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Abstract: This paper deals with 3D printing of porous, functionally graded structures by using Fused Deposition Modeling (FDM). We 

investigated the printing parameters that can allow printing with gradual infill and challenges associated with this method of printing. We 

fabricated polylactic acid (PLA) porous structures with variable infill by using FDM 3D printing. Set of the printing parameters for variable 
infill were investigated: gradient infill and gradient speed and the most successful case is shown. The significant influence of the printer 

hardware elements was noticed, among which, the worn gear tooth and inadequate extruder feed model can result in inability to print 

functionally graded lines.  
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1. Introduction 

The ability to produce structures/parts with locally variable 

structure and composition, such as porous, cellular, and lattice 

structures, is important for scientific and technological advancement 
in a variety of fields, ranging from tissue engineering [1, 2], bone 

grafts and dental implants [3, 4] to aerospace engineering [5] and 
microelectronics [6]. Several approaches have been presented to 

create these heterogeneous structures [7, 8, 9, 10]. Functionally 
Graded Materials (FGM) can efficiently mimic the natural 

structures, such as the bone structure [3, 4], thus providing 
artificially designed and produced implants closely resembling the 

natural organs and tissues. Functionally graded additive 

manufacturing can be realised in different ways [11], whereas 
additive manufacturing (AM) or 3D printing, offers the most 

promising possibilities in the FGM design [8, 12, 13]. One of the 
main benefits of the FGMs is the possibility to tailor mechanical 

properties of the constructs [14]. However, AM technologies are 
still associated with certain challenges in producing FGMs [15, 16].  

Functionally Graded Materials (FGMs) are heterogeneous 

materials with tailored composition and structural gradients that 

have specified qualities in the desired orientation [17, 18, 19]. 
Functionally Graded Cellular Structures (FGCS) are Cellular 

Structures that have been functionally graded and are being 
investigated for a variety of engineering applications [20]. When 

opposed to totally porous materials, functionally graded porous 
structures have the benefit of preserving strength close to solid 

structures [21]. 

Functional graded materials expands the design space by 

allowing the engineer to tailor distinct material qualities throughout 
the different zones within the same element [14]. Objects with FGM 

structure, in essence, allow engineers to customize its design 
beyond simply modifying its physical shape to fit design aims and 

restrictions. FGM structures are challenging to design because it 
should allow modifications throughout the whole structure volume 

and is not limited only to topological or the dimensional variations. 
Such profound structural changes accompanied by the dynamic 

variation of the structural properties throughout the volume may 

pose significant complexities, and optimisation techniques are often 
used, from aspects of the final properties, topological optimization, 

material distributions, or the fabrication technologies [14, 22]. 
Furthermore, manufacturing limitations will most likely limit the 

available design zone and should be taken into account while 
planning [22]. 

For components or products with complicated and custom 

designs, 3D printing is one of the best suited technology, including 

the low cost Fused Deposition Modeling (FDM) 3D printing [23]. 
3D printing of FGMs with broadly and diversely adjustable features 

in a single 3D printing process has steadily grown in relevance and 
has been intensively investigated recently, owing to benefits in 

structural control, resolution, and scalability, among others [16, 24]. 

Fused Deposition Modeling (FDM) or Fused Filament 

Fabrication (FFF) is a popular additive manufacturing (AM) 
technology that may be found in both open-source/low-cost and 

high-end/industrial AM systems. The typical AM manufacturing 

method is commonly followed for fabricating heterogeneous 
components with FDM/FFF [25]. The procedure starts with the 

creation of 3D models that use CAD software to directly create the 
desired geometrical form and structure. The geometrical 

information from these models is then sent to the relevant slicing 
and route planning software, which creates machine instructions 

files for the FDM/FFF system. The FDM/FFF technology is then 
used to create the parts, which are subsequently postprocessed and 

finalized according to the application [13]. 

It might be complex to select the printing parameters that will 

allow the desired porosity and pore size values in the case of a 
porous structure [20, 26]. The most process variables are related to 

the machine operation rather than the final form of the final 
component [20]. Furthermore, final porosity and pore size may 

deviate from theoretically designed values. Pore size and porosity of 
structures with gradient infill patterns are measured as a function of 

the several printing parameters . The influence of the printing 

parameters is significant, among which the infill values have the 
prominent role [27]. Application of 3D printing in design and 

fabrication of porous functionally graded structures are still in 
research [13, 26], including the investigation on correlation to the 

resulting material properties [28, 29]. 

This paper presents the fabrication of porous structures with 
variable infill by using FDM 3D printing, made of polylactic acid 

(PLA). We present the parameters of 3D printing for variable 

printing speed and printing flow and the printed structure with 
variable infill. We also present the issues in fabrication of such 

variable structures, related to the 3D printing process.  

2. Materials and Methods 

The polylactic acid (PLA) sample was created using FDM 
printer Creality CR-10S5 with purple filament (1.75 mm diameter) 

as the standard material. A disc with a diameter of 50mm and a 

height of 3mm serves as the sample (Fig 1a). 

 

Fig. 1 (a) schematic view of the printed sample, (b) printed sample 

All of the samples in this study were printed with a 0.4 mm 

nozzle. We used the printer default parameters, which included 30% 

infill, the layer height of 0.2 mm, and the printing speed of 20 
mm/s. In total, the printing process lasted 29 minutes and 7 grams 
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of material was used. The printing parameters are given in Table 1. 
Layer height refers to the thickness of one layer during the 3D 

printing, while shell thickness refers to the thickness of the outer 
layers, as the printing head initially passes along the shell line and 

then fills it with layers. The thickness of the first and the final 
printing layers that were printed with full fill, regardless of the 

filling density settings, is referred to as bottom and top thickness. 

The filling of the specific printing elements is referred to as the 
infill density. The printing head speed during the printing along a 

straight line is referred to as the printing speed. The temperature of 
the nozzle during the printing is referred to as the printing 

temperature. To minimize the damage of the printed object, that can 
be caused by the sticking and non-homogenous stress distributions,  

the sample is printed on a heated plate (with defined bed 
temperature). Because it makes it easier to remove the final printed 

sample, raft is used as the support on which the object is directly 

printed. 

Table 1: 3D printing parameters for the standard polylactic acid (PLA). 

Quality 

Layer height 0.2mm 

Shell thickness 1.2mm 

Enable retraction Yes 

Fill 

Bottom/Top thickness 0mm 

Infill density 30% 

Infill pattern Line 

Print speed and temperature 

Print speed 20mm/s 

Printing temperature 230°C 

Bed temperature 50°C 

Support 

Support type None 

Platform adhesion type Raft 

Filament 

Diameter 1.75mm 

Flow 100% 

The sample was not printed with a standard constant infill but 
with a gradient infill. Gradient filling means that the filling grid 
volume is distributed unevenly over the sample. Different filler 

fiber thicknesses may be generated by adjusting the extra print 
settings inside the Ultimaker Cura software by using the gradient 

infill plugin. Fig. 2 shows the variation of the fiber thickness along 
the printing path. 

 

Fig. 2 The distribution of the fiber thickness in the sample filling, depending 
on the variation of the printing speed. 

Printing parameters for obtaining variable infill are based on the 
variation of the printing speed and printing flow. With increasing 

the printing speed at constant flow, the fiber become thinner, while 
with increasing the printing flow at constant speed, the fiber 

become thicker. The distance gradient is a parameter that defines 
how far from the shell the speed and flow parameters will change. 

Gradient discretization represents the number of steps on how much 

the speed and fill parameters will change per gradient distance. 
'Max flow' and 'Min flow' are the parameters that set up the limits of 

the range in which the flow varies during one gradient distance. 
'Max over speed' and 'Min over speed' parameters determines the 

range of the printing speed that is used during one printing cycle. 
All of the gradient infill parameters are listed in Table 2. 

Table 2: Set of the printing parameters for variable infill 

Gradient infill 

Gradient distance 12mm 

Gradient discretization 8 

Max flow 350% 

Min flow 50% 

Short distance flow 350% 

Gradient speed 

Max over speed 200mm/s 

Min over speed 60mm/s 

3. Results and discussion 

The goal of the experiment is to leverage extrusion width 
variability to change the quantity of material that comes out of the 

nozzle during the printing in a real time. With the current designs 
and very slight flow alterations, the extruder may deposit more 

plastic near to the walls and decrease the flow in the middle. It is 
possible to perform it differently depending on the parameter 

settings: for example to strengthen the center zones and to make 

weaker outer zones towards the edges. We made samples that have 
weaker central zone and the porous structure becomes stronger 

towards the edges.  

The samples were created in the shape of a disk to make it 
easier to see the effect of the parameters used to control the 

progressive infill on the sample. The zone of the intense filling of 
the material around the periphery of the sample is clearly visible in 

Figure 3a. This zone is 12 mm wide, which is the value of the 

gradient distance print parameter that has been specified (Table 2). 
The thickness of the printing lines at the ends and in the center of 

the sample are shown in Figure 3b. It can be seen that the lines in 
the central zone are half the thickness of the same printed line at the 

outer, edge zone.  Considering the flow (max flow = 350 percent, 
min flow = 50 percent) and the speed (max speed 200mm/s, min 

speed 60mm/s) parameters, it is reasonable to deduce that such 
difference in fiber thickness might be considerably larger. However, 

major drawbacks of the lab 3D printers, especially FDM 3D 

printers, are related to the dimensional accuracy, and the high 
probability for some hardware elements (e.g. gear tooth) to rather 

rapidly loose their original performance, thus greatly influencing 
the final printed structures. For example, if the sliding of the 

filament occurs without direct feed into the extruder, the printing 
settings become inconsistent. 
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Fig. 3 Gradient structure of the printed sample with two different 
magnifications 

Figure 4 shows the change in extrusion width along the 

diameter line printing direction. This variation of the extrusion 
width is directly correlated with the width of the printed line and 

produces its variation as shown in Fig. 3. 

 

Fig. 4 Change in extrusion width along the diameter line printing direction  

The success of the gradient infill printing is greatly influenced 

by the hardware settings and characteristics of the FDM printer. 
One of the characteristics of the printer that has the greatest 

influence is the performance of the extruder feed. There are two 

types of extruders, commonly used in FDM 3D printers: Bowden 
extruder and direct feed extruder (Fig. 5). Direct feed extruder gives 

better results because in Bowden extruder the filament is driven 
from a distance through the teflon tube. The distance that the 

filament has to travel has a negative influence on variable change of 
parameters during the printing, since the extruder can lose the 

ability to immediately apply the variations. Hence, in Bowden 
extruder, there is a slight delay in variation of parameters that 

significantly influence the possibility to print the gradient structure. 

Slightly delayed feed during the changing of the filament push 
speed produced the tube movement which further influenced delays 

in change of the fiber thickness, thus producing errors in printed 
structure: inaccurate change in the thickness of the fiber at the top 

of the nozzle. 

 

Fig. 5 The extruder feed models: a) Bowden extruder, b) Direct feed 
extruder 

Filament slip during the feeding of the extruder is another 

possible source of error in the printed structure. Filament slip can 
occur for two main reasons. The first one is the insufficiently strong 

spring. For the proper filament feed, the spring creates tension and 
thus allows the gear to push the filament into the extruder. If the 

spring is weakened, what can occur after a certain time of the 
printer work, it will not create sufficient tension for the filament to 

be properly pushed. Another, much more common reason is the 
wear of the drive gear. In small 3D printers (home printers, fab lab 

printers), the drive gear is usually made of brass that does not 

exhibit high wear resistance, especially in harsh environments. Over 
time, the gear teeth wear out, thus forming worn tracks (channels), 

along which the filament slides (Fig. 6). This has a negative effect 
on the printing with standard parameters, and especially significant 

influence on the printing with a gradient infill. Worn gear teeth 
cannot efficiently follow the changes in the filament push speed and 

results in filament slipping, thus producing significant errors in the 
printed structure. This is especially prominent for the gradient infill 

printing where, in case of the worn teeth, we obtained structures 

with significantly different designs from the initially planned ones. 
Accordingly, we changed this gear element in the printer and used 

the new one, for the fabrication of the previously showed samples 
with gradient fill (Fig. 1b), since with the worn gear, it was 

impossible to produce them.  

 

Fig. 6 Worn brass gear that drives the filament 

4. Conclusion 

Porous functionally graded PLA samples were fabricated using 
3D printing (FDM) with the printing layer of 0.15 mm and gradient 

infill of 30%. Gradient infill printing was sucessfuly realised, 
proven by the functional distribution of the infill line thickness 

inside the sample structure. A variety of factors influenced the 
quality of the printed object.  Beside the process parameters, the 

quality of the printer hardware elements essentially determines the 

behaviour during the printing. For the printing of porous, 
functionally graded structures, even the small defects in printer 

hardware can result in inability to print it. For the FDM 3D printing,  
the most significant influence, was determined to be the worn drive 

gear and extruder feed model. Further research on the influence of 
process parameters on the structural and  mechanical properties will 

be realised. 
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