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Abstract: Additive Manufacturing (AM) is a method 
widely used to fabricate complex shapes which can’t be 
fabricated by conventional methods. Fused Deposition 
Modeling (FDM) is one of the additive manufacturing 
processes that build part layer by layer from extruded 
filaments of a melted thermoplastic with support 
structures. This process is mainly used for design 
verification, patterns for casting process, functional and 
mechanical testing. The present work is to study the 
mechanical properties (Tensile strength) and material 
usage for different parametric internal matrix structures 
with different internal densities by using the 
experimental and finite element analysis. Rhombus, 
honeycomb, solid and hollow internal structures are 
considered in the present work. Internal structures are 
modeled in the finite element simulation software 
ANSYS Workbench. Static structural analysis was done 
for tensile loads by using ANSYS Workbench for all 
samples. Tensile test samples are prepared by using the 
FDM process and tested experimentally. Tensile test 
results from ANSYS are compared with experimental 
results. For all internal structures the loading 
characteristics, material usage and build time are noted 
experimentally. By using the obtained data, a model 
which generates optimal solution based upon maximum 
tensile strength, minimum built time and minimum 
material usage is recommended for the FDM parts 
based on requirements. 
Keywords: Additive manufacturing, Fused Deposition 
Modelling, FEA. 
 

1.  Introduction 

 
Fused deposition modeling is an additive 
manufacturing processes used to fabricate the complex 
parts from CAD models. In this process the parts are 
built from thin layers of extruded filaments of a semi-
melted thermoplastic. The mechanical properties of 
FDM parts are depend on variable factors such as the 
material’s depositing orientation, filament’s flow rate, 
raster’s separation, and extrusion temperatures…etc. 
Solid and shell are the two main FDM manufacturing 
strategies used indistinctively; however, there are few 
applications where the solid build strategy may not be 

necessary and even problematic. In FDM process there 
is a nozzle which can movable in x-y direction on to a 
substrate deposits thread of molten polymeric material. 
The depth (i. e., Z direction) of the deposit material is 
adjusted by the table. The build material is heated 
slightly above (approximately 0.5o C) its melting 
temperature so that it solidifies within a very short time 
(approximately 0.1 s) after extrusion and welds to the 
previous layer as shown in Figure 1. 

 

Figure 1. Schematic of the FDM machine 

L.Villalpando [1] introduced internal structures to 
provide balance between material usage and strength. 
Physical testing was done on fabricated specimens. 
FEA simulation is also done and results were 
compared. FDM parts were further optimized by 
optimizing process parameters using genetic algorithm 
method. FilipGórski[2] performed tensile, bending and 
impact strength tests on samples of various 
orientations, made out of ABS material using FDM 
technology. The results shows that the part orientation 
during layer deposition has a very strong influence on 
final strength of a product manufactured by additive 
Fused Deposition Technology. Mohammad 
ShojibHossain[3] conducted a study on FDM 
manufactured parts for improving tensile mechanical 
properties by adjusting processing parameters and 
analyzing stress concentration features between 
adjacent roads of material. The results shows that 
experimentally determined specimens exhibiting high 
as 19% improvement in ultimate tensile strength. 
Agnes Bagsik [4] modelled tensile specimens with the 
given parameters as well as with changing parameters. 
The parts then are built up with the “Fortus400 mc” 
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from Stratasys. Later analyzes the influence of the 
orientation and the tool path generation of 
manufactured parts based on the mechanical data. Ivan 
Gajdos [5] conducted a study on mechanical properties 
of fused deposition modelling (FDM) parts using uni-
axial tensile test. The test result shows that build time 
and material consumption can be reduced when the 
orientation of load is known. Wenzheng Wu [6] studied 
the influence of process parameters on the mechanical 
properties of 3D-printed PEEK. The results shows that 
the average tensile strengths of polyether-ether-ketone 
(PEEK) parts were 108%higher than those for 
acrylonitrile butadiene styrene (ABS), and compressive 
strengths were114% and bending strengths were 115%. 
However, the modulus of elasticity for both materials 
was similar. MonishShivappaMamadapur [7] 
performed biaxial tensile tests and torsion tests to 
obtain the Young’s modulus, Poisson’s ratios and shear 
modulus. The results show that experimental results are 
in excellent agreement with the analytical/finite 
element simulation results. J.Martinez [8] applied finite 
element method (FEM) programs to FDM parts to 
analyze mechanical behavior and main manufacturing 
properties. By considering failure modes of composite 
laminate, different orientation configurations are 
analyzed. SandeepRaut [9] investigated the effect of 
built orientation on the mechanical properties and total 
cost of the FDM parts. On fabricated test specimens 
tensile and bending test were conducted. Concluded 
that about y-axis at 0˚ built up orientation FDM parts 
has good tensile strength and minimum cost and about 
x-axis 0˚ parts has good flexural strength and medium 
cost.B.M. Tymrak [10] conducted a study on basic 
tensile strength and elastic modulus of 3-D printed 
components. The study result shows that average 
tensile strengths of 28.5 MPa for ABS and 56.6 MPa 
for PLA with average elastic moduli of 1807 MPa for 
ABS and 3368 MPa for PLA. 
  

2.  Problem Statement 
 
To recommend optimum internal structure for the FDM 
parts based upon on high tensile strength, less material 
usage and lower fabrication time by using experimental 
and numerical methods. 
 

3.  Problem modelling 
 
The internal structures are modelled using ANSYS 
Workbench 12. The dimensions of the specimen for 
testing are taken from the ASTM D-638standards 
shown in Figure 2a.Basicelements are joined in a 
pattern to construct compound structures. Figure 2b 
illustrates the basic element of the internal structure. 

 

 

Figure 2. Parametric modelling of internal structures 

In the present work, two types of internal structures i.e., 
rhombus and honeycomb are considered which are 
shown in the Figure 3. These internal structures 
response are compared with hollow and solid cases 

 

 

 

 

 

 

Figure 3. Internal structures 

The structures are analyzed with different internal 
structures densities which are listed in the Table 1. 

Table 1. Internal densities 

 

S.No Name Size (mm) 

1 Loose 1 

2 Compact 1.2 

 

The internal densities of the internal structures are 
shown in the below Figure 4. 

 

2a 

2b 

HOLLOW 

HONEYCOMB 

RHOMBUS 

SOLID 
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Figure 4. The internal densities of the internal 
structures 

4. Finite Element Analysis 

Analysis is performed on all internal structure models 
by varying the internal densities by using Ansys 
workbench. L.Villalpando [1] discloses that the FEA 
simulation well represents the physical experiments 
performed on the tensile samples. 

4.1.  Loads and Boundary conditions 

Load is given in the form of force as shown in Figure 5. 
For all models forceis applied in the range of 500N to 
2000N. Cantilever boundary conditions are given by 
fixing one end face of the model as shown in Figure 5. 

 

 

Figure 5.  Loads and boundary conditions. 

4.2.  Meshing 

It is the process of converting geometric entities to the 
finite element entities [20]. Higher order 10 Node 
tetrahedral elements used for honeycomb and rhombus 
internal structures.20 Node hexahedron elements are 
used for solid and hollow type internal structure. The 
mesh of the internal structures is shown in the Figure 6. 

 

Honeycomb, Rhombus 

 

Hollow, Solid 

Figure 6. Mesh of FDM specimens 

The mesh characteristics for different internal structures 
are listed in the Table 2. 

Table 2. Mesh characteristics of internal structures 

Structure  Nodes  Elements  

Hollow 2135 1125 

Honeycomb  25916 14598 

Rhombus 31239 17697 

Solid  616 69 

4.3.  Material Properties 

All the FDM parts are fabricated with ABS 
(Acrylonitrile Butadiene Styrene) Plus [1] material. The 
material properties of the ABS plus are listed in the 
Table 3. 

 
Table 3. Properties of the ABS Plus Material 

 

 

 

 

5.  Results& Discussions 

FEA simulation is performed on all specimens with 
different internal structures with different densities. 
500N to 2000N of Load is applied in the form of force. 

Density 

(kg/m
3
) 

Youngs 

Modulus 

(GPa) 

Poisson's 

Ratio 

Stre

ngth 

(MP

a) 

1040 2.22 0.35 65 

a 

b 
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Von-misses stresses are calculated for all internal 
structures. Load is applied gradually to maximum 
tensile yield point. The breakage forces (Loads) are 
calculated depending upon the Von-misses stresses 
which are shown in the Figure 7. 

 

Figure 7. Failure load for different internal 
with different densities 

From Figure 7, it is observed that honeycomb internal 
structure having the highest tensile strength than the 
rhombus for both loose and compact densities.
Von-misses stress contours of the different internal 
structures are shown in the Figure 8. 
 

FEA Simulation 

HALLOW 

SOLID 

RHOMBUS 

misses stresses are calculated for all internal 
structures. Load is applied gradually to maximum 
tensile yield point. The breakage forces (Loads) are 

misses stresses 

 

Failure load for different internal structures 

7, it is observed that honeycomb internal 
structure having the highest tensile strength than the 
rhombus for both loose and compact densities. 

misses stress contours of the different internal 

 

 

Figure 8. Von misses Stress contours of the internal 
Structures 

These 4 specimens are fabricated using FDM and they 
are experimentally tested and loading characteristics are 
noted.  
 

6.  Fabrication and Experimental Testing

 

6.1.  Fabrication 
 
Using a Stratasys Mojo 3D printer with ABS material a 
set of 4 different tensile specimens are fabricated three 
times. In this method, a plastic material is extruded 
through a nozzle that creates the parts cross sectional 
geometry layer by layer. The build material is usually 
supplied in a filament form. The maximum build 
volume of this printer is 127×127×127 mm
software used for the fabrication of the parts is mojo 
print wizard. Build time and material usage are get from 
this software. The 3D printer and the work piece setup 
are shown in the Figure 9. 

 

Figure 9. Work piece in a RP Machine

Figure 10. Work piece

HONEYCOMB 

 

Von misses Stress contours of the internal 
 

These 4 specimens are fabricated using FDM and they 
are experimentally tested and loading characteristics are 

Fabrication and Experimental Testing 

Using a Stratasys Mojo 3D printer with ABS material a 
tensile specimens are fabricated three 

times. In this method, a plastic material is extruded 
through a nozzle that creates the parts cross sectional 
geometry layer by layer. The build material is usually 
supplied in a filament form. The maximum build 

e of this printer is 127×127×127 mm3 and the RP 
software used for the fabrication of the parts is mojo 
print wizard. Build time and material usage are get from 
this software. The 3D printer and the work piece setup 

 

ork piece in a RP Machine 

 

Work piece 
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The fabricated parts contain support material. For 
removing the support material, tensile specimen is 
divided into 2 parts i.e., lower part with internal 
structures and upper part (plain part). These parts 
fabricated and glued together with the liquefied model 
material (ABS Plus) after removing the support 
material. 
The specimens with supported material are shown in 
the Figure 11. Using post curing process the supported 
material was removed. 

 
 

Figure 11. Internal Structures with supporting material

In this setup a wave wash 55 is used for removing the 
support material. This system contains ultrasonic 
heating chamber filled with amino based water solution 
maintained at temperature of 70 ˚F. The s
dipped into the solution for about 3hours. Due to this 
the support material is disintegrated in the tank. The 
post curing process setup is shown in Figure

 

Figure 12. Post Curing process setup

After completing the post curing process, the
are taken out from the solution. Then upper and lower 
parts are glued together. The final specimens are shown 
in the Figure 13. 

 

The fabricated parts contain support material. For 
removing the support material, tensile specimen is 
divided into 2 parts i.e., lower part with internal 
structures and upper part (plain part). These parts were 
fabricated and glued together with the liquefied model 
material (ABS Plus) after removing the support 

The specimens with supported material are shown in 
11. Using post curing process the supported 

 

 

 

 

Internal Structures with supporting material 

In this setup a wave wash 55 is used for removing the 
support material. This system contains ultrasonic 
heating chamber filled with amino based water solution 

˚F. The specimens are 
dipped into the solution for about 3hours. Due to this 
the support material is disintegrated in the tank. The 

ure12. 

 

Post Curing process setup 

After completing the post curing process, the structures 
are taken out from the solution. Then upper and lower 
parts are glued together. The final specimens are shown 

Figure 13. Internal structures after post curing process

From the RP machine and mojo print wizard software, 
experimental values like build time & material usage 
are noted. Each model was fabricated thrice and 
average values were taken and plotted in a graph which 
is shown in Figure 14. 

Figure 14. Material usage for fabrication (cm

From Figure 14, it is observed that there is no 
considerable difference of material usage between 
rhombus and honeycomb internal structures. Solid has 
high material usage and hollow has low material usage 
compared to remaining structures.

Figure 15. Build time for fabr

Out of all internal structures, rhombus has the high 
build time and hollow has the low build time followed 
by solid and honeycomb. Honeycomb has less built 
time compared to rhombus. 
 

6.2.  Tensile Test 
 
A 2 ton capacity - Electronic tenso
ER-III model (Plate II-18) is used to find the tensile 
strength of specimens. Its capacity can be changed by 
load cells of 20 Kg, 200 Kg & 2000 Kg. A load cell of 
2000 Kg. is used for testing. Self

 

Internal structures after post curing process 

From the RP machine and mojo print wizard software, 
experimental values like build time & material usage 
are noted. Each model was fabricated thrice and 
average values were taken and plotted in a graph which 

 

Material usage for fabrication (cm3) 

it is observed that there is no 
considerable difference of material usage between 
rhombus and honeycomb internal structures. Solid has 
high material usage and hollow has low material usage 
compared to remaining structures. 

 

Build time for fabrication (Minutes) 

Out of all internal structures, rhombus has the high 
build time and hollow has the low build time followed 
by solid and honeycomb. Honeycomb has less built 

Electronic tensometer, TMER 2000 
18) is used to find the tensile 

strength of specimens. Its capacity can be changed by 
load cells of 20 Kg, 200 Kg & 2000 Kg. A load cell of 

Self-aligned quick grip 
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chuck is used to hold FDM made specimens as shown 
in Figure 17. A digital micro meter is used to measure 
the thickness and width of specimens.
testing machine setup is shown in the Figure

 

Figure 16. Tensile test machine

The tensile test machine with specimen is shown in the 
Figure 17. 

 

Figure 17. Tensile test machine with specimen

The load is applied to the structures in axial direction. 
The resultant tensile specimens of different internal 
structures are shown in the Figure 18. 

 

Figure 18. Tensile specimens

Figure 18 shows the resultant loaded specimens in 
which the failure occurs at the neck position.
Figure19 shows the loads at which internal structures 
are failed in tensile test.  

 

FDM made specimens as shown 
A digital micro meter is used to measure 

the thickness and width of specimens.The tensile 
ure 16. 

 

Tensile test machine 

s shown in the 

 

Tensile test machine with specimen 

The load is applied to the structures in axial direction. 
The resultant tensile specimens of different internal 

 

specimens 

18 shows the resultant loaded specimens in 
which the failure occurs at the neck position. 

19 shows the loads at which internal structures 

Figure 19. Failure Loads of internal structures

From Figure 19, honeycomb structure having higher 
failure load than the rhombus structure for both internal 
densities. So it clearly indicates that honeycomb 
structure possess high tensile strength than rhombus 
internal structure after solid. 
Figure 20 shows the comparison of the FEA and 
experimental results of tensile strength for 1 mm 
internal density specimens.  
 

Figure 20. Comparision of failure loads between FEA 

Simulation and experimental Testing for 

From Figure 20, it is observed that FEA results are 
nearer to the experimental results.
Figure21 shows the comparison of the FEA and 
experimental results of tensile strength for 1.2 mm 
internal density specimens.  
 

Experimental Testing

 

Failure Loads of internal structures 

honeycomb structure having higher 
failure load than the rhombus structure for both internal 
densities. So it clearly indicates that honeycomb 
structure possess high tensile strength than rhombus 

on of the FEA and 
experimental results of tensile strength for 1 mm 

 

Comparision of failure loads between FEA 

Simulation and experimental Testing for ρ= 1. 

20, it is observed that FEA results are 
nearer to the experimental results. 

21 shows the comparison of the FEA and 
experimental results of tensile strength for 1.2 mm 

 

Experimental Testing 
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Figure 21. Comparision of failure loads between FEA 

Simulation and experimetal Testing for ρ= 1.2. 

From Figure 21, it is observed that FEA results are 
nearer to the experimental results. Honeycomb has the 
high tensile strength than the rhombus structure for both 
loose and compact densities. 
 

7.  Conclusions 
 
From the above results, it can be observed that solid 
structure has high material usage (weight) and high 
tensile strength than all other structures. Hollow 
internal structure has less material usage, low tensile 
strength and less fabrication time. Material usage is 
approximately same for the remaining two internal 
structures (Rhombus & Honeycomb). Honeycomb 
structure consumes less fabrication time and poses high 
tensile strength than that of rhombus structure. From 
these observations, honeycomb internal structure is 
recommended wherever strength to weight ratio is 
required regard less of fabrication time. Solid internal 
structure is recommended wherever weight is not the 
critical factor. 
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