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Abstract: The shell, as the main structure of 3D printed fused filament fabrication (FFF) models, plays 

a key role in the tensile strength of FFF models. In order to optimise the structural parameters of the 

shell and improve the tensile strength of FFF models, especially those printed with low-density infill. In 

this paper, polylactic acid (PLA) filament was selected as the printing material, and the influence of 

shell structural parameters (shell texture angle, shell layer height, and shell thickness) on the tensile 

strength of FFF models was investigated by one-way and orthogonal tests. The results of the one-way 

test show that the tensile strength of the FFF models increases as the shell texture angle decreases, the 

shell layer height decreases, and the shell thickness increases. Orthogonal test results show that the 

shell structure parameters affect the tensile strength of the FFF models in the following degree: shell 

thickness > shell texture angle > shell layer height. The optimised shell structure parameters are: shell 

texture angle of 0°, shell layer height of 0.1 mm, shell thickness of 2.0 mm, and the tensile strength of 

the FFF models is the largest with this optimised parameter, which is 19.68 MPa. 
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1. Introduction  
In recent years, 3D printing technology has been widely used in industrial manufacturing. Among 

all kinds of 3D printing technologies, Fused Filament Fabrication (FFF) has shown stronger 

competitiveness because of its simple process principle, low material cost, and wide range of 

applications, etc. The process principle of FFF technology is as follows: Plastic filament is transported 

to the nozzle through the filament supplying mechanism, and heated up to a molten state in the nozzle. 

Driven by the processing data, the nozzle moves according to the cross-sectional contour of the model 

and selectively deposits the molten filament on the printing platform, where it cools rapidly to form a 

solid sheet. Subsequently, the nozzle is moved up a certain height (i.e. layer height) and the next layer 

of the cross-sectional contour is deposited, and so on, resulting in a 3D-printed FFF model [1-4]. 

 

 
Figure 1. Exploded diagram of 3D-printed FFF model 
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Inspired by the structure of injection moulded parts, the 3D-printed FFF model is analogous to 

injection moulded parts. In the structural design of injection moulded parts, the shell and the stiffeners 

together affect the structural strength of the injection moulded part [5]. The FFF model is disassembled, 

and from the exploded diagram (Figure 1), the FFF model can be divided into two parts: the shell and 

the infill, and the shell is further divided into the upper shell, the lower shell and the sidewall shell. The 

shell of the FFF model is equivalent to the outer shell of the injection moulded part, while the infill is 

equivalent to the stiffener of the injection moulded part [6-8]. 

In order to effectively improve the tensile strength of FFF models, strengthening the shell structure 

and strengthening the infill structure are the two main directions. The current research on the direction 

of strengthening the shell structure is less, and mainly focuses on the direction of strengthening the infill 

structure, i.e., optimising the infill parameters to achieve the improvement of the tensile strength of the 

FFF models [9-11]. However, the shell, as the main structure of the FFF model, surrounds the perimeter 

of the model and plays a key role in the tensile strength of the model, especially for the FFF models with 

low-density infill, the shell mainly bears the tensile load because the area of the shell in any cross-section 

perpendicular to the tensile load is larger than the infill area [12-14]. Therefore, in this paper, from the 

direction of strengthening the shell structure, the shell texture angle, shell layer height, and shell 

thickness among the shell structural parameters were selected as the research objects, and the influence 

of the shell texture angle, shell layer height, and shell thickness on the tensile strength of the FFF models 

was analysed through the one-way test and orthogonal test. It provides a reference for optimising the 

shell structural parameters and improving the tensile strength of the FFF models. 

 

2. Materials and methods 
2.1. Materials 

The PLA filament (1.75 mm diameter, White color, Anycubic, Shenzhen, China) was used for 

additive manufacturing by FFF technology. 

 

2.2. Specimen preparation 

Referring to the dumbbell-shaped specimen specified in the ASTM D-638 standard, the 3D model 

shown in Figure 2a was designed by SolidWorks software (Dassault Systemes, Education Version 2016, 

Paris, France). A Kobra 3D printer (0.4 mm nozzle diameter, X-Y-Z printing, Anycubic, Shenzhen, 

China) was used to fabricate the FFF models, and PLA filament was selected as the material. The 

conventional printing parameters were set as follows: nozzle temperature of 220°C, hot bed temperature 

of 60°C, extrusion rate of 100%, and printing speed of 50 mm/min [15]. 

 

 
                           (a) Dumbbell-shaped specimen                                                             (b) Shell texture angle 

 

Figure 2. Dumbbell-shaped tensile specimen 

 

The settings of the shell structure parameters are specified later in this paper. The shell texture angle 

refers to the angle α between the surface filaments of the upper and lower shell and the long side of the 

dumbbell-shaped specimen (Figure 2b); the shell layer height refers to the distance that the nozzle moves 

each time when printing the shell cross-sectional contour in layers [16]; and the shell thickness refers to 
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the thickness values of the upper shell, the lower shell, and the sidewall shell. In order to make the FFF 

model more balanced with the force of each part of the shell in tensile conditions, the upper shell, lower 

shell, and sidewall shell in the present test are all of equal thicknesses [17]. 

 

2.3. Performance test 

Referring to the tensile test method stipulated in ASTM D-638 standard, A universal mechanical 

testing machine (20 KN, AG-X, Shimadzu, Kyoto, Japan) was used to test the tensile strength of 

dumbbell-shaped specimens, and the test was carried out in a quasi-static loading condition, with a 

loading speed of 2 mm/min, at a room temperature of 20°C [18]. 

 

3. Results and discussions 
3.1. Influence of shell texture angle on the tensile strength of FFF models 

Tensile tests were carried out on the FFF models with 0°, 45° and 90° texture angle under the 

conditions of 0.1 mm shell layer height and 2.0 mm shell thickness to investigate the influence of shell 

texture angle on the tensile strength of the FFF models. As seen in Figure 3, the tensile strength of the 

FFF models with 0°, 45° and 90° texture angle are 18.68 MPa, 16.13 MPa and 13.35 MPa. With the 

decreases of the shell texture angle, the tensile strength of the FFF models increases. 
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       Figure 3. Influence of shell texture angle on the  

      tensile strength of FFF models 

 

This is because during the printing process, there is a temperature difference between the molten 

filament extruded from the nozzle and the solidified filament, and the rapid heat transfer causes the 

molten filament to cool down rapidly, weakening the diffusion of PLA molecules at the bonding 

interface [19]. As a result, the macromolecular chains of the molten filament could not cross the bonding 

interface, and only a small part of the chain segments were entangled with the chain segments of the 

solidified filament [20]. As a result, the molecular entanglement density at the bonding interface is lower 

than that inside the filament body, which is macroscopically manifested as the structural strength at the 

filament bonding interface is lower than that of the filament body [21]. When the shell texture angle is 

90°, the direction of tensile force is parallel to the direction of the filament body, the filament body 

directly bears the load, and the tensile strength of the FFF models is the largest; when the shell texture 

angle is 0°, the direction of tensile force is perpendicular to the direction of the filament body, and the 

weak filament bonding interface bears the load, and the tensile strength of the FFF models is the smallest; 
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when the shell texture angle is 45°, the filament body and the filament bonding interface bear the load 

at the same time, and the tensile strength of the FFF models is in the middle. 

 

3.2. Influence of shell layer thickness on the tensile strength of FFF models 

Tensile tests were carried out on the FFF models with 0.1 mm, 0.2 mm and 0.3 mm shell layer height 

under the conditions of 0° shell texture angle and 2.0 mm shell thickness to investigate the influence of 

shell layer height on the tensile strength of the FFF models. As shown in Figure 4, the tensile strength 

of the FFF models with 0.1 mm, 0.2 mm and 0.3 mm shell layer height are 18.68 MPa, 16.92 MPa and 

15.57 MPa. With the decreases of the shell layer height, the tensile strength of the FFF models increases. 
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      Figure 4. Influence of shell layer thickness on the  

  tensile strength of FFF models 

 

Due to the elliptical cross-sectional shape of the molten filament extruded from the nozzle of an FFF 

printer, there are usually “seams” in the fusion area with neighbouring filaments in both the vertical and 

horizontal directions [22]. As a structural defect, “seams” are prone to stress concentrations and lead to 

damage of the specimen [23]. As the shell layer height decreases, the extrusion pressure of the nozzle 

increases in the vertical direction, resulting in full extrusion of the molten filament at the interlayer 

bonding interface. Through the extrusion effect, the horizontal flow of the molten filament was 

generated, which filled the “seams” and promoted the entanglement of PLA molecular chain segments 

at the bonding interface, thus effectively improving the interlayer bonding performance of the shell and 

increasing the tensile strength of the FFF models. 

 

3.3. Influence of shell thickness on the tensile strength of FFF models 

Tensile tests were carried out on the FFF models with 1.2 mm, 1.6 mm and 2.0 mm shell thicknesses 

under the conditions of 0° shell texture angle and 0.1 mm shell layer height to investigate the influence 

of shell thickness on the tensile strength of the FFF models. As seen in Figure 5, the tensile strength of 

the FFF models with 1.2 mm, 1.6 mm and 2.0 mm shell thicknesses are 12.65 MPa, 15.33 MPa and 

18.68 MPa. With the increases of shell thickness, the tensile strength of the FFF models increases. 

 

https://revmaterialeplastice.ro/


MATERIALE  PLASTICE                                                                                                                                                                
https://revmaterialeplastice.ro 

https://doi.org/10.37358/Mat.Plast.1964 

Mater. Plast., 61 (3), 2024, 19-26                                                          23                                        https://doi.org/10.37358/MP.24.3.5729 

 

12

14

16

18

20

1.2                    1.6                     2.0

T
en

si
le

 s
tr

en
g

th
 (

M
P

a
)

Shell thickness (mm)  
    Figure 5. Influence of shell thickness on the tensile 

    strength of FFF models 

 

This is because the FFF tensile models belong to equal cross-section rods, and as the shell thickness 

increases, it makes the shell area on any cross-section of the FFF models increases, which 

correspondingly results in a decrease of the infill area, resulting in an increase of the shell volume and a 

decrease of the infill volume for the overall model. Since the shell texture is at 0° angle, the filament 

body bears the load, while the infill texture is at 45° angle, the filament body and the filament bonding 

interface bear the load at the same time [24]. However, the weak filament bonding interface is easy to 

be damaged, which results in the tensile strength of the infill structure is lower than that of the shell 

structure [25]. Therefore, as the shell thickness increases, the volume of the shell structure with higher 

tensile strength increases and the tensile strength of the FFF models increases. 

 
Orthogonal test 

Design of the Orthogonal Test 
Shell texture angle, shell layer height, and shell thickness were selected as orthogonal test influencing 

factors, and a three-factor, three-level orthogonal test was designed, with the factor level table shown in 

Table 1, where Factor A represents shell texture angle, Factor B represents shell layer height, and Factor 

C represents shell thickness. 
 

Table 1. Orthogonal test factor level table 

Levels 

Influencing factors 

Shell texture angle 

(A)/° 

Shell layer height 

(B)/mm 

Shell thickness 

(C)/mm 

1 0 0.1 1.2 

2 45 0.2 1.6 

3 90 0.3 2.0 

 

L9 (33) orthogonal test table was selected, and nine groups of FFF models were fabricated on the 3D 

printer, and when each group of FFF models was cooled down to room temperature (20°C), tensile tests 

were carried out to test their tensile strength, and the results of the tests are shown in Table 2. As can be 

seen in Table 2, the model tensile strength T1 obtained by group 1 test was the largest, which was 19.68 

MPa, and that of the model tensile strength T7 obtained by group 7 test was the smallest, which was 7.23 

MPa. 
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Table 2. Orthogonal test results table 

Group number 

(i) 
A/° B/mm C/mm 

Tensile strength 

(Ti ) / MPa 

1 0 0.1 2.0 19.68 

2 0 0.2 1.6 15.12 

3 0 0.3 1.2 11.36 

4 45 0.3 1.6 11.81 

5 45 0.2 1.2 11.49 

6 45 0.1 2.0 16.13 

7 90 0.3 1.2 7.23 

8 90 0.2 2.0 12.85 

9 90 0.1 1.6 12.04 

 

Range analysis 

The data from the tests in Table 2 were analysed and the results are shown in Table 3. In Table 3, Ki 

represents the sum of tensile strength at different levels of the same factor; Mi is the mean value of Ki; R 

(Range) value is the difference between the maximum and minimum values of the same factor. 

 

Table 3. Range analysis table 

Calculation result A B C 

K1 46.16 47.85 30.08 

K2 39.43 39.46 38.97 

K3 32.12 39.30 47.85 

M1 15.39 15.95 10.03 

M2 13.14 13.15 12.99 

M3 10.71 13.10 15.95 

R 4.68 2.85 5.92 

 

From Table 3, it can be seen that the shell texture angle of A1 (0°) is the best, because its K1 value is 

the largest, so in the range of 0~90°, the tensile strength of the FFF models with 0° shell texture angle is 

the largest; the shell layer height of B1 (0.1 mm) is the best, because its K1 value is the largest, so in the 

range of 0.1~0.3 mm, the tensile strength of the FFF models with 0.1 mm shell layer height is the largest; 

the shell thickness of C3 (2.0 mm) is the best, because its K3 value is the largest, so in the range of 1.2~2.0 

mm, the tensile strength of the FFF models with 2.0 mm shell thickness is the largest. 

Comparing the R (Range) value, it can be seen that RC＞RA＞RB, so the influence of shell structure 

parameters on the tensile strength of the FFF models is as follows: shell thickness＞shell texture angle

＞shell layer height. The optimised shell parameter is A1B1C3, i.e., the shell texture angle is 0°, the shell 

layer height is 0.1 mm, and the shell thickness is 2.0 mm. With this optimised parameter, the tensile 

strength of the FFF models is the largest and is 19.68 MPa, which is consistent with the results of the 

one-way test and verifies the reliability of the test. 

 

4. Conclusions 
In this paper, PLA filament was selected as the printing material and dumbbell-shaped specimens 

were printed by FFF technology. The influence of shell structure parameters (shell texture angle, shell 

layer height, and shell thickness) on the tensile strength of the FFF models was investigated. The results 

of the one-way test show that the tensile strength of the FFF models increases as the shell texture angle 

decreases, the shell layer height decreases, and the shell thickness increases.  

A three-factor, three-level orthogonal test was carried out by selecting shell texture angle, shell layer 

height, and shell thickness as the influencing factors, and the results of the orthogonal test showed that 

the influence of shell structural parameters on the tensile strength of the FFF models was as follows: 

shell thickness＞shell texture angle＞shell layer height. The optimised shell structure parameters are: 
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shell texture angle of 0°, shell layer height of 0.1 mm, shell thickness of 2.0 mm, and the tensile strength 

of the FFF models under these optimised parameters is the largest, which is 19.68 MPa. 
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