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Abstract  

The main goal of the present work was to investigate the effect of infill density on 

dynamic behavior of 3D printed parts. The short carbon-fibre-reinforced 

PolyEtherKetoneKetone composites (CF-PEKK) was selected as material which has an 

excellent mechanical, physical, thermal and energy absorbing performance. It’s employed 

widely in a vast range of industries due to their ultra-low density, multi-functionality and 

ability to undergo large deformations at low loads. For this purpose, a procedure for 

characterizing the dynamic behavior of this material fabricated with Fused Filament 

Fabrication (FFF) is presented in this research. Three infill densities (20%, 50% and 100%) 

were experimentally compressed for different impact pressures (1,4 bar; 1,7 bar; 2 bar and 2,4 

bar ) using Split Hopkinson Pressure Bar (SHPB). A FASTCAM high-speed camera was 

positioned in front of the SHPB test set-up to capture the dynamic deformation processes. The 

special attention is also given to examine the dynamic response of 3D printed CF-PEKK 

(100% infill density) subjected to repeated impacts. The obtained results proved that the low 

density and high-density infills were more cost-effective when compared to solid samples. 

The repeated impact drastically changed the dynamic behavior of the material compared to 

standard impact. With increasing the number of impact loading to the final failure, the 

dynamic parameters (i.e dynamic modulus, maximum stress...etc) decreased remarkably and 

the material suffered catastrophic cumulated damage.  
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Introduction  

The development of civilization obliges researchers and engineers to find the new 

solutions and technologies requisite to optimize the manufacturing process of the product in 

all human activities. Traditionally, the composite materials are fabricated using the injection 

molding or in the case of honeycombs, using extrusion or welding [1]. In this context, 

additive manufacturing (AM) is a breakthrough technology that is changing the way products 

are made. The AM revolution stems from several benefits over traditional manufacturing 

processes such as mass customization; complex designs and geometries; waste reduction; 

supply chain simplification; faster time-to-market; drastic assembly reduction; reduction of 

weight (topology optimization) and low volume manufacturing [2].  

Since there are no much works on the study of the dynamic behavior of honeycomb 

composites manufactured by 3D printing at the high-strain rate. Through this work, one 

wishes to show the mechanical performance of CF-PEKK subjected to dynamic loading and 

repeated impact to find a compromise between weight, resistance and shock absorption. In 

general, the mechanical performance of honeycombs structures depends on the solid of which 

they are made from, cell geometry, relative density and several factors such as manufacturing 

process characteristics, structural boundary and loading conditions [3-7]. According to the 

literature, several papers have been published on the study of the static and dynamic 

behaviour of honeycomb fabricated by additive manufacturing. Several researchers have 

worked on the effects of the infill density and print orientation on the mechanical performance 

of end products [8-9]. Yang et al. [10] studied the mechanical properties of 3D re-entrant 

honeycomb auxetic structures realized via additive manufacturing. Fadida et al. [11] studied 

the mechanical properties of Ti6Al4V specimens fabricated by additively manufactured (AM) 

under static and dynamic compression. The results indicated that the laser prepared dense 

material expose an excellent resistance compared to the same traditional material subjected to 

dynamic and static loads, but the ductility of the two was comparable. Tsouknidas et al.  [12] 

Investigated the impact absorption of PLA samples printed by additive manufacturing with 

different printing speeds. The PLA samples were subjected to the compression load. The 

study has shown that the lowest printing speed given the highest tensile strength. Fernandez et 

al. [13] studied the influence of infill density on the tensile mechanical response in desktop 

3D printing. Wyatt et al. [14] studied the nonlinear scaling effects in the stiffness of soft 

cellular structures. The results showed a good correlation between the finite element 

simulation and experimental results. Zhang et al. [15] proved that a honeycombs structure 
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fabricated by additive manufacturing from polycaprolactone can recuperate by 80% after a 

single compression to densification. 

Recently, Antolak-Dudka et al. [16] studied the static and dynamic behaviour of 

honeycomb structures Ti6Al4V fabricated by Laser Engineered Net Shaping (LENSTM) in 

order to evaluate its ability to absorb impact energy. Simon and his colleagues [17] conducted 

an experimental investigation to understand the compressive behaviour of 3D printed 

thermoplastic polyurethane honeycombs with graded densities. The results indicate that the 

ability of density grading of TPU structures to afford excellent impact protection in harsh 

environmental conditions. Yu et al. [18] showed that the graded Schwarz P structure 

fabricated by additive manufacturing has a great capacity of absorption energy during the 

compression experiment, while energy absorbed in the graded Gyroid structure was close to 

the uniform Gyroid structure. Pajunen et al. [19] performed an experimental investigation to 

compare the response characteristics of a 3D-printable structure with a pin-jointed tensegrity 

structure. Research paves the way for new research in the area of manufacturable tensegrity-

inspired metamaterials. Kucewicz et al. [20-22] developed a new procedure for studying the 

mechanical performance of a regular cellular structure fabricated by fused deposition 

modelling of ABSplus material under static loading conditions. The same authors utilized a 

new technique for damage modeling of a regular cellular structure manufactured by additive 

manufacturing. On the other hand, Keshavarzan et al. [23] investigated the damage 

mechanism of triply periodic minimal surface cellular structures under compressive loadings 

fabricated by Vat photopolymerization additive manufacturing. The results indicated that the 

principal damage mechanism is the formation of primary and secondary shear bands.  In 

another work, Nazir et al. [24] carried a numerical simulation and an experimental 

investigation to understand the buckling behavior of additively manufactured cellular 

columns. It was found that the critical buckling load rises with the rise of unit cell size or 

diminish of cellular column height.  

Many of the research work investigated experimentally the dynamic behaviour and 

fatigue damage of composite materials fabricated by conventional techniques under impact 

loading [25-30]. In additions, several empirical relations were established to characterize the 

repeated impact of materials. Repeated impact behavior is generally characterized by various 

parameters such as the impact velocity, the maximum stress amplitude in the impact, the 

loading time and the absorbed energy [31-32]. To date, any characterization of repeating 

impact has to be based on an understanding of the process in a single (standard) impact. Also, 
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there are not a lot of researches regarding the investigation of the dynamic behavior of the 

honeycombs structures fabricated by additive manufacturing. In this study, the authors studied 

the dynamic behaviour of a honeycomb structure for different filling densities (20%, 50% and 

100%) employed the SHPB considering different impact pressure. On the other hand, samples 

have been submitted to repeated dynamic compression cycles using the SHPB method. The 

obtained results proved that the cyclic dynamic loading drastically changed the dynamic 

behavior of the material compared to standard dynamic loading.  

1. Materials and Structural design 

1.1. Materials 

In this work, the composite (CF-PEKK) was selected as material which has an excellent 

mechanical performance [33]. This material is considered an advanced engineering polymer, 

which belongs to the PAEK family, mixed with carbon fibre. The CF-PEKK stands out when 

gathering high values of resistance in all fields. The Young Module (Traction Module) of the 

PEKK CF (2900 MPa) is superior to that of the technical materials of 3D printing by more 

than 30%; Nylon-Carbon Fibre CF15 (500 MPa), PC-Max (2048 MPa), Nylon PolyMide 

COPA (2223 MPa). The Flex Module of the PEKK CF is 3000 MPa, again surpassing all 

conventional and technical 3D printing materials, Nylon PolyMide COPA (1667 MPa), ABS 

Premium (2000 MPa), PC-Max (2044 MPa). This material has produced by NANOVIA from 

France. The mechanical properties CF-PEKK stands out after having achieved high resistance 

values in all fields (See Table 1). 

 

Table 1: Mechanical properties of CF-PEKK 

Density ASTM D792 1.27 g/cm3  

Tensile Modulus ASTM D638 2.9 GPa  

Flexural Modulus ASTM D790 3 GPa  

Elongation at break ASTM D638 > 80%  

Impact IZOD ASTM D256 5.5 kJ/m²  
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1.2. Structural design 

The specimens illustrated in this research were fabricated by the FFF process. The scheme of 

the FFF system operation and the 3D printing system of the large French manufacturer 

NANOVIA used in our study for the printing of specimens are presented in Fig. 1. The   

characteristics of the printing of all samples are listed in Table 2.  

 

Table 2. Parameters of Fused Filament Fabrication (FFF) processing. 

Extrusion temperature 380 °C 

Heat platform temperature 100 °C 

Nozzle 0.3 mm 

Nozzle moving speed 
20 mm/s first layer 

40 mm/s other layers 

Diameter 1.75/2.85 mm ±50µm 

Moisture absorption 0.2 % 

 

 

 

Fig. 1. Fused filament fabrication (FFF) process. 
 

An experimental investigation was conducted on three configurations of CF-PEKK 

composites. Specimens of length 12.9 mm, an exterior diameter 16.8 mm and 15 mm inner 

diameter are fabricated using the FFF process. To understand the mechanical properties the 

infill density is varied while fabricating the specimens. The specimens were designed in 

CATIA was converted the data into STL file through SLIC3R. Finally, after the slicing 

processing, it is saved in G-format. G-code file was fed into the 3D printing machine 
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controller. All samples employed to test the effect of the filling density were fabricated with 

the same filling pattern-honeycomb, with the filling density 20%, 50% and 100% respectively 

as illustrated in Fig. 2.  

 

   

   

20% 50% 100% 

Fig. 2: Three configurations of short carbon-fibre-reinforced PEKK composites 

 

As explained previously, the filling should be chosen according to the specific needs of each 

print job. The main reason for printing less than 100% of the filling piece is to decrease the 

costs and printing time. Table 3 shows the number of parts printed and the comparison 

between the different filling densities in terms of printing time and the amount of material 

required. 

 

Table 3. Details of the 3D printing of the tested parts 

Infill 

densities 

Number 

of 

specimens 

Number 

of 

layers 

Total 

number of 

lines 

Filament 

required 

(mm) 

Extruder 

1 

(mm) 

Printing 

time 

20% 40 43 428161 12183 12183 8h21mn37s 
 

50% 40 43 496561 18954 15913 12h48mn59s 
 

100% 40 43 812628 21306 21306 15h04mn53s 
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2. Test machine 

The experimental test employed in this present work is the SHPB, which is a typical 

test to assess the dynamic behaviour of the material under high strain rates (200 and 104 s-1) 

[25-28]. This system aimed to make a given impact pressure to the specimen located between 

two bars incident and transmitted in order to analyze its dynamic response at a given strain 

rate. The characteristics of the SHPB system are the incident, transmitted and impactor bars. 

The impactor bar of 0.5 m length and a diameter 20 mm. Both the incident and transmitted 

bars had a length of 1.9850 m and a diameter of 20 mm. Three pulses εI(t), εR(t) and εT(t) 

respectively incident, reflected and transmitted strain were measured by the strain gauges and 

amplified by a dynamic strain indicator mounted at the middle of each bar, and then recorded 

by a digital oscilloscope (See Fig.3). The signals are treated with Maple Software package 

using fast Fourier transformation to obtain the evolution of the dynamic parameters: stress vs. 

strain, strain rate vs. time, incident and transmitted load and velocity at the interfaces input 

bar/sample and output bar/sample vs. time. The Photron FASTCAM high-speed video camera 

was used to track the deformation process of CF-PEKK in the SHPB tests. The applied frame 

rate was 30000 fps (frames per second). The camera was triggered by the incident wave signal 

using the ‘start’ trigger mode. 

 

  

 

 

 

Fig. 3. Schematic representation of the experimental procedure 
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The specimens were subjected to various impact pressures, and the resulting signals were 

registered by a digital oscilloscope. Utilizing the data registered by the strain gauges, the 

displacements of the bar interfaces are given by [34-36]: 

����� = �� 	 �
���� − 
����
� ��� (1) 

����� = �� 	 
�����
� �� (2) 

Where the interval [0, t] cover the first cycle (incident-reflected-transmitted signal). �����, 

�����, �����, ���� and ����� denote the displacement of the incident bar interface, 

displacement of the transmitted bar interface, incident, reflected and transmitted pulses, 

respectively. Therefore we deduce the relative displacement between the two bars interfaces 

(or elongation). 

����� = ����� − ����� = �� 	 �
���� − 
����
� ��� − �� 	 
�����

� �� (3) 

Where the velocity of the strain wave C0 is given by: 

�� = ��� (4) 

Where E and ρ are the modulus and the density of the bar, respectively.  

However, The nominal strain rate can be determined by considering a homogeneous 

deformation of the specimen respecting to one-dimensional wave theory, as: 

����� = − 2��� ����� 
(5) 

Where L is the original gauge length of the specimen, εr(t) is the time-resolved strain 

associated with the reflected wave in the incident bar (IB), and c0 is the elastic wave velocity 

of the bar material. The following basic relations are hence used to determine the dynamic 

properties (strain ε(t), stress σ(t), loads F(t) and velocities V(t)) of the material at the given 

strain rates: 

���� = − 2��� 	 ��������
�  

(6) 

σ�t� = A"A# E"ε"�t� 
(7) 
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Where As is the cross-sectional area of the specimen, and εt(t) is the time-resolved axial strain 

in the transmission bar (TB) of cross-sectional area At and Young’s modulus Et. 

%&��� = '(�()�&��� * �����+ (8) 

%���� = '(�(����� (9) 

,&��� = −��)�&��� − �����+ (10) 

,���� = ������� (11) 

 

3. Experimental results 

3.1.Test reproducibility for different impact pressure 

Before conducting the dynamic compression tests with Hopkinson bars, it is important to 

assure the repeatability of dynamic tests [37, 38]. In this context, all samples were tested three 

times for different impact pressures with the same intensity of the incident wave to verify 

reproducibility. Both the incident and reflected waves are obtained for the different filling 

density of CF-PEKK ranging from 20% to 100 %. The representative repeatable strain vs time 

variation for filling density of CF/PEKK is presented in Fig. 4.  

  
(a) 20% (b) 50% 

 
 

(c) 100% 

Fig. 4. Reproducibility of tests, P=1.4 bar 
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3.2. Dynamic behaviour  

This section presents the experimental results of the compression tests carried out on the 

SHPB apparatus for different infill densities. Figs 5, 6, 7 and 8 show the different dynamic 

parameters. From these figures, it’s clear that the different dynamic parameters increase with 

increasing impact pressure.  It can be seen also that all specimens exhibit similar compressive 

behaviour for the three infill densities (20%, 50% and 100%) at different impact pressures. On 

the other hand, it can be remarked that the transmitted signal is generally weak, but it is very 

weak for low filling rates. Also, it can be seen that the reflected signal is of the same order as 

the incident signal (Fig. 5). This can be considered as a strong indicator of the capacity of the 

material to attenuate/absorb dynamic loads. So, it can be remarked that all experiments 

correspond to the non-damaged case because the pressure wave is reflected through the 

printed samples with an honestly elastic response. On the other hand, the strain rate rises 

quickly under achieving a peak value which is proportionally depended to the impact 

pressure. Then, it diminishes and thereafter tends to go down to zero for the various impact 

pressure. For all impact pressures, it’s can be seen that the strain rate achieves negative 

values, which correspond to elastic springback of the specimens. It’s confirmed that all tests 

correspond to non-damaged tests for different infill density. Concerning the load's curves, it 

has been first shown that these curves at both ends of the sample were equilibrated which 

satisfies the basic assumption for a valid SHPB experiment. 
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(a) (b) 

  

(c) (d) 

  
(e) (f) 

Fig. 5. Dynamic behaviour, CF-PEKK at 1.4 bar 
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(a) (b) 

  

(c) (d) 

  
(e) (f) 

Fig. 6. Dynamic behaviour, CF-PEKK at 1.7 bar 
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(a) (b) 

  

(c) (d) 

  
(e) (f) 

Fig. 7. Dynamic behaviour, CF-PEKK at 2 bar 

 

In the curves of stress-strain, it’s can be remarked that the dynamic behaviour of the CF-

PEKK is highly influenced by the strain rate. At the macroscopic scale, the classical 

behaviour (in terms of stress-strain) of a honeycomb structure under compressive loading is 

characterized by three phases; an elastic phase limited by threshold stress followed by a stress 

plateau (abusively called a plastic plateau) and an ultimate phase densification during which 

the stress rises strongly as a function of the deformation. This behaviour of the honeycomb 

structure under compression is classical; it has been presented by many authors [39, 40].  
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(a) (b) 

  

(c) (d) 

  
(e) (f) 

Fig. 8. Dynamic behaviour, CF-PEKK at 2.4 bar 

 

The typical compressive stress-strain behaviour of an elastic cellular structure shows three 

main regimes: an initial linear elastic regime, where the strain energy is stored in the 

reversible bending of the struts, a plateau regime, where small increases in load lead to very 

large additional strain, and finally a densification regime where struts begin to impinge upon 

each other. At this last stage, the cellular material starts to exhibit a modulus approaching that 

of the solid material from which it is made. On the other hand, It is important to note that 

there exists given energy for any cellular structure to which it is optimally suited to absorb; 

this is the energy that compresses the structure to the point just before densification, at the end 
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of the stress plateau. Larger compression energies will densify the structure, transferring high 

stresses and lower compression energies could be more efficiently absorbed by a lower 

density structure. A schematic of the typical stress-strain curve is shown in Fig. 9. 

 

 

Fig. 9. Typical compressive stress-strain curve of a cellular structure [41]. 

 

In our case, taking the stress-strain response at 2.4 bar as an example, it is noteworthy that the 

mechanical responses illustrate good repeatability among all the compression tests. Like most 

of the other cellular structure [39], the stress-strain curves of 3D printed CF-PEKK subjected 

to high strain rate compression can be identified by the three regions (refer to Fig. 10):  

A). an initial, approximately linear elastic stage is followed by a peak which represents the 

fracture resistance of the developed 3D printed CF-PEKK;  

B). the drop in stress and the long plateau stage (crushing) with a nearly constant stress 

form the second region which determines the energy absorption capacity of the 

structure; and  

C). the last densification region is characterized by the dramatical stress increase when the 

strain. 
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(a) 100%   

 

(b) Three infill densities  

Fig. 10. Stress-strain response at 2.4 bar 

 

To understand the deformation process of the CF-PEKK composite under dynamic loading, a 

high-speed camera is employed to record the loading of the specimen. Fig. 11 shows the 

compression deformation process for three infill densities structures at 2.4 bar. The main 

deformation modes observed for the three infill density are crushing and local buckling 

without any macroscopic damage. The on-line observation in the dynamic test reveals that 

buckling occurs in the places where the cell wall direction is approximately parallel to the 



17 

 

loading direction. The occurrence of this buckling phenomenon contributes to a noticeable 

drop in stress. 

 

   

(a) 20% 

   

(b) 50% 

   

(c) 100% 

Fig. 11.  High-speed photographs of the dynamic deformation process for three infill density 

at 2.4 bar 

To clearly shows the temporal variation of the stress according to the strain rate. Four 

characteristic zones could be defined as shown in Fig. 12: 

• Zone 1: Rapid rise of strain rate values, which could be traduced by the self-fixation 

of the sample between the incident and transmitted bars.  

• Zone 2: Dynamic strength created a diminution in strain rate and a rise in stress after 

reaching a flawless connection between the bars and the sample.  

• Zone 3: For the standard and the first dynamic compression cycles, one can see that 

when reaching a maximum value, the stress started to increase significantly with the 

presence of several oscillations however the strain rate tended to decrease 

progressively. For the case of the 2nd and 3rd cycles, the 3rd zone was characterized by 
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quasi-stabilization of strain rates profile at maximum values which increased with the 

number of the dynamic compression cycle.  

• Zone 4: In the 4th zone of each dynamic compression cycle, the impacted sample 

became more solid, which generated a sudden decrease in strain rate. In this region, 

one can see that stress always decreased but at a much slower rate than the strain rate. 

 

 

 

Fig. 12. Variation of stress and strain rate during dynamic compression at 2.4 bar 

 

3.3. Repeated impact response 

The obtained dynamic (incident, reflected and transmitted) raw signals at each dynamic 

compression cycle using SHPB were shown in Fig. 13. As shown in this Figure, the incident 

pulses registered on the incident bar for specimens at different repeated dynamic compression 

were almost the same due to the same impact pressure (2,4 bars) produced by the sticker bar 

at each dynamic compression test. However, one can note that the reflected and transmitted 
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pulses were significantly affected by the repeated dynamic loading because of the rise in the 

strain rate with the number of dynamic compression tests and the state of the material evolves 

with each test. 

  

  

  

Fig. 13. Repeated dynamic loading of CF-PEKK (100%) at 2.4 bar. 

 

It is observed that the repeated dynamic loading had a significant effect on the dynamic 

response. From the test results, the following conclusions were made: (1) the sample stiffness 

and the maximum stress rise meaningfully with the number of dynamic compression loading 

because the impacted specimen became more solid, which generated a sudden decrease in 

strain rate; (2) the incident and transmitted load and only the transmitted velocity amplitude 

augmented with the augmentation in the number of tests. However, the incident velocity 
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increased considerably when the number of tests increased. The reason for this phenomenon 

was that at the standard dynamic compression test, the material had no much damage and thus 

the dynamic compressive wave could propagate quickly in the whole of the sample. However, 

when the number of tests increased the dynamic compression wave had much time to 

propagate into all the discontinuous sublaminates of the laminate. Fig. 14 shows the variation 

of the strain rate vs impact pressure for three infill density. From this Figure, it can be noted 

that the specimens manufactured with a 100% infill density had the highest resistance in 

compression experiment. The strain rate of samples with a 20% to 50% infill density 

augmented meaningfully. This relationship is almost linear; the peak dynamic stress and 

maximum strain (%) is proportional to the infill density at different impact pressures. This 

result indicates that the infill density has a great effect on the modulus of elasticity of the CF-

PEKK samples.  

 

  

Fig. 13. Strain rate vs. Impact pressure 

 

Conclusion  

This research work has analysed the influence of varying the infill density on the dynamic 

behaviour of the 3D printed of CF-PEKK specimens. The cylindrical CF-PEKK printed 

specimens were subjected to dynamic loading using the SHPB apparatus. The characteristics 

of the SHPB were determined according to impact pressure for the three infill density (20%, 

50% and 100%). In the other hand, the dynamic behavior of 3D printed of CF-PEKK 

submitted to repeated impact using SHPB had been examined in this paper and it was 
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concluded that the impact-fatigue was considered as a critical form of loading. Experimental 

results show that the increase in filling density reduces deformation and the mechanical 

strength of the sample increases. Low infill densities are recommended for quick printing but not 

mechanical strength (20%).  However, this analysis showed that the damage modes generated in 

repeated impact cycles were different from those in standard dynamic compression loading 

without pre-impact. From this research, it was found that printing solid infill is beneficial in 

the case of dynamic compression specimen when compared to non-solid infill patterns. Low 

infill densities are recommended for quick printing but not mechanical strength. The main 

reason for printing less than 100% of the filling piece is to diminish the printing time and 

costs as long as the strength of the partial filling sample does not deteriorate drastically 

compared to that of the solid parts. The research presented in this article is a part of on-going 

work and our future research imply quantifying the absorption energy on impact and 

developing a numerical model to correlate with the experimental results. Followed by a 

parametric study to understanding the effect of printing orientation, density, and filler pattern 

on the compressive performance. 
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