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Abstract: Fused Filament Fabrication (FFF), better known as FDM© (Fused Deposition Modeling) is an additive 
manufacturing process (AM) by which a physical object can be created from a 3D model generated in the computer, through 
layer-by-layer deposition of semi-melted plastic filaments. However, parts produced by the FDM process have different 
characteristics compared to parts produced by traditional methods such as plastic injection, especially with regard to mechanical 
properties related to stresses (tensile, compression, torsion and shear), due to the anisotropic nature of the process deposition. 
Many works have been carried out in order to determine the influence between the FDM process parameters and the mechanical 
characteristics of parts produced by this technology. Traditionally, the studied parameters comprise those that are adjusted in 
slicing software, which does not satisfactorily reflect the bond between the layers. This work uses the area of contact between the 
layers as the determining factor of the transverse tensile strength to bedding and suggests a methodology for the determination 
of this parameter. Using analysis of variance (ANOVA) and the Taguchi analysis method, we identified the contact area between 
the layers as the most relevant parameter for tensile strength in the transverse direction of the printed layers with a relevance of 
more than 95% over the others investigated parameters. From the survey of relevant properties, new tests were carried out to 
determine a mathematical model to predict the minimum slicing parameters that should be used to obtain the required strength. 
Keywords: Fused Deposition Modeling, Mechanical Strength, AM Anisotropic Property, Layer Bond Properties, PLA. 

I. INTRODUCTION 
Additive manufacturing using the FDM (Fused Deposition Modeling) method has been widely used as a quick and cheap way to 
produce prototypes and is increasingly present in industries, which see this technology as a cheap, efficient and personalized form of 
production. There are many plastics used in FDM: ABS, PLA, Nylon, PET, composites etc. This technology has also been applied 
in medicine, engineering, cooking, etc. 3D printers became popular after the fall of the original patent and the creation of open-
source models. In this process, a digitally created model is submitted to a slicer software that converts it into instructions for the 3D 
printer. This is done by dividing the object into layers (slices). A molten plastic filament is then deposited by a fine nozzle, layer by 
layer on the 3D printer table, ultimately resulting in the projected physical model. This layer-by-layer deposition process allows the 
manufacture of extremely complex parts, but its mechanical properties significantly differ from parts produced by other methods 
such as injection, molding, milling etc, especially in the transverse direction of layer deposition. Also, printing via FDM is generally 
slow. Thus, it is customary to control the percentage of filling of the inner part of the layers in order to reduce printing time and save 
material. With this, an apparently solid object is produced, but hollow, with the interior filled with a checkered or honeycomb 
structure, for example. The tensile strength of a PLA printed part, even in the longitudinal direction of deposition and with 100% 
filling, is 48% lower than a part manufactured by injection molding [1]. The properties of the parts produced by FDM also differ 
from the properties of the plastics that are used, with regard to mechanical resistance related to traction, compression, deformation 
and torsion. Especially with regard to tensile strength, this property is not only controlled by the material properties, but 
significantly, by the layer-by-layer production process, which produces an anisotropy across the layers [2]. The tensile strength is 
greater when the filament deposition direction coincides with the load application axis [3]. The deposition temperature, layer height, 
deposition orientation and the presence of air-gap affect the tensile strength according to studies carried out by several authors [4] [5] 
[6]. Proper selection of FDM process properties can, in theory, produce parts with desired mechanical properties[7]. The 
characterization of the strength of parts produced by FDM in relation to different printing parameters has been studied by many 
authors, especially for ABS with specimens produced in the deposition direction (X-Y) [2] [4] [8][9][10][11].  
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Even to assess the anisotropy present in the transverse printing direction (Z), many authors simulate this anisotropy by printing the 
specimens in the X-Y direction. This technique adds to the resistance between layers, undesirable characteristics that are not present 
when printing vertically [12][13][14][15][16]. Few authors have studied anisotropy using vertically printed specimens [16][17][18]. 
But these studies use ASTM638 type I or IV [19], flat dog-bone geometry, which also brings unwanted effects related to 
deceleration and rapid change in the deposition direction caused by the rectangular cross-section of this geometry. The shape and 
size of the inner area of these specimens also make it difficult to study the contribution of the perimeter-infill relationship to the 
strength between the layers. An alternative geometry for specimens is used in this work as suggested in [20]. The main parameters 
for printing preparation related to the connection between the layers are: The number of perimeters, infill percentage, layer height, 
extrusion temperature and presence of "air-gap" [21] [17][22][23][24]. But the main factor that defines the resistance between the 
layers is the contact area between them, which can vary depending on the number of perimeters, infill percentage and infill pattern. 
However, the characterization of strength in relation to the number of perimeters (an integer parameter) and the percentage of infill 
does not produce a safe relationship to aid a project in determining the maximum tensile value tolerated by a part to be 
manufactured by FDM. 
This work aims to solve this problem, providing a mathematical expression capable of determining whether the projected geometry 
for a part to be printed with PLA is capable of supporting the required tensile load and what are the minimum slicing parameters that 
should be used to obtain the required resistance. 

II. METHODOLOGY 
In the deposition direction, the perimeters of a piece are the most important connection between the layers, especially in a 100% 
vertical bed, when there is no lateral displacement between the layers (staircase effect). The greater the number of perimeters, the 
greater the connection between the layers. The infill percentage contributes little to the vertical strength when done at different 
angles in the subsequent layers (Fig 1), although it contributes a lot to the structural strength to lateral compression and serves 
mainly as support for the upper closing layers of the printed piece. There are several infill patterns available in slicers, such as linear, 
crisscross, grid, honeycomb and others. On the other hand, a linear filling with a single angle not only contributes in the same way 
to the longitudinal strength and as a support element for the closing layers, but also adds a controlled contact area similar to those of 
the perimeters (Fig 2). Current versions of slicing softwares allow you to adjust different properties for inside and outside perimeters 
and for the infill. In this work we will use a linear infill with a single angle and the deposition width (EW) the same as the 
perimeters. 

 
Fig 1 - Cross infill. 

 
Fig 2 - Linear infill 

  
A. The Layers Bond 
Slicing software allows you to adjust the number of perimeters and the infill percentage for the layers but does not show the 
resulting effective area of contact between the layers. In order to obtain the effective area of contact between the layers, the total 
length of the deposited wires (L) and the width of the contact bond between the wires (Wb), must be calculated for both the 
perimeters and the linear infill. Thus, the effective contact area will be: 

 

ܣ =  ௕ܹ (1) × ܮ
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B.  The Length of the Deposited Wires 
The deposited wire length value (L) is taken from the gcode file generated by the slicer for different percentage infill values. A 
program created in .NET C# by the author reads the generated gcode file for the specimen and calculates the length of the printhead 
movements for the perimeters and infill rods. These values are extremely important not only to determine the true infill percentages, 
as well, as we will see later, the effective fusion area between the layers, necessary to calculate the true ultimate Stress value (Fig 3). 

 
Fig 3 - Gcode File Parser Output with Values of Perimeters and Infill Length. 

C. The width of the Deposited Wires 
In the 3D FDM printer the melted filaments leaving the extruder nozzle are compressed against the lower layer, flowing laterally in 
a direction transverse to the extruder speed, forming an oval cross-section, as shown in Fig 4. The ends of this cross-section are 
assumed to be circular because the surface tensions must act in such a way as to minimize the surface area [25]. 
The Extrusion Width (EW) is a parameter of the slicing software and it defines the width that the resulting wire will be extruded. It 
also defines the separation between the centers of filaments deposited side by side, such as the perimeters. The amount of plastic 
extruded by the extruder is calculated to produce a crushed wire between the layers in order to increase the “bond width” that 
defines the adhesion area between the layers (Fig 5). It must be said that other parameters, such as the Extrusion Multiplier, can 
force more plastic to be extruded, in order to increase the lateral contact between wires (perimeters for example) reducing the empty 
space between the deposited wires (air-gap) [26]. 

 

Fig 4 - Extrusion Geometry Flow in a 3D FDM Printer. 

 

Fig 5 - Contact Area Between Layers 

 
To determine the width of the contact bond (Wb), which represents the transverse dimension of the effective contact between the 
filaments of two overlapping layers aligned vertically, with a tilt angle equal to zero (Fig 2), a photographic process associated with 
an image measurement software was used. With a digital microscope, photographs were taken of cross-sections performed on the 
printed specimens (Fig 6) and the ImageJ software [27] was used to measure the contact line between the layers. Measurements 
were taken both on photographs of specimens after tensile tests. To obtain a clean cut without introducing mechanical and thermal 
stress to the cut region, the method that best met our needs was the use of a very thin blade, 0.07mm thick, with a very fast force 
applied transversely to the layers. For each combination of parameters (layer thickness, extrusion width EW and temperature) 
different images were taken, in different cross-sections, with 20+ measurements (Fig 7). 
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Fig 6 - Enlarged Photo Showing Bond Width 
Measurement in ImageJ Software 

 

Fig 7 - Enlarged Images of Several Specimens Used in this Work 

III. EXPERIMENTAL SETUP 
A. The Process Parameters 
The main slicing parameters related to transverse strength are the number of perimeters, infill percentage, layer height and extrusion 
temperature. For this research, printed specimens with the parameters listed in the TABLE I were initially tested. Cylindrical 
specimens with special geometry (Fig 8) [20] were printed on a Makerbot Replicator 2 printer (Fig 9) and tested on custom tensile 
testing machine [28]. 

TABLE I - Levels of Selected Parameters 

 
 
 

 

Fig 8 - Cilindical Specimen Geometry Used in this 
Work. 

 

Fig 9 - Specimen Being Printed in a Makerbot Replicator 2 
3D Printer. 

However, to meet the objectives of this research, the parameters Number of Perimeters and Infill Percentage were replaced by a 
parameter named Total Contact Area calculated by equation (1). For each combination of values shown in the TABLE I, the Infill 
Percentages were adjusted to produce the Total Contact Areas used as ranges as shown in the  
Table II 

A B C
1 Number of Perimeters 1 2 3
2 Infill (%) 0 50 100
3 Layer Height (mm) 0,20 0,25 0,30
4 Extrusion Temperature (°C) 200 210 220

Parameters Levels
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Table II Parameters Levels. 

 

B. The Design of Experiment (DOE) 
Taguchi's Design of Experiment method was used to evaluate the contribution of the listed process parameters to the longitudinal 
tensile strength of specimens printed on PLA via FDM [29]. The Taguchi method is a methodology recognized worldwide for the 
efficient planning of experiments that includes the simplification of experimental planning, reducing the number of experiments 
needed and yet provide complete information on all factors that affect the influence of parameters. The Taguchi Design of 
Experiment method makes use of Analysis of Variance (ANOVA) and Signal to Noise Ratio (S/N) and “Main Effect” plots to 
determine the significance of the factors involved in the process. Given the number of parameters and the degrees of freedom of the 
experiment, an L9 orthogonal matrix was chosen (Table III). 

Table III - Orthogonal L9 Experimental Plan. 

 

IV. RESULTS AND DISCUSSIONS  
A.  Contact width 
The mean value and standard deviation were then calculated for the bond width (Wb) measurements on the tested specimens. The 
results are summarized in the TABLE IV. Bond width measurements were also performed on vertical walls printed on different 3D 
printers, with different brands of PLA and slicing software. The results were compatible with the measurements performed on our 
specimens. 

TABLE IV - Mean Measured Values for Bond Width. 
 Layer Height (mm) 

0,30 0,20  

EW (mm) 
0,48 0,459±0,023 0,486±0,012 

0,60 0,592±0,025 0,550±0,018 
0,80 0,616±0,018 0,672±0,018 

 
Five specimens of each combination were printed and the average of the ultimate tensile load for the 5 tests was taken. The 

results are shown in  
 

A B C
A Total Contact Area (mm²) 10,58 29,06 48,6
B Layer Height (mm) 0,2 0,25 0,3
C Extrusion Temperature (°C) 200 210 220

Parameter Levels

A B C
1 1 1 1
2 1 2 2
3 1 3 3
4 2 1 2
5 2 2 3
6 2 3 1
7 3 1 3
8 3 2 1
9 3 3 2

Run Levels of Parameters
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Table V. 

 

 

Table V - Experimental Results for the L9 Orthogonal Array. 

 

B. ANOVA and S/N ratio 
The purpose of Analysis of Variance is to determine which of the input parameters is statistically significant and their 

contribution to the output variable while the signal-to-noise ratio measures the sensitivity of the investigated parameter to 
uncontrollable factors in the experiment. In this experiment the calculation of S/N was done using the “larger is better” approach. 
The MINITAB 17 software was used to perform the ANOVA and the Taguchi Model Analysis. In the Fig 10 the ANOVA result is 
shown using the values from the  

 
Table V. 

 
Fig 10 - ANOVA results to the Experimental Values. 

ANOVA uses the F statistic to see how statistically significant the term is. A large F value, F>4, [30] implies that a change in 
parameter significantly affects the output variable studied. In our result, the Total Area parameter has an F test value of 34.77 which 
agrees with the hypothesis that this parameter, among the analyzed parameters, is the one that most affects the tensile strength in 
vertical bedding. The p-value term is calculated from the F-test and presents a value < 0.05, which corroborates the hypothesis of 
this association, adjusted for a 95% confidence level in all intervals. To quantify the fit of the model to the given values, we must 
check the values of the quality statistics S and R². The value of S is related to how well the model fits the data and describes the 
response. The smaller this value, the better the fit. The value of the variation in the response that is explained by the model is 
represented by the value of R². The higher this value the more adjusted the model is [31]. 
The percentage value of the contribution of each factor to the tensile strength is obtained by the ratio between the adjusted sum of 
squares (AdjSS) calculated for the parameter and the total AdjSS value. The Total Area parameter is the one that contributes the 

(mm²) (mm) (°C) (kN)
10,58 0,20 200 0,09
10,58 0,25 210 0,10
10,58 0,30 220 0,12
29,06 0,20 210 0,40
29,06 0,25 220 0,42
29,06 0,30 200 0,35
48,60 0,20 220 0,59
48,60 0,25 200 0,76
48,60 0,30 210 0,83

Total 
Area

Layer 
Height

Teperature Ultimate 
Load
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most to the tensile strength, with a 95% contribution. The contribution of the Layer Height and Temperature parameters appears 
with values below 2%. 
In Fig 11 we have the “Main Effect Plots” obtained from the Taguchi Method Analysis, which allows us to determine the 
relationship of the parameters with the tensile strength, based on the calculated signal-to-noise (S/N) ratio. According to the analysis 
carried out, the best tensile strength values are obtained for the highest values of the S/N ratio. 

 
Fig 11 - S/N Ratio for Tensile Strength. 

We can observe that the S/N ratio increases substantially with the variation of the Total Area and, although the Layer Height and 
Temperature parameters present a very small S/N variation, corroborating the low contribution of these parameters to the tensile 
strength, this variation shows that the greatest tensile strength is obtained with the Total Area of 48.6 mm², with the Layer Height of 
0.3 mm and with the Temperature of 210°C. 
For the Temperature, it is known that this parameter is related to the printing material, but also to factors related to the environment, 
the geometry and representation of the model, printer characteristics and others. This demands a fine adjustment of this parameter 
before the definitive printing of a part once this parameter relates to the dimensional accuracy and final finish of the part. For the 
XY printing direction, temperature variations can change the material's structure and make it less resistant. For printing in the Z 
direction, the fragility of the bond between the layers is the preponderant factor. Even if the temperature changes the material's 
natural characteristics, the Tensile at Break value will not be defined by this change. As for Layer Height, the relationship between 
tensile strength and this parameter is small. We can see in TABLE IV that for an EW of 0.48mm (1.2 x the nozzle diameter), the 
measured variation of the bond width is on the order of 0.03 (6%). 
However, even so, some relationship exists between the tensile strength, extrusion temperature and layer height, as can be seen in 
the Interaction Graphs provided by the analysis of the Taguchi Method. These graphs show the interaction between the factors. If 
the graphs are not parallel, it implies that the interaction between two factors depends on the third one. 
The Interaction Graph in Fig 12 shows that the relationship between tensile strength and total area does not depend on the 
temperature factor for small and intermediate total area values, but for larger contact areas, the greatest tensile strength is obtained 
for a temperature of 210 °C. The Interaction Graph in Fig 13 shows that the relationship between tensile strength and total area does 
not depend on the layer height factor for small and intermediate values of the total area, but for larger total areas, the greatest tensile 
strength is obtained for layer thickness of 0.3mm. 
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Fig 12 - Interaction Graph of the Temperature Factor in the 
Relationship Between Total Area and Tensile Strength. 

 

Fig 13 - Interaction Graph of the Layer Height Factor in the 
Relationship Between Total Area and Tensile Strength. 

 
ANOVA provides a regression equation for a General Linear Model that relates Tensile to the combination of the three factors and 
the three levels of each factor. This equation is shown in Fig 14. However, this equation does not characterize a general equation as 
a function of the three factors studied. A more general equation will be presented later. Before that, let's look at the mechanics of 
rupture. 

 
Fig 14 - Regression Equation Obtained from ANOVA 

C. Interlayer Bond 
Unlike a uniform and solid specimen, in a 3D-printed specimen the points of greatest Stress during the tensile test are concentrated 
at the interface between the layers (Fig 15). In the tests carried out with our specimens, with an extensometer of 22.2mm of opening, 
the elongation measured at the breaking point for the layer with a height of 0.2mm was, on average, 0.13mm, and for the layer of 
0.3mm in height was on average 0.16mm which, divided by the number of layers covered by the extensometer, leads us to 
elongation values between the layers of 0.002mm and 0.001mm, respectively (TABLE VI). 
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Fig 15 - FEM Analysis for Tensile Strength in the Contact Between Layers. 

TABLE VI - Average Elongation Measured with an Extensometer in the Performed Tests. 

 
 

The implication of this is that in specimens printed vertically, a very small amount of elongation is sufficient to break the bond 
formed during printing by diffusing heat between the layers (inter-layer fracture mode). These values are much lower than those 
observed in a specimen printed in the XY direction, with cross or longitudinal infill, where the elongation is very large before the 
rupture (in the order of 0.8 cm), which suggests a rupture of the internal structure of the polymer (in-layer fracture mode). This leads 
us to conclude that the tensile strength in the vertical direction of the print is mostly related to the contact area between the layers as 
shown by the ANOVA analysis above. 
Thus, a mathematical model to determine the resistance of a part subject to traction force applied longitudinally to the layer 
deposition direction, would allow printing parameters to be added to the requirements from the design of a part. 

D. The Ultimate Tensile Stress 
A large set of additional specimens for different combinations of perimeters and infill were prepared and tested for ultimate tensile 
loads. The values of perimeter and infill were converted to Total Area of contact using the described methodology. Actual true 
Stress is calculated using the effective area of contact between the layers (Total Area). The Total Percentual Area is calculated as 
the percentage of the Total Area of contact to the specimen gauge area (50.27mm²). As we are using the mm² unit for the areas, the 
Stress in MPa is calculated by the expression: 

 

(ܽܲܯ) ݏݏ݁ݎݐܵ =
(݃݇) ݀ܽ݋ܮ ݈݁݅ݏ݊݁ܶ × 10

(ଶ݉݉) ܽ݁ݎܣ  (2) 

 
It should be noted that each of our variables, as well as the response value (Stress), have limited domains within the levels shown 

in  
Table IIError! Reference source not found., and now for the new parameter Total Percentual Area we have 0-100%. The 
Maximum Stress value given by this equation must not exceed the Maximum Break Stress value obtained for specimens with 100% 
infill. 
The graph in Fig 16 shows the True Stress values as a function of the studied parameters. 
Considering the fact that the Temperature parameter has a small influence on Tensile strength, we can simplify the analysis using a 
2D contour plot like the one in Fig 17. This graph allows us to establish the values to be sliced to obtain a given tensile strength in a 
part. 

Layer Height (mm)
Average Elongation 

(mm)
Nº of 
Layers

Elongation per Layer 
(mm)

0,3 0,16 74 0,002
0,2 0,13 111 0,001
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Fig 16 - Linear Model for the True Stress. 

 

 
Fig 17 - Real Stress Related to Percentual Total Area end Layer Height. 

E. The Stress as a function of Total Percent Area 
When we analyze the behavior between the Stress X Total % Contact Area (Fig 18), we can notice that the result differs 
significantly from the expected for uniform specimens. Stress value does not show up as a constant value. 
We can see in this graph that the Stress is distributed in different domains of the Total % Contact Area. For small values of Total % 
Contact Area (this is predominantly due to the perimeters, as the infill still has little influence on the contact area), the Stress has an 
approximately constant value, with a small rise as the filling area increases. For intermediate Total % Contact Area values (when the 
contact area of infill rods competes with the perimeters) the Stress lies at a more constant value as expected for uniform specimens. 
For higher Total % Contact Area values (when the infill percentage is above 90%) the Stress value increases linearly with a high 
rate. This is due to the fact that for high filling percentages, the extruded plastic forms a compacted mass that occupies the entire 
filling area, eliminating the “air gaps” and increasing the contact area beyond what is predicted by the Wb alone. This is more 
accentuated when we have only one perimeter because not even the “air gap” between the perimeters exists. In this situation, we 
have the highest tensile strength for the specimens, resulting in the maximum stress supported by PLA in the direction of bedding of 
the layers, this value being around 18Mpa. 
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Fig 18 - Stress X Total % Contact Area for the Tested Specimens. 

 
A single linear fit obtained with the values plotted in Fig 18 leads us to equation (3) and is shown in Fig 19. The regression 
coefficient of this fit is 0.71. 

 

ݏݏ݁ݎݐܵ = 7,56 +  (3) %ܣ 0,094

where A% stand for Total % Contact Area and for a maximum Stress value to PLA of 18Mpa. 

 
Fig 19 - Linear Fit for Stress as a function of Total % Area. 

When we design a part to be manufactured using conventional processes we have in mind the tensile load that the part must support. 
If the part has a specific geometry, the choice of a homogeneous and solid material is a function of the Ultimate Stress the material 
can support. For example, choosing whether the part will be made of plastic, aluminum, steel or another material only depends on 
the Stress that the material can withstand. Parts manufactured on a 3D printer given the anisotropic nature due to the bedding 
process and the fact that the parts are normally hollow must have a different approach. The question is what are the minimum values 
of slicing parameters that must be used in the part printing to obtain the necessary strength. 

Equation (3) can be used to answer this question. It can be rewritten as: 
 

× ݀ܽ݋ܮ ݈݁݅ݏ݊݁ܶ 10
௖௢௡௧௔௖௧ܽ݁ݎܣ

= 7,56 + 0,094 
௖௢௡௧௔௖௧ܽ݁ݎܣ
௣௔௥௧ܽ݁ݎܣ

× 100 (4) 

 
with Tensile Load in kg and areas in mm². Or, simplifying the nomenclature, 
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0,94
݌ܣ ଶܿܣ  + ܿܣ 0,756 = ݈ܶ (5) 

 
By knowing the projected area of a part and the maximum traction required, we can solve the above equation to know what contact 
area is necessary to be obtained when slicing the part. Considering the EW value and the length of the wire deposited in the layer 
(which can be obtained in the slicer software or in the resulting gcode file) we can adjust the values of perimeter and infill 
parameters. 
However, due to what was exposed above about the Stress behavior for different intervals of the Total % Contact Area values, we 
suggest an expression more adherent to this variation using a third-degree polynomial regression, shown in equation (4.8), with a 
regression coefficient of 0.74 and shown in Fig 20. 

ݏݏ݁ݎݐܵ = 3,58 + %ܣ 0,38 − %ܣ 0,0057
ଶ + 3,29 × 10ିହܣ%

ଷ  (6) 

 
Fig 20 - Polynomial Regression for Stress X Total % Contact Area 

Solving equation (6) for a tensile load of 50 kg, we obtain for our specimens (gauge area of 50.27 mm²) a contact area value of 36.4 
mm², which differs only 1.9% from the average real measured value for sample DBCC-F70P1C03G0T220 broken with this load. 

V. CONCLUSIONS 
To determine a mathematical model for the mechanical resistance between the layers of parts produced by FDM, the use of the total 
contact area between the layers proved to be more suitable than the use of non-analog properties such as number of perimeters, and 
relative properties such as percentage of filling. The methods developed during the research allowed this value to be easily obtained 
despite not being (yet) present in the slicer programs. 
Mathematical relationships were determined for the resistance between the layers of parts produced in PLA in FDM 3D printers as a 
function of the contact area between the layers. These relationships allow that the project of a part to be printed in PLA predict and 
add property values peculiar to FDM technology prior to the preparation of print files generated by slicer software. 
Two equations were presented, one linear and other polynomial. The latter better predicts the relationship between ultimate stress 
and contact area since it was observed that this stress has different values when analyzed as a function of the percentual area. 
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