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ABSTRACT 

Continuous carbon fiber reinforced thermoplastic composites (C-CFRTP) have been widely used in 
high-end equipment with the development of injection molding and compression molding technologies, 
owing to their excellent mechanical properties and integrated manufacturing feasibility. Recently, fused 
filament fabrication (FFF) 3D printing technology of C-CFRTP has become a new fabrication method 
especially for parts with complex structures, of which load-bearing has been significantly improved due 
to the application of the constant continuous carbon fiber. Trajectory planning is the key process to 
ensure that the fiber remains continuous at all time, and has been a hotspot in the academic field. Double-
curve connection trajectory has been proposed by the authors to keep the fiber continuous during the 
printing process, and this paper has further investigated the effects of the cross-points distribution, a key 
processing parameter of this process, on the tensile performance. The cross-points were classified as 
intra-layer cross-points and inter-layer cross-points, and the fracture modes of C-CFRTP parts with 
different cross-points distributions were analysed. As the cross-points distribution varied, the fracture 
mode of parts printed by double-curve connection trajectory gradually changed from mode 1 (all cross-
points failure) to mode 3 (only one cross-point failure), and the tensile strength of those parts increased 
at the same time. The relation between cross-points distribution and tensile performance has been built 
and experimentally validated. Based on this relation, the cross-points distribution was optimized for 
obtaining higher tensile strength. Compared with the parts printed by the unoptimized cross-points 
distribution trajectory, the tensile strength of the parts printed by the optimized cross-points distribution 
trajectory was improved by about 19.97%.  In addition, a further comparison between the proposed 
trajectory and the Zig-Zag trajectory, not usually used for parts with complex structures, has been 
investigated and the results showed a very close tensile strength, which also demonstrated the 
advantages of double-curve connection trajectory. The findings in this paper could promote the 
development of 3D printing C-CFRTP trajectory planning and improve the mechanical performance of 
parts with complex structures.  
 
1 INTRODUCTION 

Continuous carbon fiber reinforced thermoplastic composites (C-CFRTP) have been broadly used in 
the field of high-end equipment manufacturing due to its outstanding material properties such as high 
strength-to-weight ratio, excellent corrosion resistance, low coefficient of thermal expansion, and 
recyclability [1, 2]. Limited by the high cost of mold and the manufacturing boundedness of complex 
structures, traditional methods for C-CFRTP manufacturing, such as injection molding, compression 
molding, etc., inevitably encounter bottlenecks in manufacturing the parts with complex structures [3]. 
Fused filament fabrication (FFF), the most widely used 3D printing technology, has rapidly developed 
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in recent years. Thanks to the layer-by-layer material build-up approach, the FFF 3D printing technology 
provides a new method to fabricate C-CFRTP parts with complex structures [4]. 

 
The FFF 3D printing of C-CFRTP has been investigated to produce advanced composite parts with 

complex structures. Mark one, the first 3D printer of C-CFRTP, was unveiled in 2014, which adopted 
the towpreg extrusion process to fabricate C-CFRTP parts [5]. Meanwhile, the 3D printer that employed 
the FFF technology of the in-suit impregnation process has been proposed by Tian et al. [6]. Based on 
those two types of 3D printers, researchers have investigated the effect of process parameter 
optimization [7], fiber surface pretreatment [8], and auxiliary processes [9] on the mechanical 
performance of FFF-fabricated C-CFRTP parts. Although those studies have greatly improved the 
performance of FFF-fabricated C-CFRTP parts, there was still a gap compared to those manufactured 
by traditional methods.  

 
Trajectory planning, as the vital preparation step before 3D printing, significantly impacted on the 

performance of FFF-fabricated parts [10]. Especially for C-CFRTP, the printing trajectory directly 
determined the fiber-laydown pattern, which was the key factor affecting the part's performance. 
Therefore, great efforts have been attempted to explore a suitable printing trajectory so that the 
performance of FFF-fabricated parts can be improved further. Initially, two types of printing trajectory 
were applied for FFF 3D printing C-CFRTP, including Zig-Zag trajectory [11, 12] and offset trajectory 
[13]. In order to determine the printing trajectory that can fabricate the part with better mechanical 
properties, Andrew et al. [14] compared the mechanical performance of C-CFRTP parts printed by those 
two trajectories. The results indicated that the parts printed by the Zig-Zag trajectory exhibited better 
tensile performance, while those printed by the contour offset trajectory performed better flexural 
performance. Based on that, the complex structural parts, such as honeycomb sandwich [15], lattice truss 
[16], specimens with drilled holes [17], and Messerschmitt-Bölkow-Blohm (MBB) beam [18], have 
been printed by the special trajectory. Due to the limitations of complex structures, there are jumping 
points in the printing trajectory. The jumping points make the fiber discontinuity, leading to premature 
failure of the part in the area where the fiber is discontinuous [19]. To solve this problem, the double-
curve connection trajectory was proposed [20]. This trajectory built the special “bridges” between 
adjacent trajectories to avoid jumping points. The results showed that the tensile strength of the C-
CFRTP part printed by double-curve connection trajectory was greater than that of the part printed by 
the offset trajectory while less than that of the part printed by the Zig-Zag trajectory (non-cross-points 
trajectory). The cross-points (“bridges”) in the double-curve connection trajectory decreased the tensile 
performance of the C-CFRTP part. Fortunately, the double-curve connection trajectory allows for a 
reasonable cross-points distribution, which can reduce the impact of cross-points on the tensile 
performance of parts. However, the unrevealed relation between cross-points distribution and tensile 
performance makes it impossible to provide a basis for distributing cross-points, which affects the 
performance improvement of the C-CFRTP part printed by double-curve connection trajectory. 

 
For this purpose, the influence of cross-points distribution on tensile performance was investigated 

in this paper. Based on the fracture mode of the C-CFRTP part printed by double-curve connection 
trajectory, the relation between cross-points distribution and tensile performance was built through 
theoretical analysis. Then the relation was verified by measuring the tensile strength of parts printed by 
double-curve connection trajectory with different cross-points distributions. After that, the cross-points 
distribution was optimized, which made the tensile strength of parts printed by double-curve connection 
trajectory close to that of parts printed by the Zig-Zag trajectory. The findings in this paper could 
promote the application of double-curve connection trajectory and improve the mechanical performance 
of FFF-fabricated C-CFRTP parts. 
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2 RELATION BETWEEN CROSS-POINTS DISTRIBUTION AND TENSILE PREFORMANCE 

2.1 Model simplification of specimens printed by double-curve connection trajectory 

According to the double-curve connection trajectory planning method, two adjacent fiber bundles 
will cross each other to form the cross-point, as shown in Figure 1(a). For the convenience of graphic 
indication, the schematic of Figure 1(b) was used to represent the cross-point between two adjacent fiber 
bundles. In the double-curve connection trajectory schematic, a straight line with a solid circle represents 
two adjacent fiber bundles crossing each other, and the solid circle represents the cross-point. Besides, 
limited by the double-curve connection trajectory planning method, there are two fiber bundles within 
the same layer which do not intersect with any fiber bundles. A straight line without solid circle 
represents the fiber bundle that does not intersect with other fiber bundles in the schematic. The position 
relationship between cross-points determined the types of cross-points. As shown in Figure 1(b), cross-
points in the same printing plane are recorded as the intra-layer cross-points, while cross-points in the 
same Z-directional plane are marked as inter-layer cross-points. 

 
 

 
Figure 1: The schematic of double-curve connection trajectory. (a) The double-curve connection 

trajectory and (b) the simplified diagram of double-curve connection trajectory. 
 
 

As shown in Figure 2(a), d represents the distance between two adjacent cross-points along the fiber 
direction, and d0 represents the length of the cross-point area along the fiber direction. During the load-
bearing process, the continuous fiber bundle bears tensile stress, while the matrix between the 
continuous fiber bundle bears shear stress. As shown in Figure 2(b), x  and c  represent the tensile 

strength of fiber bundles with non-cross-points and the tensile strength of fiber bundles at cross-points, 
respectively.   indicates the shear strength of the matrix between two cross-points. The fiber orientation 
at cross-points is inconsistent with the direction of the external load, resulting in a weak bearing capacity 
in cross-points, namely x c  . Since the cross-point area possesses a certain length in the fiber 

direction, tiny pores will be between the cross-points and the adjacent fiber bundles. The load between 
the fiber bundles cannot be transferred in this area.  

 
 

  
 
Figure 2: (a) the geometric parameters of cross-points and (b) internal stress of C-CFRTP parts during 

the load-bearing process. 
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2.2 Fracture modes analysis of specimens 

When d≤d0, the pores of the adjacent two cross-points are almost connected, as shown in Figure 3(a). 
The connected pores at the adjacent cross-points lead to the concentration of the weak load-bearing 
capacity for the C-CFRTP part. In this case, all the cross-points will fail under the action of tensile loads, 
resulting in the fracture mode 1, as shown in Figure 3(a). When d>d0, the pores of the adjacent two 
cross-points are separated, which allows the matrix between adjacent fiber bundles to transmit shear 
loads. In this case, the prerequisite for C-CFRTP part fracture is the simultaneous failure of all cross-
points and the matrix between adjacent cross-points, as shown in Figure 3(b). As d increases, there is 
almost no mutual influence between adjacent cross-points, resulting in the part breaking flush 
perpendicular to the fiber bundles direction at a certain cross-point, as shown in Figure 3(c). 

 
 

   
 

Figure 3: The fracture mode of C-CFRTP parts printed by double-curve connection trajectory: (a) 
Mode 1: all cross-points fail, (b) Mode 2: all cross-points and the shear planes among them fail, and 

(c) Mode 3: one cross-point and straight fiber on the same section fail. 
 
 

2.3 Relation development 

Cross-points in the double-curve connection trajectory can be classified into intra-layer and inter-
layer cross-points. Based on that, the relation between cross-points distribution and tensile performance 
was built in this section. Moreover, it is assumed that the cross-points are uniformly distributed along 
the fiber direction to facilitate building this relation. 

 
As shown in Figure 4(a), there are n cross-points in the single-layer 3D-printed C-CFRTP part with 

the length of L and the width of W. The width of a single fiber bundle is b, and the height of that is h. 
With the distance between the adjacent intra-layer cross-points (dp) gradually increasing, the C-CFRTP 
part will fail in different fracture modes, leading to the change in tensile strength. 

 
 

  
 

Figure 4: The distribution of (a) intra-layer cross-points in the same printing plane and (b) inter-layer 
cross-points in the same Z-directional plane. 

 
 

When dp≤d0, the C-CFRTP part breaks by fracture mode 1 (Figure 3(a)). Only all the intra-layer 
cross-points fail. The tensile strength   of C-CFRTP part can be calculated as Equation (1). 
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With the increasing of dp, C-CFRTP part first breaks by fracture mode 2 (Figure 3(b)). The failure 

mainly occurs in all intra-layer cross-points and the matrix between adjacent intra-layer cross-points. 
The tensile strength   of C-CFRTP part can be expressed as Equation (2). 
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where, p  is the in-plane shear strength of C-CFRTP part. 

 
Then the continuous increase of dp results that the shear force transmitted by the matrix is greater 

than the force caused by the reduced strength at the cross-points area. The fracture mode of C-CFRTP 
part converts to fracture mode 3 (Figure 3(c)). The tensile strength   of C-CFRTP part reaches its 
maximum value and remains constant. 
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Therefore, the variation of tensile strength   for C-CFRTP part with the distance between adjacent 

intra-layer cross-points dp is shown as in Equation (4). 
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The tensile strength of C-CFRTP part  with different distributions of inter-layer cross-points can 

be obtained by the same analysis method, as shown in Equation (5). It is worth emphasizing that the 
pores between inter-layer cross-points have little effect on interlayer bonding because of the large 
bonding area between layers. The fracture mode 2 (Figure 3(b)) will occur as long as the distance 
between the adjacent inter-layer cross-points (di) is not 0. 
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where, m is the number of inter-layer cross-points and i  is the interlaminar shear strength of C-CFRTP 

part. 
 
Equation (4) and Equation (5) indicate the relation between cross-points distribution and tensile 

performance. 
 

3 EXPERIMENTAL CONDITIONS 

3.1 Material and experimental set-up 

The PLA (polylactic acid) filament with 1.75 mm in diameter and the continuous carbon fiber bundle 
(T300-10000) were used in this paper to print the C-CFRTP specimens. All the C-CFRTP specimens 
containing these two materials were fabricated using the experimental set-up, as shown in Figure 5. It 
mainly included a nozzle structure, a printing platform, and a control system. 
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Figure 5: The 3D printer for C-CFRTP parts. 
 
 
To verify the relation between cross-points distribution and tensile performance, the C-CFRTP 

specimens were printed by different cross-points distribution trajectories. The details distribution of 
cross-points is illustrated in Table 1. The length of the cross-point area along the fiber direction was 
3mm. The printing trajectories shown in Figure 6 were used to fabricate the C-CFRTP specimens for 
measuring the tensile strength of fibers with non-cross-points x  and the tensile strength of fibers at 

cross-points c , respectively. The main dimensions of the specimens used to measure tensile strength 

are listed in Table 2. Besides, a good combination of the process parameters is of great significance for 
higher tensile strength. The process parameter settings remain constant, as shown in Table 3. The impact 
of process parameters on tensile strength can be excluded. The cross-points distribution of was 
optimized based on this relation. Then the trajectory with the optimal and non-optimal distribution of 
cross-points were used to fabricate the C-CFRTP specimens, as shown in Table 4. 

 
 

Specimen Number dp (mm) di (mm) 

1 
0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 

11, 12, 13, 14, 15, 16 
0 

2 0 0, 1, 2, 3, 4, 5, 6, 7, 8, 
 

Table 1: The details cross-points distribution in the double-curve connection trajectory. 
 
 

 

 
 

Figure 6: The printing trajectories to fabricate the specimens used to measure the tensile strength of (a) 

x  and (b) c . 
 
 

Length (mm) Outer span (mm) Width (mm) Thickness (mm) n m 
250 >136 16 1.2 7 4 

 
 

Table 2: The main dimensions of tensile strength test specimens. 
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Printing speed 
(mm/s) 

Nozzle temperature  
(°C) 

Layer thickness 
(mm) 

Hatch spacing 
(mm)  

5 200 0.3 1 
 

Table 3: Process parameters for fabricating C-CFRTP specimens. 
 
 

Specimen Number dp (mm) di (mm) Is it optimal distribution 
3 8 3 Y 
4 0 0 N 
5 13 0 N 
6 0 6 N 
7 The Zig-Zag trajectory (Figure 6(a)) 

 
Table 4: The trajectory with the optimal and non-optimal distribution of cross-points. 

 
 

3.2 Mechanical tests and observation of fracture forms 

Tensile tests were conducted on a universal tester (WDW-100E, Wenteng Corp., Jinan, China) to 
evaluate the tensile strength of the FFF-fabricated C-CFRTP specimens. The tensile tests of specimens 
followed the ISO 527-5:2009 standard [20]. The tabs used in this measurement were the metal plates 
with 15mm×40mm×2mm. The test sample was fixed on the universal tester by grips. One grip was fixed 
while another moved with a 2 mm/min velocity. Moreover, the Keyence microscope (VHX-600E, 
Keyence Corp., Osaka, Japan) was used to observe the fracture mode of C-CFRTP specimens. 

 
4 EXPERIMENTAL RESULTS AND MODEL VERIFICATION 

4.1 Relation verification 

The tensile test results showed that the tensile strength of fibers with non-cross-points x  and the 

tensile strength of fibers at cross-point c  were 320.17MPa and 256.76MPa, respectively. According to 

the measurement results of tensile tests, the relation between cross-points distribution and tensile 
performance are shown in Figure 7. The red lines in Figure 7 were the fitting results based on Equations 
(4) and (5). The experimental results were entirely consistent with the trend of theoretical analysis results.  

 
 

  
 

Figure 7: The relation between cross-points distribution and tensile performance: (a) intra-layer cross-
points and (b) inter-layer cross-points. 
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As shown in Figure 7(a), the tensile strength of FFF-fabricated C-CFRTP specimens remained 

constant at about 267.43MPa when dp ≤ 3mm. The specimens broke at the location where the intra-layer 
cross-points were concentrated. Only all intra-layer cross-points failed when broken, which was 
consistent with fracture mode 1. Then the tensile strength increased from about 276.36MPa to 
310.71MPa, with the intra-layer cross-points distance ranging from 4mm to 8mm. When the C-CFRTP 
specimens broke, all intra-layer cross-points and the matrix between them failed, resulting in a stepped 
shape at the fracture location. The fracture in this case was consistent with fracture mode 2. Finally, the 
tensile strength reached a maximum value when the intra-layer cross-points distance was large enough 
(dp ≥ 8mm). The tensile strength did not vary with the intra-layer cross-points distance. In this case, the 
C-CFRTP specimens broke in the form of fracture mode 3.  

 
The relation between inter-layer cross-points distribution and tensile strength is shown in Figure 7(b). 

When di = 0mm, the specimens broke at the location where the inter-layer cross-points were concentrated. 
With the inter-layer cross-points distance ranging from 0mm to 3mm, the tensile strength increased 
rapidly from about 267.43MPa to 314.29MPa. Then the tensile strength reached a maximum value and 
remained constant. As the tensile strength gradually increased, the fracture mode of FFF-fabricated C-
CFRTP specimens varied from mode 1 to mode 3.  

 
It can be found from Figure 7 that the FFF-fabricated specimens, that failed by fracture mode 3, 

exhibited the higher tensile strength. Therefore, the optimization goal of cross-points distribution was 
to make the specimens fail by fracture mode 3.  

 
4.2 Optimal distribution of cross-points 

According to the relation between cross-points distribution and tensile performance, it can be found 
that the C-CFRTP specimens broke by fracture mode 3 when dp  ≥ 7.68mm and di  ≥ 2.88mm. Therefore, 
the optimal cross-points distribution strategy was obtained, namely dp = 8mm and di = 3mm. Then the 
tensile tests of C-CFRTP specimens printed by the trajectory with the optimal and non-optimal cross-
points distribution were conducted. The test results indicate in Figure 8. The specimens printed by the 
optimal cross-points distribution trajectory (specimen number 3) exhibited a better tensile strength 
(320.86MPa), which was equal to the tensile strength of specimens printed by the Zig-Zag trajectory 
(specimen number 7). Compared with the specimens printed by the trajectory with non-optimal 
distribution (specimen number 4, 5 and 6), the tensile strength of specimen number 3 increased by about 
19.97%, 2.96% and 2.78%, respectively. It can be seen that the optimal distribution of cross-points can 
eliminate the influence of the cross-points on the tensile strength of C-CFRTP specimens. 

 
 

 
 

Figure 8: Comparison of tensile strength among the C-CFRTP specimens printed by the trajectory 
followed the optimal and non-optimal cross-points distribution. 
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5 CONCLUSIONS 

In this paper, the relation between cross-points distribution and tensile performance was built and 
verified through theoretical analysis and tensile experiments. Based on that, the cross-points distribution 
was optimized for obtaining higher tensile strength, namely dp = 8mm and di = 3mm. The optimal 
distribution can improve the tensile strength of C-CFRTP specimens to 320.86MPa, very close to the 
tensile strength of specimens printed by the non-cross-points trajectory (Zig-Zag trajectory). 

 
The effect of distance between single-type cross-points on the tensile strength of C-CFRTP 

specimens was investigated in this paper. The tensile strength of C-CFRTP specimens with 
simultaneously distributed intra-layer cross-points and inter-layer cross-points should be further 
investigated to propose a more reasonable strategy for distributing intra-layer cross-points and inter-
layer cross-points. 
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