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Abstract 
Fused Filament Fabrication (FFF) is a rapidly growing additive manufacturing technology with ability to build functional parts having 
complex geometries. The mechanical properties of a built part depend on several process parameters such as build orientation, layer 
thickness, feed rate, raster angle, raster width, air gap and fill density. The aim of this study is to characterize the effect of build 
orientation, layer thickness and infill density on the mechanical properties of aluminum filled PLA test samples printed with low cost and 
locally available FFF printer. Tensile strength and three-point bending strength tests were carried out. This study considered three factors 
and three levels as per the Box-Behnken design of experiment. The second order quadratic equation was formulated and surface plot 
were drawn. It was observed that due to the layer-by-layer printing process, samples exhibit anisotropic behavior. The measured values of 
the tensile strength were quite equal to the specimens printed with high end and branded FFF machines. 
Keywords: FFF, Aluminium filled PLA, Box-Behnken  DOE, Tensile Strength, Print paramemters 

1. Introduction 

Additive Manufacturing (AM) commonly known as 3D printing is extensively used to manufacture or prototype a scale 
model of a physical part or assembly using three-dimensional computer aided design (CAD) data at a faster rate [4]. 
According to the input data provided, this method adds material layer-by-layer and constructs the defined model [2]. This 
methodology of manufacturing layer-by-layer makes it easier to build any kind of complex models in a comparatively lesser 
time and makes it economically more feasible too. In the engineering field additive manufacturing technology has a wide 
range of application in building customized products, conceptual and functional models and also in the medical field to 
construct pre surgical models [1-2]. Additive manufacturing technology is constantly evolving and new processes are 
researched and unveiled frequently and have advantages over other methods of manufacturing in terms of design flexibility, 
design customization, cost effectiveness and low volume production [3-4]. Due to its continuous development it has found 
its own applications in various other important fields like the aerospace industry, automotive industry and dental 
implants .irrespective of its field of application all the product designers and production engineers are aiming to 
manufacture their products in lesser time and  high accuracy in a limited time period. Given all these constraints additive 
manufacturing serves the purpose exactly since it has lesser material wastage unlike other traditional methods of 
manufacturing and also eliminates further tooling process [2]. According to the basic principle on which the layers are being 
built, the commercially available additive manufacturing systems are categorised into various types: 3D printing, fused 
deposition modelling (FDM), direct metal deposition (DMD), Selective laser sintering (SLS) stereolithography (SLA) and 
many more [1]. In this experiment we are working with fused filament fabrication (FFF) technology, one among the widely 
used additive technologies. In FFF a thermoplastic material in the form of filament is extruded through a heated nozzle in a 
semisolid form and selectively deposited onto the build platform layer-by-layer creating the designed CAD model [4-5]. 
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FDM 3D Printers are most commonly Cartesian type where the nozzle moves in X & Y-direction whereas the build platform 
moves in the Z-direction [5]. Extrusion 3D printers are inexpensive and offer quick prototyping of simple parts. It is usually 
used for printing household items, characters, toys, games and other similar products [6]. The parts have rough surface 
finish as the maximum resolution is around 100 microns [10]. The CAD data is fed to the 3D printing machines that allow 
designers to quickly create tangible prototypes of its designs, rather than just two-dimensional pictures [19]. This is one of 
the quickly developing prototyping methods; the reason for this technology’s rapid growth is its potential to build complex 
functional parts in a reasonably decent build time.[1] Yet another reason that can be added to the fact that many people 
relying on rapid manufacturing rather than the traditional manufacturing processes is its ability to reduce the product 
development lifecycle time, which plays a major role in this competitive market where time can be treated as money [2]. 
 
Rapid Prototyping (RP) technologies offer viable and simpler alternative methods for fabricating 3D models to 3D digital 
data, but have some challenges too like material restrictions, surface finish, post processing, removal of support structures 
and many more. Existing commercial AM machines are currently being modified to an extent to improve their accuracy and 
capabilities. Experiments and researches have been performed focusing the improvement of quality of the FDM printed 
parts and overcoming the above mentioned challenges, fields of research or techniques in particular for these quality 
improvements vary from machining [6], chemical treatment [7-9], heat treatment [10] and optimization of process 
parameters. Several studies have been performed focusing optimization of process parameters [11- 14] studying the 
combined effect of these parameters like Layer thickness, Build orientation, printing speed, infill and many more  and some 
focusing on only any single parameter and its individual effect [15-18]. It is important to optimise the process parameters to 
ensure that we efficiently use this technology to build products with accuracy, better surface qualities and overall desired 
properties of the final product. Determining the optimal parameters is a crucial step to attain the dimensional precision and 
avoid excessive waste productions. Experimenting and finding the favourable process parameters will help in improving the 
production rates to a greater extent and also reduce the production time and cost [2]. Few of the important process 
parameters to be taken into consideration which has an impact on the final finish of the product are listed below [1]. Build 
orientation is the position of the model on the build platform with respect to the X, Y and Z axis. Orientation can have a 
significant impact on the build time, surface finish, part strength and the need of support structures. Layer thickness is the 
parameter depends on the nozzle diameter and the material flow, it is the thickness of material deposited in each layer. 
Surface finish of part geometries with curves and angles highly depends on the layer height, which can basically be defined 
as the resolution of the print.[2] Infill density is the amount of solid material inside the model. This parameter has a greater 
effect on the strength of the final product [4]. This work focused on the effect of build orientation, layer thickness and infill 
density on the mechanical properties of aluminium filled PLA test samples printed with a low cost and locally available FFF 
printer. Experimentation is carried out considering three factors and three levels as per the Box-Behnken design of 
experiment. The second order quadratic equation was formulated and surface plot were drawn using response surface 
methodology. Analysis of variance (ANOVA) and Multiple Regression analysis is performed. 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1 FFF process [12] 

2. Experimental Details  
 
The aim of this study is to analyse the mechanical performance of aluminium filled PLA samples. In this study, the 
aluminium filled PLA filament with a diameter of 1.75mm was used. The mechanical properties of PLA materials 
manufactured by FFF technology considered are tensile strength (MPa) and tensile modulation (GPa). Cura software is used 
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to generate G-code files and to command and control all the process parameters. There are no standard test methods for 
tensile properties of parts manufactured using FFF. In this study, the ASTM D638-10 method was followed for testing 
tensile strength. The geometry of the 3D printed specimens is modelled using Solid Works and then exported as a STL file 
to the 3D printing software (Cura) .STL file format basically interpret the external closed surfaces from solid CAD model 
and divide the model into slices for printing purpose. However, some general adjustments are required in .STL file such that 
it is in accurate size and position for test specimen printing [3], with varying the process parameters to be optimized viz. 
build orientation, layer thickness and infill shown in Fig. 2(b). The geometry and dimensions in mm as per ASTM D638 
standards of the specimens for tensile strength testing is shown in Fig. 2(a). The specimens were printed in using local FFF 
printer with varying process parameters. 

 

 

 

 
Fig. 2 Tensile Strength Test Specimen as per ASTM D638 Standards (in mm) (a) and at different (x, y, z) orientations (b) 

 
2.1 Process Parameters 
      
Build orientation has a major role on the structural properties of FDM parts. Build orientation refers to how and which 
direction a sample is placed on the 3D printing platform. This is often observed in the form of anisotropically printed 
objects, making structural performance highly dependent on build orientation in a similar way to composites laminates. The 
effects of build orientation on mechanical performance of FDM parts have been previously studied. These authors agree that 
the strongest printing orientation is obtained when the fused filament deposition coincided with the pull direction. However, 
a range of orientations may be found along this pull direction, which have not been analysed in other studies. Layer 
thickness in 3D printing is a measure of the layer height of each successive addition of material in the additive 
manufacturing in which layers are stacked. It is one of the essential technical characteristics of every 3D printer; the layer 
height is essentially the vertical resolution of the z-axis. In general, not all 3D printers are technically equal, as there are 
technological differences that generate different layer thicknesses; some 3D printers generate lower layer height than others. 
Generally, 3D printers' min layer thicknesses are 16µm layer height and the max is 150µm layer height. You are able to 
change this setting on all 3D printers before beginning the 3D printing process of your 3D file. The printing time required 
and the results of a smoother surface are also greatly determined by layer height. Fill density is another important parameter 
in additive manufacturing which defines the amount of plastic or the PLA material inside the print. A higher fill density 
means that there’s more plastic on the inside of your print, leading to a stronger object. In general, a fill density between 
10% and 20% will be strong enough for most objects, but you can increase it if necessary. It can also decide to print the 
object completely hollow, which is desired in some cases. This can be done by simply setting the fill density to 0%. 
 

2.2 Specimen Preparation 

2.2.1 Solid modelling 

Initially using a 3D CAD designing software like Solidworks the basic design of the specimen was developed. All the 
dimensions of the specimen were taken according to the ASTM standards. The model was designed using basic sketching 
and extrusion operations. 
 

(a) 
(b) 
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2.2.2 stl conversion 

The 3D model designed in the previous step was originally saved in the SLDPRT (part file) format of the solidworks. But 
for further processing and to be used in the FDM printer we need the STL file. The part needs to be converted into the STL 
(standard triangle language or standard tessellation language) file. It is necessary to convert it to the STL file because it 
stores the model surface geometry information of our 3D model which is required to slice the model for 3D printing. 

2.2.3 Slicing 

The converted STL file needs to be sliced and G-code needs to be generated for printing the 3D model. It is the most crucial 
step of the process. The setting made on the software during the slicing process defines the final surface finish of the model. 
All the process parameters we wish to test and optimise are supposed to be determined here. The build orientation, infill 
density, layer thickness being the varying parameters in each specimen other factors such as the layer height, wall 
thicknesses, print speed, printing and build plate temperature were all kept constant for all the specimens. The process of 
slicing the entire specimen and generating the codes which defines the movement of the platform and the extruder during 
printing was done using the CURA software. 

2.2.4 Printing 

After obtaining the G-code from the .STL files we are ready to print the 3D model. According to the instructions in the G-
code loaded the nozzle and the print bed moves. Nozzle extrudes the aluminium infused PLA filament layer-by-layer in 
required places according to the instructions from the G-code. All other factors like the amount of material extruded, 
cooling fan speed and the total print time are also controlled by the G-code. So, according to the G-code input the printer 
prints the entire 3D model layer-by-layer. 

3. Methodology 

The average of each run were calculated from repeat trails of three specimens for a given group of process parameters viz. 
build orientation, layer thickness, and infill density performing for tensile strength. Since the physical properties of many 
materials (especially thermoplastics) can vary depending on ambient temperature, tests were carried out according to the 
standards for room temperature. The uniaxial tensile strength tests were performed following the ASTM D638-10 standard. 
ASTM D638 is one of the most common plastic strength specifications and covers the tensile properties of unreinforced and 
reinforced plastics.  This test method uses standard “dog bone” shaped specimen’s less than 14mm of thickness and using 
universal testing machine.  A bar of rectangular cross section rests on two supports and is loaded by means of a loading nose 
midway between the supports. A support span-to-depth ratio of 16:1 shall be used unless there is reason to suspect that a 
larger span-to-depth ratio may be required, as may be the case for certain laminated materials. The specimen is deflected 
until rupture occurs in the outer surface of the test specimen or until a maximum strain of 5.0 % is reached, whichever 
occurs first. The box-behnken design of experiment was used in this study with following notations for selected parameters 
B1-layer height (0.1, 0.2, 0.3), B2-infill density (20%, 40%, 60%) and B3-build orientation    (X, Y, Z). T1, T2, T3 are the 
three trails of tensile readings of the specimen with same B1, B2, B3 and T being the average of T1, T2, T3. 

4.  Result and Discussion 

ANOVA was used to find the influencing factor at 95% confidence level; it was observed that the build orientation is the 
influencing parameter and it was proved statistically refereeing the p-value of (0.031) less than 0.05 for build orientation. 
Further regression equation was formulated as shown below. 
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Y (Tensile Strength) = 21.4 + 3(LT) - 0.163(FD) + 0.271(BO) + 25(LT)2 + 0.00456(FD)2 - 0.00261(BO)2 - 0.30(LT*FD) - 
0.591(LT*BO) - 0.00074(FD*BO) 
Where, LT – Layer Thickness, FD - Fill Density, BO - Built Orientation 
 

Table 1: Tensile strength test readings 

Run 

Layer 
Thickness 
B1, (mm) 

 

Fill 
Density 
B2, (%) 

 

Built 
Orientation 

B3 

T1 
N/mm² 

T2 
N/mm² 

T3 
N/mm² 

T 
Average 
N/mm² 

1 0.1 20 Y 22.538 24.769 21.577 22.961 
2 0.1 60 Y 28.808 25.538 31.385 28.577 
3 0.3 20 Y 22.923 18.846 18.423 20.064 
4 0.3 60 Y 23.808 29.462 16.538 23.269 
5 0.1 40 X 19.192 18.231 17.500 18.307 
6 0.1 40 Z 21.077 21.087 21.067 21.077 
7 0.3 40 X 15.154 15.808 21.423 17.462 
8 0.3 40 Z 14.115 6.231 8.425 9.59 
9 0.2 20 X 25.115 24.308 23.115 24.179 

10 0.2 20 Z 8.462 6.538 8.731 7.91 
11 0.2 60 X 30.077 31.038 28.269 29.794 
12 0.2 60 Z 9.500 13.115 9.923 10.846 
13 0.2 40 Y 27.462 18.731 18.731 21.641 
14 0.2 40 Y 27.462 18.731 18.731 21.641 
15 0.2 40 Y 27.462 18.731 18.731 21.641 

 

 
 
 
 
 
 
 
 
 
 
Fig. 4 Contour Plot of Tensile strength, Fill density vs Layer Thickness (a), Fill density vs Build Orientation (b), Build Orientation vs Layer Thickness (c) 
 
The graph shown in Fig.4(a) between layer thickness and fill density shows that tensile strength is maximum at the point 
where the fill density i.e. 60% is maximum and the layer thickness is minimum i.e. 0.1mm, and with gradual decrease in fill 
density and increase in layer thickness the tensile strength decreases. Fig.4(b) between fill density and built orientation 
shows that tensile strength is maximum at point where fill density is higher and for built orientation it goes as Y>X>Z 
orientation. Fig.4(c) between layer thickness and built orientation shows that tensile strength is maximum at point where 
layer thickness is the minimum and for built orientation it goes as Y>X>Z. 
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Fig. 5 Surface Plot of Tensile strength vs Fill density, Layer Thickness (a), Fill density, Build Orientation (b), Build Orientation, Layer Thickness (c) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 6 Tensile strength test specimens printed with layer thickness of 0.1mm, fill density 40%, build orientations X (a-b), Z (c - g) 

 
The Fig. 6(a) and 6(b) are the top side and bottom side respectively of the specimens that were printed in x-orientation with 
layer thickness of 0.1 and 40% fill density, being layer thickness of 0.1, smooth and clean surface quality was expected but 
it didn’t come out as expected with having the least tensile strength among rest all x-oriental printed specimens. The Fig. 
6(c-g) shows the specimens that were printed in z-orientation having fill density of 40%, here we found some defects and 
problem like in Fig. 6(c) some extra material got extruded and deposited over printed specimen. The specimens were kept 
close by. After some observations it was decided to increase the distance between the specimens expecting that extra 
extrusion and deposition may be avoided if in case this was the reason. As we can see in Fig. 6(d), increasing the distance 
between the specimens didn’t solve the issue either, then tried printing a single part which again didn’t work out, extrusion 
got interrupted. It was decided to change the support to adhesion type raft and support everywhere which finally solved the 

(b) (a) 

(c) (d) (e) 

(f) (g) 
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problem. Fig. 6(f) and (g) shows the specimen printed in z-orientation with layer thickness 0.1mm and fill density 40% and 
noted some irregularity in the printing. Thus as we loaded it on the tensile machine, before applying the load it broke into 3 
parts as shown in Figure. With which we can conclude that z-orientation had the least strength and is not an optimal 
direction for printing our model. From the above test results and their analysis we understand the correlation between 
various parameters which we have considered initially and the effect of all these parameters on the tensile strength of the 
final model. Considering the relation between the infill density and layer thickness over tensile strength, infill density is 
directly proportional to tensile strength while the latter is inversely proportional. Therefore higher infill density with a 
minimum layer height increases the tensile strength of the model. Comparing infill density and the build orientation of the 
model with its tensile strength we understand that the model with highest infill density and printed in Y build orientation has 
the best tensile strength, followed by X build orientation and then Z. While we compare the layer thickness and build 
orientation of the model for the highest tensile strength we find that the model with least layer thickness has the maximum 
tensile strength when printed in Y build orientation. X&Z orientations are comparatively less tensile strength. 
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