm, which is reasonably larger than the diameter of the filament (i.e., 0.375 mm) to 

ensure a pass-through at the start of the printing.  

 

Fig. 3 (a) Schematic of the new-designed nozzle and (b) the rotational printing system.  

During the printing process, the printing direction of the new nozzle needs to be aligned with the fibre 

placement direction because of its rectangular outlet. Therefore, a rotational printer head is designed 

and mounted on a modified printer (Geeetech A30m), as shown in Fig. 3b. More specifically, the 

stepper motor for the extruder of the 3D printer is used to drive the rotational head. Therefore, the 

rotational head can be easily controlled by simply replacing the coordinate values for the extruder in 

the G-code. These values can be calculated from the angle the head is rotated from its home position. 

In this study, the home position of the rotational head is defined as the position where the placement 

direction of the nozzle is aligned with the x-axis. During printing, the placement direction of the 

nozzle is aligned with the tangent vector of a path. Hence, the angle between the tangent vector at 

any points and x-axis is the angle needs to be calculated. It is worth mentioning that the machine 

configurations, such as gear diameters, extruder reduction ratios, also need to be considered when 

calculating the coordinate values. A customised Python program is developed to calculate the 

coordinates and modify the G-code. This printing method is named aligned fibre deposition (AFD). 

The header is guided to synchronously rotate with the movement in x and y directions to achieve a 
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smooth curved line. The working range of rotation is set as ± 360° and its runout tolerance of 

rotational movement is controlled below ± 0.1 mm.  

3. Methodology  

3.1 Printing paths  

In this study, continuous carbon fibre filament is printed out along both straight and curved paths, to 

illustrate the performance of AFD method and compare with the conventional deposition method.  

Based on the parameters from previous studies [10, 13], a series of radii of curvature including 10.0 

mm, 5.0 mm, 2.5 mm and 1.2 mm, are chosen to deposit curved paths. Before the curved section, a 

straight path longer than 100 mm is printed to ensure a stable deposition at the start, as shown in Fig. 

4. The printed straight and curved stripes are characterised by investigating fibre alignment, tow 

morphology and fibre breakage, which is shown in section 4. The radius of 1.2 mm is set as the 

smallest curvature radius to explore the limitations of both two nozzles, as direct turning with large 

angles (no radius of curvature) should be avoided during printing due to the severe fibre folding and 

width change [10].  

 

Fig. 4 Schematic diagram of a curved line in the printing experiment. 

Besides, the transition zone of filament mentioned in last section is observed to fully understand the 

deposition process. Specifically, the printing process is deliberately paused at a series of positions 

and the deformed elbows of filament are then taken out and observed in scanning electron microscope 

(SEM). The fibre alignment and voids can be seen more clearly thanks to the high resolution of SEM. 

The obtained images will help reveal the evolution of aligned fibres for both printing methods. The 

samples are taken at the curvature radius of 2.5 mm for this observation because a larger deformation 

of filament can be seen at this radius compared to other radii. Five representative angular positions 
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(𝜃 =  0°, 45°, 90°, 135° and 180°) are chosen as the stop positions, and the nozzle lifts 5 mm quickly 

(600 mm/min) at each position to produce the deformed elbows. The printer is left to naturally cool 

down and then the printed stripe is cut off and taken out for examination. The results will be presented 

and discussed in Section 5.  

 

Fig. 5 The assembled FE model; Step 1: the cross-section of filament changes when the nozzle moves downwards and 

Steps 2-4: the printing process at a specific radius of curvature. 

3.2 Filament material and printing parameters 

Continuous carbon fibre reinforced thermoplastic filament (1K) from Markforged® is used for all 

experiments herein. It has been found the material is likely T300/polyamide 6 (PA6) [24]. The 

filament diameter is around 0.375 mm, and the fibre content is about 34% [25, 26]. The printing 

temperature is set to 235 ℃ with a printing speed of 300 mm/min. The filament is passively dragged 

into the printer head and its other end is intentionally left free to minimize the effect of the printer 

head on filament twisting because an active feeding mechanism would constrain the rotation of the 

filament and would cause fibre twisting [27]. The rotation is inactivated while using the M-nozzle for 

comparative trials, to replicate the printing process of the conventional printing methods (i.e., no 

rotation). 

3.3 Observation setup 

Scanning electron microscope (SEM, JSM IT-200) and µCT (Nikon XT-H225) are used to observe 

the printed stripes. Those cases with a large radius of 10.0 mm are observed by SEM due to the 

projection limit of the µCT scanner. SEM photos of different sections are stitched together to clearly 
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show the curved stripes, allowing the analysis of fibre distribution, fibre breakage, and tow 

morphology. Other stripes are scanned by µCT for 3D viewing. A voltage of 60 kV and a power of 7 

W is set to the µCT scanner to achieve the possibly best image quality with a resolution of 3192 x 

2296 (voxel size of 3.058 µm). Each scan takes about 9 hours with 2D images projected at an 

increment of 3°. The images are produced and reconstructed into a 3D image using Avizo software. 

The individual fibres are traced to obtain the statistic of fibre misalignment and the air void fraction 

of the printed stripes are calculated by summing the volume of bubbles inside the stripes. 

3.4 Finite element Modelling  

The final geometry of fibre network after printing is hard to predict because of the unknown fibre 

contact point [20]. A finite element (FE) model is developed in ABAQUS to assist the performance 

comparison and the mechanism interpretation of these two printing methods. The compression of 

fibre bundle is known as a non-linear process [14, 28]. The strain distributions in the FE model will 

interpret the deformation of fibre bundle and the degree of fibre misalignment. 

In real printing experiments, the original filament with a cylindrical shape is heated up in the heating 

block and the plastic matrix of the filament is softened. The printer nozzle exerts a contact pressure 

on the heated filament, changing the shape of the filament from cylindrical to roughly rectangular. 

As shown in Fig.5, this process is reasonably simplified in the FE model by using a cylindrical shape 

filament passing through a guide tube inserted in the nozzle. Only the tip of the nozzle, which is in 

contact with the filament, is simulated in the model for the purpose of reducing the computational 

cost. The simulation of the printing process with a specific curvature consists of 4 steps: (1) the nozzle 

moves downwards for 0.275 mm and presses the filament onto the printer bed, reaching an off 

distance of 0.1 mm; (2) the nozzle moves straight for a distance of 10 mm along the longitudinal 

direction of the deposited filament on the bed; (3) the nozzle moves translationally with a curvature 

radius of 2.5 or 10.0 mm; and (4) the nozzle moves forwards for 10 mm. More specifically, M-nozzle 

and R-nozzle move differently in Step 3 according to the real printing experiment, as shown in Fig.5. 

A small curvature radius of 2.5 mm and a large curvature radius of 10 mm are selected for the FE 

model, as they are more representative of the experimental observations. 
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The diameter of the cylindrical shape filament is 0.375 mm, and a total number of 160 C3D8R solid 

elements per millimetre are generated. The continuous carbon fibre filament is modelled as 

transversely isotropic with detailed material properties adopted from our previous work [10] and 

listed in Table 1. Low yielding stress (Y=10 MPa in simple tension) is defined for the initiation of the 

plastic strain so that the deformation of the heated composite filament (with melted PA6 matrix) 

during the printing process can be recorded as much as possible by the accumulated values of plastic 

strain. As measured from our experiments, there is no apparent volumetric change after the deposition, 

von Mises shear strain-energy yielding criterion with an associated plastic flow was adopted to 

account for the plastic deformation of the isotropic cross-section, 

 𝐽 = {(𝜎 − 𝜎 ) + (𝜎 − 𝜎 ) + (𝜎 − 𝜎 ) } =  (8) 

in which 𝜎 , 𝜎  and 𝜎  are the principal stresses.  

All the plastic properties in the fibre direction are scaled by 60 times (i.e., R11 = 60 in Table 1), 

considering the high modulus in the fibre direction even when the PA6 in the composite filament is 

melted. It should be noted that these plastic properties are reasonably assumed rather than obtained 

in the mechanical tests due to the difficulties of experimental measurement of such small filament at 

elevated temperatures. Thus, this model is built to compare these two different printing methods and 

further understand the deposition process[10].  

Table 1. Elastic and plastic properties of the melted composite filament 

E1 
E2 & 

E3 

v12 & 

v13 
v23 

G12 & G13 

& G23 

Initiation of plastic 

strain 
Plastic strain = 1 R11 

R22 & R33 & R12 & 

R13 & R23 

31GPa 46MPa 0.2 0.39 5 GPa 
Yield stress = 10 

MPa 

Yield stress = 

100 MPa 
60 1 

 

4. Deposition performance  

Straight and curved sections are printed according to the above setup. Only the middle parts of the 

printed filament are picked for scans and observations due to the projection area of the SEM and µCT 

equipment. The samples are marked as the M-nozzle case and the R-nozzle case respectively to 

distinguish the two different print methods. 

4.1 Straight line 
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The µCT scanned straight stripes are shown in Fig. 6. For the M-nozzle case (see Fig. 6a), fibre 

misalignment, in particular in-plane waviness, is observed. Practically, the bottom fibres that are 

bonded with the bed have more dramatic waviness than the top, which may indicate higher stress 

concentrations on the bottom of the tape during printing. In contrast, significantly better fibre 

alignment is produced by R-nozzle (see Fig. 6b) compared to the M-nozzle, even though slight fibre 

misalignment still can be seen in the middle of the fibre bundle. The aligned fibre also leads to straight 

and consistent edges, making the printed filament a straight tape with a consistent dimension of width 

and thickness.  

 

Fig. 6 X-ray μCT images of printed straight-line stripes: (a) & (c) M-nozzle, (b) & (d) R-nozzle, and (e) fibre 

misalignment angles of both cases. 

µCT images of both printed stripes are reconstructed and processed in Avizo to trace individual fibres 

and quantify fibre misalignment. Specifically, a total number of five cross-sections are picked equally 

along the stripes to allow a statistical calculation of fibre orientations. As shown in Fig. 6e, the 
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misalignment angle of the M-nozzle case ranges from -25° to +25°, which is much larger than the 

range of R-nozzle case (±12°), with the standard deviation two times larger than the R-nozzle case. 

This proves that the AFD method has improved the fibre alignment to a certain content.  

Representative cross-sections of both printed stripes are taken from the middle of each stripe and 

shown in Fig. 6c & d. For the M-nozzle case (see Fig. 6c), uneven edges are found on both top and 

bottom sides of the cross-section, showing rough surfaces are created by the irregular deformation of 

the filament at the nozzle-bed distance of 0.1 mm. More importantly, an edge wrinkle can be seen, 

showing the occurrence of out-of-plane fibre buckling and poor bonding with the bed. This seems to 

imply a non-uniform stress distribution within the placed tow, which could be caused by the uneven 

pressure from the ring-like nozzle tip. Much differently, the R-nozzle creates a flat surface on both 

top and bottom sides of the cross-section, as shown in Fig. 6d. This could benefit a good bonding 

with both the substrate and above layers and reduce air voids.  

Some air voids can be seen inside the cross-section of stripes. The content of voids completely trapped 

inside the printed stripe is measured as 0.78% and 0.27% for M-nozzle and R-nozzle, respectively. 

Compared to the void content of the virgin filament, which is measured as 0.69% based on the CT 

image in Fig. 1a, it confirms the M-nozzle introduces more airs into the printed stripe. While the R-

nozzle reduces the void content from 0.69% to 0.27%, showing the air voids are squeezed out during 

the deposition process.  

From above results, it can be concluded that the R-nozzle substantially improves the deposition of 

continuous fibres during straight-line, in term of fibre alignment, tow morphology and air voids. 

4.2 Curved line  

In addition to the comparison of printing performance of both deposition methods for straight-line 

printing, this section compares the two deposition methods at specific curvature radii from 10.0 mm 

to 1.2 mm, in terms of fibre alignment, void content and fibre breakage that is prone to occur in curve-

line than straight-line path. 

4.2.1 Fibre alignment 
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At the large radius of 10.0 mm, R-nozzle produces a well-aligned tow than M-nozzle, as shown in 

Fig. 7. Fibre folding, fibre buckling, and fibre breakage apparently exist in the fibre bundle placed by 

M-nozzle (Fig. 7a). The M-nozzle tends to fold the fibres suddenly from the outer periphery to the 

inner, creating a fibre fold line extending from the middle of the bundle to the inner edge (as shown 

in Fig. 7a). Buckling fibres are produced at the folded position as the inner fibres are pushed to buckle 

when the filament twists inward from the outer periphery. Uneven tow width and teeth-like edges are 

also created by the tow twisting. By contrast, the R-nozzle produces a clear tow shearing line 

extending from the outside to the middle of the bundle (Fig. 7b), indicating the top fibres of the 

filament are shifted by the nozzle tip while the bottom fibres are bonded with the bed stably. This 

could imply the filament is subject to the shear load generated by the relative motion between the 

nozzle tip and the bed because of the rotational movement of the printer head. The tow shearing 

phenomenon seems to reduce the fibre wrinkling [29] and result in better fibre alignment. Even tow 

edges and tow width are consequently created by the aligned fibres. Moreover, the bottom view of 

the stripes is shown in Fig. A1 (Appendix A). This confirms that less fibre breakage and even tow 

wides are created by the AFD method than the traditional method. 

 

Fig. 7 Top view of 3D printed curved path with a radius of curvature R=10 mm: (a) M-nozzle and (b) R-nozzle. 

For the medium curvature radii of 5.0 mm and 2.5 mm, multiple smaller events of fibre buckling are 

produced by M-nozzle at the inner periphery of the curved section (see Fig. 8a and Fig. A2), whilst 

relatively aligned fibres are found at the same position in the R-nozzle case (Fig. 8b). The occurrence 
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of inner buckling is probably because the M-nozzle squeezes the transition zone from the outside and 

creates buckling fibres. This phenomenon is not observed in the R-nozzle case probably because the 

nozzle always presses the filament along its moving direction. The excess fibre is found to be folded 

to the bottom from the inner periphery, as shown in Fig. A2 (Appendix A). 

 

Fig. 8 X-ray μCT images (top views) of printed curved lines using (a) M-nozzle and (b) R-nozzle. (Only the central part 

of the curved stripes is cut and scanned.)  

At a small radius of curvature of 1.2 mm, the M-nozzle creates a single and large defect of fibre 

buckling on the inner side of the curvature and unsmooth edge at the outer circumference, which 

indicates potential occurrence of tow debonding, as shown in Fig. 8a. By contrast, R-nozzle directly 

twists the filament and folds the fibres, indicating the filament is hard to be printed along an aligned 

direction at such a small radius of curvature. The results suggest that the printing of such small radius 

of 1.2 mm should be avoided for both deposition methods. 

Besides the fibre alignment, the two nozzles produce different tow morphology. For example, the 

placement accuracy is found to be much improved by R-nozzle for the curved paths at those two 

increased radii of curvature, e.g., R=2.81 mm by R-nozzle as compared to R=3.23 mm by M-nozzle 

for a real curvature radius of 2.5 mm, as shown in Fig. 8.  
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Fig. 9 (a)  Air void content and (b) fibre electrical resistance at different radius of curvature. 

In general, the R-nozzle helps improve the fibre alignment and hence the tow morphology at a large 

radius of curvature. The shifting of fibres becomes more dominating than fibre folding as the radius 

of curvature increases from 2.5 mm to 10.0 mm probably because of the friction of nozzle tip. 

Although the number of occurrences of fibre buckling is reduced by the M-nozzle as the radius of 

curvature is increased, noticeable fibre misalignment and fibre folding still exist.  

4.2.2 Void content 

As shown in Fig. 9a, the air voids inside the stripes decrease with increased radius of curvature. The 

void content in all M-nozzle cases is larger than the value of the virgin filament. The max void fraction 

(5.35%) is measured at the radius of 1.2 mm due to the paramount defects. The 5.0 mm radius case 

has fewer voids than other cases, but still more than the virgin filament. This means additional air 

voids are introduced into the fibre bundle by M-nozzle, probably because of the aggressive fibre 

movement it causes. 

The void content in the R-nozzle cases is smaller than the M-nozzle cases at each radius. The void 

content is even less than the virgin filament when the radii of curvature are larger than 5.0 mm (0.17% 

compared to 0.69%). Its maximum void content is measured at the radius of 1.2 mm, which is almost 

4 times lower than the same radius case of the M-nozzle (1.47% to 5.35%). By the values calculated 

for both straight-line and curved-line cases, it is reasonable to conclude that the AFD with R-nozzle 

reduces the air void contents during the fibre deposition. 

4.2.3 Fibre breakage 
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Electrical resistances are measured to evaluate the fibre breakages caused by the printing processes 

based on the method reported in Ref. [15]. As shown in Fig. 9b, the fibre electrical resistances 

decrease to certain values and the fitted curve tends to be flattened as the radii are larger than 5.0 mm, 

but the value increases dramatically when the printing radius decreases below 5.0 mm. This indicates 

more fibre breakages are resulted during the placement along small radius paths. Apparently, the M-

nozzle cases have larger electrical resistance values compared to their competitors, except for the 1.2 

mm case, where the two deposition methods have similar values. The results imply that more 

excessive fibre breakages are produced by the M-nozzle than the R-nozzle. However, both nozzles 

induce large defects hence large number of fibre breakages when the printing radii are small enough, 

i.e. 1.2 mm. By inspecting the SEM images of 10.0 mm cases, more fibre breakages are counted in 

the M-nozzle cases and are marked by red circles (as shown in Fig. 7 and Fig. A1), which also echoes 

the electrical resistance results. The fibre breakages seem to occur in tandem with violent fibre 

waviness. For example, more fibre breakages are found at the edge or on the bottom of the curved 

stripes especially, probably because of the occurrence of excessive fibre waviness. The AFD with R-

nozzle produces less fibre waviness hence fewer fibre breakages along both straight-line and curved-

line paths. 

5. Deposition mechanisms  

In this section, the transition zone of the deformed filament is experimentally observed to understand 

the fibre movement, and the printing process is numerically simulated with a FEM model that 

provides the strain and stress distributions in the transition zone as well as the printed stripes. The 

differences of deposition mechanisms between both deposition methods are then identified, and 

particularly the formation of in-plane fibre waviness and fibre folding is explained. 

5.1 Printing along a straight-line path  

The filament bends at the transition zone during straight-line printing, i.e., angular position of 0°. 

SEM images are captured from the top and the bottom of this area, as shown in Fig. 10. The FE 

modelling results of this zone are shown in Fig. 11 and Fig. 12, to compare with the experimental 

observation results.  
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5.1.1 Experimental observations 

 

Fig. 10 SEM images of the composite filament deposited at 0° angle position: (a) M-nozzle and (b) R-nozzle.  

(Some small dark spots appear in the images, probably due to dusts or impurities) 

As shown in Fig. 10a, the filament elbow created by M-nozzle deforms dramatically in the transition 

zone. The fibre bundle spreads from the middle to both sides with slight fibre waviness. In the middle 

of the stripe, some unaligned fibres can be found underneath those visible fibres on the top surface, 

indicating the occurrence of fibre misalignment. Meanwhile, melted plastic is scraped forward by the 

nozzle tip and flows from the stripe edges to the middle, indicating large friction is caused by the 

conical shape of the M-nozzle outlet. The scratched plastic results in uneven matrix distribution in 

the final part and would weaken the interlayer bonding. When observing from the bottom, the stripe 

is found to be split into multiple bundles in the transition zone, leading to large gaps and air voids. 

The fibres wave severely on the convex side of the elbow with occasional out-of-plane fibre buckling, 

resulting in uneven edges of the stripe. More paramount fibre waviness and fibre misalignment can 

be seen on the bottom surface, which is exactly caused by the fibre buckling in the transition zone. 
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For the case of AFD with R-nozzle, the fibres are deposited evenly from the inclined passage of the 

nozzle to the bed and no noticeable fibre waviness occurs after deposition (see Fig. 10b), resulting in 

straight edges and consistent stripe width. The melted plastic is more evenly distributed and shows a 

smoother finish surface than the result of the M-nozzle. Slight fibre misalignment is also found in the 

middle of the stripe, similar to the phenomenon occurring in the case of M-nozzle, perhaps because 

of large compressive deformation hence greater fibre movement in the middle of the filament. The 

bottom fibres are also better aligned than its competitor, with even stripe edges and a smooth finish 

surface. No visible cracks appear in the transition zone, which explains why R-nozzle produces fewer 

air voids than M-nozzle as discussed in Section 4.1. 

In general, the filament deforms much more gently in the transition zone in R-nozzle than in M-

nozzle, thanks to the smaller feeding angle (i.e., 45° in R-nozzle as compared to 90° in M-nozzle) 

and large bending radius which reduces the filament's deformation and fibre misalignment. The 

rectangular nozzle edge of R-nozzle also provides even pressure on the filament. The stripe surfaces 

are found to be smoother, and the plastic matrix is more evenly distributed over the fibres.  

5.1.2 Finite element modelling 

The straight-line printing mechanisms are further discussed and interpreted using the developed FE 

model, with a focus on the deformation in the filament in terms of plastic strain distributions.  The 

distributions of PE22 shown in Fig. 11 indicates how the heated filament is pressed by the nozzle and 

expanded in the width direction due to the Poisson effect. The transverse tensile/compressive plastic 

strain in the width direction indicates the spread of the fibres and is used to reveal the degree of fibre 

misalignment. The obvious difference in the distributions is found to be on the top surface of the 

printed stripe (circled in black in Fig. 11a), in which the M-nozzle exhibits an uneven distribution 

and a much smaller value of PE22 as compared to the R-nozzle. This explains the difference in the 

fibre alignment and the flow of plastic as seen in the experimental observations in Fig. 10. Besides, 

both two nozzles exhibit more uneven distributions of PE22 on the bottom surface than on the top 

surface. As for the R-nozzle, although most of the elements are under higher tension, slight 

irregularity is caused by the fluctuating cohesive interaction with the bed as the filament keeps being 
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stretched by the moving nozzle. However, the irregularity of PE22 distribution is aggravated on the 

bottom surface of the printed stripe by M-nozzle, due to the non-uniform contact pressure exerted 

from the ring-like nozzle tip of M-nozzle (as shown in Fig. 11a). The uneven distribution of PE22 

also indicates more fibre misalignment on the bottom surface, which is in good agreement with the 

experimental observations in Fig. 10a.  

 

Fig. 11 Transverse normal plastic strain PE22 when printing a straight path: (a) M-nozzle and (b) R-nozzle 

 

Fig. 12 Transverse shear plastic strain PE13 when printing a straight path: (a) M-nozzle and (b) R-nozzle. 

Another different characteristic between these two nozzles is the transition zone in the filament before 

being printed on the bed. A sharp transition zone under large bending is observed in the case of M-

nozzle (framed in Fig. 12a), which exactly indicates the splitting and out-of-plane buckling of the 

fibre tow presented in the experimental result (as shown in Fig. 10a). This is also evidenced by a 

higher transverse shear strain PE13 in this region, as shown in Fig. 12a. On the contrary, such a 

transition zone is not noticeable when it comes to the R-nozzle, confirming the printing defects are 

reduced when printing a straight-line path using R-nozzle with a smaller, inclined feeding angle.  

From the above results, it is understood that the in-plane fibre misalignment of the M-nozzle is mainly 

caused by the severe bending deformation due to the small bending radius. Similar phenomenon also 
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occurs in other manufacturing processes of thermoplastic composites, for instance, the stamp forming 

process [30]. More specifically, the fibre waviness in our experiment occurs on the convex side of 

the elbow, similar to those processes using a male mould [31], probably because the filament is pulled 

to the nozzle and this tension makes the fibres on the convex side easier to be split, resulting in out-

of-plane waviness. As the waved fibres are pressed by the forward-moving nozzle, they will then 

form the in-plane fibre waviness and/or misalignment as observed in the experiment. 

5.2 Printing along curved-line paths  

The printed stripes are captured at angular positions of 45°, 90°, 135° and 180° on a curved-line path 

with a curvature radius of 2.5 mm for both deposition methods. The deposition process of the entire 

curved-line path is also simulated by the FEM model with results extracted at the same pause positions 

to compare with the experimental observations.  

5.2.1 Experimental observations 

Fig. 13 shows the instantaneous fibre alignment captured from the paused positions in the curved-

line deposition for both deposition methods at a curvature radius of 2.5 mm. All images are obtained 

from the bottom view of the stripe and the nozzle turns in the clockwise direction. The transition zone 

is included in the images to better illustrate how the filament evolves into a curved stripe during the 

printing.  

The SEM image at the angular position of 45° presents the situation when the bundle starts turning. 

A slight torsional deformation of filament is found just above the stretched elbow for the M-nozzle, 

resulting in significant fibre waviness. This torsion of filament is probably derived from the friction 

of the M-nozzle due to its non-rotational movement. During the deposition of a curved line, the 

filament needs to rotate along the curved path to keep the fibre aligning with the path, otherwise, a 

torque or twisting moment would be imposed on the pre-printing filament by the printed-on-bed part. 

If the filament is free to rotate during printing, this torque would be released. However, the filament’s 

rotation is restricted by the PTFE guide tube and its long feeding tail in the experiment, even though 

the extrusion end is deliberately set free. In the worst case, the inversion of the inner and outer 

circumferences of the fibre bundle would occur at least once when half a circle is printed [13], and 



 

22 
 

this is hard to avoid when using this printing method with the M-nozzle. In comparison, better fibre 

alignment is produced by the R-nozzle at the same angular position (Fig. 13b). No torsional 

deformation of filament occurs, presumably just because the filament rotates together with the hot-

end and the R-nozzle always presses the filament along its deposition direction. The transition elbow 

looks like a neat crease line that slightly leans forward along the printing path, in contrast to the 

irregular shape in the M-nozzle case. 

 

Fig. 13 Bottom view of the printed stripes at angular positions of 45°, 90°, 135° and 180°of (a) M-nozzle and (b) 

R-nozzle. (The fibre breakage is marked with red solid circles.) 
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At the angular position of 90°, M-nozzle creates evident fibre buckling at the inner periphery, while 

the R-nozzle folds the fibres to the middle of the bundle. The M-nozzle pushes the deformed elbow 

out of the circumference by its outlet surface, leading to the occurrence of fibre buckling and hence 

the sudden increase of tow width (90°, Fig. 13a). It suggests that the inner fibres are under 

compression, resulting in excessive length than the outer periphery. The excessive length fibres tend 

to kink and wrinkle. Compared to the buckling fibres caused by M-nozzle, the fibres with excessive 

length are swept to the outside of the circumference by R-nozzle in the transition zone. These fibres 

are probably swept by the bed towards the outside of the circumference before fully consolidating on 

the bed, creating an even tow width and neat edges hence then. The folded fibres could mitigate the 

fibre wrinkling that normally occurs in the curved-line placement by AFP/ATP [23, 32], but may 

cause fibre breakage because of the extensive fibre waviness.  

Much serious filament cracking can be seen when the angular position of the M-nozzle is beyond 135° 

(Fig. 13 a), introducing air voids into the printed stripe and causing dramatic fibre waviness and 

breakage. More specifically, the top fibres are peeled off from the bed-bonding fibres and folded from 

the outer periphery to the inner (see the cracking at 135°). Both the above-mentioned torsion and 

shearing force generated by the M-nozzle are presumably the main causes of the cracking. The 

torsional deformation promotes the fibre waviness while the friction between the filament and the 

nozzle tip tends to shear the printing filament and bring the top fibres to the inner periphery, indicating 

the moving direction of the M-nozzle is inclined to the inside radius during a curved-line deposition. 

No cracking is found in the case of R-nozzle which explains fewer air void and less fibre breakage of 

R-nozzle case in section 4.2.2 

Fibre breakage is inspected and marked with red solid circles in all images. The results show that the 

fibre breakage normally occurs at the edges of the printed stripe and/or at positions where fibres wave 

dramatically, which is likely caused by excessive fibre buckling. Moreover, M-nozzle generally 

causes more fibre breakage than R-nozzle, which is reasonably expected because of the aggressive 

fibre movement produced by M-nozzle. 

5.2.2 Finite element modelling 
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(a) Torsional deformation in the pre-printing filament 

 

Fig. 14 Distribution of logarithmic strain component LE12 at angles 45° and 135° on the printed curved-line path with a 

radius of curvature of 2.5 mm.  

The torsional deformation in the pre-printing filament above the transition zone can also be clearly 

seen in the modelling. In the following analysis, shear strains with positive and negative values are 

plotted out in grey and colours, respectively, for better clarification of the distributions. Since the 

torsional deformation is relatively small inside the PTFE tube and almost no plastic deformation 

occurs there as the filament is thermally insulated by the PTFE tube, the distribution of logarithmic 

strain (LE) is used for this analysis. As shown in Fig. 14, extremely small values of LE12 (in red 

colour) are found above the transition zone in the simulation frames at 45° and 135° angles for R-

nozzle. As for the M-nozzle, the distribution at the 45° angular position is similar to that of the R-

nozzle since less filament twisting happens at this point, but positive values are observed at the 135° 

angle for M-nozzle, indicating the torsional deformation in the filament before being printed. It 

explains that the torsional deformation only occurs when the twisting of printed filament happens, 

and it is caused by the relative motion between the twisted printed stripe and the pre-printing filament 

that is constrained at the far end.  

(b) Fibre twisting in the printed stripe 

Since the composite filament is considered as a homogeneous, transversely isotropic material in the 

FE modelling, the twisting of the filament is concerned rather than the twisting of individual fibres. 

In addition, the torsional deformation of filament and tow shearing caused by the friction with the 

nozzle tip will be numerically analysed. The transverse normal strain PE22 in the width direction is 
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believed to more appropriately indicate the in-plane fibre distribution in the printed stripe, while the 

transverse shear strain PE23 is believed to indicate the overall filament twisting, respectively. 

The distribution of transverse normal strain PE22 with the curvature radius of 10 mm for these two 

nozzles is presented in Fig. 15, in which the second material orientation of the elements is indicated 

by blue arrows. As for the M-nozzle, no noticeable change of fibre alignment is seen at the beginning 

of the curved section, followed by a gradual filament twisting at an angular position in-between 45°-

60° that continues for the rest of the curved printing path. However, no filament twisting can be found 

for the R-nozzle and the filament edges keep aligned along the entire curved path, which can be 

illustrated by the consistency of the second material orientation. M-nozzle exhibits a more irregular 

distribution of PE22, with the maximum value located at an angular position in-between 80°-90°, 

which is likely caused by the excessive friction from the nozzle tip because of the relative motion 

between the filament and the M-nozzle (the details can be found in Fig. A3). Although some mutation 

points exist in the case of R-nozzle due to the adopted sub-step approach (i.e., the numerical step for 

printing a curved path is divided into 12 sub-steps in the modelling), apparently much more regular 

distribution of PE22 is observed. Clearly, this will result in a more consistent printed width during 

the printing of a curved path, which is also revealed by the experimental observation in Fig. 7b. 

 

Fig. 15 Distribution of transverse normal plastic strain PE22 when printing a curved path with a radius of curvature of 

10 mm: (a) M-nozzle and (b) R-nozzle. 
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Fig. 16 Distribution of transverse normal plastic strain PE22 when printing a curved path with a radius of curvature of 

2.5 mm: (a) M-nozzle and (b) R-nozzle. 

The printing process with a small curvature radius of 2.5 mm is also simulated. As shown in Fig. 16a, 

a similar pattern of PE22 is observed for M-nozzle, but the gradual filament twisting exists across the 

entire curved path and the location of the maximum PE22 occurs earlier than in the 10 mm case, 

indicating a more severe fibre twisting inside the filament. However, the deposition result changes 

more significantly for the R-nozzle while printing a curved path with such a small curvature radius. 

The R-nozzle tends to press the heated filament flat by its side surface of outlet, and the occurrence 

of filament twisting cannot be suppressed under such a small curvature radius. Therefore, a dramatic 

filament twisting (more like the filament twisting in the 90° result of Fig. 8b of experimental 

observation) occurs approximately in the middle of the curve where the maximum PE22 is found, 

followed by the sudden change of the material orientation. After that, little filament twisting occurs 

in the rest part of the curved path. 

The transverse shear strain PE23 is calculated based on the absolute value at different angular 

positions in the curved section. It should be clarified that this is not a standard quantitative analysis 

but a comparison of the evolution of misalignment and twisting, because the material properties in 

the modelling cannot be accurately defined yet. As shown in Fig. 17a, PE23 of M-nozzle increase 

gradually and then come to their peaks at an angular position in-between 80°-100°. As for the R-

nozzle, the curves show small fluctuations, indicating less twisting occurs in the whole process with 

the 10 mm curvature radius, thanks to the assistance of the rotational printer head in the AFD system. 

As for the curvature radius of 2.5 mm, a similar pattern is observed in the printing using M-nozzle 
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(with similar peak location and value) as shown in Fig. 17b. However, a sharp rise can be observed 

for the R-nozzle at the 60° angular position for PE23 and then it reaches a higher peak value than that 

in the 10 mm case. This is followed by a sharp drop to reach the next lowest value at about 100° 

angular position. This echoes the sudden change of the second material orientation (as observed in 

Fig. 16b above) and the dramatic fibre twisting (more like a fibre folding in Fig. 8b of experimental 

observation) at an angular position in-between 80°-90°. 

 

Fig. 17  Evolution of transverse shear plastic strain PE23 when printing a curved path with a radius of curvature of (a) 

10 mm and (b) 2.5 mm. 

(c) Dynamic interaction between nozzle and filament  

The evolution of the friction force (i.e., the reaction force of the nozzle in the radial direction of the 

curved path) for the whole printing process is extracted and presented in. It can be seen that the M-

nozzle exhibits a generally higher friction force compared with the R-nozzle, in the printing with both 

curvature radii of 10 mm and 2.5 mm. This indicates the inclined feeding angle in R-nozzle can 

efficiently reduce the friction between the filament and the nozzle tip when printing with curvature, 

and thus mitigate the manufacturing defects such as filament twisting and fibre waviness. In addition, 

a stronger fluctuation can be found in the curves of the R-nozzle. It is caused by the R-nozzle’s 

rectangular outlet with a smaller width and the associated collision between the filament and the inner 

edges of the nozzle in the FE modelling. On the contrary, kinetic friction happens in the printing 

process with the M-nozzle, which is accompanied by the slipping of contact and the shifting 

movement of the M-nozzle, thus resulting in smaller fluctuations in the curves. A more detailed 
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visualisation of the nozzle-filament interaction before and after an angular position of 90° can be 

found in Appendix B. 

 

Fig. 18 Evolution of friction force when printing a curved path with a radius of curvature of (a) 10 mm and (b) 2.5 mm. 

In summary, no clear filament cracking and fibre twisting are found in the R-nozzle case, thanks to 

the rotation of the R-nozzle as well as the consistent nozzle-filament. Although the fibre folding 

occurs when printing at a 2.5 mm radius path, R-nozzle produces fine filament placement with even 

strain distribution at a large radius path (10.0 mm) compared to M-nozzle. Torsional deformation in 

the pre-printing filament is found for M-nozzle, which could be one of the main reasons for excessive 

fibre movement.  

6. Conclusions 

This paper presents a novel aligned fibre deposition (AFD) method for 3D printing of continuous 

carbon fibre reinforced thermoplastic composites using a novel customised printer nozzle. Compared 

to a traditional deposition method with a commercial vertical feeding nozzle, the developed AFD 

system shows satisfactory improvement of fibre alignment in printing both straight-line and curved-

line paths. The improved fibre architecture in this study will be reflected on the mechanical properties 

of printed composite and deserves further investigation. Based on the experimental characterisations 

and finite element modelling, main conclusions are drawn as below: 

(1) The R-nozzle used in AFD method with a large bending radius mitigates severe deformation of 

fibre bundle and avoids the crack of the filament, resulting better fibre alignment, few air voids and 

less fibre breakage. 
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(2) The torsional deformation in the pre-printed filament is eliminated by the AFD method due to the 

rotational movement. The rectangular outlet presses the filament along the moving direction, 

providing even strain distributions and less friction. 

(3) Fibre twisting caused by both the torsion of filament and the shearing from the nozzle tip in 

traditional deposition method is replaced by tow shearing in AFD method at large radii of curvature 

printing. However, deposition along a small radius (R=1.2 mm) should be avoided for both methods. 
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