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Abstract - 3D printing is considered as future of manufacturing technology owing to its versatility and ability to convert an 
idea into real products at a faster pace as compared to other conventional processes. Despite so many promising features, it 
still lacks in quality of surface finish and strength. The present study deals with investigating the effect of layer thickness, 
nozzle temperature, infill percentage on dynamic mechanical properties and tensile strength of 3D printed component. 
Taguchi design of experiment was used to determine the combination of factors and their levels for preparing sample sets 
and L16 orthogonal array was selected. Grey relational analysis was performed on test results obtained by the DMA and 
tensile tests. The results show that storage modulus and mechanical damping was greatly affected by infill percentage and 
least by nozzle temperature. For better dynamic mechanical properties, higher infill percentage and nozzle temperature is 
advisable. 
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I. INTRODUCTION 
 
3D printing is a synonym to additive manufacturing 
which integrates conceptualities of computer-aided 
design and manufacturing to produce three-
dimensional objects directly by adding one layer after 
another. Although the history of 3D printing goes 
way back to 1980’s when the first three-dimensional 
object was printed through stereolithography process 
using liquid resin [1], it became the center of 
attraction only a few years back due to latest 
advancement in technologies. 
Among many 3D printing techniques, one of the most 
widely used technique is of Fused Deposition 
Modeling (FDM) method, in which semi-molten 
materials are extruded through a nozzle and deposited 
on desired arena layer after other layers which get 
solidified to create a solid object, as shown in fig, 1. 
The operational simplicity and wide range of material 
handling capability make FDM technique most 
versatile and readily acceptable machine for all who 
are looking for technological enhancement in the 
manufacturing process. Even though FDM technique 
plays a significant role in the   conversion of design 
thinking into reality at ease, it 
has certain undesired effect on the 3D printed objects, 
such as poor surface finishing, lesser strength, slow 
print speed and high cost. 
Many types of research are undergoing to eliminate 
these vital drawbacks. Effect of various processing 
parameters was investigated by few researchers to 
establish an optimum condition for better 
performance of printed products and found that layer 
thickness, air gap, nozzle temperature and print speed 
are few critical parameters which significantly affects 
mechanical properties [2-7]. Influence of layer 
thickness on mechanical properties such as tensile 

strength, impact strength, and hardness was 
investigated and found that with the increase in layer 
thickness strength decreases but at higher layer 
thickness hardness increases [8]. 
 

 
Figure 1: Fused Deposition Modeling Technique [16] 

 
Thermal properties were also studied by adding 
organically modified montmorillonite (OMMT) to 
understand the performance of product at the elevated 
temperature and found that addition enhances the 
properties [9]. External fillers such as thermally 
expandable microspheres are also added to 
investigate thermo-mechanical properties and found a 
positive effect of adding these microspheres [10]. 
One of the studies also tried to understand the effect 
of anisotropic heat distribution during 3D printing 
and found that conduction plays an important role 
[11]. Some of the works were also carried out to 
understand various challenges and opportunities in 
3D printing [12]. Few investigations also show how 
3D printing can be used in medicals science by 
interweaving tissue patches of skin cells to create 
fully functional blood vessel [13-15]. 
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Despite so many studies going on 3D printing, there 
is not much data available which can correlate 
mechanical properties under dynamic loading 
condition. Therefore, this study was undertaken to 
evaluate properties such as energy storing and 
dissipating capacity under dynamic loading 
conditions. Along with this, optimizing of processing 
parameters will be done to get best print quality for 
the 3D printed products. 
 
II. MATERIALS AND METHODS 
 
A 3D printing machine working on FDM technique 
was used to prepare samples. The machine uses wire 
filament made of desired material which is fed into 
heated extruder and deposited on required area to 
produce a three-dimensional object. 
 
Material 
Acrylonitrile Butadiene Styrene (ABS) was selected 
as prime material to make samples for investigation 
due to its versatile applicability owing to its low 
melting point, better strength and good chemical 
resistance. It is relatively inexpensive and easily 
available. Table 1 shows general properties of ABS 
polymer. 
 

Table 1. Acrylonitrile Butadiene Styrene (ABS) properties 
Density 1070 Kg/m3 

Young’s Modulus 2.90 GPa 
Percent Elongation 5 to 25 % 

Shear Modulus 1.05 GPa 
Poisson’s Ratio 0.3333 

Tensile Ultimate Strength 60 MPa 
Glass Transition 

Temperature 105°C 

 
ABS belong to thermoplastic polymer group which 
contains 25% Acrylonitrile, 20% Butadiene, and 55% 
Styrene approximately and can be prepared trough 
extrusion or injection molding process. It is primarily 
a shiny material which is having higher toughness 
due to constitutions of chemicals of styrene and 
butadiene respectively. 
 
Design of experiments by Taguchi Method 
In a conventional experimental method, to establish 
cause and effect of the various factors, given set of 
samples need to be prepared and tested to correlate 
with theoretical or simulated results. For instance, to 
verify 3 independent variables having 4 levels each 
will need 64 (i.e., 43) set of experimentation. Which 
means, to optimize a multilevel process, conventional 
experimentation requires longer time and higher cost 
of testing. Since FDM machine has multilevel 
processing parameters which affect the quality of 
final printed product, therefore it is critical to select 
the minimum number of samples which can 

efficiently show the effect of different levels of 
processing parameters. And doing this with 
conventional design method is not advisable as it is 
time-consuming and more expensive. To overcome 
this problem, Taguchi Design of Experiment method 
is considered. It is one of the most efficient methods 
which uses statistical techniques to determine the 
minimum number of sample sets need to be tested to 
produce better findings. 
Taguchi Design of Experiment uses loss function to 
create an orthogonal array which is a set of all 
processing parameters and its levels with a minimum 
number of required experiment. After conducting 
these experimentations, results are transformed into 
signal-to-noise (S/N) ratio to determine the 
characteristics of each level. Depending upon the 
objective of a problem, S/N ratio is divided into three 
criteria: Smaller-the-better (SNRS), Larger-the-better 
(SNRL), and Nominal-the-better (SNRN). When the 
desired system response needs to be minimal, SNRS 
criteria is considered, whereas when the objective of 
the system response is required to be maximal, SNRL 
criteria is of primary interest. 
Irrespective of process category, a higher SNR 
signifies better performance of that processing level. 
Therefore, prime focus is to get those levels of 
independent variable which corresponds to higher 
S/N ratio. However, SNR alone is not sufficient to 
optimize the process when dealing with multi-
response problems as it only tells which set of 
processing parameter level performs better. It does 
not tell which variable is significantly affecting the 
final result as compared to others. Thus, SNR 
analysis must be accompanied by Grey Relational 
Coefficient analysis (GRA) to get clarity on the 
influence of individual variable and their levels. GRA 
based Taguchi method is most widely used in solving 
multilevel problems. In this method, all the known 
information is categorized as white, all unknown 
information as black whereas all partially know data 
as grey. Based on this, an analysis is done to know 
the unknowns. 
After obtaining S/N Ratio from characteristic data, it 
is important to normalize these values in between 0 to 
1 range. After that, it is required to determine the 
amount of deviation (δ) these normalized values have 
when compared to best value (i.e., 1). And after 
identifying these deviations, Grey relational 
coefficient (GRC) is computed. Once GRC is 
determined, it is needed to get the average value of 
each parameter, which is termed as Grey Relational 
Grade (GRG). It shows the correlation between 
sequential reference data and compatibility data [18]. 
Those parameters and levels which have higher GRG 
values are considered to have a greater impact on 
final results. Therefore, optimization of process 
parameters is done in such a way that it can produce 
higher GRG values. 
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Selection of design parameters and their levels 
Fused Deposition Modeling method has multiple processing parameters which can control the outcome of final 
printed product. Among various parameters such as layer thickness, infill percentage, nozzle temperature, print 
speed, travel speed, retraction speed and shell thickness, this investigation mainly focuses on layer thickness, 
nozzle temperature, and infill percentage. These three processing parameters have 4 levels each, as presented in 
Table 2. 

Table 2: Processing parameters of FDM 3D printer and their levels 
 
Levels of layer thickness were determined by machine constraints, nozzle temperature was selected based on 
melting temperature of ABS, as the temperature below 220°C has a possibility of choking the nozzle. And infill 
was defined for higher levels as at lower level there is lesser chance to understand the significance of its 
variation. Table 3 shows orthogonal array matrix for set of experiments along with the levels of process 
parameters. 
 

Exp. 
No. 

Orthogonal Array Layer thickness 
(mm) 

Nozzle 
Temp. 
(°C) 

Infill 
(%) 

P1 P2 P3 
E1 1 1 1 0.10 230 70 
E2 1 2 2 0.10 235 80 
E3 1 3 3 0.10 240 90 
E4 1 4 4 0.10 245 100 
E5 2 1 2 0.15 230 80 
E6 2 2 1 0.15 235 70 
E7 2 3 4 0.15 240 100 
E8 2 4 3 0.15 245 90 
E9 3 1 3 0.20 230 90 

E10 3 2 4 0.20 235 100 
E11 3 3 1 0.20 240 70 
E12 3 4 2 0.20 245 80 
E13 4 1 4 0.25 230 100 
E14 4 2 3 0.25 235 90 
E15 4 3 2 0.25 240 80 
E16 4 4 1 0.25 245 70 

Table 3: Taguchi orthogonal array for experimental design. 
 
Sample Preparation and experimental setup 
To investigate the effect of layer thickness, nozzle 
temperature, and infill percentage, a desktop 3D 
printer working on FDM technique with a layer 
resolution of 0.1 to 0.5mm was used. It has a nozzle 
diameter of 0.4mm and uses single wire filament of 
1.75mm dia. ABS polymer was used as feedstock for 
printing samples. Before printing, feedstock was 
cleaned and kept inside a vacuum chamber at 40°C 
temperature for 10 min so that foreign impurities and 
moisture can be eliminated from the material. 
Thereafter, pre-treated feedstock was fed into 3D 
printer and samples were printed as per the 

experimental design obtained by Taguchi orthogonal 
array. For printing, bed temperature was kept at 50°C 
for all samples, so that possibilities of wrapping can 
be eliminated. The printed samples were tested on 
Dynamic Mechanical Analyzer as per ASTM D5418-
01 standard with overall dimension as 
45x6x2mm3.Triton made DMA machine; shown in 
figure 2, was used and tests were carried out with 
triple point bending mode. The temperature was 
varied uniformly from room temperature to 150°C at 
the ramp rate of 5°C /min with 1 min thermal soaking 
period. The frequency of deformation was considered 
as 10Hz. 

Parameter (P) Levels (L) 
1 2 3 4 

Layer Thickness (mm) 0.10 0.15 0.20 0.25 
Nozzle Temperature (°C) 230 235 240 245 

Infill percentage (%) 70 80 90 100 
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Figure 2: Triton Dynamic Mechanical Analyzer 
 
III. RESULT AND DISCUSSION 
 
For understanding the significance of processing 
parameters, namely layer thickness, nozzle 
temperature, and infill percentage on mechanical 
properties of printed product, experiments were 
carried out on DMA and results are formulated by 
taking the average of 5 samples per set of experiment. 
The obtained results are then analyzed categorically 

by using S/N ratio and Grey Taguchi method. Larger-
the-better criteria was used for computing S/N ratio 
due to the prime objective of maximization of 
strength. For strain criteria, since the requirement of 
material is to sustain higher load with least 
deformation; therefore Smaller-the-better criteria was 
selected. While computing Grey Relational 
Coefficient, to give equal importance to all 
processing parameters, the value of ƺ is taken as 0.5. 

 

 
Figure 3: DMA results for storage & loss modulus and mechanical damping 

 

Exp. No. 

DMA Result S/N Ratio (SNRL) 
Storage 
modulus 
(MPa) 

Loss modulus 
(MPa) 

Mechanical 
damping 

Storage 
modulus 
(MPa) 

Loss 
modulus, 

MPa 

Mechanical 
damping 

E1 376.163 131.182 0.952 63.549 54.399 11.611 
E2 1,013.765 88.911 0.886 72.160 51.020 10.986 
E3 628.516 46.707 0.716 68.008 45.429 9.137 
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E4 1,140.275 118.608 0.839 73.181 53.523 10.519 
E5 910.112 110.852 0.791 71.223 52.936 9.999 
E6 380.688 37.708 0.602 63.653 43.570 7.629 
E7 1,116.823 107.892 0.931 73.001 52.701 11.423 
E8 1,135.839 102.763 0.917 73.148 52.278 11.292 
E9 992.437 93.032 0.783 71.975 51.414 9.921 

E10 1,250.552 133.987 0.792 73.983 54.582 10.015 
E11 1,021.648 90.763 0.855 72.227 51.199 10.682 
E12 726.826 60.438 0.772 69.270 47.667 9.788 
E13 1,122.096 63.438 0.752 73.042 48.088 9.569 
E14 933.418 101.288 0.874 71.443 52.152 10.868 
E15 1,075.563 117.895 0.831 72.674 53.471 10.433 
E16 1,158.024 105.342 0.857 73.316 52.493 10.699 

 
Table 4: Dynamic mechanical analysis results of 3D printed ABS polymer and their S/N ratio 

 
To understand viscoelastic properties as a function of 
temperature and loading frequency, dynamic 
mechanical analysis (DMA) is most commonly used 
technique.  DMA shows result in the form of storage 
modulus, loss modulus and mechanical damping (Tan 
δ) which can effectively tell how any material will 
behave in dynamic loading condition. Storage 
modulus represents stiffness property which signifies 
the ability to absorb energy, whereas loss modulus 
signifies dissipation of energy. In DMA experiment, a 
sinusoidal load is applied on testing sample to 
calculate in-phase and out-of-phase stress component 
from which storage and loss modulus is evaluated 
[19]. Triton built DMA machine was used in testing 
and results obtained by performing the set of 
experiments are graphically represented in Fig. 3 and 
data are shown in Table 4 along with S/N ratio 
computation. 
The above experimental results show that peak value 
of storage modulus (1250.52 MPa) and loss modulus 
(133.987 MPa) was obtained with experiment set 10 
which has a layer thickness, nozzle temperature and 
infill percentage as 0.2mm, 235°C and 100% 
respectively. The second-best storage modulus values 
were also found at highest infill of 100%. On the 
contrary, the lowest performance in storage modulus 
was observed with set number 1, whereas for loss 
modulus lowest is with sample set 6. Comparing all 
other experiment sets, it will not be incorrect to say 

that experiment set 6 with 0.15mm layer thickness, 
235°C nozzle temperature, and 70% infill is having 
worst performance result. The notable difference in 
processing condition for best performing experiment 
set 10 and worst performing set 6 is the percentage of 
infill. This infers that storage modulus and loss 
modulus are significantly affected with the infill 
percentage. 
Mechanical damping (Tan δ) is a measure of energy 
dissipation and it is generally considered to be the 
ratio of loss modulus and storage modulus. The peak 
value (0.952) of Tan δ can be seen with experiment 
set 1 which has its processing parameters as 0.1mm, 
230°C, and 70%, whereas the minimum value (0.602) 
of Tan δ is with sample set 6. Notably, most of the 
experiment sets which has minimum layer thickness 
have greater Tan δ value. This highlights the effect of 
layer thickness on energy dissipation characteristics 
of 3D printed samples. 
To have better clarity on effect of each processing 
parameter on dynamic mechanical properties, Grey 
relational analysis was done. For this, SNRL values 
were normalized by using larger-the-better criteria. 
After that, deviation sequence was computed and 
from that GRC values were determined Then at last, 
weighted Grey Relational Grade (GRG) was 
formulated for each processing parameters to infer 
their effect on final result. 

 

 Normalizing - Larger the better Deviation sequence Grey Relational Coefficient 

Weighted 
Grey 

Relational 
Grade 

Exp. No. Storage 
modulus 

Loss 
modulus 

Mechanical 
damping 

Storage 
modulus 

Loss 
modulus 

Mechanical 
damping 

Storage 
modulus 

Loss 
modulus 

Mechanical 
damping  

E1 0.000 0.983 1.000 1.000 0.017 0.000 0.333 0.968 1.000 0.767 

E2 0.825 0.677 0.843 0.175 0.323 0.157 0.741 0.607 0.761 0.703 

E3 0.427 0.169 0.379 0.573 0.831 0.621 0.466 0.376 0.446 0.429 

E4 0.923 0.904 0.726 0.077 0.096 0.274 0.867 0.839 0.646 0.784 

E5 0.735 0.851 0.595 0.265 0.149 0.405 0.654 0.770 0.553 0.659 

E6 0.010 0.000 0.000 0.990 1.000 1.000 0.336 0.333 0.333 0.334 



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

Optimization of Process Parameter to Improve Dynamic Mechanical Properties of 3D Printed ABS Polymer using Taguchi Method 
 

26 

E7 0.906 0.829 0.953 0.094 0.171 0.047 0.842 0.745 0.914 0.834 

E8 0.920 0.791 0.920 0.080 0.209 0.080 0.862 0.705 0.862 0.810 

E9 0.808 0.712 0.576 0.192 0.288 0.424 0.722 0.635 0.541 0.633 

E10 1.000 1.000 0.599 0.000 0.000 0.401 1.000 1.000 0.555 0.852 

E11 0.832 0.693 0.767 0.168 0.307 0.233 0.748 0.619 0.682 0.683 

E12 0.548 0.372 0.542 0.452 0.628 0.458 0.525 0.443 0.522 0.497 

E13 0.910 0.410 0.487 0.090 0.590 0.513 0.847 0.459 0.494 0.600 

E14 0.757 0.779 0.813 0.243 0.221 0.187 0.673 0.694 0.728 0.698 

E15 0.875 0.899 0.704 0.125 0.101 0.296 0.799 0.832 0.628 0.753 

E16 0.936 0.810 0.771 0.064 0.190 0.229 0.887 0.725 0.686 0.766 
 

Table 5. Normalized value, deviation sequence and grey relational coefficient of S/N ratio for DMA samples 
 

 
Figure 4: Effect of processing parameters and their levels on dynamic mechanical properties 

 
The computed values of normalized SNRL, deviation 
sequence, GRC and weighted GRG is presented in 
Table 5. The GRG value represents the significance 
of process parameters and their influence on 
governing the results. A higher GRC and GRG value 
signifies greater impact and therefore for optimal 
condition it is advisable to select those levels of 
parameter which can produce higher grey relational 
grades. 
After computing GRC and GRG values from results 
obtained by DMA test, it can be observed that for 
storage and loss modulus GRC values is at peak with 
experiment set 10, whereas for mechanical damping 
the best result is with experiment set 1. It can also be 
seen that maximum value of weighted grey relational 
grade is also conferred to experiment set 10. 
Therefore, it can be inferred that optimal processing 
parameter for best dynamic mechanical properties is 
with 0.20 mm layer thickness, 235°C nozzle 
temperature, and 100% infill. It can also be noted that 
when storage modulus is having least GRC value, 
mechanical damping GRC is at its peak. On the other 
hand, the least weighted GRG value corresponds to 
experiment set 6, which once again shows the 
importance of infill percentage in governing end 
result for dynamic mechanical properties. 
Another important observation which can be made 
from the test results is that dynamic mechanical 
properties improves when highest level of processing 

parameters are considered as compared to their lower 
levels. Fig. 4 shows effect of processing parameters 
and their levels on dynamic mechanical properties 
whereas Table 6 shows detailed computed data of 
level mean of grey relational grade for each 
fabrication parameters. 
From Fig. 4it can be seen that storage modulus 
increases with increase in the level of processing 
parameters. The least GRG is with level 1 and peak 
value is with level 4. On the other side, loss modulus 
and mechanical damping initially decrease with 
increase in levels of fabrication parameters, but as the 
level further increases, these properties start showing 
improvement. 
Storage modulus characterizes stiffness of a material 
which signifies its ability to absorb energy. It mainly 
depends on the microstructure of molecules in any 
material. Higher the force needed to break these 
microstructures, greater will be the energy stored. In a 
3D printing, where one layer is added after another, 
microstructure arrangement can be categorized into 
two types: one which is present inside each layer and 
other in between two adjacent layers. Properties of a 
3D printed material are substantially affected by 
interlayer microstructure; better the inter-layer 
bonding, greater will be the mechanical properties. 
At lower layer thickness, chances of presence of 
interlayer voids are higher. Besides this, lower nozzle 
temperature has a greater possibility of poor 
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interlayer adhesion which further amplifies the 
chances of existence of microvoids. When an external 
load is applied, then these voids act as a stress 
concentrator which in turn results in weakening of 
mechanical properties. These theories can be 
effectively correlated with the above-shown test 
results. The Storage modulus property of 3D printed 

samples increased with increase in layer thickness, 
nozzle temperature, and infill percentage due to the 
fact that interlayer microstructure was improved and 
chances of presence microvoids also get reduced 
which in turn magnifies the energy absorbing 
characteristics. 

 

 Levels Properties 
Fabrication Parameters 

Layer Thickness Nozzle Temperature Infill Percentage 

Grey 
Relational 

Grade 

Level 1 
Storage Modulus 0.602 0.639 0.576 

Loss Modulus 0.697 0.708 0.661 
Mechanical Damping 0.713 0.647 0.675 

Level 2 
Storage Modulus 0.673 0.687 0.680 

Loss Modulus 0.638 0.659 0.663 
Mechanical Damping 0.665 0.594 0.616 

Level 3 
Storage Modulus 0.749 0.714 0.681 

Loss Modulus 0.674 0.643 0.602 
Mechanical Damping 0.575 0.667 0.644 

Level 4 
Storage Modulus 0.801 0.785 0.889 

Loss Modulus 0.677 0.678 0.761 
Mechanical Damping 0.634 0.679 0.652 

∆GRG Max - Min 
Storage Modulus 0.200 0.146 0.313 

Loss Modulus 0.059 0.065 0.158 
Mechanical Damping 0.138 0.084 0.059 

 Rank 
Storage Modulus 2 3 1 

Loss Modulus 3 2 1 
Mechanical Damping 1 2 3 

Overall Ranking 2 3 1 
 

Table 6. Level means of GRG for each processing parameters at various levels of DMA properties 
 
The damping characteristics of a polymeric material 
mainly depend on two factors – viscoelastic 
properties and interstitial microvoids. Among these 
two, the viscoelastic property is the most important 
factor which helps in absorbing the energy. The loss 
modulus and mechanical damping characteristics 
were initially reduced because of the possibilities that 
these microvoids were acting as shock absorbers 
where energies were getting dissipated easily. With 
the possible decrease of these microvoids due to 
increased infill percent and layer thickness, damping 
property was reduced.  However, at the higher level 
of infill percent and layer thickness, energy 
dissipation further improved due to increase in 
viscoelastic property of the base material. 
 
CONCLUSION 
 
The investigation on the effect of 3D printing 
processing parameters and finding their optimum 
levels was done to characterize the performance of 
ABS polymer under dynamic mechanical properties. 
The DMA test results show that storage modulus was 
highest when the levels of processing parameters 

were kept at its peak. However, damping capability of 
material was found to be decreased with the increase 
in levels of processing parameters. It is also found 
that infill percentage significantly affecting the 
material performance whereas nozzle temperature has 
least influence. When overall performance for 
dynamic mechanical properties are to be considered, 
then the optimum levels of processing parameters are 
found to be with 0.2mm layer thickness, 235°C 
nozzle temperature, and 100 % infill. 
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