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Abstract - Many different types of materials are used for 3D printing. Each material have some advantages and disadvantages, 
so there is really important proper selection of building material for model or final part production. Published paper present 
actual results of research. Presented are results of tensile strength measurement on prepared specimens built from ecological 
PLA plastic material. PLA plastic material is in this time the most used material for 3D printing with Fused Deposition 
Modeling (FDM) or Fused Filament Fabrication (FFF) technology, because its really good and positive properties and easy 
processing. This material is also ecological, because is produced from renewable sources, not from crude oil, which pollute our 
environment.  The whole testing and measurement was managed and controlled by a prepared experimental plan. There are 
selected possible important factors, which are act in the experiment in two or three levels. Presented full factor experiment if 
based on this input data. The results of measurement were evaluated by selected statistical method as ANOVA is.  
 
Index Terms - 3D printing, Rapid Prototyping, Additive Manufacturing, Fused Deposition Modeling, PLA plastic material, 
Tensile Strength.  
 
I. INTRODUCTION 
 
Technologies for 3D printing are phenomenon of this 
age. You can hear and read about 3D printing in every 
media. There is many types of 3D printing 
technologies which we can deal with. But this paper 
will be focused only to Fused Deposition Modeling 
(FDM) or some companies indicate this technology 
also as Fused Filament Fabrication. Fused Deposition 
Modeling is the most widespread technology for 3D 
printing. The reason is that this technology is simplest 
from all of known rapid prototyping technologies. Use 
the plastic material wires which are semi-melted within 
heated nozzle. Semi-melted material is then deposited 
in the form of thin fibres side by side. By using of x-y-z 
motion structure the fibres are deposited to the right 
position (Fig. 1.) 17.  
 
Layer by layer the whole model is finished 1. FDM 
technology is also the cheapest technology and there is 
a lot of devices on the market which can be used. 
Basically we can say that the devices are divided by 
type of processed material. Mainly it is ABS 
(Acrylonitrile Butadiene Styrene) and PLA (Polylactic 
Acid) plastic material as most used material. There are 
also others devices which can also process other plastic 
materials as Nylon, PC (Polycarbonate), PET 
(Polyethylene terephthalate glycol), ASA 
(Acrylonitrile Styrene Acrylate) and others (Fig. 2.)  
2.  
 
Other possible dividing of FDM 3D printers is 
technical level. There are as the best level professional 
printers with two heated nozzles and heated chamber. 
One of the nozzle is used for modeling material 
(mentioned above) and the second nozzle is used for 
support material, from which is the support structure 
build for overhanging parts of 3D model 3. 

 
Fig. 1  FDM technology scheme 4 

 

 
Fig. 2. Different materials used for FDM 3D printing 5,6,7 

 
For plastic parts production by FDM technology we 
should take into consideration also the ecological 
dimension. The standard materials used for plastic part 
modeling are ABS (Acrylonitrile Butadiene Styrene), 
PC (Polycarbonate) or some special composite 
materials as for example Laywood what is composite 
of polymer and wood particles. All of this materials 
have some advantages and disadvantages (Fig. 2) 15, 
16. They have different processing requirements as 
for example required temperature but also very 
important material properties as tensile strength, 
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flexural strength or strength in compression. Selection 
of material for produced model depends mostly from 
available device type. Because not all FDM devices are 
able to process all available materials. The other reason 
how to choose the model material, when the device can 
process more types of materials is the final use of 
produced model and the material properties. 
As is written above, is necessary take into 
consideration also ecological dimension. All 
mentioned plastic materials as ABS, PC or Laywood 
are not environmental friendly 11. They practically 
do not decompose in the environment. But the PLA 
plastic material environmental friendliness. This 
material is natural polymer, produced from corn, 
potatoes or sugar-beet (Fig. 3).  
 

 
Fig. 3. Polylactic acid (PLA) plastic manufacturing process 

illustration 
 
This means that is biodegradable, and in the 
environment will degrade and decompose in a few 
years by contrast to other polymers. The ABS filament 
as a constructional material is widely used in the 
industry, for example as an interior parts material. So it 
can be easy printed also parts for real use. It depends 
just what material properties or part surface is requires. 
The PLA filament is a new, biodegradable material, 
which is environmental friendly. Also the advantage of 
this material is, that their use for 3D printers is more 
easy then ABS. Require lower heating temperature of 
nozzle, the parts are not so predisposed for 
deformation and do not require table heating. 
 
There is also much more possible materials suitable for 
Fused Deposition Modeling. For example 
PolyCarbonate (PC), which have high stiffness and is 
widely used in the industry as a construction plastic. 
Nylon is tough and have some flexibility so it does not 
break easy. Is using for tubes, hoses, connectors and 
others 13. Different composite materials are applied 
based on PLA polymers with adding for example wood 
particles (LayWood), metallic particles, ceramic 
particles and many others combinations. Different 

materials are used for different applications and 
environmental conditions 8, 9. 
 
II. EXPERIMENTAL TESTING AND 
EVALUATION 
 
Material and Preparation 
For presented experiment we prepared plan of 
experiment, all necessary measurement devices and 
software. First of all there are selected factors and their 
levels, which could be important significant for our 
experiments. We decided to measure first of all tensile 
strength of PLA specimens, which have been produced 
following designed experimental plan with possible 
settings. The selected factors and their levels are 
displayed in Table 1 with selected values 14.  

 
Table 1. Selected factors and their levels 

 
As factor A we selected volume of model infill. Fig. 4 
illustrate different volume of model infill. There is 
recommended to set at least 10% on model infill for 
produced 3D model with acceptable stiffness. 
 

 
Fig. 4. Possible infill volume for 3D printed models 

 
As factor B we selected shape of interior infill. Fig. 5 
show different possible shapes which could be set for 
3D printing. On the bottom of the Fig.5, there are two 
selected shapes – Linear and Honeycomb shape. 
Linear shape is conventionally used and Honeycomb 
shape is supposed as really good for strong models. 

 

 
Fig. 5. Comparison of linear and Honeycomb infill shape 

 
Factor C is layer thickness which is set when STL 
model is processing to layers. When the thickness is 



International Journal of Mechanical And Production Engineering, ISSN(p): 2320-2092, ISSN(e): 2321-2071 
Volume- 6, Issue-1, Jan.-2018, http://iraj.in 

Tensile Strength of PLA Parts Produced by FDM 3D Printer 
 
9 

big, the model is build fast, but the vertical shape 
precision is really rough, especially for surfaces with 
shallow slope. When the thickness is selected to small 
value, the building process is much slower but vertical 
shape is more precise. We selected 0,125mm and 
0,25mm layer thickness, which are acceptable for good 
quality 3D model producing. Last factor D present 
model orientation in the horizontal X-Y plane (on the 
building platform) (Fig. 6). 
 

 
Fig. 6  Specimen dimension and its orientation in 3D printer 

platform (X – Y plane) 
 
Measurement of Tensile strength have been realized o 
Universal measurement device Inspekt Desk 5 kN. The 
maximum possible loading of specimens is 5kN. 
Depending on this maximum loading force, we had to 
design the specimen dimensions. This measurement 
device automatically record all data and also evaluate 
them. All data can be after exporting analyzed in Excel 
software. 
 
III. RESULTS AND DISCUSSION  
 
Following of prepared design of experiment (Table 2), 
we realized necessary measurements 12. Table 2 
represents full factor experiment with all combinations 
of factors levels, what is the best possible experiments 
design. This way we are able compare all influences 
among all factors in all levels and with all interactions. 
Measured data (average values of tensile strength) are 
displayed in Table 2.  
 

 

 
Table 2. Plan of experiment with measured values 

 
Linear Regression Model 
For processing of measured data we used also linear 
regression analysis. This is suitable for exact 
specification of coefficients, which presents the weight 
of investigated factors. For this we selected empirical 
model of experiment: 

 
ŷ  =  (x,) + s             (1) 

 
where x is vector of selected factors,   is vector of 
unknown parameters and s is vector of errors. Its 
parameters are estimated from empirical data by 
regression analysis methods. The model (1) can be 
replaced by power law series 10:  
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where i parameter is estimated from empirical data 
and where 12 to  12...k present correspondent 
interactions between two to k factors. 

For simplicity we take linear regression: 
 

T = b0 + b1 x1 + b2 x2 + b3 x3 + b4 x4 +b1,2 x1 x 2 + b1,3 x1 
x3 + b1,4 x1 x4 + b2,3 x2 x3 + b2,4 x2 x4 + b3,4 x3 x4 + b1,2,3 
x1 x2 x3 + b1,2,4 x1 x2 x4 + b2,3,4 x2 x3 x4 + b1,2,3,4 x1x2 x3 x4   
    (3) 

 
In formula (3) are b0, b1, b2, b3 ..., point estimation 0, 
1, 2, 3 , ... . 
 
Verification of each coefficient is made independently. 
For this verification can be used Student criterion. 
When using the full factors experiment or repeated 
measurements, the determining intervals are the same 
for all coefficients. 

The coefficient b0 can be calculated as follows : 
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where kc is number of experiments, yi is arithmetic 
average of measured values. 
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Calculation of coefficients b1, b2, b3, b4: 
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 (5) 

 
where  u = 1, 2, 3, 4 is number of factors 
i = 1, 2, ...kc is number of experiments (kc=16) 
For coefficients b12, b13, b14, b23, b24, b34, for 
interactions of two factors is: 
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For coefficients b123, b124, b234, for interactions of three 
factors is: 
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where w = 1, 2, 3 is number of factors, w ≠ u≠ v. 
For coefficients b1234, for interactions of four factors is: 
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z = 1, 2, 3, 4 is number of factors, z ≠ w ≠ u≠ v 

 
Following the mentioned result we can present reached 
mathematic formula. By determination of above 
mentioned coefficients and by substitution to linear 
regression mode (3) we reach mathematical formula 
which describe the behavior of our system in the frame 
of experiments. 
 
Rm = 37,2 – 8,241 x1 + 1,3504 x2 + 1,8498 x3 + 0,3812 
x4 + 1,1964 x1 x3 + 0,4649 x1 x4 – 0,675 x2 x3 – 0,375 x2 
x4 + 0,2788 x3 x4 + 0,3093 x1 x2 x3 – 0,645 x1 x2 x3 x4      
(MPa)                  (9) 
 
Graphical representation of results 
We can very easy present measured data also 
graphically, when we can easy see the differences 
among of measured data. On the Fig. 7  we can see 
average values for each experiment, based on design of 
experiment. 
 
The best result and the biggest value of tensile strength 
is measured within experiment No. 3, with 48,63 MPa. 
On the other side the lowest value of tensile strength is 
measured within experiment No. 10, with 24,36 MPa, 
what is approximately half of the maximum value. 
This refer to the lower volume of material inside of the 
model. This is obviously natural effect. But also if we 
see difference between measured values which are 
influenced only by shape of infill, we can see that the 

values are different. For example experiment No.1 and 
experiment No. 3 where the difference is 7,44 MPa 
what is about 18% and this difference is significant. In 
others cases it is about 10%, which is also significant. 
The measured data have been evaluated by modern 
statistical methods. We used the ANOVA method as 
the base and for verification we used Students criterion 
and linear regression model (Table 3.). 

 
Fig. 7. Graphical representation of measured data 

 

Factors  
F 

(1,16) 
(calc.) 

p (signif.) SS Ftab 

0,95 

A 3739 p<0,000001 1819,17 4,49 

B 147 p<0,000001 71,45 4,49 

C 122 p<0,000001 59,25 4,49 

A*B 146 p<0,052699 2,13 4,49 

A*C 4,38 p<0,000005 22,1 4,49 

B*C 27,2 p<0,000086 13,22 4,49 

A*B*C 45 p<0,000005 21,87 4,49 
Table 3. Results of ANOVA analysis 

 
On the Fig. 8 we can see graphic illustration weight of 
each factor level, how the change of factor level effects 
the measured value of tensile strength. If the gap 
between two points if bigger so the influence of the 
factor change is higher. 
 

 
Fig. 8. Graphic illustration weight of factor A on its levels 
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Fig. 8. Graphic illustration weight of factor B on its levels 

 

 
Fig. 8. Graphic illustration weight of factor C on its evels 

 

 
Fig. 8. Graphic illustration weight of factor D on its levels 

 
From the Fig. 8 is clear that the factor A (Model infill 
volume) is the most significant within our experiments. 
The change of this factor cause the biggest change of 
measured Tensile strength. 
The second most important and most significant is 
factor C (Layer thickness). 
The third most significant is factor B (Infill shape). 
The last is factor D (Model orientation) and we can 
also consider that this factor is not significant in the 
frame of presented experiments. 
 
All this results are also visible on linear regression 
model (9). When we see values of coefficients  b1, b2, 
b3, b4, we can state the same order of factors 
significancy. The same results are obtained also with 
ANOVA statistical method (Analysis of variance).  

 

CONCLUSION 
 
Study presented in this paper brings new scientific 
knowledge useful for next research and also these 
information are useful for producers and users of FDM 
3D printers. The main output is that from presented 
factors included to the experiments, the most 
significant for tensile strength is volume of used model 
interior infill. This finding was predictable from 
previous research, but not in the content of other 
included factors and not for this material. What is more 
interesting, that shape on interior infill influence the 
tensile strength in the range of about 10%, when the 
honeycomb shape is more preferable in this content. 
Also the layer thickness of deposited fibers play 
important role for tensile strength increasing. When we 
change the thickness from 0,125mm to 0,25mm the 
tensile strength can increase within 11% to 19%, what 
is really notable. What is also important, is to compare 
this numbers of increasing tensile strength with 
measured time necessary for specimens production 
(Fig. 9). 
 

 
Fig. 9. Time in hours, necessary for specimen production 

 
We can see that in case of experiment No. 5 can be 
reach tensile strength 45,81MPa, what is only 2,82 
MPa (approx. 6%) lower as the highest value. But 
when we compare the production time, this is more 
than 4 times lower, what is more profitable for 
producers. 
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