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Chapter 1: Introduction 

1.1 Project Title 

My project title is “Comparison of experimental result and FEM analysis of ABS and 

PLA on ASTM D638”. The comparison of mechanical behaviours of each material was done on 

three software(s) which can perform non-linear finite element analysis and the most efficient 

software with the result as close as the data from the experiment and the reference paper was 

recommended. 

 

1.2 Project Background 

In recent years, engineers have been doing massive research on Finite Element Method in 

simulating the mechanical behaviours of materials under conditions nearly the same as real 

environments. By using certain FEA modelling software(s), engineers can save time, money and 

energy in investigating the mechanical properties of desired materials. Thermoplastics, such as 

PLA and ABS have dominated the 3D printing market for a century and it is important to know 

these materials’ tensile properties according to ASTM standards. Herein, well-known simulation 

software(s) such as Abaqus, SolidWorks and Autodesk NASTRAN were used to simulate the 

plastics’ behaviours on ASTM D638 Type 1 alongside the experimental data, the result of which 

can be useful for designers and manufacturers.  

 

1.3 Project Objectives 

This project’s objectives can be divided into five categories; 

1.​ To study the mechanical properties of ABS and PLA by literature review 

2.​ To learn simulation techniques of FEA software(s) 

3.​ To analyse the tensile test simulation on FEA software(s) 

4.​ To evaluate the simulation results with the experiment 
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5.​ To declare the software(s)’s relative error percentage 

1.4 Problem Statement 

In general, this project was carried out based on the following problems; 

1.​ In previous papers, the inputs into the FEA software(s) were assumed to be engineering 

stress and strain data, which are incorrect beyond the elastic region. A clear conversion 

from the former to the true data was lacked in those papers, and the transforming 

equations should be declared. 

2.​ Abaqus is named as one of the three renowned FEA software(s), apart from ANSYS and 

COMSOL, but SolidWorks, which is best known for 3D modelling, is also needed to find 

out it can be just as capable of finite element analysis.  

3.​ Autodesk Inventor, being the top 3D software(s), integrated with its own module, 

NASTRAN is claimed to be capable of the analysis, but is rarely mentioned in previous 

papers. So, the software needs to be found out its capability. 

 

 

1.5 Project Scope 

In this project, the data obtained from Abaqus©, SolidWorks © and                         

Autodesk NASTRAN© on PLA and ABS under the ASTM D638 tensile test was simulated; 

1.​ Literature review 

-​ To study the previous papers, the mechanical behaviours of PLA and ABS plastics 

and consider the plausible FEA software 

2.​ 3D modelling 

-​ To model the 3D part, dimensions of which were referred from the ASTM standard, 

to be simulated in each software 

3.​ FEA simulation 
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-​ To perform finite element analysis on the 3D model with aforementioned software(s) 

4.​ Experiment 

-​ A practical experimental test was also performed to compare and contrast the data 

from the reference paper and simulation software(s) 

5.​ Evaluation 

-​ The data obtained from simulation and experiments were compared to declare the 

error percentage of each software 

 

 

1.6 Project Gantt Chart 
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Chapter 2: Literature Review 

The commercial use of 3D printing processes began in 1990s. On early days, the 

technique was initially used as rapid prototyping, but nowadays, it has become addictive 

manufacturing (AM) which is a powerful tool used widely in various fields; biomedical, 

aerospace and manufacturing (Baca Lopez, 2020) in many countries (Shahrubudin, 2019). Due 

to its low operational and manufacturing cost, fast processing time, good quality product and 

ease of control, AM has recently gained quite a renowned popularity compared to other 

manufacturing methods. Among the different techniques of AM, fused deposition modelling 

(FDM) is preferred not only by researchers and engineers, but also by commercial manufacturers 

and amateurs as well. 

Among the various types of thermoplastic filaments used in FDM, Polylactic Acid (PLA) 

and Acrylonitrile Butadiene styrene (ABS) are primary materials used in various processes 

(Japrin, 2021). PLA is a top candidate for consumer and biomedical fields due to its superb 

mechanical and physical properties, good biocompatibility, sustainability, and ease of 

manufacture (Farah et al., 2016). The second material, ABS, is well-known for its excellent heat 

resistance, low thermal conductivity and toughness (Baca Lopez, 2020), primarily found in 

children’s toy sets of LEGOS©. In addition to their mentioned properties, the plastics’ high 

strength to weight ratio and high processibility make PLA and ABS the leading thermoplastics 

used in multiple applications. Therefore, it is important to understand the plastics’ mechanical 

properties, especially tensile behaviors whether they can be suited for specific applications. 

One of the solutions is Finite Element Method (FEM). Since its creation in mid-20th 

century, the simulation technique has been widely used in many industries (Rovalance, 2001; 

Magomedov, 2020). Unlike an actual uniaxial tensile, which can provide information about the 

plastics’ mechanical properties of stress–strain relationship (Joun, 2007) by destroying the test 

specimen every time the test is taken, which can be very expensive for some rare materials, FEM 

can virtually simulate the load conditions, boundary conditions just as the real test to find out the 

elastic-plastic characteristics of materials (Durbacă, 2018). This can be done by breaking down a 

given CAD model structure into smaller interconnected sections called nodes, which possess the 

local domain properties. Upon receiving the external stimuli, the numerical values of these nodes 
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are compiled to produce the global function, which, in the case of the tensile test, is the 

stress-strain relationship upon the input force condition (Nirbhay et al., 2014; Żur, 2019). The 

equation explained by Rovalance (2001) is the fundamental of every FEM simulation;  

    , where u and f are the resultant displacements at  and external input 𝐾
𝑖𝑗

𝑢
𝑗

= 𝑓
𝑖

𝑗𝑡ℎ

forces at  nodes, and K is the global stiffness matrix dependent on the  displacement on the 𝑖𝑡ℎ 𝑗𝑡ℎ

 force.  𝑖𝑡ℎ

Paul (2021) suggested that due to the FE analysis’ capability to help produce eco-friendly 

and high-quality products in the lowest possible time, more of this analysis on Addictive 

Manufacturing should be performed. Regarding the previous papers, Garrell et al. (2003) 

simulated that the stress concentration factor on a Nylon-11 matrix under the tensile test had a 

variation of less than 1.5% with the real data using ANSYS finite element software(s). Latifi et 

al. (2014) used Abaqus 6.10 EF to determine the elastic properties of rabbit vocal fold tissue 

using uniaxial tensile testing. Durbacă (2018) also created the composite sandwich with two 

glass face sheets and polymeric triangular core using Autodesk Inventor Professional and 

simulated on ANSYS 14.5 to identify von Mises’ stress on the quasi-static tensile test. Azeez 

(2018) discovered that polycarbonate composite dominates those of polypropylene, high density 

polyethylene and polyurethane by simulating the ASTM C297/C297M-04 standard tensile test.  

Żur (2019) compared and contrasted the finite element analysis data and real-life data of 

static bending test on PLA specimens from FDM, and the difference was only 1.7% using 

Siemens NX software(s) with Nastran module. Moreover, Román et al. (2020) and Hussin et al. 

(2020) all used various types of finite element software(s); ANSYS Workbench and Autodesk 

Inventor 2016, and each corresponding exhibited less than 10% variation with the respective 

tensile tests.    Alharbi et al. (2020) simulated of uniaxial stress–strain response of 3D‑printed 

polylactic acid by nonlinear finite element analysis using SolidWorks and obtained the error less 

than 7%. Japrin (2021) used COMSOL Multiphysics to simulate the mechanical performance of 

a generic model to reduce printing time and amount of infill by 17% by optimizing the custom 

infill percentage of 25% honeycomb pattern and 75% grid pattern.  
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However, regardless of the vast amount of FEA software(s) used, it is also required to 

know the capability of each and every software(s), and how they differ from one another. 

Magomedov (2020) compared between well-known software(s) capable of FEA analysis 

abilities; Abaqus and ANSYS (CAE and Mechanical respectively) have identical capabilities, but 

the only difference they have is the self-contained section and Unit awareness part. Inventor 

Nastran is also similar with the former two; the only difference of the software(s) is lack of 

capability of doing Acoustic analysis. SolidWorks is mainly used to make a model or assembly 

of separate parts and then transfer the structure to Abaqus (CAE), Ansys (Mechanical) or 

Inventor Nastran, but it can also perform FEM analysis but not as powerful as the formers. A 

surprising fact is that in the past papers, there were only a few which used SolidWorks and 

Autodesk NASTRAN as FEM analysis, so it is important to measure their performance in 

accordance with either top tiers; Abaqus or ANSYS. 

Moreover, Petrik (2019) mentioned that engineering stress and strain data from the 

experimental results should be transformed into true values before inputting into the FEA 

software(s), which was rarely mentioned in the past papers. Without the conversion, there will be 

miscalculations in the ultimate strength position and in the plastic region as well, according to 

Petrik’s statement. Therefore, it is also required to know whether including the true stress-strain 

relationship can be critical for FEM simulation.  

Therefore, herein, on top of SolidWorks and Autodesk Inventor being the leading 

modelling software(s), this project compared and contrasted the FEM data of ASTM D638 Type 

1 on PLA and ABS from the aforementioned software(s) with that of Abaqus, the experimental 

data and the reference paper, by taking account on the true stress-strain relationship. 
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Chapter 3: Methodology 

This project was carried out on two well-known thermoplastics namely, Acrylonitrile 

Butadiene Styrene (ABS) and Polylactic Acid (PLA) by simulating their mechanical behaviors 

on the standard ASTM D638 Type 1 tensile test by three FEA software(s); SolidWorks, Abaqus 

and Autodesk Inventor Nastran and experimental tests. The required data was referred from                    

Baca Lopez (2020), and from here and out, the term “reference paper “will be used instead of it. 

 

3.1 Theoretical Background 

This project’s main theoretical applications were mainly based on axial loading and 

plastic deformation concepts. As stated in Beer et al. (2015), in order 

to obtain the stress-strain diagram of a material, the axial stress and strain of a test specimen 

under tension was calculated as follows: 

 

 

 where  is the axial stress, F is the applied tensile force,  is the original cross-sectional area of σ 𝐴
0

the specimen,  is the axial strain,  is the resulted elongation and  is the original gauge length. ε δ 𝐿
0

Elongation,  is obtained by subtracting the new length of the specimen upon tension with the δ

original gauge length. Upon the tensile test, the data can be obtained as the tensile force which 

can be converted to the stress by dividing with the original cross-sectional area, and the 

elongation, which can be converted to strain.  The stress-strain diagram can be plotted by tensile 

stress in the y-axis and strain in the x-axis. Note that since the output stress are derived from the 

original cross-sectional area, the diagram’s data are engineering stresses and engineering strains. 
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This project’s focused materials; ABS and PLA are ductile materials, so their stress-strain 

diagrams were expected to be similar to that low-carbon steel; the tensile behaviors of which 

were shown in Fig. 3.1. 
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As seen in Fig. 3.1(e), as the respective tensile test is applied on the specimen, the tensile 

stress keeps increasing linearly until the yield point, the beyond of which the specimen cannot 

retract back to the original length. This means that the tensile stress until the yield point can be 

found by; 

  where  and  are the elastic stress and strain, and E is the elastic modulus of σ ε

a test specimen. It is also noteworthy that there are two yield points in the tensile material; the 

first point is the one at which the tensile stress stops increasing linearly and the second point is 

when the material will start to behave plastically, and the area between those points is called the 

yield region. Amongst two yield points, the latter point’s stress is mainly used for calculation, 

and the yield strength’s location can be found out by the 0.2% offset method for ductile materials 

(see Fig. 3.1(e)).   

Following the yield region, there is the strain-hardening region where the specimen’s 

stress increases in a curved pattern rather than a straight line. Here, the specimen can experience 

a large deformation even when a small amount of force is applied. Upon the applied force, the 

tensile stress keeps increasing before it reaches a peak, which is called ultimate strength. This is 

the maximum strength that the material can tolerate before breaking. After that, the specimen 

will show a decrease in the cross-sectional area (see Fig. 3.1(c)). Such phenomenon is called 

necking, and the area between the ultimate stress and the rupture point where the specimen 

breaks down completely is called the necking region (see Fig. 3.1(d)). 

The necking phenomenon can be found in homogeneous materials where they undergo 

transverse reduction in cross-sectional area but elongate axially when applied with a uniaxial 

tensile force. The degree of such deformation in different materials when compared is called 

Poisson’s ratio; the greater the value, the larger the deformation the material will be experienced. 

Poisson’s ratio can be found out by; 

 

where  is Poisson’ ratio,  is the axial strain where the tensile force is applied, while  and  𝑣 ε
𝑦

ε
𝑥

ε
𝑧

are the transverse strains. Since the cross-sectional area of the specimen becomes smaller, it is 

more accurate to deal with true values, which take account on simultaneous cross-sectional areas 
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rather than their engineering counterparts. Although true stresses and strains are not occasionally 

used for daily engineering problems, they are mostly used in Finite Element simulation for 

accuracy. Moreover, the true stress-strain diagram accurately reflects the tensile behavior of the 

specimen. Due to their decreasing area values, instead of decreases in stress values beyond the 

ultimate point, the material’s tensile stress will keep rising until the rapture (see Fig. 3.1(f)). 

 

3.2 Materials and Methods 

The simulation was carried out on two types of thermoplastics; ABS and PLA. The 

material properties of these plastics referred from the reference papers, Baca Lopez (2020) and              

Alharbi et al. (2020), will be inputted into the simulation software(s). The CAD model for 

simulation was according to the ASTM D638 Type 1 standard; tensile force was 5000N, strain 

rate was 2mm  (see Fig.3.2). Data from the reference stress-strain curve data was extracted 𝑠−1

using WebPlotDigitizer©. The distance between each point on the plotting software(s) was 5 

pixels. These raw data were stored in an Excel file. The tested specimens and the experimental 

stress-strain data from the reference paper, Baca Lopez (2020) were shown in Fig. 3.3 and 3.4. 
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3.3 Extraction of raw stress-strain data  

The extraction method was universal for both plastics. The following was done on ABS. 

After the output stress-strain data points from the WebPlotDigitizer© were obtained and stored in 

the Excel file, a scatter diagram was plotted (see Fig. 3.4). Prior to finding Young’s modulus, a 

set of first nine to eleven strains and stresses were picked to plot linear diagrams, from which the 

linear equations, in the form of y = mx + c, were calculated. R- squared value of linear regression 

for each set of points was compared, and found that up to first ten points produced the value of 

0.999, which was the closest number to 1, compared to 0.998 for nine and 0.997 for eleven. The 

slope of this set was taken as Young’s modulus, which was 967.45 MPa (see Fig. 3.5).   

 

 

 

 

 

 

 

 

 

 

Following this, in order to find yield strain, the given strains were added with 0.002 as 

per 0.2% offset yield strength method. The yield stresses were found out by multiplying the 

Young’s modulus with original strains, so that a line, which parallelly intersected the original 

curve, was obtained. For instance, for the second point ( = 0.000384,  = 0.333088), the yield ε
𝑒 

σ
𝑒

values were; 
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After solving the two equations (one polynomial, one linear) of two lines, yield strain 

(0.01684) was obtained. By inserting that value in the original curve’s equation, yield stress 

(14.359 MPa) was obtained (see Fig. 3.6). Note that this finding was just to find the yield 

position and 

would not be 

included in 

simulation. 

 

 

 

 

 

 

 

 

 

 

 

The following equations by Petrik (2019) were used to transform engineering values into 

true values;  
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where and  are true values of strain and stress, while and  are engineering values of ε
𝑡 

σ
𝑡

ε
𝑒 

σ
𝑒

strain and stress. Note that this conversion is only valid until necking, after which to the point of 

rupture, the equations cannot be used. For 

instance, the true values of the second point ( = ε
𝑒 

0.000384,  = 0.333088) and the ultimate point ( = 0.050001,  = 32.88571) of ABS can be σ
𝑒

ε
𝑒 

σ
𝑒

obtained by; 

 

The locations of ultimate true and engineering stresses were marked as yellow and green 

dots, and were plotted in Fig. 3.7 and 3.8. Since the true stress will always increase near linearly 

beyond the ultimate stress, drawing a straight line to connect the rupture point is the simple 

method to obtain the total stress-strain curve. The strains 

were the same as the true strain transformation, but the stresses 

from the ultimate until the fracture point were calculated by; 

 

where and  are true values of strain and stress from ultimate to fracture at a specific ε
𝑓,𝑡 

σ
𝑓,𝑡

location, and  and  is the true ultimate stress and strain. The true strains of the required σ
𝑢,𝑡

 ε
𝑢,𝑡

points were already calculated by Eqn. (3), and substituting the ultimate point’s true values in the 

Eqn. (5) could find out respective points. For instance, for the rupture point ( = 0.079404); ε
𝑓,𝑡 
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The same procedures were done for PLA, and the curves for PLA and ABS were plotted 

in Fig. 3.7 and Fig. 3.8, and the extracted data from the curves required for simulation were listed 

in Table 2. 
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3.4 Simulation 

Every FEM software(s) followed four steps; 3D CAD model creation, data input, finite 

element simulation, and simulated result. This project conducted simulation on SolidWorks, 

Abaqus and Autodesk Inventor NASTRAN. 

 

3.4.1 SolidWorks 

It is a software, developed by Dassault Systèmes, which specializes in commercial 3D 

modelling, but it also offers numerical simulation of both linear and non-linear equations. This 

project used 2018 version, and the simulation was tested with non-linear static (force control, 

which showed the result when the given amount of force was reached) and (displacement control 

which displayed the result data within the input displacement). Moreover, it is worth knowing 

that Alharbi et al. (2020) performed the uniaxial tensile test using SolidWorks and mentioned 

that the software(s) can perform until the 

ultimate stress.  

 

3.4.1.1 3D CAD model creation 

The creation of 3D model was very simple and convenient as the software(s) is intended 

for the best human interface design. Starting with a 2D sketch with dimensions from Fig. 3.2 and 

then extruding to 3.6 mm thickness made the final model to be simulated. However, there were 

few alterations from previous papers; in order to capture the real-life scenarios of the test, instead 

of fixing on one end and pulling from the other, the model’s surface, where the tensile machine 

would clamp, was sliced into sub-surfaces on both top and bottom sides. Also, the surface of the 

opposite end, on which the tensile traction force would act on, was also sliced. The newly found 

middle line’s vertex was used to move a preferred displacement in the displacement control 

method (see Fig. 3.9). The slicing function would not affect the material’s properties. 
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3.4.1.2 Data input 

Firstly, in SolidWorks’ simulation, since the test was quasi-static (the load was increasing 

steadily but slow enough to be considered as static), non-linear simulations of both static (loads 

are applied gradually without changing overtime) with force control and displacement control 

were chosen.  

The conversion of engineering stress-strain curve was needed to transform to its true 

value due to the fact that the former was based on the original cross-sectional area, while the 

latter was based on the instantaneous areas, and was appropriate for the FEM analysis, especially 

dealing with large strains. For that, the true values from Fig. 3.7 and 3.8 were used in the 

stress-strain curve and the material data from Table. 3.1 were used as input data, and von Mises 

plasticity failure criterion was chosen.  

 

3.4.1.3 Finite element simulation 

For the boundary conditions, sub-surfaces of one end were fixed while the others were 

experienced a surface tensile traction force of 5000 N. Depending on the material, the model was 

stretched 4.71 mm for ABS and 4.16 mm for PLA, which were the tensile elongation at break as 

mentioned in Baca Lopez (2020). Mesh element’s parameters were referred from                      

Alharbi et al. (2020); curvature-based 1.85mm sized mesh elements with a triangular pattern 

with the element size growth ratio of 1.5 (see Fig. 3.10). Two methods of force and displacement 

control were performed to select the optimal result. 
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3.4.1.4 Simulated result 

The simulated results from non-linear static (displacement control) and non-linear static 

(force control) were compared in Table. 3.2. The yield stresses of all experiments displayed the 

same, but the differences were in ultimate stress and strain.  

 

 

In the above table, positive error percentages showed that the calculated true value was 

smaller than the FEA result. For instance, for non-linear static (force control), the error 

percentages of ABS can be found by; 

 

By substituting ABS’ ultimate true 

stress = 34.53003 MPa, ultimate true 

strain = 0.048791; 

 

 

                    

 It was also noteworthy that the error percentages of the ultimate stresses were lower than 

respective strains. By taking account on stress and strain error percentages, non-linear static 

(force control) method was chosen as the optimal technique as it showed relatively less error % 

than its displacement counterpart. The graphical results of the optimal method were shown in 

Fig. 3.11 and 3.12. By taking reference from Alharbi el al. (2020), it was speculated that fracture 

would occur at the maximum von Mises stress’ locations where stress concentration was 

accumulated; from the fixed end, 112.8 mm for ABS and 139.6 mm for PLA. 
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3.4.2 Abaqus 

It is one of the FEM specialized software(s), apart from Ansys and COMSOL 

Multiphysics, which was used by the majority of researchers in various engineering fields. The 

software(s) interface is simple and user-friendly as it does display multiple tools under colorful 

icons and procedures can be done step by step easily by following the sequence of the module 

icon. While simple models can be drawn inside its interface, however, complex models from any 

other 3D software(s) can be inputted for further analysis due to the fact that its CAD drawing 

commands are not as convenient as SolidWorks or Autodesk Inventor. The current version used 

was 2017. 

 

3.4.2.1 3D CAD model creation 

Much like SolidWorks, the procedure started by the 2D sketch and the sketch was 

extruded 3.6mm for thickness. Similarly, the surfaces of the ends where one end was needed to 

be fixed and the other, on which the tensile force of 5000 N was subjected, were sliced. In 

addition, a concentrated reference point RP was marked on the top surface (see Fig. 3.13). 

 

 
 
  

2149426 37 

 



3.4.2.2 Data input  

By changing to the subsequent module’s item, which was “Property”, materials’ data 

from Table. 3, namely; density, Young’s modulus and Poisson’s ratio were inputted (1.03e-9 

tons/ , 967.45 MPa, 0.36 for ABS and 1.24e-9 tons/ , 1555 MPa, 0.35 for PLA). In 𝑚𝑚3 𝑚𝑚3

determining the material’s plasticity, true stress values from yield point to the fracture from Fig. 

3.7 and 3.8, were inputted. However, for strain values, plastic strains were needed by inserting 

true strain values, starting from the yield point, in the equation; 

 

where is the plastic strain, and  are the true strain and stress, and E is the Young’s ε
𝑝𝑙 

ε
𝑡 

σ
𝑡

modulus For instance, for ABS’ second point after the yield ( = 0.016904,  = 14.7609), the ε
𝑡 

σ
𝑡

plastic strain would be; 

 

Upon data entry, the first point’s strain, which was the yield point, was set to zero. True 

strains beyond the yield to the rupture were transformed using Eqn. (7), and respective true 

stresses were inputted without much change. Data required were plotted in Fig. 3.14. Afterwards, 

the whole CAD model was selected as a solid, homogeneous section. 
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3.4.2.3 Finite element simulation 

The step-type was selected for Static (General), and the option for large strain was 

selected. In the field output domain, the frequency was set for evenly spaced timed intervals with 

100 intervals to show more output results. Before defining boundary conditions, in the 

“Interface” module, the reference point RP was set as the focal point coupled with the top 

portion (cell), where the tensile force would start stretching. 

The boundary conditions were similar to SolidWorks. The sub-surface (cell) of one end 

was fixed in all directions, while the other was done also the same, except the Y-direction where 

the model was stretched 4.71 mm for ABS and 4.16 mm for PLA. On determining the load 

condition, the tensile force of 5000 N was subjected on the point RP, with the amplitude steadily 

increasing with response to step time/ frequency (see Fig. 3.15). In Fig. 3.16, which showed the 

boundary conditions, the left partition was where the point RP existed and the orange tensile 

force arrows were pointing outwards, while the right partition was fixed firmly. Following this, 

the mesh condition was set with 1.85 mm sized rectangular elements (see Fig. 3.17). 
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3.4.2.4 Simulated result 

The simulated data can be extracted easily and compared with the experimental results 

readily, and 

interpreted as charts in Fig. 3.18 and 3.19. In those figures, both the simulated and true values 

underwent a similar experience as the true value line almost completely overlapped that of the 

former, but there was an obvious protuberance in the simulated line just before the yield point, 

which had a difference in height, about 1.2631 MPa for ABS and 1.31007 MPa for PLA. This 

was due to the fact that Abaqus interpreted the data set on given Young’s modulus and Poisson’s 

ratio into two yield points; the first one where the material’s elastic properties ended and the 

other, where the plastic properties initiated. The ultimate stresses and strains were more or less 

the same as the 

true values. It 

was also noteworthy that the simulation was solely purposed on finding the tensile mechanical 

behavior so the interaction beyond the 

necking point would not be focused.   
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The aforementioned charts’ data of ABS and PLA were compared in Table. 3.3, in which 

error percentages were calculated using Eqn. (4), and the graphical representations were shown 

in Fig. 3.20 and 3.21. The maximum von Mises stress’ locations from the fixed end, where stress 

concentration was accumulated, were 105.3 mm for ABS and 82.5 mm for PLA. 
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3.4.3 Autodesk NASTRAN 

Autodesk Inventor is one of the leading 3D modelling software(s), developed by 

Autodesk Company. Its capabilities rival with those of SolidWorks, but the usage of user-friendly 

interfaces and a better learning path put it more suitable for beginner design engineers. However, 

for simulation, the software alone can only perform linear, static problems, so another add-in 

module of its own, called NASTRAN was installed to be able to perform non-linear problems. In 

order to perform more sophisticated conditions, one must open Autodesk Inventor, in which the 

NASTRAN environment can be accessed. This project used 2020 student version of Autodesk 

Inventor Professional with NASTRAN module installed, and the simulation was tested with the 

non-linear static condition. 

 

3.4.3.1 3D CAD model creation 

Much like its counterparts, the procedure was started by the 2D sketch and the sketch was 

extruded 3.6mm for thickness. Fig. 3.22 showed the CAD model in mm. However, unlike the 

former software(s), the CAD model was not partitioned due to the fact that when replicating the 

real tensile test’s conditions, the model was literally cut into partitions, which might alter its 

material properties. 
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3.4.3.2 Data input  

The NASTRAN environment can be accessed through the “Environments” Panel. There, 

firstly, the analysis was changed to “non-linear static”. The materials (ABS and PLA)’s data from 

Table 3.1 were inputted, and it was noteworthy that true values were used. To solve the 

non-linear problem, true values of strain and stress from the yield to the rupture were inputted. 

The procedure’s data on ABS were shown in Fig. 3.23, and all was true for PLA. 
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3.4.3.3 Finite element simulation 

The mesh elements were 1.85mm with the triangular pattern with angles between 20 deg 

and 30 deg and element growth rate of 1.5 (see Fig. 3.24). For the boundary conditions, one of 

the model’s end was fixed in all directions while the opposite end was subjected with 5000N 

tensile force in the axial direction. Moreover, during the forced end, the displacement at failure 

(4.71 mm for ABS and 4.16mm for PLA) were enforced.  

However, the prominent difference from other software(s) was that every surface of the 

model, except the fixed end, was needed to permit only the axial direction so that it can elongate 

in this direction only. Ignoring this constraint can lead to unwanted results. In Fig. 3.25, the 

green arrow pointing outwards and the green cylinder on the bottom right side represented the 

tensile force of 5000N and the displacement to reach, while the cyan arrow clusters represented a 

constraint that fixed the specimen in all directions except the axial, but the cluster at the opposite 

of the enforced surface represented the fixed condition. 
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3.4.3.4 Simulated result 

The simulated results were interpreted as charts in Fig. 3.26-28 for ABS and 3.29-31 for 

PLA. The simulated results for both materials were compared with the reference from Table 3.1, 

and the error percentages were calculated using Eqn. (6), and shown in Table 3.4. The maximum 

von Mises stress’ locations from the fixed end, where stress concentration was accumulated, 

were 115.8 mm for ABS and 50.8 mm for PLA. 

 

 
  

2149426 48 

 



 

 

 
 

 
  

2149426 49 

 



 

 
  

2149426 50 

 



 

 

 

 
  

2149426 51 

 



3.5 Experimental test 

In addition to simulation, practical tensile tests were also performed to see the reference 

paper and the findings were coincided, and the tensile behaviors of locally purchased ABS and 

PLA. Depending on the output data, the test was performed on three occasions; one in October 

and the rest in December. The test was conducted using a universal tensile machine of 

Testometric brand with the load cell of 3 tons at Myanmar Maritime University, Thanlyin. Due to 

the pin type of the available tensile machine (see Fig. 3.32), the test used Fig. 3.33 as the primary 

specimen’s dimensions, which was based on Fig. 3.2. The test specimen’s specifications and the 

3D printer’s information were shown in Table 3.5. 
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3.5.1 Test procedures 

The general procedures were as follows; 

1.​ The pin holes of diameter 10mm from Fig. 3.33 were connected to the 10mm steel nut of 

the tensile machine; the bottom pin fixed the specimen while the top was meant to stretch 

the specimen (see Fig. 3.32(a)) 

2.​ The specimen was adjusted to make it stable hanging on the machine  

3.​ Due to the machine’s availability, the specimen was pulled with tensile force 5000N and 

the crosshead speed of 7 , while the rupture occurred 𝑚𝑚𝑠−1

4.​ The resulted data was obtained in reaction force and elongation length. Respective stress 

and strain values were calculated using Eqn. (1) and (2). In this project, the original 

cross-sectional area would be 13  x 3.6  = 46.8  and the gauge length                      𝑚𝑚  𝑚𝑚 𝑚𝑚2

would be 57 .  𝑚𝑚

The whole procedure from the start to the finish took around an hour. 

 

3.5.2 The first test 

The very first experimental test was carried out on ABS and PLA’s specimens of Fig. 

3.33 under the supervision of Dr. Thu Han Tun on 13th of October. The rupture point was 

estimated to happen in between the gauge length. The procedures were according to the Section 

3.5.1. However, a breakdown was occurred at the specimen’s end where the tensile force was 

subjected, which can lead to deviations in the result (see Fig. 3.35(b)), where a red circle was 

drawn where the unwanted rupture occurred. So, the experiment’s data were not taken account. It 

can be estimated that the specimen’s end portions were not tolerant to the machine’s tensile 

capability and a dimensional change at the aforementioned areas were suggested to change for 

the second test. 

 

 
  

2149426 54 

 



 

 

3.5.3 The second test 

The second test was carried out on ABS and PLA’s specimens on 9th December, after a 

few modifications recommended by the supervisor. The changed dimensions were shown in Fig. 

3.34. In this test, the ABS specimen showed a similar resemblance to that of the reference paper, 

Baca Lopez (2020). However, the PLA specimen showed a completely dissimilar result. It might 

be due to the fact that there was a printing problem as when the tensile test was carried out, some 

of the specimen’s filament layers were not interconnected enough, and they broke apart upon 

tensile. This behavior was not seen in ABS counterpart. The results were displayed in Fig 3.35. 

Fig. 3.36 and 3.37 showed the stress-strain relationship of ABS and PLA of the 

experimental result in comparison with the result from the reference paper (see Fig. 3.4), but the 

curve showed a different pattern to the reference stress-strain curve. This was due to the fact that 

the specimen was drawn with the cross-head speed of 7  instead of 2. Therefore, the 𝑚𝑚𝑠−1

obvious representation of the elastic region was not visible enough. However, the tensile 

properties from the experiment of Fig. 3.35 showed a similarity with the reference. In Fig. 3.35, 

the ABS’ highest point, which was the ultimate stress’ location was ( = 0.074623819,  = ε
𝑒 

σ
𝑒

32.28076902) and the rupture point was ( = 0.086938247,  = 21.61134638), whilst those of ε
𝑒 

σ
𝑒

the reference was ( = 0.050001,  = 32.88571) and ( = 0.082642,  = 16.93277).  ε
𝑒 

σ
𝑒

ε
𝑒 

σ
𝑒
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Due to the unexpected result, another test had to be carried out on the PLA specimen only 

with much care 3D printing techniques. 
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3.5.4 The third test 

The third test was carried out on PLA and PLA+ specimens on 18th December, using the 

same procedures as the second test. The latter was a plasticizer-modified form of PLA, which 

was more ductile, flexible and stronger. In this test, both PLA specimen showed a similar 

resemblance to that of the reference paper but that of the reference showed higher ultimate stress 

but the PLA+ specimen was much more ductile than the reference sample. The tested specimens 

were shown in Fig. 3.38, and the results were shown in Fig. 3.39 and 3.40.  
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Chapter 4: Result and Discussion 

The simulation results carried out by SolidWorks, Abaqus and Autodesk NASTRAN, 

were compared and contrasted with the reference paper, Baca Lopez (2020). In addition to the 

degree of similarity with the reference data, more criteria had been set to pick out the optimal 

software, especially the ease and conformance of use between SolidWorks and Autodesk 

NASTRAN. Moreover, several mechanical parameters had been calibrated from the graphs of 

the experiment and Baca Lopez (2020). 

 

4.1 Simulation comparison 

A comparison chart was drawn to compare the capabilities between the three FEM 

software tested. Several criteria were set to test out each software(s)’ capabilities, and the 

grading system was set in some criteria from 1 being “very easy” to 5 being “very hard”. 

 

 

 

 
  

2149426 61 

 



As seen from Table 4.1, Autodesk Inventor and SolidWorks, being the top modelling 

software(s), have the excellent user interfaces and much ease in CAD model creation; the 

former’s interface and tool bars are more appealed to the users, which means that by using 

Autodesk Inventor, a beginner can create a 3D model from a scratch to web surfing a little. 

However, for Abaqus, one needs to take much time to learn about its interface. Similarly, in 

Abaqus, in order to input plasticity data, an additional and sophisticated transformation of true 

strains to plastic values (see Section 3.4.2.2) was needed to produce plastic behaviors, whereas 

the other two only required true stress-strain relationships. The same can be true for boundary 

conditions, such as fixed constraints, force and enforced motions and meshed conditions. 

However, the duration of ABS’ FEM analysis was three times shorter than the other two, 

which took from minimum 15 min to maximum 50 min approximately, with Autodesk 

NASTRAN taking the longest. It was noteworthy that the computer used was DELL’s Intel(R) 

Core (TM) i7-6500U CPU @ 2.50GHz- 2.60 GHz with 16GB RAM and 64-bit operating 

system, with all three software(s) installed. In addition, Abaqus’ error percentages were no more 

than 0.03%, which made the perfect FEM software for this project. When compared the error % 

of the second and the third, SolidWorks constituted 25% error, whereas the largest error 

percentage (34.79421%) was found in Autodesk NASTRAN. This made SolidWorks stood the 

second in FEM analysis, followed by Autodesk NASTRAN. Moreover, Abaqus was the only 

software which was easy enough to plot back the simulated stress-strain diagram (see Fig. 3.18 

and 3.19). 

Therefore, from the criteria, it is clear that Abaqus is the most powerful when one wants 

to test out finite element analysis. This can be true for single parts and assemblies which would 

not have complex interrelationships or constraints between them, but when it comes down to 

more complex parts, one should have considered SolidWorks. Although Autodesk Inventor can 

be a powerful 3D modelling software for beginners and amateur design engineers in comparison 

with the other two, its FEM capabilities are the least accurate and powerful. 
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4.2 Data from engineering graphs 

Several mechanical parameters such as the maximum tensile force and fracture energy 

can be extracted for ABS, PLA and PLA+ from the second and third tests, and the reference 

paper (see Fig. 3.35, 3.36, 3.39 and 3.40).  

4.2.1 Maximum tensile force 

. The maximum tensile force was also called the tensile force, which can be calibrated by 

dividing the ultimate stress with the original cross-sectional area of the specimen. It was the 

force which required to rupture the respective specimen’s material and the amount of which that 

material can withstand. It was noteworthy that the tensile test with the force much greater than 

the maximum tensile force, which, in this case, was 5000N, was carried out to find out its 

mechanical behaviors. The equation for the maximum tensile force was calculated by; 

, where  is the maximum tensile force,  is the ultimate stress and 𝐹
𝑚𝑎𝑥

σ
𝑢

 is the original cross-sectional area. For the calculation, the necessary specimen’s dimensions 𝐴
0

were referred from Fig. 3.2 and 3.33; the cross-sectional area,  = width x thickness = 13 x 3.6 𝐴
0

= 46.8  𝑚𝑚2

From the reference, the ultimate stress of ABS was 32.88571 MPa and that of PLA was 

49.09914 MPa. Therefore, by using Eqn. (8), the maximum tensile forces would be; 

This means that in minimum, a load cell of 0.2 ton and 0.25 ton was needed to rupture 

ABS and PLA specimen, and until those amounts of forces, those specimens will not break 

down. 
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Similar procedures can be down for experimental values; second test’s ABS 

(32.28076902 MPa) and third test’s PLA (41.306460 MPa) and PLA+’s (34.63021172 MPa); 

The result of experimental result on ABS was similar to that of the reference with a small 

gap of 28.31723 N but PLA’s and PLA+’s results showed big gaps of 364.69775 N and 

677.14575N.  

 

4.2.2 Fracture energy 

The fracture energy is the amount of work done that needs to completely break down a 

of a specimen. It can be found out by the combination of total multiplication of all 𝑚3

stress-strain values, which can be found out by finding 

the total area under the curves from the stress-strain graphs. The equation for fracture energy was 

calculated by; 

 

 where  is the specific area under the curve at  turn, and  are the engineering stress and 𝐴
𝑛

𝑛𝑡ℎ σ
𝑛

ε
𝑛

strain at  turn. After inputting all the values of stress and strain in Eqn. (9), respective areas 𝑛𝑡ℎ

under the curve,  were added altogether to obtain Fracture energy. The procedure was done for 𝐴
𝑛
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both experimental and reference’s data at Microsoft Excel©. 

 

 
  

2149426 65 

 



4.2.3 ABS Vs PLA’s result discussion 

Fig. 4.1 was plotted to compare and contrast the tensile behaviors of ABS, PLA and 

PLA+ of the reference paper, Baca Lopez (2020) and three experimental tests. ABS’ data was 

taken from the second test while both PLAs’ were from the third test. In the figure, both the 

reference and the experimental PLA showed greater ultimate strength than any other curves, 

which meant PLA was much more strength resistant than ABS and PLA+. However, PLA+ 

showed the greatest ductility, followed by ABS. Although the reference ABS’ curve was more or 

less similar to that of the experiment, both the experimental PLA and PLA+’s highest ultimate 

points could not reach the near peak value of the reference, and followed a slightly different 

pattern. 
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When compared with the PLA variants, PLA+ had a longer elastic limit, a longer plastic 

zone and a longer necking region. This meant that this modified PLA was much more flexible, 

tougher and ductile than its original, brittle material. Moreover, among the experiments’ 

specimens, PLA was the most brittle specimen, while PLA+ was the most ductile. However, 

ABS of both the reference and the experiments showed moderate tensile properties. 

Moreover, as seen from Section 4.2.1 and 4.2.2, it would take the largest tensile force to 

break down the specimen of PLA, followed by those of PLA+ and ABS. Generally, before 

fracture, ABS can tolerate around 32 N while PLA can tolerate between 40 to 50 N, and PLA+’s 

tolerance is about 34 N. Similarly, it would also take the largest energy per  of the specimen to 𝑚3

break down for PLA materials than ABS’.  

From these findings, one can conclude that if the problem requires a high load bearing 

condition with high frequency, PLA+ is most suitable; if the problem requires low load bearing, 

the least processibility cost and the best biodegradability, PLA should be chosen, and if the 

problem requires the constraints of in-between, ABS should be the chosen material. 
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