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Abstract- Rapid prototyping is a group of techniques used for fabrication of physical part using three dimensional computer 
aided design (CAD) data. Selective laser sintering (SLS) is an additive manufacturing method which uses powder material to 
produce any physical product. In this paper author has consider three input parameters layer thickness, orientation, and 
porosity (artificial porosity as honeycomb structure) for making work pieces using SLS process before manufacturing the 
work pieces were design using factorial method. The material which has been used is CL 20ES (stainless steel-316). After 
producing work pieces, the testing of work pieces was done by considering output parameters like, ultimate tensile strength 
(UTS), hardness, yield strength, elongation, and weight. An analysis was done to obtain optimum parameter values for better 
output. 
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I. INTRODUCTION 
 
1.1 Introduction to selective laser sintering (SLS) 
process 
Selective laser sintering is a method of additive 
manufacturing in which the material is in the powder 
form. First the powder material is spread over the bed 
(fig.1) to form uniform layer of given thickness. Then  
 

 
as per the given CAD design the scanner scans the 
laser over the layer of powder for sintering process to 
take place. The fabrication piston moves down by 
amount equal to the deposited layer thickness. The 
powder delivery system rises by the same amount and 
now as this process is done, another layer gets over 
it.The same procedure is repeated again and again. 
This way the work piece is produced using SLS 
method.  

 

 
Fig. 1 Selective laser sintering process 

 
1.2 Introduction of design of experiment (DOE) 
In current work, Number of experiments was 
determined using factorial method to optimize the 
process parameters. Other prevalent experimental 
approaches are- Taguchi’s design and response 
surface method (RSM) methodology. 
The first design of experiment (DOE) technique is 
'Factorial' or 'Classical DOE', which allows 
differentiating the most significant factors to identify 
important interactions among them. The main 
objective of Taguchi's design is to find a 'robust' 
response that is insensitive to factor variations as well 

as noise. RSM consists of an experimental approach 
for exploring the settings of input parameter and 
developing a quadratic model. It approximates 
relationship between the response and the input 
parameters. Subsequently, it optimizes the levels or 
values of the input variables that produce desirable 
response values. Factorial method is used here, 
because factorial method is the only method among 
this three method which gives minimum number of 
experiments to perform. Here factorial method has 
given 11 numbers of experiments to perform whereas 
with Taguchi and RSM it was 15-17 experiments to 
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perform. It is costly and time consuming with 
Taguchi and RSM method whereas factorial method 
gives same output with less number of experiments. 
 
II. LITERATURE REVIEW 
 
This literature shows the research on selective laser 
sintering (SLS) process parameters. We are studying 
different process parameters like, layer thickness and 
orientation. The effect of parameters on workpieces is 
analyzed. Wegner [ ] studied all the effect of these 
parameters on workpiece. In this paper author 
presented an overview of the various effect of the 
different parameters on the workpiece. The different 
experimental setup, experimental results and its 
conclusion are shown in this research. 
 
2.1 Literature Survey 
2.1.1 Orientation 
Wegner [1] has considered layer thickness, 
orientation, scan spacing, scan speed, laser power, 
powder bed temperature, energy density as input 
parameters. Author has used Taguchi method for the 
design of experiment. He has used L16 orthogonal 
array for the study of experiments. 

 
Fig 2 Chosen orientation of tensile bar 

 
Fig.2 shows how the work pieces can be arranged to 
different orientation. Wenger has considered total 4 
different orientations which are x0, xz45, z90 and 
xy45. 

 
Fig 3 Build space with placed specimen 

 
The different variable parameters were considered for 
experimentation.Based on the measured values, 

correlations were established, describing part 
properties as a function of volume energy density 
using polynomials. Wenger found thatthe best part 
properties can be found for energy densities between 
0.35 and 0.40 J/mm³. However, measured values in 
all diagrams show significantdeviations from the 
fitted trend line. Models based on energy density are 
a very simple way to describecorrelations in laser 
sintering, but only show a general interdependency. 
Detailed information is not givenusing these 
correlations. Therefore, second order regression 
equations should be established in order todescribe 
the correlations in a more detailed way and to predict 
mechanical properties and parts’ densities.The results 
in Fig. 2 prove that part orientation has the highest 
influence on elongation at break, showing 
significantly lower values for orientations xz45 and 
z90. It was also found that there is only a 
lowdeviation between parts in the XY-plane when 
using cross fill scan strategy. 
 
2.1.2 Honeycomb Structure 
Osman Iyibilgin [2] used FDM and explained that the 
basic materials that can be used by the Fortus 
machine to build parts include ABS (Acrylonitrile 
Butadiene Styrene), ULTEM, PC, and PPSF [11-13]. 
He fabricated the lattice structures in our study were 
fabricated with ABS-M30 material, which is 25-70% 
stronger than standard ABS. The FDM process was 
carried out by StratasysFortus 400mc machine. In his 
study, the nozzle type was T16 (254 μm in diameter), 
and the layer thickness was 0.254 mm. The fabricated 
test parts were cylindrical with 3.81 cm in diameter 
and 2.54 cm in height. The shapes of the cellular 
lattice structures included honeycomb, square, 
diamond, circle, and triangle, as shown in Fig. 4. Also 
shown in this figure are parts produced by the Fortus 
400mc machine using the sparse and sparse-double 
dense build styles, in order to compare their 
performance with the different cellular lattice 
structures on the compressive properties and build 
time for test specimens having the same porosity. The 
sparse parts were built with 5 contours, 45°-45° raster 
angle, and 0.020 cm in raster air gap, and the sparse-
double dense parts were built with 3 contours, 45°-45° 
raster angle, and 0.036 cm in raster air gap. Since the 
honeycomb lattice structure was found to have higher 
compressive strength than the other lattice structures, 
additional test specimens of the honeycomb structure 
were built for further compression tests in order to 
investigate the effects of porosity and cell size on 
compressive properties and build time. Variations in 
cell size including edge length and edge width for the 
test specimens with the honeycomb lattice structure 
are shown in Fig. 5. Figure 5(a) shows variations in 
edge length while keeping the edge width constant, 
thus the porosity increases with increase in edge 
length. Figure 5(b) shows variations in edge length 
while having the edge width changed correspondingly 
to keep the porosity constant. 
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Fig. 4Different cellular lattice structures: a) Honeycomb, b) Square, c) Diamond, d) Circle, 

And e) Triangle; f) Sparse, g) Sparse-Double Dense 
 

 
Fig. 5 Variations in cell size for the honeycomb lattice structure: a) different edge length and 
Same edge width and b) varying both edge length and edge width to have the same porosity 

 
2.1.3 Sintering 
L.A. Dobrzański [3] demonstrated a laser method of 
micro-machining front contacts of monocrystalline 
solar wafers. This means forming front electrodes in 
order to decrease their resistance. It was 
demonstrated, that laser processing is a promising 
technique for selective laser sintering (SLS) solar cell 
contacts compared conventional forming front grid 
methods. The topography of laser micro-machining 
contact formations and screen-printing were 
investigated using ZEISS SUPRA 25 scanning 
electron microscope. The materials used in the 
present invention are different granulation silver 
powders. The grain size analyses were used in order 
to determine their size. The transmission line model 
(TLM) patterns were fabricated by selective laser 
sintering.This work presents an initial analysis of a 
new selective laser sintering/melting process to 
contact crystalline silicon solar cells. The seed layer 
was created using both silver pastes and powders by a 
selective laser sintering, do not use up to now in 

Poland. These contact structures were investigated 
microscopically to gain a better understanding of the 
method and select laser micro-machining parameters, 
which will influence on electrical parameters of 
formed front side grids. SLS can produce parts from a 
relatively wide range of commercially available 
powder materials. The physical process can be full 
melting, partial melting, or liquid-phase sintering and 
depending on the material. The thickness of silicon 
solar wafer can cause some difficulties connected 
with adhesion electrode during contact formation 
process. 
 
2.1.4 Computer aided optimization 
Alexander Ilin [4] suggested that, the quality of a part 
produced by laser beam melting strongly depends on 
the melting process in particular on the melt pool 
shape stability. The geometry of the generated part 
influences the ability of the local heat dissipation and 
therefore affects the constancy of the melt pool shape. 
The presented study is focused on the numerical 
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analysis of the temperature distribution in the vicinity 
of the melt pool during laser beam melting process 
depending on the local geometry of the part. After the 
discussion of the numerical and experimental setups a 
prediction of the improved process parameters 
towards stable melting process are introduced. The 
developed numerical analysis shows a great 
efficiency for the optimization of the thermal 
management during laser beam melting. 
 
2.1.5 Optimization of sintering process 
H. Kobayashi [5] explained that, Enhancement of the 
critical current density (Jc) in MgB2 bulk material is 
very important for engineering applications. It has 
been found that the optimization of the sintering 
temperature leads to high Jc (critical current density) 
values in bulk MgB2 material. In our recent work, the 
highest trapped field value was recorded in the 
sample sintered at 775°C. The present investigation 
has focused on methods to improve further Jc values 
of the disk-shape bulk MgB2 superconductors by 
optimizing sintering conditions. MgB2samples were 
subjected to a solid state reaction at 775, 780, 785, 
795, 800 and 805°C for 3h in pure Air atmosphere. 
XRD analysis showed that all the samples were single 
phase MgB2. The magnetization measurements 
confirmed a sharp superconducting transition with 
onset Tcat around 38.7 K. Atomic force microscopy 
observation indicated that the number of Nano meter 
size grains is more in samples processed 3h at 805oC 
has compared to the samples sintered at 775°C. As a 
result, the highest Jc value of 245 kA/cm2 at 20 K 
was obtained for the sample sintered at 805°C for 3h. 
 
2.1.6 Rapid prototyping 
Iván Rodríguez [6] said that, a brand new tool for 
custom closets rapid prototyping that allows end 
users to sketch a completely customized design 
proposal regardless of their technological training. 
Supported in current multi-touch hardware 
technology, the application is conceived as a highly 
interactive system, and it can also assist the user with 
the prototype creation tasks by autonomously 
generating desirable layouts. Incorporating a 
simulated annealing algorithm enables this automatic 
generation of layouts by optimizing the closet inner 
space. Throughout this paper, we present the main 
features and capabilities of Sketch Arm. We 
demonstrate that our system is able to synthesize 
suitable closet layouts, creating several design 
proposals for different user profiles. 
 
2.1.7 Conclusion from literature survey 
The honeycomb structure has higher yield strength 
and compressive modulus than the other four lattice 
structures, and all of the five lattice structures 
evaluated have much higher yield strength and 
compressive modulus than the sparse and sparse-
double dense build styles. However, the build times 
of the five lattice structures are approximatelytwice 

as much as the build times of the sparse and sparse-
double dense builds. Thus, there is a clear trade-off 
between the cellular lattice structures and the sparse 
and sparse doubledense builds in terms of 
compressive properties and build time.Within the 
results presented, design of experiments was used to 
establish response surface models in order to 
correlate the five main influencing parameters with 
the mechanical properties and the part’s density also 
considering different part orientations. The 
correlation models found demonstrate the complex 
correlations of process parameters in laser sintering, 
in most cases showing a non-linear nature with 
multiple parameter interactions. Additionally, the 
four main influences on mechanical properties were 
identified as being scan spacing, scan speed, layer 
thickness and interaction of scan spacing and layer 
thickness. The results presented here provide, for the 
first time, detailed information on the correlation 
between process parameters and part properties using 
a high speed laser sintering machine, resulting in an 
enhanced understanding of the laser sintering process 
and also allowing for the prediction and optimization 
of part properties. Future work should validate the 
investigated correlations, comparing the results with 
models formelt’s temperature, also taking effects of 
polymer degradation and scan vector length into 
consideration. Additionally, further work should be 
done to transfer the discovered results for a high-
speed-machine to lower scan speeds, which are also 
commonly used in laser sintering. 
 
III. METHODOLOGY 
 
This section explains the methodology used to 
perform the experiments. First design of work piece 
comes in which the design of work piece is done in 
any CAD software. After then that design of 
experiments comes which was done using factorial 
method. Then comes the material used. 
3.1 Design of work pieces 
The work pieces are designed in advanced designing 
software named CREO 3.0®. 

 
Fig. 6 Design of work piece with dimensions 

 
Fig. 6 shows the 2D work piece designed in CREO 
3.0®. The total length of the work piece is 100mm, 
thickness is 3mm and width is 10mm. 
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Fig. 7 3D model in CREO 3.0® 

 
Fig. 7 shows the 3D model designed in CREO 3.0®. 
Work piece is standard tensile bar in which small dots 
are visible shows the artificial porosity which is 
defined during designing of work piece. 

 
Fig. 8 Design of SLS workpiece with artificial porosity 

(Honeycomb structure)  

Fig. 8 shows the artificial porosity defined in work 
piece in the form of honeycomb structure. 
 
3.2 Design of experiments (DOE) 
Factorial design is an important method to determine 
the effects of multiple variables on a response. 
Experiments are designed to determine the effect of 
one variable upon one response. Factorial design can 
reduce the number of experiments one has to perform 
by studying multiple factors simultaneously. 
Additionally, it can be used to find both main effects 
(from each independent factor) and interaction effects 
(when both factors must be used to explain the 
outcome). However, factorial design can only give 
relative values, and to achieve actual numerical 
values the math becomes difficult, as regressions 
(which require minimizing a sum of values) need to 
be performed. Factorial design tests all possible 
conditions. Because factorial design can lead to a 
large number of trials, which can become expensive 
and time-consuming, factorial design is best used for 
a small number of variables with few states (1to3). 
Regardless, factorial design is a useful method to 
design experiments in both laboratory and industrial 
settings.

 

 
Table 1 Factorial Method Design 

 
Table 1 show that the design of elements method is 
used to obtain the minimum number of experiments 
required to get the output. First it is needed to select 
minimum numbers of experiment then, output is to be 
checked. Number of experiments is to be raised in 
case of inappropriate output. Hence, total 11 
experiments are to be performed. There are three 
input parameter layer thickness, orientation and 
porosity as shown in Table 1. Factorial method has 
given this type of combination of input parameters to 
perform the experiments. Here, range of input 
parameters are: layer thickness (30-70 µm), 
orientation (0°-90°) and porosity (0-600 µm). 
 
3.3 Material used 
The material CL20ES is used for the warpage 
sensitive parts. It heats up in 3 hours to 550°C and 
maintains temperature for 6 hours. CL20ES displays 

a homogeneous, dense structure after manufactured 
by metal laser melting process laser CUSING® 
compared to stainless steel. After the heating, the 
component is allowed to cool down in the oven or at 
ambient atmosphere. 
 

 
Table 2 Chemical Composition of CL 20ES for SLS 
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Table 2 shows the chemical composition of the 
material used for manufacturing acid and corrosion 
resistant prototypes, unique or series production parts 
in the following fields: Plant engineering, automotive 
industries, medical technology, Jewellery and 
components for moulds. 
 
IV. EXPERIMENTATION 
 
4.1 SLS machine (M1 CUSING®) 
Fig. 9 shows the M1 CUSING machine to make work 
pieces. 
 

 
Fig. 9 SLS machine (M1 CUSING®) 

 
The machine has the range of the layer thickness is 
from 20µm to 80µm. as shown in fig, 10 the layer 
gets formed using slider mechanism which is able to 
move horizontally as well as vertically. The 
movement of slider is controlled by piston cylinder 
arrangement. 
 

 
Fig. 10 Layer formation 

 

 
Fig. 11 Laser focusing 

 
Fig. 11 shows the process when laser gets 
concentrated over the layer of powder material and 
generates different shape of workpiece. 

 
Table 3 SLS Machine specification  

 
Table 3 shows the SLS machine specification. It has range of layer thickness 20-80µm and focus diameter of 
range 50-200µm. Maximum scanning speed is 7m/s. 
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V. RESULTS AND DISCUSSIONS 
 

Job no. Yield strength 
(N/mm2) 

UTS 
(N/mm2) 

Hardness 
(HRB) 

Elongation 
(mm) 

Weight 
(gm) 

1 637.76 739.11 98.36 30.44 23.203 
2 115.56 227.66 55.66 4.64 18.792 
3 630.31 730.59 96.36 27.8 24.38 
4 100.42 234.02 41.56 9.4 18.922 
5 37.64 63.78 35.37 3.8 7.028 
6 23.9 37.75 34.76 4.8 5.902 
7 40.91 76.77 36.23 4.24 7.265 
8 87.96 31.71 37.14 5.24 6.198 
9 72.11 105.95 37.74 1.64 17.374 
10 73.01 148.74 36.46 1.32 16.453 
11 90.99 188.73 37 7.48 17.052 

Table 4 Experimental outputs of SLS workpieces 
 

Table 4 shows the experimental outputs which have 
been performed in standardized laboratory by 
considering such output parameters like yield 
strength, UTS (Ultimate Tensile Strength), 
elongation, hardness, and weight.   

 

Fig. 12 Job 1: σ-ϵ curve 
 
The above fig. 14 shows the stress v/s strain diagram 
of workpiece 1. Which has 30µm layer thicknesses, 0 
º orientations and 0µm porosity (artificial). Fig 12 
shows yield strength and UTS of the job  are 637.76 
N/mm² and 739.11 N/mm² respectively.  

 
Fig. 13 Job 2: σ-ϵ curve 

The above fig. 13 shows the stress v/s strain diagram 
of job 2. Which has 70µm layer thickness, 0º 
orientation and 0µm porosity (artificial). Fig 13 
shows yield strength and UTS of the job are 115.56 
N/mm² and 227.66 N/mm² respectively. 

Fig. 14 Job 3: σ-ϵ curve 
 
The above fig. 14 shows the stress v/s strain diagram 
of job 3.Which has 30µm layer thickness, 90º 
orientation and 0µm porosity (artificial). Fig 14 
shows yield strength and UTS of the job are 630.31 
N/mm² and 730.59 N/mm² respectively. 

Fig, 15 Job 4: σ-ϵ curve 
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The above fig. 15 shows the stress v/s strain diagram 
of job 4.Which has 70µm layer thickness, 90º 
orientation and 0µm porosity (artificial). Fig 15 
shows yield strength and UTS of the job are 100.42 
N/mm² and 234.02 N/mm² respectively. 
 

Fig. 16Job 5: σ-ϵ curve 
 
The above fig. 16 shows the stress v/s strain diagram 
of job5.Which has 30µm layer thickness, 0º 
orientation and 600µm porosity (artificial). Fig 16 
shows yield strength and UTS of the job are 37.64 
N/mm² and 63.78 N/mm² respectively. 

 

 
 Fig. 17 Job 6:σ-ϵ curve 

 
The above fig. 17 shows the stress v/s strain diagram 
of job 6.Which has 70µm layer thickness, 0º 
orientation and 600µm porosity (artificial). Fig 17 
shows yield strength and UTS of the job are 23.9 
N/mm² and 37.75 N/mm² respectively. 

Fig. 18 Job 7: σ-ϵ curve 
 
The above fig. 18 shows the stress v/s strain diagram 
of job 7.Which has 30µm layer thickness, 90º 
orientation and 600µm porosity (artificial). Fig 18 
shows yield strength and UTS of the job are 40.91 
N/mm² and 76.77 N/mm² respectively. 

 
Fig. 19 Job 8: σ-ϵ curve 

 
The above fig. 19 shows the stress v/s strain diagram 
of job 8.Which has 70µm layer thickness, 90º 
orientation and 600µm porosity (artificial). Fig 19 
shows yield strength and UTS of the job are 87.96  
N/mm² and 31.71 N/mm² respectively. 

 
Fig. 20 Job 9:σ-ϵ curve 
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The above fig 20 shows the stress v/s strain diagram 
of job 9.Which has 50µm layer thickness, 45º 
orientation and 300µm porosity (artificial). Fig 20 
shows yield strength and UTS of the job are 72.11 
N/mm² and 105.95 N/mm² respectively. 
 

 
Fig. 21 Job 10: σ-ϵ curve 

 
The above fig 21 shows the stress v/s strain diagram 
of job 10.Which has 50µm layer thickness, 45º 
orientation and 300µm porosity (artificial). Fig 21 
shows yield strength and UTS of the job are 73.01 
N/mm² and 148.74 N/mm² respectively. 

 

 
Fig. 22Job 11: σ-ϵ curve 

 
The above fig 22 shows the stress v/s strain diagram 
of job 11.Which has 50µm layer thickness, 45º 
orientation and 300µm porosity (artificial). Fig 22 

shows yield strength and UTS of the job are 90.99 
N/mm² and 188.73 N/mm² respectively. 
 
CONCLUSION 
 
From experimental results and analysis we can 
conclude that, The optimum value of the input 
parameter for the SLS is 30 µm layer thicknesses, 0 º 
orientations, 0 µm porosity (artificial) because, at this 
parameters output gives maximum UTS and yield 
strength. As layer thickness increases the strength of 
workpiece decreases also production time decreases 
because, (at molecular level) the bonding between the 
molecules becomes weak due to increases in distance 
between them.  Orientation has no major effect on 
output parameters,because in horizontal plane change 
in orientation changes hatch spacing only so that 
there is no effect on strength of work piece. Artificial 
porosity can be used to set the range of output 
parameters as per requirement, because the porosity 
reduces the weight of the material and increases the 
hardness, so that the strength of material gets varies. 
As porosity of the workpiece is an increase the 
hardness of the workpiece increases but weight of the 
work piece decreases. Because the wall thickness 
decreases so the sintering of the workpiece increases 
that increases the hardness. 
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