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Abstract: Fused Deposition Modeling (FDM) is one of the most 
commonly used 3D printing technologies for creating complex 
parts from a Computer Aided Design (CAD) model. It is observed 
that mechanical strength of 3D printed polylactic acid (PLA) parts 
are affected by various parameters associated with part, process, 
material and operating conditions. One of the key parameters that 
influences tensile and flexural strength of 3D printed PLA parts is 
build orientation. Researchers have investigated the effect of a 
limited number of build orientations on tensile strength. 
Moreover, less work has been reported which studies the effect of 
build orientation on flexural strength. None of the studies 
modeled tensile load and bending load as a function of thickness 
and compared tensile loading capacity with flexural loading for 
different orientations. Therefore, an attempt is made to include a 
greater number of build orientations that occur during 3D 
printing of complex PLA parts. Build orientations considered in 
this study are flat, flat-support, edge, edge-45, upright and 
upright-45 with three thicknesses i.e., 1.2 mm, 2.0 mm and 2.8 
mm. Tensile and flexural tests are performed as per American 
Society for Testing and Materials (ASTM) standards. 
Experimental results show that six orientations form two groups 
i.e., strong orientation group and weak orientation group. PLA 
appears stronger in tensile loading than bending. Edge orientation 
is strongest during tensile as well as bending loading whereas 
upright orientation is weakest in tensile loading and upright-45 
orientation is weakest in bending. Force trends, it can be 
concluded that thickness can be minimized where build 
orientation belongs to the strong orientation group. Similarly, 
thickness can be increased where build orientation belongs to the 
weak orientation group. 

Keywords: 3D Printing, Fused Deposition Modeling, Build 
Orientation, Tensile and Flexural Strength.  

I. INTRODUCTION 

Additive manufacturing (AM) or 3D printing is a process 

of creating any complex parts from a Computer Aided Design 
(CAD) model [1]. It has attracted a lot of attention worldwide 
across industries such as aerospace, automotive, 
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construction, biomedical industries, etc. 3D printing 
continues to develop rapidly as it can manufacture any 
complex part. 3D printing builds parts layer-by-layer using 
several manufacturing technologies. Fused Deposition 
Modeling (FDM) is one of the most commonly used 3D 
Printing technologies for plastic parts and it was made 
available by Stratasys in 1989 [2]. FDM is a method of 3D 
printing where layers of materials are fused together to build 
parts. The material is usually melted and then extruded 
through the extruder continuously to fuse layers to create the 
desired part. The filament is continuously supplied from the 
spool to the extruder to ensure continuity of the part created 
[3]. The simplicity, reliability, and affordability of the FDM 
process have led to the wide adoption of 3D printing by 
industry, academia, and consumers [4]. According to 
Wohlers Associates report [5] 3D printing has recorded 
annual growth of 27.4% during the last decade. Consumer 
adoption of 3D printing has seen exponential growth during 
the last decade. Steenhuis and Pretorius [6] presented that the 
adoption of consumer 3D printers is a global phenomenon 
and is experiencing high growth. Further, consumer level 
adoption of 3D printing has grown rapidly due to open-source 
desktop 3D printers developed by companies like Ultimaker 
[7]. It can be observed that 3D printing technology is 
proliferating among consumers. Today, consumers have the 
power of creating any object using polymers such as 
polylactic acid (PLA).  It is reported that 51% of parts 
produced by 3D printing in the industry are from polymers 
[8], [9]. PLA is environment friendly as well as it has a lower 
impact on human health as compared to other polymers [10]. 
Therefore, PLA is a very popular and common material used 
by individual consumers. Part strength and quality depends 
on several parameters associated with the 3D printing 
process. Recently, several researchers [3], [4], [9], [11] - [16] 
presented an extensive review on FDM 3D printing which 
discusses parameters affecting mechanical strength of 3D 
printed parts using different polymers. Parameters that affect 
the quality of 3D printed parts can be divided into four major 
categories i.e., part design, machine / process parameters, 
material parameters and operating conditions. Review of 
literature indicates that build orientation, layer height, layer 
thickness, raster orientation, infill, support, build plate 
adhesion, nozzle temperature, printing speed, feed rate, 
nozzle diameter, etc. are commonly studied parameters to 
investigate their effect on 3D printed parts. Among the 
parameters studied, part build orientation during 3D printing 
is one of the key parameters which affects strength and 
quality of part. Part build orientation refers to the orientation 
of the printed part on the build plate.  
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Build orientation not only affects the strength of the part 
but also influences several other parameters such as support, 
build time, surface finish, dimensional accuracy, 3D printing 
planning, post-processing, material cost, build time, etc. 
Desired build orientation should result in good adhesion and 
stability on the build plate, maximizes part strength subjected 
to different loading conditions and minimizes the amount of 
support material. Deciding suitable build orientation 
becomes a critical task for complex parts. Therefore, one 
should eliminate the build orientations that do not satisfy the 
necessary characteristics, then optimize the other factors. Qin 
et al. [17] presented an extensive review of the existing 
computer-aided build orientation methods used for 3D 
printing. Several researchers studied the effect of part build 
orientation on mechanical strength through experimental, 
analytical and numerical methods. In this work, review of 
relevant literature is presented in the next section. Literature 
review presented in the next section mainly refers to the 
experimental studies. These experiments include various 
build orientations that show influence on tensile and flexural 
strength of 3D printed PLA parts using the FDM method. 

II.  LITERATURE REVIEW 

Several researchers have investigated the effect of build 
orientation on tensile strength, flexural strength, fatigue, 
fracture, hardness, etc. In this section a review of 
experimental studies is presented. This review of literature is 
divided into two parts i.e., studies on tensile testing and 
studies on flexural testing of 3D printed PLA parts using 
FDM considering two or more build orientations.  

A. Effect of Build Orientation on Tensile Strength 

A review of literature indicates that there is growing 
interest among researchers to study the effect of build 
orientation on tensile strength of 3D printed PLA parts. 
Hanon et al. [18] has studied the influence of the 3D printing 
process settings on tensile strength of PLA experimentally. 
The study included three build orientations resulting in 
variation in tensile strength. Cerda-Avila et al. [19] found the 
ultimate tensile stress of PLA coupons is affected by the infill 
percentage and build orientation. Mazurchevici et al. [20] has 
studied the influence of layer thickness, infill rate and build 
orientation on thermal and structural loading of FDM parts. It 
is observed that the tensile strength is better for edge-oriented 
parts than flat orientation. Hsueh et al. [21] studied the effect 
of printing parameters on the tensile properties of 3D printed 
Polylactic Acid (PLA) based on FDM. In this study tensile 
specimens were created in different orientations by changing 
angles in the X-plane, Y-plane and Z-plane. Further, the 
effect of the UV curing process of the PLA-fabricated 
samples were investigated to determine the optimal 
parameters of the FDM printing process. Wang et al. [22] 
explored the mechanical properties of the FDM process 
under different process parameters by using uniaxial tensile 
tests and a dynamic mechanical analysis. The study included 
the printing angle which results in different build orientation 
test specimens of PLA. It is observed that specimens printed 
with edge build orientation are stronger. Yao et al. and Ye et 
al. [23], [24] established an analytical model for predicting 
the strength of PLA material under a tensile load. The 
analytical model was validated by the experiments and the 

results indicated that edge build orientation improves the 
tensile strength of PLA significantly. Bardiya et al. [25] has 
studied the effect of three important process parameters i.e., 
layer thickness, build orientation, and infill density on the 
impact strength of 3D printed PLA parts. Specimens with a 
higher angle orientation showed better impact strength. Giri 
et al. [26] investigated the effect of process parameters on 
mechanical properties of 3D printed PLA samples using the 
FDM process. Samples printed in horizontal orientation 
yielded higher strength than samples printed in vertical 
orientation. Chacón et al. [27] investigated the effect of 
process parameters on mechanical properties for optimal 
selection. The aim of this study was to characterize the effect 
of build orientation, layer thickness and feed rate on the 
mechanical performance of PLA samples manufactured with 
a low-cost 3D printer. Tensile and three-point bending tests 
were carried out to determine the mechanical response of the 
printed specimens. Response surface analysis revealed that 
the PLA samples exhibited a remarkable anisotropy due to 
build orientation. Edge and flat orientations showed the 
highest values for maximum tensile and flexural strength and 
stiffness, while upright orientation resulted in the lowest 
ones.  Patadiya et al. [28] investigated the effect of the build 
orientations on the mechanical properties of the 3D printed 
part. Three build orientations X (flat), Y (edge) and Z 
(upright) have been considered to measure their influence on 
the mechanical strength of the printed PLA part. It is revealed 
that the part printed in the X direction has higher tensile and 
impact strength over the part printed in the Y and Z direction. 
Rodríguez-Panes et al. [29] presented a comparative study of 
the tensile mechanical behaviour of pieces produced using 
the FDM 3D Printing with PLA and Acrylonitrile Butadiene 
Styrene (ABS). The aim of this study is to compare the effect 
of layer height, infill density, and orientation on the 
mechanical performance of PLA and ABS test specimens. It 
was observed that the build orientation affects the mechanical 
tensile strength of the 3D printed part. Meltem Eryildiz [30] 
investigated the effect of build orientation on mechanical 
behavior and build time of FDM 3D printed PLA parts. 
Specimens were fabricated with different build orientations 
such as flat, edge, upright, etc. Experiments reported that 
tensile strength decreased when the build orientation of the 
parts was aligned from flat to upright direction and 0° to 90° 
printing angle. Hikmat et al. [31] performed experimental 
and statistical studies considering parameters such as build 
orientation, raster orientation, nozzle diameter, extruder 
temperature, infill density, shell number, extruding speed, 
etc. Statistically it is observed that build orientation, nozzle 
diameter, and infill density are significant while 
experimentally build orientation has the most influential 
effect on tensile strength. Ramasamy et al. [32] investigated 
the effect of process parameters on tensile strength and 
surface quality of PLA-ABS part produced by FDM. All the 
test specimens were printed using PLA-ABS material with 
PLA of 80% and ABS of 20% blended in three build 
orientations i.e., 0, 45, and 90 degrees.  
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The results showed that infill pattern was the most 
significant process parameter for tensile strength, followed 
by the build orientation and raster angle. Stoica et al. [33] 
performed assessment of static mechanical properties of 3D 
printed PLA parts using an entry-level FDM 3D printer. It is 
observed that the samples 3D printed in horizontal direction 
exhibit higher mechanical strength compared to transversal 
and longitudinal ones. Corapi et al. [34] performed 
quasi-static tests to characterize the effect of build 
orientation. In particular, uniaxial tensile tests were 
performed for the determination of mechanical strength, 
modulus of elasticity and percentage elongation. Horizontal 
and on-side build orientation yielded higher strength than 
vertical build orientation. 

B. Effect of Build Orientation on Flexural Strength 

In this section the effect of build orientation on flexural 
strength is presented. Review of literature indicates that there 
is limited work related to the effect of build orientation on 
flexural strength of 3D printed PLA parts.  Chalgham et al. 
[35] carried out three-point bending tests to characterize the 
influence of build orientation, layer thickness, printing 
temperature and printing speed on the mechanical properties 
of PLA samples. It is observed that samples printed on the 
smallest side resulted in the lowest flexural strength. López et 
al. [36] has investigated the effects of some FDM processing 
parameters and postprocessing on mechanical properties on 
3D printed PLA prototypes. Prototypes were tested with 
uniaxial tensile and three-point bending for mechanical 
characterization for two build orientations i.e., flat and edge. 
The obtained results indicate that flexural strength is smaller 
when printed on the edge. Bardiya et al. [37] studied the 
impact of layer height, part orientation and infill on the 
tensile strength and flexural strength of the PLA parts printed 
via FDM. Results indicate that a parameter 0° orientation 
gives high strength. As mentioned in section 2.1, Chacón et 
al. [27] investigated the effect of build orientation on flexural 
strength using three-point bending tests of 3D printed PLA 
parts. Response surface analysis revealed that the PLA 
samples exhibited a remarkable anisotropy due to build 
orientation. Edge and flat orientations showed the highest 
values for flexural strength and stiffness, while upright 
orientation resulted in the lowest ones. 

C. Research Objectives 

From the literature review, it has been found that one of the 
key parameters that influences tensile and flexural strength of 
3D printed part in PLA is build orientation. It is also observed 
that researchers extensively investigated the effect of build 
orientation on tensile strength. However, limited work has 
been reported which investigates the effect of build 
orientation on flexural strength. Further, it is observed that 
researchers have investigated the effect of a limited number 
of build orientations on tensile strength. Moreover, none of 
the studies included variation in the thickness and the 
comparison of tensile and flexural loading capacity under 
different orientations. Therefore, an attempt is made to 
include a greater number of build orientations which are 
likely to occur during 3D printing of complex PLA parts. 
Build orientations considered in this study are flat, 
flat-support, edge, edge-45, upright and upright-45 with three 
thicknesses i.e., 1.2 mm, 2.0 mm and 2.8 mm. Tensile and 

flexural tests are performed as per American Society for 
Testing and Materials (ASTM) standards. 

III. METHODOLOGY 

In this section 3D printing methodology adopted in this 
work is outlined. The purpose of this research is to study 
experimentally the effect of build orientation on tensile and 
bending load capacity of 3D printed PLA specimens using 
FDM 3D printing. Table 1 shows an Ender-3 open-source 
low-cost 3D printer along with its specifications used in this 
work to manufacture tensile and flexural test specimens [38]. 
Ender-3 is one of the most popular FDM 3D printers used by 
individual consumers as well as industries for printing parts 
in different polymers. 3D printed specimen dimensions are 
measured with a vernier caliper and it is observed that the 
dimensions are within ±0.1 mm accuracy which is in 
accordance with machine precision specification. 
Table 1 – Ender-3 low-cost 3D printer specifications [38] 

Ender – 3 Machine 
Parameter 

Value 

 

Machine Weight  6.62 Kg 
Machine Size 440 x 440 x 465 mm 
Power Supply Input AC 115V/230V 

Output DC 24V 
270W 

Printing Size 220 x 220 x 250 mm 

Printing Speed ≤ 180 mm/s 
Printing Precision ± 0.1 mm 
Nozzle Diameter 0.4 mm 

Bed Temperature ≤ 100 C 
Nozzle Temperature ≤ 270 C 

A. Specimen Modeling 

Uniaxial tensile testing is performed to determine tensile 
load capacity whereas a three-point flexural test was 
performed to determine bending load capacity. Tensile and 
flexural test specimens used in this work are modeled in 
SolidWorks Computer Aided Design (CAD) software 
[39]. The geometry of the tensile and flexural testing 
specimen is modeled as defined by ASTM standards. Fig. 
1 shows the geometry and its dimensions of tensile and 
flexural test specimens. Tensile test specimen is modeled 
as per ASTM D638 standard [40] whereas the flexural test 
specimen is modeled using ASTM D790 standard [41]. 
The modeled specimens were exported from SolidWorks 
as a Standard Tessellation Language (STL) file and 
imported into the Ultimaker Cura [42] slicer software 
popularly used by Ender-3 users. 
 

 
a. Tensile test specimen [40] 
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b. 3-point bending test specimen [41] 

Figure 1 – CAD model of test specimens as per ASTM 
standard 

 Specimen models are created in three different thicknesses 
i.e., 1.2 mm, 2.0 mm and 2.8 mm to establish mathematical 
relationship between load vs thickness. Each thickness model 
is oriented in six different build orientations in slicer software 
and 3D printed to study the effect of build orientation on 
tensile and bending load capacity. Fig. 2 shows six different 
orientations of tensile and flexural test specimens for 2.8 mm 
thickness models. Six different orientations are chosen based 
on challenges observed during development of low-cost 3D 
printed face shield [43]. These six different build orientations 
are observed in the product shown in Fig. 3. Various regions 
of this face-shield are subjected to tensile and bending loads. 
In this work, specimen thickness greater than 1.0 mm is 
considered because it is observed that 3D printing up to 1.0 
mm thickness is challenge in certain cases. Thus, one line 
thickness i.e., 0.2 mm higher than 1.0 mm is considered in 
this work. Few selected failed cases are shown in Fig. 4 to 
highlight the challenges of 3D printing structures up to 1.0 
mm thickness. For five build orientations, the same STL of 
given thickness is used except for flat-support orientation. 
For flat-support build orientation, a thin wall of 5 mm height 
below the specimen is created all around as shown in Fig. 2. 
This thin wall is required as Cura software doesn’t allow the 

part to be placed in the air on a build plate. Thin wall around 
the specimen is converted into a support structure and printed 
as support. Support material is easily removed after 3D 
printing. 

B. 3D Printing of Specimen 

Cura slicer software is used to prepare 3D printing file of 
specimens for Ender-3. Table 2 shows common slicer 
parameters along with their values used for all build 
orientations. Build plate adhesion as well as support is used 
as needed in different build orientations (see Table 3). 
 

 
a. Tensile test specimens 

 
b. Flexural test specimens 

1. Flat 
2. Flat-Support 
3. Edge 
4. Edge-45 
5. Upright-45 

6. Upright 

⎯ X-axis 

⎯ Y-axis 

− Z-axis 

Figure 2 – Build orientation of specimens in Cura 
software  

 
Figure 3 – 3D printed face shield requiring different 

build orientations [43] 

  
a b 

   
c d e 

Figure 4 – Challenges of 3D printing of PLA parts with 
1.0 mm thickness. 

 
 

 
 
 

1 
2 3 4 

5 6 

1 
2 3 4 

5 6 

Flat-support 

Upright-45 

Flat 

Upright 

Edge-45 

Edge 
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a. Face shield upright region b. Face shield junction at upright 
and upright-45 orientation c. Tensile test specimen with 
edge-45 orientation d. Flexural test specimen upright-45 
orientation e. Flexural test specimen upright orientation 

 
Table 2 – Common slicer parameters used during 3D 

printing of specimen 
Slicer Parameter Value 
Layer Height 0.2 mm 
Line Width 0.2 mm 
Support Line Width 0.12 mm 
Wall Thickness 0.4 mm 
Top Thickness 0.4 mm 
Bottom Thickness 0.4 mm 
Infill 100 % 
Infill Pattern Lines 
Infill Line Angle ±45 
Printing Temperature 200 C 
Infill Print Speed 50 mm/s 
Wall Print Speed 25 mm/s 
Nozzle Diameter 0.4 mm 
PLA Filament Diameter 1.75 mm 

Fig. 5 shows six build orientations of tensile test specimens 
along with top view, front view and additional views. It also 
shows the corresponding 3D printed specimen on right side. 
For all build orientations two walls with 0.2 mm thickness 
and 100 % infill is used. Infill pattern is lines with ± 45. 
Following line colour codes are used in Cura to show 
different features of the layer:  

• Red line indicates the outer wall.  
• Yellow line indicates infill. 
• Cyan line is used for indicating support. 
Table 3 – Additional support and adhesion settings 

Build Orientation Tensile Specimen Flexural Specimen 
1. Flat - - 

2. Flat-support Support – Grid 
Support – Grid 

Adhesion – Brim 

3. Edge 
Support – Line 

Adhesion – Brim 
Adhesion – Brim 

4. Edge-45 Support – Tree 
Support – Tree 

Adhesion – Brim 

5. Upright-45 Support – Lines 
Support – Lines 
Adhesion – Brim 

6. Upright Adhesion – Brim Adhesion – Brim 

 Flat build orientation (see Fig. 5a) is directly printed on the 
build plate. There is no need for a build plate adhesion setting 
configuration as the specimen width of 13 to 19 mm is wide 
enough for adhesion of the first layer on the build plate. Flat 
orientation doesn’t require any support as there is no 

overhang or unsupported region. Flat-support build 
orientation assumes that the specimen is 5 mm above the 
build plate in the air. Thus, grid type support is generated 
between the specimen and build plate as shown in Fig. 5b. 
Edge build orientation requires specimen to be placed on the 

smallest thickness along specimen length on the build plate as 
shown in Fig. 5c. As the specimen thickness is not wide 
enough for first layer adhesion to the build plate, brim setting 
is enabled to ensure strong adhesion of the specimen to the 
build plate during 3D printing. Moreover, line support was 
configured to print an overhang region of 93 mm length 
between two dumbbell shape regions as shown in the front 
view of Fig. 5c. Edge-45 build orientation (see Fig. 5d) is 
variation of edge orientation obtained by rotating the 
specimen about the Y-axis by 45. 3D printing of the 
specimen in this build orientation is not possible without 
support. Initially, 3D printing was tried with the line support 
similar to the support used in edge and upright-45 build 
orientation but 3D printing of the specimen failed as the 
thickness of the specimen is small. Therefore, tree support is 
used as shown in Fig 5d during 3D printing of specimen in 
this build orientation. A tree support gives enough stability 
during 3D printing. Upright-45 (see Fig. 5e) build orientation 
is obtained by providing a 45° angle between the build plate 
and flat face of the specimen. In this case, as inclined face 
width varies between 13 to 19 mm along length of the 
specimen and line support provided enough stability to the 
specimen during 3D printing. Upright build orientation is 
obtained by placing specimen length along the z-axis as 
shown in Fig. 5f. Brim setting is configured to provide 
stability to the specimen during 3D printing in this build 
orientation. No support is required in this orientation. 
Flexural test specimens are also printed in the same build 
orientation as tensile test specimens. Fig. 6 shows six build 
orientations of flexural test specimens along with top view, 
front view and additional views. These build orientations are 
generated under the same Cura settings as used for tensile test 
specimens. However, there are few minor differences in 
flat-support, edge, edge-45 and upright-45 build orientation 
3D printing settings from tensile test specimen 3D printing. 
Brim setting is enabled to improve build plate adhesion 
which also improves stability of specimens during 3D 
printing. For edge build orientation, angle of tree support is 
varied to save material. After orienting test specimens in 
Cura and configuring print settings for Ender-3, specimens 
are 3D printed using PLA material. Tensile and flexural test 
specimens are 3D printed (see Fig. 5 and Fig. 6) in gray 
colour and wood colour respectively due to non-availability 
of the same colour filaments. However, past studies [44]-[45] 
indicate that filament color doesn’t alter the strength of 3D 

printed parts significantly. 
 
 
 
 
 

Build Orientation Different Views in Cura 3D Printed Specimen 

 
a. Flat 

 
Top view  
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Front view 

 
b. Flat-support 

 
Top view 

 

 

 
Front view 

 
Top view of support at first layer 

 
c. Edge 

 
Top view 

 

 
 

Front view 

 
d. Edge-45 

 
Front view 

 
Top View at 5 mm height  

 
e. Upright-45 

 
Front view 

 
Top view at last layer 

   
 

Top view at height 10 mm 

 
Top view at first layer 

 
f. Upright 

 
Front view 

 
Top view  

Figure 5 – Tensile test specimen build orientations generated in Cura with corresponding 3D printed specimen for 2.0 
mm thickness 

All tensile test specimens are printed from the same 1 Kg 
spool of gray colored PLA filament. Similarly, all flexural 
test specimens are printed from the same 1 Kg spool of wood 
colored PLA filament. Both the colors are purchased from a 
single manufacturer.  
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Total 108 specimens (=6 No. of orientations x 3 No. of 
thicknesses x 3 No. of readings x 2 types of tests) are 3D 
printed for tensile and flexural tests. After 3D printing and 
cleanup, the actual weight of a specimen is compared with the 
estimate given by Cura software and actual weight does not 
deviate from Cura software prediction. Weight of the tensile 
specimen after cleanup is 4 gm, 6.6 gm, 9.2 gm and weight of 
the flexural specimen after cleanup is 2.4 gm, 4 gm, 5.6 gm 
for thickness 1.2 mm, 2.0 mm, 2.8 mm respectively. It is 
observed that for a given thickness, the weight of the cleaned 
specimen doesn’t change with build orientation. Therefore, 

the weight of specimens for each orientation is not reported in 
this paper.  

IV. EXPERIMENTATION 

Total 108 experiments were performed using a 
computerized universal testing machine. Fig. 7 shows the 
universal loading machine used in this work. Two different 
attachments are used for tensile and flexural tests as shown in 
Fig 7b and Fig. 7c respectively.  The test specimen is 
mounted and strained until fracture. The force value collected 
at the breaking point using strain gauge-based load cells. 
Table 4 shows various specifications of the universal testing 
machine used in this work. 3D printed specimens are 
properly cleaned before straining and mounted in the test 
attachment of the universal loading machine after verifying 
dimensional accuracy and weight accuracy. 

V. RESULTS AND DISCUSSIONS 

This section presents results of tensile and bending load. 
Fig. 8 shows the average of three reading values for tensile 
and bending load obtained during tensile and flexural testing. 
It can be observed that tensile load capacity is higher than 
bending load capacity for all orientations under all the 
thicknesses. Tensile load is 20-30 times higher than bending 
load for flat build orientation under different thicknesses. In 
case of flat-support, edge and edge-45 orientations the tensile 
load is 10-20 times higher than bending load. For upright-45 
orientation, the variation is higher than any other orientation 
i.e., 30-50 times the bending load. In case of upright 
orientation, the tensile load is 8-16 times higher than bending 
load. Thus, from present study it can be concluded that PLA 
is stronger in tensile loading than bending. For every 
orientation, maximum tensile load is observed for 2.8 mm 
thick specimens whereas minimum load is observed for 1.2 
mm thick specimens. This observation is in agreement with 
the tensile loading theory of structures. Maximum tensile 
load of 1759 N is observed for 2.8 mm thick specimen 3D 
printed with edge orientation whereas minimum tensile load 
of 56 N is observed for 1.2 mm thick specimen printed with 
upright orientation. Similarly, for every orientation 
maximum bending load is observed for 2.8 mm thick 
specimen whereas minimum load is observed for 1.2 mm 
thick specimen. This observation is in agreement with the 
bending loading theory of structures. Maximum tensile load 
of 110 N is observed for 2.8 mm thick specimen 3D printed 
with edge orientation whereas minimum tensile load of 5 N is 

observed for 1.2 mm thick specimen printed with upright-45 
orientation. Tensile and bending load is highest for edge 
orientation whereas tensile load is lowest for upright 
orientation and bending load is lowest for upright-45 
orientation. 

A. Tensile Testing of 3D Printed PLA Specimen 

Total 54 tensile test experiments were performed. Each 
specimen is strained until it initiates a crack and breaks into 
two pieces. Tensile breaking load is recorded and used for 
further analysis. Table 5 shows a tensile test specimen of 
thickness 1.2 mm before and after straining. All 54 specimens 
of PLA material exhibited brittle fracture as there is no 
evidence of any necking. Flat, flat-support and edge 
orientation specimen fracture takes place kind of zigzag 
whereas edge-45, upright-45 and upright orientation 
specimen fracture takes place along sharp line because of 
weak section at layer junctions. Similar fracture phenomenon 
is observed for other thickness specimens i.e., 2.0 mm and 2.8 
mm. These observations are in agreement with previous 
studies [21], [22]. Eryildiz [30] reported that fracture is 
governed by layer fusion and arrangement of intra-layer 
resulting from particular build orientation w.r.t. loading 
direction. Table 6 shows intra-layer arrangement for six 
different orientations resulted due to Cura settings and 
specimen orientation. Due to this inherent intralayer 
orientation arrangement load capacity of specimen varies 
with build orientation. It can be seen from load values that six 
build orientations considered in this work automatically form 
two groups i.e., strong orientation group and weak orientation 
group. Similarly, observation in specimen fracture 
phenomenon forms two groups. Specimens printed in flat, 
flat-support and edge orientations form strong orientation 
group as the fracture is zigzag in nature and load values are 
higher. Specimens printed in edge-45, upright-45 and upright 
orientations form weak orientation group as fracture the 
fracture is straight line and load values are lower. 

Fig. 9 shows variation of tensile load w.r.t. thickness for 
six different orientations considered in this work. For each 
build orientation two lines are shown in the graph i.e., solid 
line and dotted line. Solid line connects tensile load data 
points whereas a dotted line shows a linear model trend line 
obtained by setting intercept zero. For linear model fitting, an 
intercept is assumed zero as a zero-thickness specimen will 
yield zero load value. It is observed that tensile load increases 
linearly with increase in thickness for all build orientations. 
Linear equation obtained for various build orientation is 
shown on the graph itself in the following form (see Eq. 1): 

Ft=KtoT               (1) 
Where,  

Ft = tensile load (N) 
Kto = tensile load build orientation factor (N/mm) 
T = thickness of specimen (mm) 
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Different Views in Cura 3D Printed Specimen 
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Top view 
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b. Flat-support 

 
Top view 

 

 
Front view 

 
Top view at first layer 

  
c. Edge 

 
Top view 

 
 

Front view 

 
d. Edge-45 

 
Front view 

 
Top view at height 10 mm  

 
 

e. Upright-45 
 

Front view 

 
Top view at last layer 

 

 
Top view at height 10 mm 

 
Top view at first layer 

 
f. Upright   

Front view 

 

 
Top view  

Figure 6 – Flexural test specimen build orientations generated in Cura with corresponding 3D printed specimen for 2.0 
mm thickness 

 

http://www.ijrte.org/


International Journal of Recent Technology and Engineering (IJRTE)  
ISSN: 2277-3878 (Online), Volume-10 Issue-6, March 2022 

46 

Published By: 
Blue Eyes Intelligence Engineering 
and Sciences Publication (BEIESP) 
© Copyright: All rights reserved. 

Retrieval Number: 100.1/ijrte.F68210310622 
DOI: 10.35940/ijrte.F6821.0310622 
Journal Website: www.ijrte.org  
 

 

 

b 

 

a c 
Figure 7 – Tensile test experimental set-up a. Universal 
testing machine b. Tensile loading attachment c. 3-point 

bending loading attachment 
 

Table 4 – Specifications of universal testing machine 
Machine Parameter Specification Value 

Machine Type  Digital 
Machine Class Class-1 
Machine Size 700 x 550 x 1800 mm 
Load Range 0 to 5000 N 
Load Resolution 0.1 N 
Coverage Factor K-2 
Precision ±0.5% 
Crosshead Stroke 600 mm 
Crosshead Speed 1-500 mm/min 
Power 220VAC 50/60Hz 1Phase 
Machine Operating Temperature 23 C 
Machine Standard IS1828(1)2015 identical to 

ISO7500(1)2004 

 

 
Figure 8 - Tensile and bending force vs build orientation 

vs thickness 
Slope of the linear model is not the same for all build 

orientations and varies as shown in Fig. 9. Slope of the linear 
model is termed as the tensile load build orientation factor of 
the specimen. As every linear model has zero intercept, load 
variation is minimum at 1.2 mm thickness whereas load 
variation increases as thickness increases and it is maximum 
at 2.8 mm thickness. The 3D printed part is strongest if 
printed on edge orientation and weakest if printed on upright 
build orientation during tensile loading. It is consistent with 
literature results [19], [20] which reported that upright 
orientation is weakest. It can be seen that edge orientation is 
stronger than flat orientation which is in agreement with 
literature results [20], [22] - [24], [27], [31], [33]. Literature 
[27] reported higher strength for edge and flat orientations 
than upright orientation as observed in this work. However, 
Patadiya et al. [28] and Corapi et al. [34] reported that flat 
orientation is slightly stronger than edge orientation which is 

in disagreement with results reported in this study.  
From the graph it can be observed that there are two 

distinct groups of three orientations each showing similar 
behavior across three thicknesses. Strong orientation group 
consist of edge orientation, flat orientation and flat-support 
orientation in decreasing order of tensile load capacity. As 
stated earlier, a strong orientation group is made of the 
orientations which have layer lines either parallel to load or ±
45 in alternative layers. Due to 0 between load direction 
and layer lines, the edge orientation gives maximum loading 
capacity followed by flat and flat-support orientation. An 
equation slope varies between 500 to 610 N/mm for a strong 
orientation group. Load variation is 10.55% between edge 
orientation and flat-support orientation at 1.2 mm thickness 
whereas 18.25% load variation is observed at 2.8 mm 
thickness. Variation in tensile load capacity of flat and 
flat-support is in the range of 3.0% to 7.0% as both the 
orientations are same except flat-support is printed in air by 
providing support. It is observed that load capacity of the 
specimen printed with flat orientation is higher than 
flat-support. Weak orientation group consists of upright-45 
orientation, edge-45 orientation and upright orientation in 
decreasing order of tensile load capacity. Weak orientation 
group is formed due to the nature of layer line deposition. The 
layer lines are either 45 or 90 w.r.t. to tensile load, which 
makes the specimen weak at layer joints leading to lower 
tensile load build orientation factor.  An equation slope varies 
between 120 to 240 N/mm for weak orientation group. Thus, 
the tensile load capacity of the weak orientation group is 
lower than the strong orientation group. A load variation is 
34.16% between upright-45 orientation and upright 
orientation at 1.2 mm thickness whereas 47.67% load 
variation is observed at 2.8 mm thickness. 

 
  Table 6 – Intralayer arrangement during tensile loading 

 
Flat & 

Flat-support 
Orientations 

Edge 
Orientation 

Edge-45 
Orientation 

Upright & 
Upright-45 
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raster line angle 

with the load  

Raster line 
and load is 

parallel 

Raster line angle 
and load angle is 

45  

Raster line 
angle is 90 
with the load  

    

Strong Orientation Group Weak Orientation Group 
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Table 5 – Tensile Test Specimen Before and After Straining For 1.2 Mm Thickness 

Flat Orientation Flat-Support 
Orientation 

Edge Orientation Edge-45 
Orientation 

Upright-45 
Orientation 

Upright 
Orientation 

Specimen Before Straining 

 
  

 
  

Fracture of specimen after straining to breaking load 
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Figure 9 – Tensile load vs thickness for different build 

orientations 
From observations of tensile load study, it can be 

concluded that thickness can be minimized in 3D printed 
product regions where build orientation belongs to the strong 
orientation group. Similarly, thickness should be increased in 
regions where build orientation belongs to the weak 
orientation group. 

B. Flexural testing of 3D printed PLA specimen 

Total 54 flexural test experiments were performed. The 
testing machine is the same with different attachment for the 
3-point bending test. Each specimen is strained until it 
fractures. Flexural breaking load is recorded and used for 
further analysis. Table 7 shows a flexural test specimen of 
thickness 1.2 mm before and after straining. All 54 specimens 
of PLA material exhibited brittle fracture similar to tensile 
test fractures.  
From photographs of fractured specimens, it is evident that 
fracture takes place along a raster line or intralayer junction 
in a particular build orientation. Flat, flat-support and edge 
orientation specimen fractures zigzag in nature which forms a 
strong orientation group whereas edge-45, upright-45 and 
upright orientation specimen fracture takes place along sharp 
line because of intralayer joints which forms a weak 
orientation group.  
Similar fracture phenomenon is observed for other thickness 
specimens i.e., 2.0 mm and 2.8 mm. Fracture phenomenon 
during bending for various orientations is in agreement with 
literature [36], [37]. Table 8 shows intralayer arrangement for 
different build orientations during bending loading. The 
angle between load and raster line leads to strong or weak 
behavior of specimens. It can be seen from load values as 
well as the nature of fracture that six build orientations 
considered in this work automatically form two groups. 

Fig. 10 shows variation of bending load w.r.t. thickness for 
six different orientations considered in this work. For each 
build orientation two lines are shown in the graph i.e., solid 
line and dotted line. Solid line connects bending load data 
points whereas a dotted line shows a linear trend line with 
intercept zero. For fitting linear model, an intercept of line is 
assumed zero as zero thickness specimen will yield zero 
value of bending load.  

It is observed that bending load increases linearly with 
increase in thickness for all build orientations. Linear 
equation obtained for various build orientation is shown on 
the graph itself in the following form (see Eq. 2): 

Fb=KboT                (2) 

Where,  
Fb = bending load (N) 
Kbo = bending load build orientation factor (N/mm) 
  T = thickness of specimen (mm) 
Slope of the equation is not the same for all build 

orientations and varies as shown in Fig. 10. Line slope of the 
linear model is termed as the bending load build orientation 
factor of the specimen. The 3D printed part is strongest if 
printed on edge orientation and weakest if printed on 
upright-45 build orientation during bending loading. It is 
consistent with literature results [36] which reported that 
edge orientation is strongest among edge, flat and upright 
orientations. 

From the graph it can be observed that there are two 
distinct groups of three orientations each showing similar 
behavior across three thicknesses. Strong orientation group 
consists of edge orientation, flat-support orientation and flat 
orientation in decreasing order of bending load capacity. 
Weak orientation group consists of edge-45 orientation, 
upright orientation and upright-45 orientation in decreasing 
order of bending load capacity. 

 Two groups consist of the same orientations as observed 
during tensile test loading. However, the order of load 
capacity is not exactly the same. Bending load build 
orientation factor varies between 20 to 40 N/mm for strong 
orientation group whereas it varies from 5 to 11 N/mm for 
weak orientation group. Higher the bending load build 
orientation factor, higher the load carrying capacity.   

Load variation in the bending test is slightly different from 
the tensile test for weak orientation group. However, for a 
strong orientation group the behavior is similar to tensile test 
specimens. For a strong orientation group, load variation is 
minimum at 1.2 mm thickness i.e., 27.50% between edge 
orientation and flat orientation whereas load variation 
increases as thickness increases and it is maximum at 2.8 mm 
thickness i.e., 45.45%. For the weak orientation group, the 
load variation is maximum at 1.2 mm thickness i.e., 64.28% 
between edge-45 orientation and upright-45 orientation 
whereas it is minimum at 2.8 mm thickness i.e., 48.27%. This 
is due to small variation in bending load build orientation 
factor within weak orientation group. 

From the bending load study, it can be concluded that 
thickness can be minimized in 3D printed product regions 
where build orientation belongs to the strong orientation 
group. Similarly, thickness should be increased in 3D printed 
product regions where build orientation belongs to the weak 
orientation group. Moreover, bending load capacity is very 
less for the same thickness than tensile load capacity. 

VI. CONCLUSIONS 

In this paper, the tensile and bending load capacity of PLA 
specimens 3D printed by an FDM method is studied 
experimentally for six different orientations and three 
different thicknesses. Some of the main conclusions of this 
work are as given below: 
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Table 7 – Flexural test specimen before and after straining for 1.2 mm thickness 
Flat Orientation Flat-Support 

Orientation 
Edge Orientation Edge-45 

Orientation 
Upright-45 
Orientation 

Upright 
Orientation 

Specimen before straining 

   
   

Fracture of specimen after straining to breaking load 
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Table 8 – Intralayer arrangement during 3-point bending 
loading 

  
 

Group Orientation Top view of specimen 

Strong 
Orientation 

Group 

Flat &  
Flat-support 

 

Edge 
 

Weak 
Orientation 

Group 

Edge-45 
 

Upright & 
Upright-45 

 

 

 
Figure 10 – Bending load vs thickness for different build 

orientations 
▪ The Ender-3 low-cost 3D printer is used for 3D printing 

PLA specimens as it is very popular among common 
consumers. 3D printed specimen dimensions are within ±
0.1 mm accuracy. Moreover, the actual weight of a 
specimen and weight given by Cura software are in 
agreement. 

▪ Based on the literature review and requirements of a 
custom designed face-shield, six build orientations are 
considered in this work. These build orientations are flat, 
flat-support, edge, edge-45, upright-45 and upright with 
three thicknesses i.e.,1.2 mm, 2.0 mm and 2.8 mm.  

▪ Most of the 3D printing parameters are kept constant 
during 3D printing of test specimens to minimize the 
effect of other parameters. 3D printing of tensile test 
specimens with flat and upright orientations doesn’t 
require any support whereas flat-support, edge, edge-45 
and upright orientations require support. 3D printing of 
flexural test specimens with flat, edge and upright 
orientations doesn’t require any support whereas 

flat-support, edge-45, and upright-45 orientations require 
support. Additionally, brim setting is used for 3D printing 
of flexural test specimens.  

▪ Total 108 experiments are performed using a computerized 
universal testing machine which has load range 0.1 N and 
precision ±0.5%. Two different attachments are used for 
tensile and flexural tests. Each specimen is strained until 
it initiates a crack and breaks into two pieces. Breaking 
load is recorded and used for further analysis. The 
average of three force values is considered for further 
analysis. All specimens of PLA material exhibited brittle 
fracture.  

▪ Due to resulting intralayer line arrangement, load capacity 
of specimens varies from one build orientation to another 
build orientation. It can be seen from load values and 
fracture phenomenon that six build orientations 
considered in this work forms two groups i.e., strong 
orientation group and weak orientation group. Based on 
tensile loading, the strong orientation group consists of 
edge, flat and flat-support orientations in decreasing order 
of tensile load capacity. Weak orientation group consists 
of upright-45, edge-45 and upright orientations in 
decreasing order of tensile load capacity. Based on 
bending loading, the strong orientation group consists of 
edge, flat-support and flat orientations in decreasing order 
of bending load capacity. Weak orientation group consists 
of edge-45, upright and upright-45 orientations in 
decreasing order of bending load capacity.  

▪ The 3D printed part is strongest if printed on edge 
orientation and weakest if printed on upright orientation 
for tensile loading. It is observed that tensile load 
increases linearly with increase in thickness for all build 
orientations. Linear model fitted for every build 
orientation by considering intercept of equation zero and 
it can be observed that slope of line is termed as a tensile 
load build orientation factor. Maximum tensile load of 
1759 N is observed for 2.8 mm thick specimen 3D printed 
with edge orientation whereas minimum tensile load of 56 
N is observed for 1.2 mm thick specimen printed with 
upright orientation. 

▪ The 3D printed part is strongest if printed on edge 
orientation and weakest if printed on upright-45 
orientation during bending loading. It is observed that 
bending load increases linearly with increase in thickness 
for all build orientations. Linear model fitted for every 
build orientation by considering intercept of equation 
zero and it can be observed that slope of line is termed as a 
bending load build orientation factor of the part during 
bending loading. 

▪ From force trends and observations of fracture, it can be 
concluded that thickness can be minimized in 3D printed 
product regions where build orientation belongs to the 
strong orientation group. Similarly, thickness should be 
increased in 3D printed product regions where build 
orientation belongs to the weak orientation group. 
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