
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


	�����	��	�������	�������������	
���������	��	
�	�������������	
���	��	���	���������	��������	

	

���������	���	
	

	

	

	

	

	

	
	

����������	��	������	������	���	�������	 ����������	
	
	
	
	

!�������	������	��	"#��
	





	�����	��	�������	�������������	
���������	��	
�	�������������	
���	��	���	���������	��������	

	

	

	

	

	

	

	

	

	

	������	

��(������	��	���	!�������	������	��	"#��
	

��	�������	�����������	��	���	

��)���������	���	���	������	��	

������	��	�������	
	

	

	

	

	

���������	���	
	

	

	

*+	%,+	$%&'	�����-���-.���	��	��(�������	

�������	(�	

/////////////////////////	

������	

#�����	0��





	�����	��	�������	�������������	
���������	��	
�	�������������	
���	��	���	���������	��������	

	

	

	

	

	

	

	

	

	

	

	

���������	���	
	


���	���������	����	���	������	��	���������	���	��	��������+	
	

	

%*-%,-$%&'	��	��(�������	
	

	

	

	

	

	

	

	

///////////////////////////	

������1	#�����	0��	

	

///////////////////////////	

.����(��	2��31	
�����	���������	���(��	4&	

	

///////////////////////////	

���������	5��1	
�����	���������	���(��	4$	





Abstract
	

	

�������	�������������	����������	���	���������	������������	����	������	�����6	���	���	(���	

�����������	 ��	 ��	 ����������	 ����������	 ������	 ������	 ���������	 ��	 ������	 ���	 �������������	

(���������	��	�	�������	��	����������+	2�����������6	��	���	����������	��������6	�	����������	���	(���	

�������7��	��	��	����������	�������������	����+	


���	 �����	 ����������	 �������	 �����	 ��	 ��������	 �������������	 ������������	 ��	 ���	 ����������	

��������+	
��	�	������������	���	����������	���������	��	�������������	�����6	����	��	���������6	

����8����������	���	��������+	��(��)������6	��	�9�����	��	���������	����	��	����	:�	�������	�����	��	

���	����������	��������	���	����	��	������	��	���	�����	�������	��	�	��������	���	��������6	���	

���	 ������	 ����	 �����	 ���	 �����6	 ��	 �	 ���	 ����	 ��	 ���������	 ���	 ���������	 ��	 ����6	 ���	 �����	 ��7��	

����������	���������	������	�������	�	�������	��	�	��������	��	�����������	���	�����	��	��������	

����������	���	 �����+	�������6	 ���	���������	���	���������	�9��������	������������	 ���������	 ���	

�����������	�	��������	����	���������+	
���	����	��	���������	��	������	�����	������	�����	�����	

����	���	�����	������	���	������	����	��	�	�������	����	��������+	


��	����	�������	��	����	������	��������	�	�����	��	�����������	������������	��	�	����������	���	

���	����������	��������+	��	����������6	���������	�����	���������	;�5�<	:�	��������6	3����	��	�����	����	

�����������	 ����������	 ���	 ����(�����	 ��	 �������	 ��������6	 ���	 ���������	 ��������	 ��	 �������	

�����������	 ���������+	�������	 ���	 �5�	�������	 ������	 (������	 ������������	 ���	 ��	 �������	

�����������+	��	����	��������6	��	���	��	�����������	���	�����7�	���	�����������	��������	��	�5�	:�	

�������	�������	���������	��	�����	��������	��������	��	����	=	���	.	���������	���	�����	���������	

��	���	(����	��������	;:�	�������>	�2��'%	��<+	?�	����	���������	�	������������	���������	���	

������7���	���	(������	�����������	��	���	�5�	�������	(�	�����7���	���	)��������	����������	�����	

������������	���	(������	������������	��	�������	�����������+	

	

	

	

	

	

	

	





Contents

Introduction 	+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++	1

&+&	@��3������	 	+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++	&	

&+$	A(B�������	+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++	:	

&+:	A������	 	+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++	C	

Literature Survey 	++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++	5

$+&	�������	�������������	�������	+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++	,	

$+&+&	2�����	(����	�������	+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++	,	

$+&+$	5�)���	(����	�������	++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++	D	

$+&+:	�����	(����	�������	+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++	&:	

$+&+C	���������	���	�������������	���	����	�	����������+++++++++++++++++++++++++++++++++++++++	&C	

$+$	�����	���	�������	���������	�������	�������������	�������	+++++++++++++++++++++++++++++++++++++++++	&'	

$+$+&	����	�����	���	��������	�������������	++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++	&'	

$+$+$	��������	��3���	�����	���	���������	�	�������	++++++++++++++++++++++++++++++++++++++++++++++++	$$	

$+:	�����������	���	�����������	��������	������	��	�	��������	+++++++++++++++++++++++++++++++++++	$C	

Additive manufacturing applications for the automotive industry	++++++++++++++++++++++++++++++++++++++	$'	

:+&	�������	�	������������	���	����������	��������	++++++++++++++++++++++++++++++++++++++++++++++++++++++++++	$'	

:+&+&	2��������	++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++	$E	

:+&+$	F������	����������	/	����8����������	++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++	:$	

:+&+:	
����	/	����8����������	+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++	:C	

:+&+C	�������������	
������	/	����8����������	+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++	:E	

:+&+,	:�	�������	F������	+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++	C%	

:+$	��������	����	���	���������	��	�����������	�	�������	����	��������	 	++++++++++++++++++++++++	C,	

:+$+$	������	������������	��	��������	����	+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++	C*	

:+$+:	������������	��	���	��������	����	+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++	CE	

Study on dimensional deformations in AM technology for automotive industry	+++++++++++++++	,%	

C+&	����������	�����������	������������	���������	���	:�	�������	�����	��	�5�	�������	+	,%	

C+&+&	 9��������	���	������������	��	�����������	�����������	+++++++++++++++++++++++++++++++++++	,$	

C+&+$	2�������	��	���������	���	������������	�����������	�����������	+++++++++++++++++++++++	,:	

C+&+:	�������	��	�9��������	���	������������	�����������	�����������	 	+++++++++++++++++++	,*	

C+&+C	F���������	��	���������	���	������������	�����������	�����������	++++++++++++++++++++	'$	

C+&+,	�������	��	����������	���������	���	������������	�����������	�����������	 	+	'C	

Conclusion	+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++	',	



List of Figure

G�����	&+&	
��	�����������	��	��������	�������������	���3��	 $	

G�����	&+$	
��	�����������	��	��������	�������������	����������	��	���	����������	��������	 :	

G�����	$+&	
��	����������	��	��������	�������������	�������	 ,	

G�����	$+$	
��	���������	��	���������	5����	���������	�������	 '	

G�����	$+:	
��	���������	��	���������	5����	�������	 *	

G�����	$+C	
��	���������	��	 �������	@���	�������	 *	

G�����	$+,	
��	���������	��	:	�����������	2�������	 E	

G�����	$+'	
��	���������	��	������	�������	����������	 D	

G�����	$+*	
��	���������	��	2���B��	 &%	

G�����	$+E	
��	���������	��	�����	H������	��������	 &&	

G�����	$+D	
��	���������	��	�����������������	��������	 &&	

G�����	$+&%	
��	���������	��	�������	5����	2���������	 &$	

G�����	$+&&	
��	���������	��	G����	G�������	G�(��������	 &:	

G�����	$+&$	
��	���������	��	5��������	A(B���	�������������	 &C	

G�����	$+&:	
��	���	��	��������	�������������	��������	 $&	
G�����	 :+&	 �	 ������������	 ����������	 (�	 �������	 �����������	 �������	 ��	 ���	 ����������	
��������	 	 $'	

G�����	 :+$	 �������	 �������������	 ������������	 ���������	 ��	 �������	 ��	 ���	 ����������	
��������	 $*	

G�����	:+:	:�	2������	������	�$	����	����	(�	�2	I�������	 $E	

G�����	:+C	
��	���������	��	����	����	����	�������	(�	G��	 $D	

G�����	:+,	
��	:�	�������	����(����	(�	�������	��(��	 $D	

G�����	:+'	
��	��������	������������	�����	����	�������	(�	2���B��	 :%	

G�����	:+*	
��	����������	��	����������	���	������������	����������	(�	2���B��	 :%	
G�����	:+E	;�<	�����	������	�����	�������	(�	2���B��6	;(<	��((��8��3��	����	���	�����	�����	��	���	
�����	(�	2���B��	 	 :&	

G�����	:+D	;�<	
��	2��������	��	����������	�����	�������	�������	(�	�5�6	;(<	
��	����	�����	
�������	 :&	

G�����	:+&%	
��	�����(��	����	�������	(�	�5�	�������	 :$	

G�����	:+&&	
��	���3���	��������	������	�������	(�	��2	;������	�����	2�������<	 	 ::	

G�����	:+&$	���	���������	��	�����	����	�����	�������	(�	�5�	 ::	

G�����	:+&:	
��	:�	�������	����(	�����	���	���8�����	���3���	 :C	



G�����	:+&C	
��	�����(��	�����	����	:�	�������	��	����������	��	��	IA�0�	 :,	

G�����	:+&,	
��	�������	�����	���	�������7��	�����	�������	(�	G��	�������	 :'	
G�����	:+&'	
��	���������	�����(��	B��	(����	��	G��	�������	����	"5
 �	D%E,	���	#����	
&$	��������	 :*	

G�����	:+&*	
��	����8����	�����(��	�������	�������	��	���	G��	�������	 :E	
G�����	:+&E	
��	���������	��	��������	�������	���	������	�������	������������	��	���	��������	
�������������	 :D	

G�����	:+&D	;�<	���	:�	�������	����	����	�����	���	�������6	;(<	
��	��������	�������	������	
����	���	:�	�������	����	����	 	 C%	

G�����	:+$%	;�<	
��	@�	�������6	;(<	
��	@�	�������	��	��(��������	J������6	 	
;�<	:�	2������	J������>	 	 C&	

G�����	:+$&	;�<	
��	@�	�������	��	��������	���	����	��	����(�6	;(<	
��	�������	�����6	;�<	

��	:�	�������	����(�	 C$	

G�����	:+$$	;�<	
��	�������	�����	��	"�(��6	;(<	
��	���������	"�(��	 C$	

G�����	:+$:	
��	:�	�������	����������	��	�����	 C:	
G�����	:+$C	;�<	
��	:�	�������	��������	#A� 6	;(<	
��	�����(��	��	#A� 	���	���(��	��(��	
��(�6	;�<	
��	��������	�����	�������	 	 CC	

G�����	:+$'	
��	�9������	���������	���	���������	�	������	�	�������	���	��������	 C,	

G�����	:+$*	
��	�������	��	��������	����	 C'	

G�����	:+$E	
��	������	������������	��	��������	����	 C*	

G�����	:+$D	
��	�������	��	@�������	(�9	 CE	

G�����	:+:%	
��	�������	��	��������	����	 CD	

G�����	C+&	
��	��������	����3	���	������	����	 ,&	

G�����	C+$	
��	������������	���������	�������	���	�����������	�����������	 ,$	

G�����	C+:	
��	�������	��	������������	���������	 ,:	

G�����	C+C	F�����	�����	�������	(����	��	���	�
5	����	 ,,	

G�����	C+,	;�<	
��	:�	�����	��	������6	;(<	
��	��������	��	E	������	��	���	(����	��������	 	 ,*	
G�����	C+'	;�<	G���������	��	���������	������6	;(<	
��	�������	��	���������	
��	�������6	
;�<	
��	�������	��	���������	
��	�������	 ,E	

G�����	C+*	
��	������	����������	��	(������	�����������	(������	���	������	���	�����	 	
���������	 ,E	

G�����	C+E	
��	(�9	����	��	����	)��������	�����������	J�>	���	����������	�����	 '&	
G�����	 C+D	 ;�<	 
��	 ����������	 ����	 ������������	 ������	 (������	 (�����	 ���	 �����	
������������6	;(<	
��	����	��������	��	������������	�������	��	���	(����	��������	 '$	

G�����	C+&%	
��	�������	��	�����������	������	��	=	���	.	����������	 ':	
	



List of Tables 


�(��	$+&	
��	����������	���	�������������	��	����	�	�������	 &,


�(��	$+$	
��	�����������	��	�������	�����	 &'	


�(��	$+:	
��	�����������	��	��(��	�����	 &*	


�(��	$+C	
��	�����������	��	��������	����	���	����	�	�������	 &E	


�(��	$+,	
��	�)������	��	�����	��������	����	����	 $%	


�(��	C+&	 9�����	��	���	)��������	����������	�����	 ,D	


�(��	C+$	I8�)����	�����	��	����	����������	�����	 '%	



I. Introduction 
 
1.1 Background 

These days, additive manufacturing has received enormous attention and has become important 

in various industries, not only for the high quality industrial use of three-dimensional printing (3DP) 

such as in aerospace, automobile and medical products, but also for personal 3D printing use. U.S 

President Obama said in the 2013 State of the Union address that 3D printing technology has the 

potential to revolutionize the way we make almost everything. President Obama announced a $30 

million investment to create a National Additive Manufacturing Innovation Institute (NAMII) in 

Youngstown, Ohio [1]. South Korea, as well as China, Japan and the EU, has also recognized the 

importance of AM technology, and invest a lot of money in research and develop. General Electric’s 

CEO said that AM technology is a game changer. GE Aviation has a plan to produce over 100,000 

additive manufacturing parts for GE9X engines and Leap which are commercial aircraft engines by 

2020. GE will invest about $3.5 billion in additive manufacturing technology [2]. 

 

Additive manufacturing involves building materials layer by layer. AM technology is contrary to 

traditional manufacturing processes which subtract materials for making the 3D models. Also this 

technology has distinct advantages compared with the traditional manufacturing. For example, a 

complex component, which cannot be made by the traditional method, can be manufactured by a 

number of different AM methods and save manufacturing time, money and materials. 

 

Additive manufacturing technologies and machines are categorized by operations and the 

materials they use, whether liquid, powder or solid. Each AM method has its own strengths and 

weaknesses [3,4]. For example, liquid based AM methods include SLA (Stereolithography) and 

Digital Light Processing (DLP) machines can make high quality products but, these processes need 

post process to remove support structures. Also the first SLA (Stereolithography) method using 

photopolymer materials was invented by Charles Hull, later the co-founder of 3D Systems [5]. The 

fused deposition modeling (FDM) and the fused filament fabrication (FFF) technology use filament 

solid based material. On the other hand, the selective laser sintering (SLS) process, which is currently 

leading in the additive manufacturing (AM) market, uses powder and a strong CO2 laser. [6,7] Each 

AM technology has its own advantage, disadvantage and build capabilities including dimensional 

accuracy, build volume, materials, and required post-processing to improve the dimensional 

accuracy, surface finish(i.e., support removal) and mechanical properties. 

 



The additive manufacturing market will increase aggressively every year as illustrated in Figure 

1.1. Both real parts and prototypes for the automotive industry is expected to take the highest portion 

of the additive manufacturing market by 2025[8]. Many automotive manufacturers in the automotive 

industry have acknowledged AM technology as a promising manufacturing method for their pre-

production steps, and they have operated a wide variety of AM machines in their design reviews, 

physical tests, research and development (R&D) and production processes. Figure 1.2 below shows 

current applications and future applications for 3D printing in the automotive industry. The current 

applications are generally simple auto parts such as exterior trim, fluid handling exhaust parts etc. 

However, automotive industry applications in the near future are likely to require high mechanical 

properties and dimensional accuracy such as powertrain parts, interior and seating components etc. 

[9]  

 

Figure 1.1 The development of additive manufacturing market [8] 

 

Although many automotive companies in the world have realized the possibility of AM 

technology, the 3D printed applications for auto parts and tools have limits due to difficulties in 

controlling dimensional accuracy and deformation, and low cost-efficiency. Therefore many 

researchers have attempted to find the main factors which cause deformations of 3D printed parts, 

and improve dimensional accuracy of AM machines. A lot of research has been done on the use of 

carbon fiber and titanium for improving the engineering properties and reducing the weight of 3D 

printed products [9].   

 



Figure 1.2 The Applications of additive manufacturing technology in the automotive industry [9] 
 

 

1.2 Objectives 
Manufacturing vehicles refers to the entire process of making and assembling auto parts including 

making die, stamping structures, welding, painting and assembling parts. Many automotive 

companies have conducted research to make one assembly of auto part in one operation by using 

AM machines to make auto parts, because they need to reduce the time and cost of making parts and 

fitting them together. Additive manufacturing technology has opened up new opportunities for the 

automotive industry. AM technology has the potential to simplify the auto parts manufacturing 

process. It can facilitate rapid prototype based on optimal design and the production of end-use auto 

parts that are light weight directly from 3D models by building layer by layer. However there are 

some limits to the use of AM technology in the real automotive industry involving difficulty to 

control 3D printing quality (deformations, dimensional accuracy, surface finish etc.), requiring high 

mechanical properties and high cost-efficiency. 

 

This paper discusses applications and cases of additive manufacturing in the real automotive 

industry, and research of additive manufacturing to investigate the operational control parameters 

required for fabricating various samples manufactured by the SLS process. Also this research 

analyzes the relation between these parameters and deformation patterns by measuring changes in 



shape and dimension of samples printed by the SLS process. Then we propose a dimensional 

compensation algorithm to give an approximate prediction as to the deformation of 3D printing parts 

and compensate for the CAD model to modify dimensional inaccuracy and deformation for the target 

sample as a pre-processing before starting additive manufacturing by SLS process. The proposed 

calibration algorithm is verified by conducting an empirical experiment and validated with real and 

complex auto parts fabricated by the SLS process        

 

1.3 Outline 
This thesis consists of 5 sections. The background and objectives of the thesis are already 

introduced in section 1. Section 2 presents a review of the relevant literature and shows how to 

decide the optimal AM process with equations for estimating build time and build cost in a variety 

of AM processes.. In Section 3, real case studies of AM technologies in the automotive industry 

are introduced. Section 4 describes a study on the compensating algorithm for minimizing 

dimensional deformation in the SLS process. Finally Chapter 5 is a conclusion to this thesis with 

future research directions. 

  



II. Literature Survey 
 
2.1 Additive Manufacturing process 

Additive manufacturing processes are categorized using 3 terms to clarify which AM machine 

types have processing similarities. Therefore, the AM processes consist of 3 methods: powder based, 

liquid based, and solid based. Figure 2.1 shows a categorized summary of AM processes. In the 

following sections, additive manufacturing processes will be discussed in detail. 

 

Figure 2.1 The categories of additive manufacturing process  
 

 

 

2.1.1 Powder based methods 
Powder based methods are classified as using melting and binding, and directed energy deposition. 

Firstly, melting powder methods among powder based AM processes are explained. Following that, 

3DP (3 Dimensional Printing) using binding methods and directed energy deposition methods are 

discussed.  

  

 



SLS process (Selective Laser Sintering) 

This SLS process uses a carbon dioxide laser beam to sinter powder material on the layer for 

fabricating products. A new powder is spread by roller on the new layer and preheated to a 

temperature slightly below its melting point [10]. The carbon dioxide laser beam follows the cross-

section on the powder surface to selectively sinter and bond it in order to fabricate a layer of the 

product, as shown in Figure 2.2. After sintering the powder, a build platform goes down as the height 

of layer thickness. This process is repeated until completing fabrication. The SLS process allows 

complex 3D features to be built by selectively fusing together successive layers of powdered 

materials without a support structure, and can reuse unsintered powder. 

 

          Figure 2.2 The schematic of Selective Laser Sintering process 
 

 
SLM process (Selective Laser Melting) 

SLM process use a high powered laser to melt metal powder with a high melting point in an inert 

gas chamber to fabricate a solid object based on 3D CAD modeling, as shown in Figure 2.3. 

Fabricated parts, which are built from layer to the new layer as length of layer thickness, are very 

dense and high- temperature resistance. The SLM process makes a good surface finish without post 

processing [11].  

 



Figure 2.3 The Schematic of Selective Laser Melting 
 

EBM process (Electron Beam Melting) 

The EBM process, which is similar to the SLS method, is one of the additive manufacturing 

technologies which uses metallic biomaterials. As described in Figure 2.4, the EBM process 

fabricates product in a vacuum chamber by melting the metal powder layer by layer using a high- 

powered electron beam. The EBM process includes titanium and titanium alloy as materials. 

Fabricated products have a high strength and density for surgical implants [11].  

Figure 2.4 The schematic of Electron Beam Melting 



3DP (3 Dimensional Printing) 

The 3DP process is similar to the SLS process, but jets liquid binder with color ink to 

manufacture products instead of using laser power to sinter powder as presented in Figure 2.5[12]. 

Therefore the 3DP process doesn’t need a heating chamber and has a simple structure compared to 

the SLS process. Also the 3DP process can use a wide variety of colorful polymers. 

 

Figure 2.5 The schematic of 3 Dimensional Printing 
 

 

  



DMD (Direct Metal Deposition) 

The Direct Metal Deposition process, which is called DMT (Direct Metal Tooling), is an additive 

manufacturing technology that uses a high-powered laser beam to melt metallic powder. The DMD 

process is different with other AM technologies using metal powder [13]. This process does not use 

a powder bed but deposits metal powder using a powder feed nozzle with high powered laser beam, 

as illustrated in Figure 2.6 [14]. So it is similar to the FDM process (Fused Deposition modeling) 

which can move the feed nozzle to deposit materials. All kinds of metallic powder can be processed 

by the DMD process, such as steel and aluminum. Also technical metallic material such as copper, 

cobalt, and titanium are available to use. 

 

Figure 2.6 The schematic of Direct Melting Deposition 
 

 

2.1.2 Liquid based methods 
Liquid based methods are divided into the jetting process and the polymerization process. These 

shall be discussed in detail. 

 
Polyjet 

The Polyjet process is the combined inkjet and photopolymerization technology to manufacture 

3D models in Figure 2.7. The Polyjet 3D printer jets layers of liquid photopolymer resin on the build 

tray instead of jetting ink. When the inkjet head deposits photopolymer resin, UV-light instantly 

cures the resin. Also, complex or overhang shapes require support, so this process jets gel type 



polymer onto a support feature. It can accumulate fine layer, so the fabricated parts have a high 

resolution [15]. However, the parts which are fabricated by Polyjet are weaker than other AM 

technologies such as SLS.  

Figure 2.7 The schematic of Polyjet 

MJM (Multi Jetting Modeling)  

Multi Jetting Modeling, which is similar to the Polyjet process, jets photopolymer resin to 

manufacture 3D features on the build tray (Figure 2.8).The print head has many small holes to jet 

droplets of photopolymer and support materials. The jetted photopolymer and support materials need 

curing by UV light to build one layer at a time. One major difference between MJM and Polyjet is 

that the support material is wax. After finishing the printing process, a post process is required to 

remove the wax support. Therefore an oven melts wax away [16].  

 

 



Figure 2.8 The schematic of Multi Jetting Modeling 
 

 

SLA (Stereo lithography Apparatus) 

The SLA process is the first additive manufacturing method invented and is widely used in various 

industries. The SLA method is a process of curing thin layers of photopolymer resin to build parts 

by using a UV laser, as presented in Figure 2.9.  

 

Figure 2.9 The Schematic of Stereolithography Apparatus 



 The UV laser traces a cross section of the 3D model on the surface of the resin. After tracing the 

cross section of one layer, the build platform lowers into the resin as a single layer thickness. This 

process repeats until finishing fabrication of the parts. However, the SLA method requires support 

structures to hold up printed parts and prevents them from collapsing. Therefore printed parts require 

post processing, which is removing the support structures by breaking them or wiping. A wide 

variety of material properties of the photopolymer resin is available to the SLA process. The resin is 

crystal clear, has high impact strength and high heat deflections. Therefore SLS processes are used 

in various industries from the medical field to automotive manufacturing [17].  

 

 

DLP (Digital Light Processing) 

DLP method is very similar to the SLA process. These two methods use a photopolymer resin as 

material to fabricate a 3D model. The main difference between DLP and SLA is the light source 

curing photopolymer. The DLP method uses a conventional light source such as a projector light to 

cure resin [18]. The projector light projects a cross sectional image of the part onto the resin surface 

through a transparent vat. The photopolymer resin is exposed to light and hardens, while the build 

platform ascends [19]. These processes are repeated until the part. Is complete. The DLP method 

also requires post processing to remove support structures. A DLP 3D machine produces parts with 

resolutions under 30 microns, so it has a very high accuracy [20]. 

 

Figure 2.10 The schematic of Digital Light Processing 



2.1.3 Solid based methods 
There are 2 types of 3D printers in the solid based category. One is called Material extrusion which 

extrudes material through a nozzle. This 3D printer is the most common technology for personal 3D 

machines. The other one is Sheet Lamination which combines additive and subtractive technology 

to fabricate a part layer by layer. Each 3D printing process is introduced in detail  

 

FFF (Fused Filament Fabrication) 

Additive Manufacturing technology utilizing the extrusion of thermoplastic material, which is 

called Fused Filament Fabrication (FFF) is the most common and popular method. The process 

works by melting and extruding thermoplastic filament via a heated nozzle. The melt filament is 

deposited onto a build platform as one layer thickness [21]. When the FFF process builds a part 

which has complex and overhang structures, the fabricated part requires support structures. 

Therefore the FFF process needs post processing to break the support structure off. 

 

Figure 2.11 The schematic of Fused Filament Fabrication  
 



LOM (Laminated Object Manufacturing) 

The Laminated Object Manufacturing (LOM) process is an inexpensive and fast method to 

fabricate 3D models in certain kinds of materials such as metal, plastics and copy papers. However, 

the LOM process is mainly used for prototypes, not for production. In Figure 2.12, the sheet material 

is spread by a roller on the build platform. The sheet material is coated with a glue and a heating 

roller heats to melt the glue. A new layer of sheet material is bonded to the previous layer by pressure, 

heat and adhesive. A sharp blade or a carbon dioxide laser is used to cut the sheet material to the 

shape of the cross section from the information of the 3D model. The LOM process doesn’t need 

post processing or support structures. Also, there are no deformations and phase changes during the 

process. However, complex internal cavities and working structures are very difficult to fabricate 

[22]. 

 

Figure 2.12 The schematic of Laminated Object Manufacturing 
 

 

2.1.4 Advantages and disadvantages for each AM technology 
We shall discuss principle features of each Additive Manufacturing process from section 2.1.1 to 

section 2.1.3. There are many different types of AM process, therefore this section summarizes the 

advantages and disadvantages of each AM machine. 

 



Table 2.1 The advantages and disadvantages of each AM process 
AM Process Advantages Disadvantages 

SLS[23,67] 

1. High strength and durability 

2. Available to fabricate sample without 

supports 

3. Recyclability of unsintered powder 

1. Need time for cooling 

2. Need cleaning process to remove 

unsintered powder 

3. Possibility of deformation  

SLM[24] 

1. Excellent dimensional accuracy 

2. Top material properties and 

outstanding density 

1. require strong supports for parts 

2. Need cutting tool to remove build 

plate from the parts 

EBM[24] 

1. Available to fabricate Fine structure  

2. Possibility to stack parts on top of 

each other 

1. Few developed materials 

2. Require Long build time including 

cooling time 

DMD[14,28] 
1. High dimensional accuracy 

2. Available to repair damaged parts 

1. Need support structures 

2. High production cost 

3. Need post-processing to increase 

high surface finish  

3DP [25] 
1. Low cost 

2. Using colorful materials 

1. Need to remove supports 

2. Surface porosity 

Polyjet [25] 

1. High dimensional accuracy 

2. Using transparent material 

3. High surface finish 

1. High cost 

2. Limited build volume 

3. Limited materials 

MJM [26] 
1. High dimensional accuracy 

2. High surface finish 

1. Limited materials such as wax 

2. Slow build time  

SLA [26] 

1. High dimensional accuracy 

2. Using transparent material 

3. Various build volume 

4. High surface finish 

5. Various materials 

1. Need post-curing process 

2. Require support structure 

3. Need to remove supports 

4. High production cost 

DLP [27] 
1. High dimensional accuracy 

2. Low positioning errors 

1. Limited build volume 

2. Fabricate continuous sample 

FFF[21] 

1. Low material cost 

2. Strong parts 

3. Using colorful materials 

1. Low surface finish 

2. Low dimensional accuracy 

LOM[22] 

1. Low production cost 

2. Nontoxic material 

3. Fast build time 

1. Nonfunctioning parts 

2. Low dimensional accuracy 



2.2 Study for optimal selecting Additive Manufacturing process  
 We discussed a lot of different types of additive manufacturing process in section 2.1. There are 

many AM systems, each employing a variety of materials. It can thus be difficult to identify which 

machine, and which material, should be used for optimal effect. A number of researchers have 

studied cost models of additive manufacturing processes compared to traditional processes and to 

develop a reference system for 3D printed products. Also, some of experts have researched speed 

and accuracy evaluation methods and decision making evaluation models for selecting AM 

machines. 

 

2.2.1 Cost model for additive manufacturing 
Hopkinson and Dickens calculated the cost of additive manufactured products based on machine 

costs, labor costs, material costs and certain assumptions. They assumed that an AM machine 

produces a single product for one year and the AM machine operated maximum build volume in one 

build. Additive manufacturing cost is composed of machine costs, labor costs and material costs. 

Also, Hopkinson and Dickens calculated costs for two parts, such as a lever and a cover, using SLS, 

FDM and SLA by compared them with injection molding [29]. 

 

Table 2.2 is a calculation of machine costs. Hopkinson and Dickens assumed an annual machine 

cost per sample where the AM machine depreciated after 8 years [29].  

 

Table 2.2 The calculation of machine costs [29] 

Production volume total per year V 

 E 

  

  

  

  

 

 

 

 

 

 



Table 2.3 shows a calculation of labor costs. These formulae show the build parameters and labor 

costs per part for each AM process. Machine operator costs per hour is assumed to be at an hourly 

rate of 5.3 Euros which was used for injection molding [29]. 

 

Table 2.3 The calculation of labor costs [29] 

  

  

  

  

  

  

 

The methods of calculating material costs for each AM process are different, as shown in Table 

2.4. For the SLA process, Hopkinson and Dickens calculated the weight of the material, including 

support structure per prodcut. However for FDM, they considered the weight of the material per part 

and the weight of the support material per part separately. Calculating the material costs for the SLS 

process a more complex. Therefore, they assumed that unsintered powder doesn’t recycle [29].  

  



Table 2.4 The calculation of material cost for each AM process [29] 

 

  

  

  

 

  

  

  

  

 
 

 

  

  

  

  

  

  

  

  

  

 

 

According to the cost analysis, using injection molding is the most expensive process for 

manufacturing the lever part among AM processes for small volume due to tooling costs. Both SLA 

and FDM processes seem to be more suitable than injection molding for parts up to about 6000. The 

SLS process is a more efficient process than others for volumes up to around 14000. As a result of 

this research, Hopkinson and Dickens demonstrated that traditional manufacturing processes are 

more efficient than AM processes when a high volume of products are manufactured. Also, they 

suggested equations of manufacturing costs for AM processes. [29]  

 

 

 



Atzeni & Salmi analyzed and compared two different technologies for manufacturing metal 

products; namely, the direct metal laser sintering (DMLS) and the traditional high-pressure die-

casting, to consider the geometric possibilities of AM technology and the economic view. In this 

cost analysis, they assumed that the total build volume of the AM machine is operated to fabricate 

the same parts. Manufacturing costs are material costs, processing costs and tooling costs. Processing 

costs include machine cost, part design, labor, and pre-and post-processing. Energy, space rental and 

ancillary equipment are assumed to account for 10% of total cost. The laser sintered part cost is 

computed as a sum of four terms, as shown in table 2.5. In this study, the selected. DMLS machine 

is EOSINT M270. The researchers assumed that depreciation of the AM machine is 5 years. They 

redesigned real landing gear of a 1:5 scale model for a DMLS machine in order to compare with 

high-pressure die-casing., the breakeven point for production is estimated at around 42 landing gear 

assemblies made of aluminum alloy. Landing gears fabricated by DMLS are produced within 60 

hours directly from a 3D model, however producing molds of die casting for manufacturing landing 

gear takes a few weeks. This research verified that AM technology is suitable for small to medium 

build volume production of end-usable metal parts. [30] 

  



Table 2.5 The equation of laser sintered part cost [30] 

Number of parts per one build  N 

Material cost per kg EUR/kg M 

Part Volume mm3 V 

Density of sintered material g/ mm3 D 

Mass of material per part Kg  

Material cost per part EUR  

Machine operator cost per hour EUR/h O 

Set-up time per build Hour A 

Pre-processing cost per part EUR  

Depreciation cost per year EUR/year C 

Hours per year Hour/year H 

Machine cost per hour EUR  

Build time Hour T 

Machine cost per build EUR  

Processing cost per part EUR  

Machine operator cost per hour EUR/hour O 

Post-processing time per build Hour B 

Heat treatment cost per build EUR HT 

Post-processing cost per part EUR  

Total cost per assembly EUR  

  



Brett P. Conner et al. proposed a reference system which describes the key properties of a product 

to determine the manufacturability, such as complexity, customization, and production volume. They 

also suggested a calculation method for developing customization and complexity scales to 

determine their levels. As shown in Figure 2.14, each of the three properties describes each axis of 

a cube composed of 8 regions, representing any manufactured product regardless of how it is 

produced. [31] 

 

Figure 2.13 The map of additive manufacturing products [31] 
 

 

Region 1(mass manufacturing) is conventional manufacturing equipment that can produce low 

customization and low complexity products more cost efficiently than additive manufacturing 

technology. In region 2 (manufacturing of the few), manufacturers can choose the AM technology only 

if it provides the lowest cost and the shortest manufacturing time. In region 6 with customized molds 

for producing dental products, the AM technology is the best choice for fabricating unique products in 

production of high volume. The products which have a high complexity factor value and low build 

volume, such as suspension parts, are in region 3. In this case, the AM technology for fabricating 

suspension parts is a more cost efficient method. Brett P. Conner et al. proposed a reference system for 

evaluating products properties and their suitability for the additive manufacturing. This reference 

system helps business leaders to determine manufacturing methods. [31] 

 



2.2.2 Decision making model for selecting AM process 
Yim & Rosen introduced build time and cost for selecting optimal AM process. Therefore, 

manufacturers can compare and select candidate AM processes based on models of build time and 

cost that are calculated from geometric information including bounding box of parts and its volume. 

The build time model is based on a generalized parameter of AM processes such as laser-based 

scanning and filament extrusion. Also they tested the build time model by comparing each AM 

process to the measured build time of parts fabricated by real AM machines. Yim & Rosen suggested 

that the build time models is composed of 3 major contributions including recoating time ( ), 

material processing time ( ) and delay time ( ). Equation (2.1) shows the build cost model. [32] 

              (2.1) 

 

The recoating time ( ) is calculated by multiplying the number of layers ( ), and each 

recoating layer per time of part and support ( ). Therefore  is as shown in Equation (2.2). 

[32] 

   (2.2) 

 

Delay time ( ) is computed by the total time of delays before and after scanning each layer and 

start up time. Equation (2.3) shows delay time model. [32] 

   (2.3) 

 

The average cross section area  for each layer is based on bounding box and a correction 

factor which is called area function , as shown in Equation (2.4). [32]  

 

 

 

(2.4) 

 

Also the total scan length (  is calculated by using  

in Equation 

(2.5). [32] 

 (2.5). 

 



The average scan speed  is calculated by the weighted sum of scan speed (  and jump 

speed (  as shown in Equation (2.6). The jump speed means a beam speed when the beam just 

moves between parts. [32] 

    (2.6) 

 

Therefore, the total Material processing time ( ) is computed by the total scan length divided by 

the average scan velocity in Equation (2.7) [32] 

      (2.7) 

 

Yim, S., & Rosen compared prediction from the build time model with the actual build time. As 

a result, the build time estimation is similar to the actual value for choosing suitable AM machines. 

They said that the build time and cost model should be improved for developing the accurate process 

parameter of each AM process. [32] 

 

Robeson et al. evaluated the capability of five personal AM machines based on the ability to 

produce a standard part. They designed the standard parts and fabricated them by each AM machine, 

they then evaluated the ability of each machine based on build time, material consumption, 

dimensional accuracy and surface finish. They also developed a method for estimating and ranking 

AM processes based on selecting criteria. The final goal of this study is to allow a user to decide 

which AM machine would be suitable for fabricating products. [33] 

 

Zhang and Bernard proposed an integrated decision-making model for multi-attribute decision 

making (MADM) problems in AM process. They analyzed the demerits of the former method and 

proposed 2 decision-making models such as the deviation model and the similarity model. The 

previous sub-model purposed to estimate the deviation of each alternative for expected aims based 

on analyzing Euclidean distance. However the proposed model not only estimates the distance 

deviation of alternative but also analyzes the shape difference between predicted goal and 

alternatives by studying the curve shape of each alternative. The researchers verified the proposed 

decision making model by conducting a case study is more effective than the previous method for 

solving MADM problems in the AM process planning. [34] 

  



Brajilih et al. devised a general method for evaluating the speed and accuracy of additive 

manufacturing machines and comparing them objectively. They defined a general schematic 

describing all AM machines currently available and designed a test part to measure and estimate the 

accuracy and speed of each AM machine. The researchers verified that volume ratio and tray ratio 

describing machine build yield influence the speed of AM machines considerably. [35] 

 

2.3 Deformation and dimensional accuracy issues of AM 

machines 
Every product fabricated by AM process has deformation and dimensional accuracy issues 

involving SLS process. Therefore, many researchers have recognized the significance of the 

deformation issues and have attempted to solve these issues. Soe et al. demonstrated shrinkage issues 

in the z-axis of products fabricated by the selective laser sintering process with polyamide-12 

material. As a result, z-axis shrinkage is nonlinear and related to thermal inconsistencies in the build 

chamber of SLS machines. The z-axis shrinkage occurs in every build, whereas placing products in 

the center of the build chamber can improve the linearity of the z-axis shrinkage. Shrinkage can 

occur when the sintered polymer powder is cooling down. [36]  

 

Goodridge et al. reported that the degree of shrinkage in laser sintered products is determined 

depending on material properties, build temperature laser processing parameters and cooling rate, as 

well as the position and size of products. The authors use a standard test piece to measure shrinkage 

and apply a set material scaling factor to next build process to compensate for shrinkage and to 

maintain dimensional accuracy. However, the fact is that shrinkage is linked to geometry and build 

parameters, which isn’t a constant figure. They also reviewed the shrinkage in parts increases by 

increasing scan speed and scan spacing, whereas decreases by increasing layer thickness, laser power 

as well as delay time and part bed temperature. [37] 

 

Bourell et al. discussed that inconsistency of build platform accompanied with irregular powder 

particle can cause incomplete melting, porosity, and particle coring. These microstructural defects 

result in anisotropic and unbalanced mechanical properties of products fabricated by AM process. 

They also fround that small powder size can produce fine and sophisticated features without 

agglomeration, and large sized particles require more laser energy to melt than small ones. Therefore 

these variations of powder size can result in dimensional accuracy issues based on the complete 

melting of small sized powder and incomplete melting of large sized powder. [38]  

  

 



The dimensional accuracy of 3D printed products shows the degree of comparison between the 

manufactured dimension and its designed specification. Islam et al [41] researched the dimensional 

problems of products fabricated by AM processes. They pointed out that additive manufactured 

prismatic components have two types of errors including variation in hole-diameter and linear 

dimension. The researchers observed that all dimensions in the XY-plane are undersized whereas all 

dimensions in the z axis are oversized. Wu et al [42] observed that in-plane tensile residual strains 

result in additive manufactured parts to deform spherically with the peeling-up phenomenon at the 

edge of products. 

 

Residual stress is one of the main factors in additive manufacturing processes that causes 

deformation issues. Mercelis and Kruth investigated residual stresses in selective laser melting and 

selective laser sintering to avoid problems related to residual stresses. They found that the residual 

stress affects the dimensional stabilization, in which shape and magnitude depend on a variety of 

factors including the laser scanning strategy, material properties, part height and the heating 

condition. [40]  

 

As AM manufacturers have recognized the dimensional accuracy and deformation issues of AM 

machines, they provide the scaling factor for STL format, which is a CAD model, to compensate for 

the shrinkage of printed products. The STL format is standard and widely used for operating various 

AM processes. The STL format is composed of an unordered set of triangles. The triangles are 

identified by a normal vector and 3 vertices. Garden reviewed that small sized triangles of STL 

format can be closer to the real CAD model, because converting an algorithm replaces the continuous 

contours with discrete stair steps. [39]  

 

Chen et al. suggested a new anti-deformation compensation method to decrease deformation of 

composite parts using a mathematical model. This model is composed of a dimensional prediction 

model that is developed to estimate the residual stress of composite parts during the curing process 

and anticipates the distortion of parts, and a compensation model that provide basis for redesigning 

the composite parts before manufacturing process. [43]  

 

Section 4 in this study develops a systematic dimensional calibration algorithm compensating for 

an original STL file based on literature reviews. This algorithm provides a dynamic scaling factor 

based on analyzing a regression model for samples fabricated by the SLS process, instead of 

suggesting a single scaling factor to reduce shrinkage and dimensional distortion. 



III. Additive manufacturing applications 
for the automotive industry 
 

3.1 Current AM applications for automotive industry 
A lot of automotive companies have operated additive manufacturing technology for various 

purposes at different steps of vehicle’s development and manufacturing process, as shown in Figure 

3.1. Currently the automotive companies use AM technology to evaluate pre-production vehicle 

parts. Although many automotive companies try to use the AM process for final production parts. 

Using the AM technology for final parts is limited to a few vehicles, such as Local Motors’ STRATI 

and URBEE, which are manufactured in very low volumes. AM technologies have been used to 

fabricate jigs, fixtures and customized tools. Also, auto companies try to use various AM processes 

for developing customized assembly tools and manufacturing tooling parts.  

  

Figure 3.1 AM applications classified by vehicle development process in the automotive industry 
 

  



Additive manufacturing applications in automotive industry can be separated into three major 

sections such as vehicle components, tools and tooling. These products, fabricated by AM processes, 

are intended for prototypes, for mass-production, and for complete vehicles, as shown in Figure 3.2. 

Each fabricated product for each usage has different requirements. For example, both vehicle 

components and tooling parts require high dimensional accuracy and durability. For tooling and tool 

parts, the required mechanical properties of tooling and tool parts are most important. On the other 

hand, for vehicle components of prototypes, spending build cost and build time are the most 

significant requirements. In the following sections, each case of AM applications in the automotive 

industry will be discussed in detail. 

 

.

Figure 3.2 Additive Manufacturing applications depending on purpose in the automotive 
industry  



3.1.1 Prototype 
Making prototypes for review and test is a very significant procedure in the vehicle development 

process. A 3D printed prototype is a sample for reviewing the design of vehicle components or tool 

parts and for evaluating the functions of products. Auto makers should manufacture prototypes of 

same components and tool parts multiple times during the vehicle development process due to design 

improvement, functional test and inspection of assembly. A vehicle, which is an exceedingly 

complex system, is comprised of ten thousand of components that are interconnected with each other. 

Also manufacturing a vehicle is a very complicated process, requiring many tools. Therefore, it is 

highly significant for the auto makers to fabricated prototypes with saving cost and build time. 

 

Case 1: AMP Research used the FDM printer to develop concepts of Alloy fuel Door for GM 

Hummer H2 sport utility vehicle such as Figure 3.3. AMP Research was able to fabricate physical 

prototype of the fuel door made by durable ABS plastic fast and easily during design process for 

evaluation. They also could reduce developing process time of Hummer H2 fuel door in one weeks. 

[44] 

  

Figure 3.3 3D Printed Hummer H2 fuel door by AMP Research [44] 
 

 

  



Case 2: Hanil E-Hwa Company which specialized in automotive interior components for various 

vehicles, operated FDM process to prototype door trim panel for assemble inspection, design and 

quality confirmation as shown in Figure3.4. They also has saved more than $830,000 in fabricating 

prototype expenses for 5 years. [45] 

 

 

Figure 3.4 The prototype of Door trim part printed by FDM [45] 
 

Case 3: Hyundai Mobis that manufactures original and aftermarket components for the automotive 

industry. The company operated a FDM machine for making auto parts including instrument panels, 

air ducts, gear-frame bodies, and stabilizer-bar assemblies. Hyundai Mobis made an instrument panel 

fabricated by FDM process with ABS material for design verification. Figure 3.5 shows that the 

instrument panel exceeded build volume of FDM machine thus, this part was divided 4 pieces and 

assembled to measure 496*454*1382 mm. after mounting instrument panel in the cockpit assembly, 

the company found 27 minor design errors. Therefore the automotive company was able to avoid 

additional expenses and save developing process time. [46] 

 

 
Figure 3.5 The 3D printed dashboard by Hyundai Mobis [46] 



Case 4: Volvo Construction Equipment (VCE) that is one of the best manufacturers of construction 

equipment designed new water pump housing for the company’s A250G and A30G articulated 

haulers. The engineers of the company need prototypes of new water pump housing to conduct 

functional test for validating the new design. They manufactured the new water pump housing by 

using Polyjet process with transparent material as illustrated in Figure 3.6. The fabricated prototype 

parts passed water flow and pressure test. The 3D printed parts costed only $770 and took 2 weeks, 

instead of using traditional methods which cost $10,000 and took 20 weeks. [47]  

   

 

Figure 3.6 The additive manufactured water pump housing by Polyjet [47] 
 

 

Case 5: VALEO Shashi A/C that produced 1 million sets of automotive air conditioning systems or 

components decided to use Polyjet process for improving high dimensional accuracy and quality 

with less cost and time. The engineers of VALEO said that using 3D printer for manufacturing 

prototypes can reduce time from 21 to 24 days to only 1 or 2 days including cost saving of up to 

90%. [48] 

 

Figure 3.7 The prototypes of automotive air conditioning components by Polyjet [48]
 

  



Case 6: Design studio of Bentley has used Polyjet machines to manufacture any detail on the interior 

and exterior parts of vehicles. The design team can produce full-sized parts as well as small-scale 

models that mix different materials without assembly for inspection before producing on the 

assembly line as shown in Figure 3.8 (a). The design team can produced rubber-like products with 

controlling a variety of different tensile strength and different levels of hardness, elongation by using 

Polyjet process and multi-materials in Figure 3.8 (b). [49] 

 

 
Figure 3.8 (a) small scaled grill printed by Polyjet, (b) rubber-liked tire and rigid wheel in one 

piece by Polyjet [49] 
 

 

Case 7: GM (General Motors) said that the Malibu development team used AM machines including 

SLS and SLA processes to develop Malibu’s floor console which features a pair of integrated 

smartphone holders for driver and passenger in Figure 3.9. Also they said that AM technology can 

accelerate Malibu’s development process at a much lower cost and time than traditional process in 

the past [50] 

 

Figure 3.9 (a) The Prototype of redesigned floor console printed by SLS, (b) The real floor 
console [50] 



Case 8: GM Korea has used SLS process to manufacture various prototypes of jig and fixture for 

evaluating usability in real production line. The company can save 75% build time and about 45% 

cost for fabricating tools in comparison to traditional manufacturing methods.  

 

Figure 3.10 The assembly tool printed by SLS process 
 

 

3.1.2 Vehicle components _ Mass-Production 
Many auto companies make an effort to use AM technology for manufacturing vehicle 

components, because the AM technology enables the fabrication of complex structures with light 

weight and functioning parts in a single build. However, using AM technology for real production 

confronts many limitations of printing quality, durability, cost, build time and mass production. The 

automotive industry should make a complete vehicle and components in few minutes for high 

volume production. On the other hand, additive manufacturing needs few days to produce high a 

volume of vehicle compartments. The gap between AM processes and traditional manufacturing 

processes for mass production is enormous. Therefore automotive companies recognize the 

limitations of AM processes and only use them to fabricate customized components and parts in low 

volume. 

  



Case 1: English Racing needs a new pulley of Mitsubishi 4G63 race engines to maximize engine 

performance. The original pulley is cast part, which requires a mold and tooling to make a mold with 

high cost and time. Therefore they decide to use metal 3D printer to make the new pulley as presented 

in Figure 3.11. The initial working prototype of the pulley take 5 hours to fabricate. Then the part is 

installed on the Mitsubishi 4G63 engine within 3 days. After the first pulley part was tested, they 

also use the metal 3D printer to manufacture 35 additional parts for different race applications. [51]  

 

Figure 3.11 The working porotype pulley printed by DMP (Direct Metal Printing) [51] 
 

  

Case 2: BMW use SLM (Selective Laser Melting) process to create water pump wheel for DTM 

(German Touring Car Masters) race cars on Figure 3.12. BMW’s engineers said that a procedure for 

fabricating the water pump wheels creates a physical feature from a generative layering process 

consisting of laser-melted metal powder in 0.05 millimeter increments. Also they mentioned that 

complex tools or molds aren’t required, which makes the demand-oriented production more cost-

efficient. [52]  

 

 

Figure 3.12 the prototype of water pump wheel printed by SLM [52] 



3.1.3 Tools _ Mass-Production 
General assembly tools include jigs, fixtures, grippers, gauges and clamps, which are made with 

metal. Such tools are very heavy and difficult to keep in good condition when workers handle them 

to assemble vehicle parts. Also, the tools which are made by traditional manufacturing processes 

cost a lot of money and time to produce. The automotive industry uses AM machines with composite 

materials to overcome problems of traditional manufactured tools, including heavy weight, high cost, 

and difficult maintenance. Additive manufacturing technology brings some advantages for tools in 

the following ways: 

 

- AM technology can make light weight and high strength tools using composite materials 

(carbon fiber), lattice structure, and honey comb structure, which are impossible to make by 

traditional manufacturing process. 

- AM technology enables fabrication of tools with a complex geometry that bring low cost and 

short build time. 

- AM technology enables the manufacturing of tools without drawings, by conducting reverse 

engineering. Therefore it is easy to change or repair old tools without their drawings. 

- AM technology can make one assembly tool instead of fabricating and combining multiple 

pieces. 

 

Case 1: German car manufacturer BMW make 3D printed thumb guard for car-plant workers as 

illustrated in Figure 3.13. The 3D-printed thumb guard functions as a support brackets for the 

workers’ thumbs, reducing strain and helping them to fit certain vehicle components into the more 

easily. Each unique thumb is created as a custom orthotic device using a portable 3D scanner, which 

captures the size and shape of each line-worker’s thumb. The scan data is used to build up the unique 

thumb guard made of a semi-flexible thermoplastic polyurethane plastic – a hybrid material mixture 

of hard plastic and soft silicone – which is fabricated by selective laser sintering process. [53] 

 
Figure 3.13 The 3D printed thumb guard for car-plant workers [53]



Case 2: Opel uses 40 assembly tools from 3D printer in production of ADAM ROCKS. An Opel’s 

team led by Virtual Simulation Engineer operates AM machines to produce plastic assembly tools 

in Rüsselsheim factory in Germany. Additive manufactured tools reduce production time and costs 

by 90%, and are up to 70 % lighter in weight than previous tools. Opel’s workers use a 3D printed 

assembly jig to attach the vehicle name logotype on the side window. A 3D-printed inlet guide is 

also used to simplify the mounting process and help ensure a precise alignment for windshield. Other 

printed tools are used to bind the chrome step plate on ADAM ROCKS door openings and set up the 

standard Swing Top canvas roof as described in Figure 3.14. According to Opel, 3D printed tools 

has been used in the production of the Opel Insignia and Cascada. Also Additive manufactured tools 

will be applied to assembly line of other Opel models step by step. [54]     

 

Figure 3.14 The assembly tools from 3D printer in production of ADAM ROCKS [54] 
   



Case 3: Volvo Trucks is a global truck manufacturer based in Gothenburg, Sweden. The company is the 

world’s second largest heavy-duty truck maker. Since Volvo Trucks apply AM technology to their 

engine production process, the company has reduced production time of critical assembly line 

manufacturing tools up to 94%. Volvo Trucks 3D printed more than 30 different tools for use by 

production line workers in three months including the durable, lightweight clamps, jigs, supports, and 

ergonomically-designed tool holders such as Figure 3.15. The manufacturing director of Volvo Trucks 

said that manufacturing a variety of tools takes just 2 days by using 3D printer with ABS thermoplastic 

instead of operating conventional process with metal. [55] 

  

 

Figure 3.15 The support tools and customized clamp printed by FDM process [55] 
 

  



Case 4: Solaxis fabricated an automotive assembly jig with additive manufacturing, reducing weight 

and improving accuracy as shown in Figure 3.16. They said that the overall design and 

manufacturing cycle time of tool is 16 to 20 weeks with traditional method, but the cycle time is 3 

to 5 weeks with AM process. Jigs used to assemble vehicle components have some disadvantages: 

Jigs are made of heavy metal up to about 60kg, which is too heavy for a single operator to handle 

and move easily. The company designs and produces jigs for automotive suppliers, which operate 

them to assemble high volume plastic door seals. In addition, the company operate AM machines to 

produce the 3D printed jigs that are over 40kg lighter than previous jigs. It also cut manufacturing 

cycle time by at least two thirds compared with traditional methods. The 3D printed Solaxis jig, 

which is 34 inches by 22 inches, and weighs just 12kg, is light enough for anyone to pick up and 

handle. Moreover, assembly line operators can save an average of 4 seconds per cycle by using the 

3D printed assembly tools. The workers conduct 250,000 cycles a year to assemble the door seals. 

Accordingly the supplier companies can save hundreds of hours in labor time a year. [56] 

 

Figure 3.16 The Automotive assembly jig built in FDM process with ULTEM 9085 and Nylon 12 
material [56] 

 

 

Case 5: BMW has identified that the AM process can substitute for the traditional metal-cutting 

manufacturing process such as turning, milling, and boring. The company uses FDM process to 

increase the ergonomics of hand-held assembly tools for enhancing productivity, ease of use, and 

process repeatability as illustrated in Figure 3.17. FDM process allows engineers to create the 

freedom of design that increases handling, cuts weight, and improves strength. BMW’s engineers 

reduce the weight of a tool by 72 % with a hollow structure and replacing the solid core with internal 

ribs cut 1.3 kg from the tool. The jig and fixture team of BMW has created a simple flow chart to 

determine when FDM process is suitable to produce tools. The criteria are temperature, chemical 



exposure, dimensional accuracy, and mechanical properties. 3D printed tools made of ABS materials, 

which is similar to polyamide, satisfy the criteria. In addition, BMW’ engineer says that AM process 

will take on increasing significance as a substituted manufacturing process for vehicle component 

produced in small volume. An example is a tool created for attaching bumper supports, which 

features a convoluted tube that bends around obstructions and places fixturing magnets exactly 

where needed. [57] 

 

Figure 3.17 The hand-held assembly devices printed in the FDM machine [57] 
  

3.1.4 Manufacturing Tooling _ Mass-Production  
Rapid tooling widely refers to the mold-making process with AM processes that are able to make 

tools fast and at low cost. Rapid tooling can reduce partial processes of injection, casting and 

stamping, and the rapid tooling can be divided into two forms:  

- Direct tooling 

- Indirect tooling 

Direct tooling describes additive manufactured objects that replace the traditional tooling means. 

The direct tooling process uses metal based AM machines such as DMLS and SLM processes to 

create dies for casting and molds for injection molding. The advantage of direct tooling is cutting 

manufacturing time, creating complex structure that is not impossible in traditional processes, and 

saves manufacturing costs up to 60% compared to traditional mold-making process.  

 

Indirect tooling describes creating an additive manufactured pattern as mean for production of an 

actual tooling. This process can be used in prototypes and production by making a sand pattern for 

an engine block and a pattern for injection molding. The figure 3.18 shows the schematic of indirect 

tooling and direct tooling processes. [58] 



 
 

Figure 3.18 The schematic of Indirect tooling and Direct tooling applications in the additive 
manufacturing [58] 

 

Direct tooling and indirect tooling processes with AM technology have a variety of advantages 

including reducing manufacturing cycle time and cost. However these two processes still have 

challenges to maintain quality stability such as size, accuracy and surface roughness.  

  



Case 1: The Imperia GP Roadster reborn a legend with entirely new technology. This car has power 

from a 1.6 L turbo gasoline engine with 200 HP, and an electric motor with an output of 150 HP. The 

Imperia developers decide to use binding jet because binder jet printer can create a sand molds for 

the gearbox of Imperia in a few days in contrast to the traditional manufacturing process of molds 

which takes several weeks to create core box or model plates as shown in Figure 3.19. The binding 

jet process makes very smooth surface quality so the quality of casting part also has good quality 

without defects. [59] 

 

Figure 3.19 (a) The 3D printed sand mold ready for casting, (b) The aluminum casting result 
from the 3D printed sand mold [59] 

 

 

3.1.5 3D printed Vehicle 
Many startup companies and research groups have tried to develop 3D printed vehicles by 

operating Big Area Additive Manufacturing (BAAM) machines. In addition, they already succeeded 

in developing their concept vehicles with 3D printing.      

 

Case 1: Local motors showed the world’s first 3D printed vehicle ‘Strati’ on the International 

Manufacturing Trade Show in Chicago. This electric vehicle for 2-seater is all 3D printed by BAAM 

machines except mechanical components including motors, tire, suspension, and battery with 

following Figure 3.20. The Strati is developed for sale of customized 3D printed vehicles. Oak Ridge 

National Laboratory and Cincinati Incorporated design and manufacture Big Area Additive 

Manufacturing machine for Strati, and Sabic develops carbon fiber reinforced ABS material for 

fabricating Strati. The Carbon fiber reinforced ABS material that is composed of 13% carbon fiber 

and 87% ABS plastic is eco-friendly material, because the composite material can be recycled by 

remelting the material. This car is only composed of about 40 components as compared to general 



vehicles that have 20,000 components. In addition, the weight of printed Strati is just 200kg except 

mechanical components. The manufacturing process of the Strati is divided into 3 steps. First step 

is additive manufacturing body of Strati by BAAM machine which can print up to 3m in length of 

objects. Second step is milling process to make good surface quality and improve dimensional 

accuracy. Last step is assembly process to assemble mechanical components such as battery and 

motor to strati body. The manufacturing process time takes total 5 days, including 44hours for 

printing body, 1day for milling process and 2days for assembling components. Strai can drive about 

190 ~ 240km in a full charge of battery with up to 64km/h. [60,61] 

 

Figure 3.20 (a) The BAAM machine, (b) The BAAM machine is fabricating ‘Strati, (c) 3D 
Printed ‘Strati’ [60,61] 

 

  



Case 2: Oak Ridge National Laboratory 3D printed a replica of a vintage 1965 Shelby Cobra sports 

car by using BAAM machine developed by ORNL and Cincinati Incorporated. This Shelby Cobra 

is not completely additive manufactured. However 3D printed parts made of 20% carbon fiber 

composite material accounts for 230kg among total weights 635kg. 3D printed parts are the shell, 

the support frame, the headrest brackets, the passenger monocoque, and the grille as shown in Figure 

3.21. According to ORNL, the entire process for building the Shelby take only six weeks, including 

24 hours to print the Cobra's parts, 8 hours to print the tooling components, and 4 hours to machine 

the bodywork by the Knoxville-based TruDesign.[62] 

 

Figure 3.21 (a) The BAAM machine is printing the part of Shelby, (b) The printed parts, (c) The 
3D printed Shelby [62] 

  

Case 3: Urbee was the first prototype car which has its entire exterior 3D printed in 2010 with 

following Figure 3.22. The engineers of Urbee used FDM process to reduce manufacturing cost and 

time for eco-friendly Urbee. This vehicle describes urban electric vehicle with ethanol fuel for two 

passenger. This vehicle is designed to be capable of reaching more than 85km/L on the highway and 

43km/L in the city. [63] 

 

 

Figure 3.22 (a) The printed frame of Urbee, (b) The completed Urbee [63] 



Case 4: Formula Group T designed and built Areion that is a small electric race car to compete with 

other universities’ team. They 3d printed the body of Areion using the Mammoth SLA machine 

which can print an area of 2100*680*800 mm as presented in Figure 3.23. In addition, the team 

made vehicle parts made of SLS and FDM such as complex cooling channels. [64] 

 

  

Figure 3.23 The 3D printed components of Areion [65]  



Case 5: the start-up company – Divergent Microfactories made a Blade which is the world’s first 

3D printed super car. Divergent use 3D printing technology to make a chassis of the vehicle instead 

of using traditional manufacturing process with following Figure 3.24. The chassis of Blade is 

composed of carbon fiber tubes and 3D printed aluminum chassis joint called Node. The node is 

made by using a laser sintered printing system that melts aluminum powder to fabricate a joint. This 

assembled chassis weighs 90 % less than an average car chassis. The chassis of general vehicle 

weighs over than 453kg, while the new chassis weighs 45kg including 28kg of 3D printed nodes and 

17kg of carbon fiber tubes. Blade has a 700hp bi-fuel (gasoline/CNG) four-cylinder turbo engine 

and the ability to sprint from 0 to 100 km in a two seconds. Divergent says that node-based chassis 

manufacturing system can be used to build a pickup truck as a sports coupe easily and this 

manufacturing system can reduce required space, manufacturing time and cost for automotive 

manufacturing. [66] 

 

Figure 3.24 (a) The 3D printed aluminum NODE, (b) The assembly of NODE and Carbon fiber 
tube, (C) The finished super vehicle [66] 

  



3.2 Assisting tool for selecting an appropriate AM machine and 

material 
Many automotive companies has possessed and operated a variety of AM machines and materials 

to make auto part prototypes and assembly tools for design review or physical tests on vehicle 

development processes. Therefore there are many different AM machines with different methods 

available. Each different AM process has its own advantages and disadvantages. For example, the 

SLS (Selective Laser Sintering) process, which uses a laser to sinter powder material, can make a 

high strength sample without a support structure, while it has low stability of dimensional accuracy 

and cooling time. The SLA process which use UV lasers to cure photopolymer resin has high 

dimensional accuracy and is able to use transparent material, however it needs post curing process 

and support structure, and is high cost.  

 

Engineers and designers who need to use AM process for their work in the automotive company 

have practical challenges to find the right AM machine and materials for auto parts and tools. They 

have chosen proper AM machines and materials depending on a trial and error-based approach, as 

shown Figure 3.26. Accordingly, it is easy to waste their time and resources. Also they can’t get a 

good quality of auto parts and tools from the AM machine. 

Figure 3.26 The existing challenge for selecting a proper AM machine and material 

  



Some automotive companies want to solve this inefficient trial and error approach to finding the 

proper AM machine and material. They tried to develop an assisting tool which aims to help the 

engineers and designers who need to decide on the right pair of AM machine with material and 

proper auto parts and tools effectively and efficiently. This assisting tool can help find the proper 

match of AM machine with materials for auto parts rapidly and accurately, and avoid bad decisions 

leading to inappropriate machine and material purchase. In addition, the tool has the possibility to 

become a standard template for future development.  

 

Figure 3.27 The concept of Assisting tool 
 

    

  



3.2.2 System architecture of Assisting tool 
The system architecture of the assisting tool is composed of 3 sections: input, main process part, 

and output, as shown in Figure 3.28. In the input section, a user inputs required dimensional 

information involving max X, Y, Z dimensions, volume and quantity needed for a given auto 

component or a tool which needs to be produced. Additionally, the user enters the required resolution 

level of the AM machine, which means quality of printed product. The quality of printed product is 

related to manufacturing cost and time. Thus the user needs to input the suitable level for production 

purposes.  

 

After the user enters information, the main process part of the assisting tool calculates the total 

volume of the bounding box for the given auto component or tool. The tool then suggests a list of 

AM machines which accommodates the input information of the given auto component or tool. 

Following that, the user selects the best machine from the list, while provides required mechanical 

properties of the given auto component or tool such as tensile strength, tensile modulus, elongation, 

etc. Subsequently, the assisting tool provides a list of AM materials matching the required 

mechanical properties and the selected AM machine, and calculates the material cost for fabricating 

the auto component or tool. 

 

In the output section, this tool shows analysis result that refers to specifications of the selected 

AM machine, details of the selected AM materials and the estimated material cost. The user can 

decide the optimal AM machine with the appropriate material, comparing detailed information of 

AM materials with each material cost easily, avoiding a trial and error approach.  

 

 
Figure 3.28 The system architecture of Assisting tool  



3.2.3 Illustration of the Assisting tool   
An illustration of the assisting tool follows the system architecture of the assisting tool in section 

3.2.1. The assisting tool consists of 5 steps, as in Figure 3.30. The first step involves a user inputting 

dimensional information of an auto component that the user wants to fabricate by AM machine. The 

user decides to print a tail lamp part. Then the user enters the dimensional information of the tail 

lamp part. The assisting tool calculates the total volume of the bounding box for the tail lamp. The 

definition of bounding box means that each edge’s length of bounding box is equal to the maximum 

part’s dimensions in each axis, as shown in Figure 3.29. 

 

Volume of bounding box: 

     (1) 

Total volume of bounding box: 

  (2) 

 

This tool predicts the required net build volume of the AM machine depending on the total volume 

of the bounding box for the tail lamp.  

 

Figure 3.29 The concept of Bounding box 
 

 

The second step involves the user deciding the level of printing quality for the AM machine. The 

printing quality level is divided into 3 groups such as very high resolution, high resolution, and 

medium resolution. Generally, the printing quality of an AM machine is influenced by the layer 

thickness of the AM machine. Thus, very high resolution refers layer thickness from 0.05 to 0.08.  



The third step of the assisting tool shows the user a suitable list of AM machines which includes 

the total volume of the bounding box for the tail lamp and the required resolution. Then the user 

selects an AM machine from the list and goes to the fourth step.  

In the fourth step, the assisting tool loads a list of available AM materials from the selected AM 

machine in step 3. Subsequently, the user inputs the requiring mechanical properties of tail lamp. 

This tool suggests the proper list of materials which accommodates the given condition of tail lamp 

among the entire materials. The user then chooses the provided materials and proceeds to the last 

step.   

The last step represents an analysis result about the specifications of the selected AM machine, 

details of the selected AM materials and the estimated material cost for finding the right pairing of 

AM machine and material. The material cost is a major factor in deciding a proper AM machine and 

material among a variety of AM machines and material pairings due to considerations of economic 

efficiency. Equation (3) refers to a calculation of estimated material cost.  

   (3) 

Finally, the user can decide the optimal AM machine with material comparing detailed 

information of AM materials with each material cost for producing a tail lamp easily without a trial 

and error approach. However, this assisting tool for finding the proper AM machine with material 

for auto parts or tools is not a perfect tool to use promptly in the real auto industry. Therefore we 

particularly need to improve it.  

 

  
Figure 3.30 The process of Assisting tool 



IV. Study on dimensional deformations 
in AM technology for automotive 
industry 
 

The 3D printed Auto components and tools require different 3D printing qualities depending on 

their use, such as design reviews, functional tests, and measuring Gap & flush. In the case of design 

reviews, the printing quality of parts is not important for designers. However, for tools to measuring 

Gap & Flush of assembled parts, the printing quality of tools such as dimensional accuracy, surface 

finish and deformation is highly significant, because the tools are assembly criteria deciding whether 

assembled parts are defective or not. Although these tools require very high dimensional accuracy 

and low surface roughness, various AM processes can’t satisfy the precise manufacturing conditions 

like a CNC. Therefore, many researchers have studied deformation factors of 3D printed objects in 

a variety of AM processes, and various methods to enhance 3D printing quality including surface 

finish and dimensional accuracy for producing auto parts and tools efficiently and effectively. 

Particularly, the automotive companies have used SLS process which can fabricate parts more 

strength than other processes to manufacture their auto parts and tools. We have researched studies 

to improve additive manufacturing quality of products printed by SLS, and will introduce the studies 

in the following section.    

 

4.1 Systematic dimensional compensation algorithm for 3D 

printed parts in Selective Laser Sintering process 
We fabricated a crank and an engine block using the SLS process to compare them with each 

original CAD model. The outcomes of printing 3D models get shape distortions and dimensional 

deformations, as shown Figure 4.1. We observed that the major deformation is a convex, downward 

curling deformation. We tested several samples repeatedly and found the same result. Generally, 

most additive manufacturing processes have deformation issues, including the SLS process. To solve 

these deformation issues, a lot of research has been conducted. However, the results of this research 

are not enough to provide solutions to the deformation issues of printed products. In this paper, we 

aim to discuss a systematic dimensional compensation algorithm by observing and analyzing the 

dimensional distortion patterns of 3D printed products in the SLS system (using 3D Systems’ sPro60 

SD in UNIST). Firstly, the test samples with simple shapes are manufactured to estimate the 

reference of dimensional deviations in the SLS process (sPro60 SD). Secondly, the deformation 

patterns of test samples printed by the SLS process are measured by a Formtracer, and analyzed 



using a quadric regression model. Lastly, the dimensional compensation algorithm to minimize the 

dimensional deviation from original cad file are developed by the pre-processing of the original 

CAD file (.stl) with inverse transformation of the deformed samples using the quadric regression 

model. 

 

 

Figure 4.1 The deformed crank and engine head 
 

 

  

 

  



4.1.1 Experiment for compensation of dimensional deformation 
The schematic dimensional compensation process for dimensional deformation of samples printed 

in the SLS process is presented in Figure 4.2.  

 

Figure 4.2 The compensation algorithm process for dimensional deformation 

 In the experiment for the compensation of dimensional deformation, firstly, the CAD models 

which have simple geometry are designed for easy measurement (Step 1). The SLS machine (sPro 

60 SD) manufactures the CAD models that are arranged on the SLS build platform. (Step2-3). After 

the machine produces the samples, the Formtracer measures and records deformations of the printed 

samples, such as curling error, as numerical data (Step 4-5). Then the numerical data is analyzed and 

plotted with a quadratic regression model. The quadratic equation from analyzing results is used to 



develop the compensation algorithm (Step 6-7). The original 3D model is compensated for by 

replacing the coordinates of the STL file, which is a point-based CAD file of the original 3D model, 

using the coefficient of quadratic regression model into the algorithm. Then, the updated 3D models 

are remanufactured on the same position of SLS build platform as done originally (Step8-9). The 

reprinted samples are measured by the formtracer again. New data from analyzing deformations of 

the reprinted samples is compared to the recorded coefficient from the original (Step 10-11). Finally 

this comparison proves the effect of compensating the samples printed by the SLS process. 

. 

 

4.1.2 Proposal of algorithm for compensating dimensional deformation  
In this section, the proposed compensated algorithm and the quadratic regression model for 

analyzing deformations of printed samples are discussed. We observed that the samples printed are 

deformed with convex downward features as the major deformations in the SLS process. Therefore, 

it is highly significant to compensate the Z directional deviations between 3D printed samples and 

CAD models so that the printing quality of SLS process improves. The schematic process of 

compensation algorithm is represented in Figure 4.3. 

 

 
 

Figure 4.3 The concept of compensation algorithm 
A quadratic regression model measured by Formtracer is developed for estimating the bending 

deformation in X and Y coordinates of printed sample as follows:  

 

Printed sample in X direction:    (1) 

Printed sample in Y direction:    (2) 

 



Equation (1) represents the quadratic regression model for the part in the X direction, and Equation 

(2) describes the quadratic regression model in the Y direction. Then a point-based compensation 

equation of dimensional deformation is created using Equations (1) and (2) as described in Equation 

(3). 

 

  (3) 

Where 
Zo: Vertices data of the Z values for the compensated CAD file 

Xi, Yi, Zi: Vertices data of the X, Y, and Z values for the original CAD file 

LCX: Value of the quadratic gradient ‘a’ of each layer in X-direction 

LCY: Value of the quadratic gradient ‘a’ of each layer in Y-direction 

LCPX: The X value of the centroid of each layer 

LCPY: The Y value of the centroid of each layer 

 

The compensation process is divided into 4 steps as shown in Figure 4.2. In the first step, the 

triangle area on each layer of the sample is estimated by the weight of each vertex which is calculated 

using the formula. In the second step, the center points of each layer and layer areas are calculated. 

In the third step, the moving average algorithm is conducted to reduce compensation errors. In the 

last step, the CAD model is compensated by Equation (3), which is based on the layer centroid, the 

layer area, and the height of each layer. 

  



In the algorithm, each layer  is classified depending on height of the sample (i.e., Z value), and 

the center point in each layer  is the average value of X and Y values with related weights for each 

points. As the STL file of the sample consists of a lot of different sized triangles which make density 

of vertices unbalanced, the weight of each triangle  is considered to make the consistent density 

of vertices. The weight of any triangle  is created from the vector cross product as illustrated in 

Figure 4.4 and Equation (4) and (5). 

 

Figure 4.4 Vector cross product based on the STL file 

     (4) 

,    (5) 

 

Since the STL file format has information of point-based 3D model with 3 vertex data, 2 vector 

data is obtain from Equation (4) and (5). Also Figure 4.4 represents the 3 vertex data (

 with 2 vector data (  for any triangle . We notify that the weight for each vertex 

is illustrated using in Equation (4) and (5), because each triangle is formed from 3 vertices and 

these vertices are assigned the same weights in the same triangle. 

 

  



As the convex deformations occur on both X and Y direction of samples printed in SLS process, 

the compensation model of dimensional deformation needs to be applied to both the X and Y 

directions, where the corresponding coefficients are replaced into the suggested algorithm. The 

centroid values of each layer are used to calculate the center of curvature of the sample for estimating 

convex deformations. Thus, the layer centroid X (LCPX) and the layer centroid Y (LCPY) represent 

the center of curvature for the sample. Both LCPX and LCPY are shown in Equation (6) and (7). 

 

     (6) 

     (7) 

Where 
   , : X and Y values of the vertex data for each vertex i, 

: The weight associated with each vertex i. 
 

As in the following process, the layer area and height of sample need be calculated to get the value 

of the quadratic gradient ‘a’ of each layer depending on height which indicates the level of convexity 

such as LCX and LCY. The value of the quadratic gradient ‘a’ increases when the layer area increases 

and the height of the sample diminish. As illustrated in Equation (8), each area of layer ( ) is 

estimated based on the total weight of the layer, total weight of the sample, volume of the sample, 

and layer depth.  

 

    (8) 

 

In last step of the algorithm, we discover that when the center point and area of one certain layer 

have difference comparing to the others, the surface between each layer become quite rough. 

Therefore, the 5-sample moving average filter is applied to the compensation algorithm to improve 

overall surface quality of the sample.  

  



4.1.3 Analysis of experiment for compensating dimensional deformation. 
For easy and simple measurement using formtracer, the samples are fabricated in the X, Y, Z axes 

as shown in Figure 4.5 (a). The 8 samples are in different position on the build platform to identify 

deformation patterns of the samples depending on their position as illustrated in Figure 4.5 (b).We 

classify that 4 samples at the lower locations (L) (i.e., (L, 1), (L, 2), (L, 3), and (L, 4)) and another 

4 samples at the higher locations (H) (i.e., (H, 5), (H, 6), (H, 7), and (H, 8)) in the Figure 4.5 (b). 

The build platform size available for the SLS machine (sPro60 SD) is decided by using Magics 

developed by Materialise and produced accordingly as shown in Figure 4.5 (b). This software can 

help a user handle a STL file to print it more easily, and can arrange the samples automatically 

depending on build platform of each 3D printer type such as SLS, SLA, and FDM. 

 

Figure 4.5 (a) The 3D model of sample, (b) The location of 8 sample on the build platform 

 

  



After fabricating 8 samples, a formtracer is used to obtain numerical data for bending 

deformations of the samples. Figure 4.6 (a) describes that formtracer measures deformations of the 

sample. Also Figure 4.6 (b) and 4.6 (c) show that how to measure Top (T) and Bottom (B) surfaces 

of each sample. The recorded data from measuring each surface of the samples represent that 

bending deformations are caused in the each printed sample at the lower position of build platform 

more than at the higher position. The bending deformations in the bottom surface of the samples in 

the X and Y directions is critical such that they are not parallel with a flat surface. Figure 4.7 (a) and 

4.7 (b) represents the comparison of (L,2) sample at the lower position and (H,6) sample at the higher 

position in both X and Y directions. As a result of comparison, the (L,2) sample at the lower position 

has more severe bending deformation than the (U,6) sample at the higher position.   

 

Figure 4.6 (a) Formtracer is measuring sample, (b) The process of measuring Top surface,  
(c) The process of measuring Top surface 

Figure 4.7 The sample comparison of bending deformation between the higher and lower 
positions 



After completing the measurement of eight samples printed by the SLS process, the numerical 

data of bending deformation on the top and bottom surfaces in X and Y direction is obtained. Also, 

we analyze the regression model generated from the data to formulate a quadratic equation. The 

quadratic function means the pattern of bending deformation at each top and bottom surface in X 

and Y directions for each of 8 samples.  

  

 

Table 4.1 Example of the quadratic regression model 

 

 

The R-square values (R2) of regression analysis which represents how close the data is fitted to 

regression line are about 99% with the quadratic models. Therefore, it means that the quadratic 

equation is evaluated as a statistically reliable model for the bending deformations of additive 

manufactured samples. Table 4.1 describes the quadratic regression model of each X and Y direction 

and 2 examples for (L,4) and (H,7) samples. For evaluating the degree of bending deformation, we 

select the coefficient ‘a’ of quadratic equations while coefficient ‘c’ and ‘b’ are not important. The 

coefficient ‘c’ and ‘b’ can be changed by methods of measurements, and they can’t affect the gradient 

of the quadratic function ‘a’. Additionally, the large value of coefficient ‘a’ represents that the printed 

sample has serious bending deformation  

  

X and Y Directions Form of Quadratic 

Sample in X direction  
Sample in Y direction  

Example Quadratic regression R2 

X direction Bottom of (L,4)  99.6% 

Y direction Bottom of (U,7)  98.7% 



Table 4.2 R-square value of each regression model 

 

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

We find the best fit R-square values (R2) by comparing each linear, quadratic, and cubic regression 

models as shown in Table 4.2. The all R-square values (R2) of quadratic and cubic regression models 

are larger than 93%. On the other hand, the R-square values (R2) of liner regression models are 

relatively smaller than those of quadratic and cubic regression models. Therefore it means that the 

percent of numerical data deviation can be better described by applying either quadratic or cubie 

regression model. We observe that additive manufactured samples are transformed as the convex 

downward shapes due to the vertical residual stresses occurring between sintering layers. 

Accordingly, the quadratic regression model is applied as the fitting function for representing the 

deformation patterns of samples printed by SLS process in this study. 

  

A box plot analysis is implemented in order to evaluate the pattern of bending deformation. Thus 

we separate 8 samples from the lower (L) and higher (H) locations of build platform, the top (T) and 

bottom (B) surfaces of each sample, and the X and Y directions of each sample as illustrated in 

Figure 4.8. For example, YTU means that the group of quadratic coefficient ‘a’ for samples measured 

on top surface in the Y direction and located in the higher position of build platform. We identify the 

R2 (%) 

Sample Direction Surface Linear Quadratic Cubic 

(L,1) 
X 

Top 90.5 99.4 99.5 
Bottom 37.2 99.5 99.7 

Y 
Top 0.8 94.1 94.2 

Bottom 2.1 99.3 99.4 

(L,2) 
X 

Top 2.0 94.1 94.5 
Bottom 74.9 99.9 99.9 

Y 
Top 1.7 94.7 95.2 

Bottom 48.7 99.5 99.6 

(L,3) 
X 

Top 90.0 99.3 99.4 
Bottom 62.1 99.7 99.8 

Y 
Top 91.8 99.6 99.6 

Bottom 68.0 99.8 99.9 

(L,4) 
X 

Top 0.8 93.0 93.1 
Bottom 56.3 99.6 99.7 

Y 
Top 93.8 99.7 99.7 

Bottom 63.2 99.8 99.9 



coefficient ‘a’ of samples in the lower position (XTL, XBL, YTL, YBL) as being higher than the 

higher position (XTH, XBH, YTH, YBH) as indicated from the box plot. It represents that the group 

of samples in the lower position has a larger bending pattern than in the higher position. In addition, 

the samples located in the lower position has a great gap in the bending deformations between top 

and bottom surfaces. 

 

  

Figure 4.8 The boxplot of each quadratic coefficient ‘a’ for regression model 
 

  



4.1.4 Validation of algorithm for compensating dimensional deformation 
As the 4 samples located in the lower position of build platform have critical bending 

deformations, we apply the compensation algorithm to these 4 samples. The algorithm makes each 

original CAD model composed of .STL format to produce each compensated .STL format of the 

CAD model. The compensation algorithm applies the negative value of quadratic coefficient ‘a’ to 

reverse the bending deformation pattern in Z direction as illustrated in Figure 4.9 (a) Also the 

modified 4 samples are located in the same position as done in the original experiment as shown in 

Figure 4.9 (b).  

 

 
 

Figure 4.9 (a) The comparison with compensation effect between before and after compensating, 
(b) The same position of compensating samples on the build platform 

 

 

On comparison of the original and compensated (L,2) samples printed by SLS for both X and Y 

directions, the compensated (L,2) sample has flat bottom surfaces in both X and Y directions which 

allow the protruding points to make contact with a reference surface. However, the original (L,2) 

sample has bending deformations in both X and Y directions such that the protruding points has 

empty spaces between the reference surface as described in Figure 4.10.  

 



Figure 4.10 The results of compensated sample in X and Y directions 
 

 

We measure the all compensated 4 samples by formtracer as done previously to obtain numerical 

data of bending deformations. Each quadratic coefficient ‘a’ of quadratic regression models are 

analyzed to compare the samples before and after applying the algorithm for validating effect of the 

algorithm statistically, by completing a two sample paired T- test. Since the dimensional deformation 

of printed samples occurs depending on their positions in the build platform, we conduct the two 

sample paired T- test with 95% confident interval to analyze a correlation between the original and 

compensated results. We conduct 4 times of  two sample paired T- test for comparing both 

directions and surfaces ( XT, YT, XB, YB) on the lower positions ((L, 1), (L, 2), (L, 3) and (L, 4)). 

As an analyzed result, the P-value of each group is below 0.05. Therefore it means that the 

compensated algorithm has effect to minimize dimensional deformation of products printed in SLS 

process. 

 

 

 

 

 



4.1.5 Summary of developing algorithm for compensating dimensional deformation  
An experimental design was conducted to identify and evaluate the dimensional deformations of 

products fabricated by the SLS process depending on various factors. As a result, we identified the 

bending deformation patterns of printed samples depending on their locations in the build platform 

and their measured surfaces on each X and Y direction. We also developed the compensating 

algorithm for minimizing the bending deformation in SLS process by analyzing the quadratic 

regression model representing the bending deformations of samples numerically. 

 

The effect of the algorithm was verified by producing each sample before and after compensation, 

and conducting a 2 sample paired T- test. The statistical results show that the algorithm has the effect 

of reducing the bending deformation of printed samples by 25%, when compared to the original 

sample. Therefore, this study provides a more effective method to minimize the dimensional errors 

of 3D printed products, which is not able to be controlled by scale factors installed in SLS 3D printers. 

Additionally, we will try to validate the algorithm with a real vehicle component such as a tail lamp. 

As this compensation algorithm statistically shows improvement in dimensional accuracy, it can 

help practical cases in the automotive industry. Furthermore, additional study will be conducted to 

extend the algorithm for more complex geometries of products minimizing dimensional 

deformations.  

  



V. Conclusion 
 

Over the recent year, additive manufacturing technology has developed rapidly, and become an 

innovative manufacturing technology in a variety of industries. Especially in the automotive industry, 

the importance of AM technology has increased as a new manufacturing tool. As the additive 

manufacture technology is building materials, such as powder, liquid resin, and filament, layer by 

layer tracking cross section of 3D model, the innovative technology has a few advantages compared 

with traditional manufacturing, including drilling, CNC etc. For example, AM technology can 

fabricate complicated geometry features such as overhang structures, hollow structures, and working 

products without assembly. Additionally, it is able to save manufacturing time, cost and materials.  

 

Many automotive companies have operated various types of AM machines to manufacture their 

prototypes, products and tools. Therefore firstly, this study introduced real cases of additive 

manufacturing applications in the automotive industry. The auto companies, as well as suppliers, 

fabricated large parts, like a dash board and door trim, small parts requiring high dimensional 

accuracy, such as a water pump housing, and tools requiring high strength for assembly. For mass 

production in the automotive industry, the auto companies make an effort to operate AM machines, 

however, using the AM technologies directly for mass-production has a lot of limits including the 

required high dimensional accuracy, high durability and strength, and efficiency of build time and 

cost for mass-production. The companies use AM machines to make a small volume of components 

for enhancing performance and fabricating the assembly tools customized for indirectly helping 

mass-production, such as a thumb guard for car-plant workers. On the other hand, some startup 

companies have been confronted with a lot of challenges to manufacture a 3D printed vehicle. In 

particular, Local motors fabricated the world’s first 3D printed vehicle ‘Strati’ operating a Big Area 

Additive Manufacturing (BAAM) machine. Local motors used the BAAM machine to manufacture 

all parts of an electric vehicle (except mechanical components) including motors, tire, suspension, 

and battery. The success of Local motors shows that AM technology opens the innovative potential 

producing customized vehicles as a manufacturing tool in the automotive industry.  

 

Since the large sized automotive companies mostly own diverse types of AM processes, the 

companies can manufacture all sorts of vehicle components and tools, while engineers and designers 

in c. Accordingly, the research suggested an assisting tool to help users who need to decide the right 

pair of AM machine with material and proper auto parts and tools effectively and efficiently. This 

assisting tool for finding a proper AM machine with material of auto parts or tools is not a perfect 

tool to use promptly in the real auto industry. However, the tool provides a concept of how to decide 



an appropriate AM process with material, and can be extended with more functions for practical use 

in the future. Thus we need to improve the assisting tool adding more functions and more precise 

equations of material cost depending on 3D printing methods.  

 

The selective laser sintering process (SLS) is generally used in the automotive industry, because 

the SLS process can manufacture products which have high engineering properties and outstanding 

durability. On the other hand, one of disadvantages with the SLS process is an unstable dimensional 

deformation of printed products caused by thermal unbalance in the build platform. In this study, we 

developed a systematic dimensional compensation algorithm using a quadratic regression model to 

minimize the bending deformation of products fabricated by the SLS method. We validated the 

algorithm by producing each sample before and after compensation, and conducting a 2 sample 

paired T- test. The statistical results show that the algorithm has the effect of reducing the bending 

deformation of printed samples by 25%, when compared to the original sample. Therefore, it can 

help practical cases in the automotive industry, such as the manufacturing of precise vehicle 

components. Furthermore, an additional study will be conducted to extend the algorithm for more 

complex geometries of products, minimizing dimensional deformations, and other AM technologies. 

We created the compensation algorithm following experimental result to minimize the dimensional 

deformations of products printed by the SLS process. This research needs theoretical and physical 

basis to support the reason of dimensional distortions of products in SLS process. Therefore a future 

research and experiment will be conducted to find out the dimensional deformation factors of 

products printed by SLS process including residual stress, laser beam and etc.    
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