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Abstract
Selective laser sintering (SLS) system is an additive manufacturing technique used in a variety of different applications, 
such as tool industries, medicine, aerospace, automotive, and electronics. A prototype SLS system was designed, built, 
and validated to improve SLS-manufactured part quality in terms of porosity and surface roughness. The prototype SLS 
system was designed for laboratory use only. Critical process parameters were identified to optimize the manufacturing 
process: forward step, side step, speed, platform temperature, and layer depth. The most essential defects associated with 
the SLS manufacturing process are porosity, shrinkage, surface roughness, and reduced hardness. The goals of this work 
were to design and build the prototype SLS system, then to quantify the effects of the selected process parameters on 
manufacturing defects and minimize manufacturing defects. Validation data from each SLS subsystem was compared to 
manufacturing simulation program parameters. Validation data included laser power, laser beam diameter, gantry motion 
in two axes, gantry vibration, and CAD/CAM interface program. Revisions of the prototype SLS system are proposed to 
maintain the resolution of 0.003 m and cost of less than $10,000.
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1 Introduction

Automated systems, such as numerical control (NC), com-
puter numerical control (CNC), and selective laser sinter-
ing (SLS), are used in manufacturing plants to produce 
complex parts with consistently high quality. While CNC 
mills and lathes are commonly used machines for the pro-
duction of metallic parts via subtractive manufacturing, 
SLS is a rapidly growing option for the production of plas-
tic or metallic parts via additive manufacturing. Starting 
from powdered material, automated SLS machines create 
3D parts more complex than is possible with traditional 
manufacturing processes. Unlike fused-deposition mod-
eling (FDM) 3D printers that have become ubiquitous in 

classrooms and maker spaces, SLS has the capacity to cre-
ate functional, metallic parts with good mechanical prop-
erties and surface finish. This technique shows exceptional 
promise to decrease manufacturing process routing and 
production time for small-volume items.

Many countries are focusing on support research cent-
ers that work on developing additive manufacturing 
techniques for medical parts, civil engineering, fashion 
design, and manufacturing processes. Additive manufac-
turing is used widely in laboratories, research centers, and 
traditional manufacturing plants to produce parts with 
various materials, low manufacturing cost, and minimum 
process routing for low-volume or specialty parts. There-
fore, additive manufacturing processes are competitive 
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with traditional manufacturing methods. SLS remains an 
expensive process, and there is room for improvement, 
particularly in the areas of part porosity and surface fin-
ish [1].

The most significant advantage of SLS is the ability to 
efficiently produce a complex part that previously required 
a long machining time for low-volume production. One 
example of this type of component is the production tools 
used in die casting and plastic injection fields. Medical 
applications include surgical parts and custom prosthetic 
implants. These benefit from SLS because the parts can 
be very lightweight with good mechanical properties. 
SLS applications continue to evolve, and their applica-
tions continue to expand with scientific advances in laser 
technology, engineering software, electronics, and other 
engineering fields [2].

SLS uses a high-power laser to fuse powdered mate-
rial into a finished part. SLS could be used to melt differ-
ent types of materials, such as ceramic, plastic, alloy, and 
metal. By scanning the laser across a powder bed, the 
resulting 3D part built layer by layer. The laser tool path 
is designed using a CAD program with a slicing algorithm 
and machine-specific tool path [3–7]. One important use 
of SLS is for applications requiring few parts with high 
quality and low costs, such as medical, submarine, and 
aerospace components. SLS does not require specialized 
tooling to produce parts. Moreover, it is considered a fast 
technique to provide parts. The advantages of using rapid 
manufacturing are reduced manufacturing time, manufac-
turing without tooling and fixtures, producing a part with 
different materials, and supplying the 3D part (simple or 
complex) [3].

Many other researchers have worked on SLS and related 
fields such as multi-axis system design and validation, 
manufacturing automation control, dynamic analysis, and 
mechanical design. Afkhamifar et al. worked on the analy-
sis multi-axes automation system. Finite element analysis 
used to check the automation system and to predict a 
manufacturing error during running the system [3]. Sarhan 
et al. [8] studied a gantry system of an automation system. 
The high surface finish of the gantry system has designed 
and analyzed. The objective of this paper is to get a mini-
mum frequency during rapid manufacturing. Mao et al. 
[9] worked on control an automation system. The system 
was working on five axes. The system features can control 
all the system axes together to achieve a manufacturing 
process with high accuracy and easy to operate. Du et al. 
revised models of synthetic geometry error; the measure-
ment process of multi-axis automation systems by using 
an encoder has studied in this research. The relationship 
between the automation motion and error component has 
calculated while running the system. Also, The validation 
process applied in 3 axis automation system [10].

The SLS system consists of many parts, such as the 
structure, laser system, laser positioning system, power 
distribution system, and electronic control system. Also, 
the powder bed has a heater system uses to preheat the 
powder before start fusing powder. Each element of the 
SLS system has an effect on manufactured part quality. 
Another significant design concern is system reliability. 
After designing and building a prototype SLS system, the 
prototype must be validated before producing 3D parts 
and optimizing the manufacturing process.

The overall objective of this research is the optimization 
of SLS process parameters to improve surface roughness 
and porosity in finished parts. Five relevant process param-
eters were identified: side step, forward step, speed, layer 
depth, and platform temperature [11]. In this work, the 
design, building, and validation of a desktop-sized proto-
type SLS system are described. This prototype SLS system 
has the ability to print parts consisting of more than one 
material, and the cost of the prototype system is less than 
commercial systems. Previous work introduced the proto-
type SLS system but did not include the final design or val-
idation [12]. This prototype SLS system serves as a testbed 
for additional work on process parameter optimization.

This paper has organized as follows: Sect. 2 describes 
the SLS defects. Section 3 discusses the prototype SLS sys-
tem. Section 4 clears computer aided design, computer 
aided manufacturing validation. Section 5 explained sam-
ple artifacts. Section 6 concludes the work.

2  SLS defects

Distortion, shrinkage, and warping are the major defects 
that affect part quality in the SLS process. The shrinkage 
amount depends on the scanning speed, laser power, and 
layer thickness. The internal stresses that happen during 
the printing process lead to distortion and shrinkage [13, 
14]. The proposed guidelines about shrinkage, distortion, 
and warping are [13]: to consider a geometric design, to 
recognize layer thickness, laser power, scanning speed, 
and to respect material properties.

The surface roughness value (Ra) is a measure of a part’s 
surface finish. The surface roughness depends on build-
ing orientation, layer thickness, and post-processing, etc. 
The proposed guidelines about the surface finish are: to 
calculate the desired surface roughness theoretically, to 
calculate layer thicknesses, and using 90° of layer angle 
surface. Each manufacturing process produces different 
surface properties [13, 15].

During the powder melting process, some defects will 
happen, and one of those defects is porosity. Porosity is 
generally considered a bad feature because the part qual-
ity will decrease with increasing it. There are two types of 
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porosity: regular and irregular porosity. For some applica-
tions, porosity is considered the desired feature, such as 
while producing scaffolded parts. For other uses, poros-
ity is regarded as an undesired feature during producing 
rapid parts [16].

3  Prototype SLS system

The prototype SLS system works in four axes: two axes for 
the laser positioning system, the third axis for layer depth, 
and the fourth axis for powder distribution, see Fig. 1. The 
prototype SLS system has a powder feeder mechanism 
that will move on the XY plane. The piston carries the 
powder bed and moves on the z-axis, and the laser will 
move on the XY plane. The printer control is an applica-
tion that controls the printer processes. From this request, 
it will feed a slicing tool path to the printer, monitor the 
printer’s axes and manufacturing parameters, and set the 
printer bed temperature. After these initialization steps, 
the printer starts to print the 3D part. Within the powder 
bed, a 10 W laser fuses the prepared powder into a sub-
stantial 3D part. In this work, the powder is made from 
carbon steel powder mixed with nylon PA650 powder.

The overall system dimensions are selected based on 
table-top usage in a laboratory to produce parts of small 
size. The powder bed was sized accordingly. Nylon pow-
der is used as a binder to build parts of different powders, 
such as steel, ceramic, aluminum, etc. The information in 
the table was calculated and determined to study surface 
roughness and crack width of parts that are going to be 
manufactured by using the SLS prototype system.

Specifications of the prototype SLS system [12]: 
structural material was steel, communications by 
USB, file formats was G-Code or wireless electronic 

handwheel or C language, 152 × 152 mm table dimen-
sions, 240 × 240 × 70 mm travel dimensions, required res-
olution for forwarding step and side step (mm/step) was 
0.003 mm, required resolution (mm/step) was 0.003 mm, 
total cost to build SLS prototype system was $10,000. The 
SLS prototype system was designed with a steel frame 
305 × 305 × 305 mm. Also, the laser positioning system 
holder has produced by using a 3D printer, see Fig. 2 (see 
Supplementary Table S1) [12].

3.1  Laser positioning systems

There are many types of mechanical systems that con-
vert the microprocessor commands into motion in X, Y, 
and Z directions. Among these types is a ball screw-nut 
with using a motor to drive the mechanical mechanism. 
The motor starts rotating after receiving pulses and send 
rotation to a ball screw. The ball screw is connected to the 
motor by coupling, and it drives a nut that holds a work-
piece table or manufacturing tool. The forward and back-
ward table motion rely on the motor rotation direction, so 
CW rotation leads to forward motion, and CCW rotation 
leads to backward motion of the table/holder [17].

The laser positioning system was designed as a two-
dimensional gantry with size 12  in × 12  in. The system 
operates in two axes, X-axis, and Y-axis, as shown in Fig. 3 
(see supplementary Table S2). Bearings are used on the 
left and right of the laser holder to get smooth movement. 
The laser holder the laser and constrains its motion to the 
XY plane. SolidWorks 2015 used to design all elements of 
the laser positioning system. The gantry holders and laser 
holder were manufactured by using 3D printer [8, 18].

The accuracy of the automation system is an essential 
point for the system specifications. The accuracy of the 
SLS system means forward step and side step in X and Y 

Fig. 1  Schematic representation of an SLS system Fig. 2  SLS prototype system
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direction, respectively. In this research, the minimum step 
( Δl ) in X and Y directions is equal to 0.003 mm [19]. Equa-
tion (1) used to calculate the forward and side step of the 
threaded bar-nut of the gantry system in X and Y direc-
tions [3]. For this work, the motor step angle �s was equal 
to 1.8°/step, and the threaded bar pitch PB was equal to 
0.635 mm

where PB is pitch (mm/rev), θs is step angle o/step, and i 
is the gear ratio. One of the validation steps is the meas-
urement of runout on the gantry system by using a dial 
indicator. The runout of the gantry system in the X-axis 
was 0.381 mm, and Y-axis was 0.762 mm [12]. Therefore, 
parts manufactured by using the prototype SLS system will 
have deviation, and these will affect part length and width. 
The maximum error due to runout is equal to 0.381 mm 
in the X direction and the 0.762 mm in the Y direction. 
These errors are very large relative to the designed system 
of 0.003 mm due to the low-cost components that used 
to build the laser positioning system. Future work should 

(1)Δl =
PB

360
.
θs

i

focus on improving this error by purchasing high-quality 
components.

An interface program, stepper motor, motor driver, and 
Arduino was to be used to validate the minimum step size. 
The interface program created a pulse chain intended to 
move the laser positioning system 5 mm. After the laser 
positioning system stopped the distance that the laser 
positioning system moved was measured. After running 
the system, the minimum step measured was 0.003 mm 
[12]. This step was consistent with the designed step size. 
The process was repeated with a 10 mm movement with 
no difference in measured step size. Also, the accelerom-
eter type 8692C50 was used to validate the gantry system 
vibration in X, Y, and Z directions after connecting it to 
the amplifier KISTLER type 5134. Before measurement, the 
accelerometer was calibrated with a PCB 394C06 handheld 
shaker.

Laser holder vibration was measured in X and Y direc-
tions with five different motor speeds. Any vibration of the 
laser holder will manifest as laser positioning error, lead-
ing to reduced accuracy and increased surface roughness. 
Assuming a sinusoidal vibration with measured accelera-
tion specified by amplitude A (m/s2), frequency f  (Hz), and 
ts time (s), the acceleration is given by

Integrating twice, the displacement is given by

Thus, the maximum tool path error is given by

Maximum tool path error due to vibration in X direc-
tion was 0.736 μm when motor speed was 170 mm/s, 
and maximum toolpath error in Y direction was 0.012 μm 
when motor speed was 190 mm/s, see Table 1 (see sup-
plementary Figure S1). These are significantly smaller 

(2)ẍ = A sin
(

2𝜋fts
)

(3)x =
A

(

2�fts
)2

sin
((

2�fts
))

(4)xmax =
A

(

2�fts
)2

Fig. 3  Gantry system of SLS system

Table 1  Frequency and 
amplitude of the laser 
positioning system in X and Y 
direction

Linear speed of laser positioning 
system (mm/s)

150 160 170 180 190

X-direction Frequency (Hz) 230 236 240 255 275
Amplitude (m/s2) 0.516 0.736 1.672 1.779 1.957
Maximum tool path error (μm) 0.247 0.335 0.736 0.693 0.656

Y-direction Frequency (Hz) 841 880 955 1036 1040
Amplitude (m/s2) 0.185 0.341 0.345 0.348 0.530
Maximum tool path error (μm) 0.006 0.011 0.009 0.008 0.012
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than one step. Therefore, manufacturing defects due to 
motor induced vibration are assumed to be negligible.

3.2  Powder distribution system

Researchers in USA developed and modified powder 
bed fusion of SLS technology to increase productivity 
and produce different types of materials. All the powder 
distribution system has almost the same characteristics 
that lead to prepare workpiece (powder) and preheat-
ing operation to minimize laser power required to start 
melting the powder. Furthermore, the feeding operation 
of powder is layer by layer that means distribute powder 
on the manufacturing table, preheating, then apply laser 
on powder to fuse the first layer. These processes will be 
returned until the manufacturing process is completed 
[17].

In this work, the powder distribution mechanism with 
size (280 mm × 280 mm) consists of a powder container 
with size (8 in × 1.25 in × 2.5 in), threaded bar, melting 
table with size (114 mm × 127 mm), and stepper motor, 
see Fig.  4 (see supplementary Table  S3). The powder 
feeder has a container, and the powder will be put in 
the container manually. After loading powder into the 
container, the powder feeder moves on the XY plane to 
distribute powder on the SLS table. The second part of 
the powder distribution mechanism is the threaded bar 
that will drive the powder container forward and back-
ward. The container will carry a powder, so when fus-
ing the first layer of powder the platform moves down 
to feed the second layer by the powder feeder and this 
process will be repeated until complete a part is formed. 
For this work, the powder feed was chosen at 200 mm/s. 

Also, the CAM software is used to control the speed of 
the power distribution mechanism.

3.3  Laser analysis

A high-power laser provides the energy input to melt the 
powdered material. Therefore, choosing an appropriate 
high power laser depends on a material melting point 
and laser beam spot diameter. Furthermore, calculate laser 
power and laser beam diameter should consider during 
validate SLS system. The reason for laser validation is to 
avoid defects that happen during the melting process. The 
power that needed the laser to fuse the powder calculated 
by using Eq. (5) [20–22]. Carbon steel mixed with other 
materials to help a melting process of the powder. Also, 
the mixed powder needed 10 W to start fusing powder

where As is absorptivity, I is a power density of the laser 
beam, Ks is thermal conductivity, and δ(t) is the temporal 
function to represent the temperature penetration depth 
in the solid [22]. The laser specifications used are voltage 
DC is 12 V, laser wavelength 450 nm, laser power is 10 W, 
the working temperature is + 10 ~ + 40, driver module is 
TTL. It can be difficult to find a laser with the desired beam 
diameter. Instead, one lens was used to reduce the beam 
diameter to the target value previously calculated.

There are many models used to describe the point heat 
source [22]. However, they may not apply for some highly 
conductive materials due to the thermal conduction 
being non-negligible with respect to fusing depth. Also, 
the high-speed fusing process is sensitive to the radiation 
period. These limitations can be avoided by proposed a 
model of different time-dependent conduction. Equa-
tion (6) is used to show the thermal flux area around the 
heat source during the fusing process. As expected, there 
is a heat-affected zone on either side of the laser beam 
location, as shown in Fig. 5. Furthermore, careful selection 
of laser parameters will minimize the interaction of the 
thermal flux with previously fused portions of the powder 
[22]

where  T0 is powder bed initial temperature, Q is the inten-
sity of line heat source (J/m), k is thermal conductivity (W/
mK), t is time (s), and r is cylindrical coordinate (m).

Equation (7) is used to calculate a direct connection 
between Q and the Energy Density (J/mm2), as shown 

(5)Tw (t) =
AsI

Ks
δ(t)

(6)T(r, t) − T0 =
Q

4πkt
exp

[

−
r2
c

4 ∝ t

]

Fig. 4  Powder distribution mechanism
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below, where V is scanning speed mm/s, and Ø is Spot 
diameter of laser beam ϻm.

The second step was to measure the laser beam spot 
size. Before starting to use the laser, one must check the 
laser beam shape. So after checking without a lens, the 
laser cross-section profile was not circular. It was very 
close to an ellipse. A circular laser cross-section can be 
obtained by using a high-quality laser but will be more 
expensive. For checking laser power, a SPIRICON model 
SP620U camera was used with filters. A group of four filters 
(two ND540A, one ND510A, and one ND520A) used to cut 
power 9–10 times to minimize the laser power because 

(7)ED =
I

V × ∅

the sensor could not measure high power laser. The laser 
power was measured to be 9.7 W. The configuration of the 
laser, filters, and diagnostic sensor is shown in Fig. 6.

Also of interest was the laser beam spot profile. Figure 7 
shows the laser beam spot by as measured using the Spiri-
con model SP620U camera. The laser beam shape was not 
circular, but was instead an ellipse. The laser beam diam-
eter was 0.42 mm in the major axis and 0.038 mm in the 
minor axis by using D4sigma method.

3.4  Electronic control system

The electronic control system includes a microprocessor, 
platform heater, motor drivers, stepper motors, high power 
laser, power supply, and man machine interface (MMI). The 
MMI unit is hardware/software used as a link between 
the SLS system and engineer to observe the machining 
commands such as speed, feed rate, and editing the part 
program. The core of the SLS system is microprocessor; it 
considers a tool to interpret the manufacturing codes that 
leads to creating enough signals for the axes movement 
in all directions [17].

Furthermore, The electronic control system provides a 
link between CAM software and a microprocessor to con-
trol X, Y, and Z-axis stepper motors, powder distribution 
motor, and high power laser during the manufacturing pro-
cess. The electronic platform of the SLS prototype system 
includes many components working together to build the 
3D parts. CAM code language feeds to the microprocessor 
from a PC to run SLS over USB. Four stepper motor drivers 
used with the microprocessor to run the system, see Fig. 8.

One of the important things after the design and con-
struction of automated systems is to ensure that the axes 
work correctly, especially the operating speed to reduce 
errors during the manufacturing process. Also, the part pro-
gram data (speed, coordinates, etc.) should be equal to the 
output data (product dimensions) to avoid product failure. 

Fig. 5  (Top) thermal flux area and cylindrical coordinate (bottom) 
experiment to check melting process

Fig. 6  Validation diagram to measure laser beam diameter Fig. 7  2D Laser beam
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Therefore, the LabVIEW model has built to validate the SLS 
system before running the SLS system. Figure 9 shows the 
validation equipment of the stepper motors. The validation 
process measured stepper motor speed to check how much 
deviation between input and output speed. Input speed was 
set by using manufacturing simulation, and output speed 
was measured from the prototype SLS system. 320 rpm has 
recorded by using the encoder and LabView code (see sup-
plementary Table S4). Also, Digital Photo Tachometer model 
#HPT-100A has used to do a double-check of the result that 
got from encoder and Labview code, the result that got 
320 rpm, that means SLS prototype system did not have 
deviation between input and output speed.

Figure  10 shows the LabView control panel of the 
FPGA of the stepper motor. Five experiments have used 

to check gantry speed are 150, 160, 170, 180, 190 mm/s, 
results recorded from Labview program of the SLS pro-
totype system were 150, 160, 170, 180, 190 mm/s, that 
means the SLS prototype system is accurate and did not 
have a deviation between input and output, (see sup-
plementary Figure S3, Figure S4, and Figure S5).

4  Computer aided design, computer aided 
manufacturing validation

As explained previously, the computer aided design is 
responsible for design 2D/3D shape, computer process plan-
ning that it used for preparing the necessary tools for the 
manufacturing process, and computer aided manufacturing 

Fig. 8  The electronic circuit of 
the SLS system

Fig. 9  Validation equipment 
used to validate stepper motor 
speed
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is used to generate the part program to feed it to the SLS 
system. This process called the offline process. The target of 
the offline process is to create the part program to manufac-
ture 2D/3D part. The part program contains the dimensions 
of the designed part, operating speed, feed rate, operating 
tool number, and other tools necessary for the manufactur-
ing process [17]. Furthermore, the prototype SLS system is 
connected to a PC, and the setup process of all actuators 
was between the CAM software and the PC. The running 
operation of the system was checked before starting to pro-
duce the parts, such as axis movement, system speed, plat-
form temperature, and laser ON/OFF of the SLS system. The 
checking process will happen before running the prototype 
SLS system. Figure 11 shows the validation flowchart of the 
manufacturing process of the SLS operation [7, 23].

5  Sample artifacts

Sample artifacts were created using the prototype SLS 
system to validate that the overall process was successful. 
First, the powder was selected. Carbon steel was mixed with 
PA650 to build a powder that was used as a workpiece to 
produce the parts. The PA650 material assisted with binding 
between the steel grains. A scanning electron microscope 
with energy dispersive X-ray (SEM/EDX) was used to check 
the chemical composition of the powder before use in the 
SLS system.

Figure 12 shows the SEM/EDX chemical analysis of the 
powder utilized in this research. Table 2 defines the chemical 
composition of the powder, as determined by the SEM/EDX 
chemical analysis, in terms of the elements, weight percent-
age, and component percentage.

The powder was preheated to between 150 and 170 °C; 
then the SLS process was applied to create rectangular sam-
ples. Five samples were in this work with varying manufac-
turing variables:

Fig. 10  The LabVIEW control panel of FPGA of the stepper motor

Fig. 11  Flowchart of manufacturing process validation

Fig. 12  Powder contents as analyzed by SEM/EDX



Vol.:(0123456789)

SN Applied Sciences (2019) 1:1612 | https://doi.org/10.1007/s42452-019-1600-3 Review Paper

• Sample 1: side step 1.25 (mm), layer depth 1.25 (mm), 
speed 160 (mm/s), platform temp. 155 (°C), and part 
length 60 (mm).

• Sample 2: side step 1.75 (mm), layer depth 1.25 (mm), 
speed 160 (mm/s), platform temp. 155 (°C), and part 
length 50 (mm).

• Sample 3: side step 1 (mm), layer depth 1.5 (mm), speed 
170 (mm/s), platform temp. 160 (°C), and part length 55 
(mm).

• Sample 4: side step 2 (mm), layer depth 1.5 (mm), speed 
170 (mm/s), platform temp. 160 (°C), and part length 55 
(mm).

• Sample 5: side step 1.5 (mm), layer depth 1 (mm), speed 
170 (mm/s), platform temp. 160 (°C), and part length 55 
(mm).

Figure 13 shows photos of the resulting artifacts. Traces 
from the laser pattern are shown and samples varied in sur-
face roughness.

6  Conclusions

This paper presented the design and validation of a pro-
totype SLS system for the purpose of optimizing process 
parameters to minimize porosity and surface roughness 
defects. After building the prototype SLS system, it was 
tested against design specifications.

The minimum forward and sidestep was 0.003 mm. 
The laser spot dimensions were 0.420 mm and 0.038 mm 
in the primary and microns axis respectively, and laser 
power was 9.7 W. Scanning electron microscopy was 
used for analyzing printed samples tested to determine 
part quality after melting process. The primary limitation 
of the prototype SLS system was the error due to runout 
associated with the low-cost components selected. 
Future work will focus on improving these errors without 
significantly increasing the prototype cost.
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