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   Abstract    This chapter defines rapid manufacturing (RM) as a technique for 
manufacturing solid objects by the sequential delivery of energy and/or  material 
to specified points in space. Current practice is to control the manufactur-
ing process by using a computer-generated mathematical model. This chapter 
compares the large speed and cost advantages of RM to alternative polymer or 
metal manufacturing techniques such as powder metallurgy manufacturing or 
die  casting. Moreover, the RM as an application of solid freeform fabrication for 
direct manufacturing of goods is addressed. Unlike methods such as computer 
numerical control (CNC) milling, these techniques allow the fabricated parts to 
be of high geometric complexity.   

   7.1 Rapid Manufacturing 

  Rapid manufacturing (RM), also known as direct manufacturing/direct fabrication/
digital manufacturing, has been defined in various ways. One widely accepted defi-
nition is “the use of an additive manufacturing process to construct parts that are 
used directly as finished products or components” [ 1 ]. If this process occurs in the 
R&D stage, it is called  rapid prototyping  (RP) [ 2 ]. In the USA, the term “Solid 
Freeform Fabrication” is preferred to rapid prototyping or RM [ 3 ]. According to 
Plesseria et al., starting with a 3-D CAD part model, this technique converts the 
model to a series of layers using software; these layers are transferred to the building 
machine in which they are “printed” from the material by different processes. After 
printing one layer, a new layer of material is deposited and so on. Postprocessing 
treatment may be supplemented [ 4 ]. In other words, RM is the fabrication of parts 
or components using additive manufacturing technologies. The part is shaped layer-
by-layer and could be used as a functional product. In this technique, the removal 
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cutting tools are not required to produce the physical products and the parts with 
complicated geometry may be fabricated [ 5 ]. RM is sometimes considered one of 
the RP applications. However, there is no clear distinction among definitions. RM’s 
outputs are often usable products. Stereolithography (SLA), laser sintering (LS), 
and fused deposition modeling (FDM) are some of the typical RM machines. As 
shown in Fig.  7.1 , RM can also be expressed as a branch of additive fabrication, 
which refers to the technologies employed to create physical models, prototypes, 
tools, or finished parts using 3-D scanning systems.  

   7.1.1 Applications of Rapid Manufacturing  

 RM is widely used for both large- and small-scale products and components for a 
variety of applications in many different fields. The main applications of the RM 
can be categorized as follows [ 7 ]. 

  7.1.1.1 Tooling and Industrial Applications 

 Fabrication of metal casting and injection mold has been one of the main applica-
tions of RM in recent years, and has been addressed in the literature [ 8 – 11 ].  

  7.1.1.2 Aerospace 

 RM products have found efficient applications in spacecraft structures (mirrors, 
structural panels, optical benches, etc.). They are made up of different titanium and 
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  Fig. 7.1    Manufacturing processes tree and rapid manufacturing (RM) position [ 6 ]       
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aluminum alloys (with granulated powder) and other materials such as silicon carbide, 
metal ceramic composites (SiC/Alu, ferrous materials with SiC), and carbon fiber 
reinforced polymer (CFRP) [ 12 ].  

  7.1.1.3 Architecture and Construction 

 In today’s construction, CAD/CAM technology, industrial robots, and machines 
which use direct numerical control and RM open up the architectural possibili-
ties. The Buswell’s research into the use of mega-scale RM for construction [ 13 ], 
Pegna’s investigation of solid freeform construction [ 14 ], and Khoshnevis’s 
development of a new layer-by-layer fabrication technique called contour crafting 
[ 15 ] are some of the attempts to apply RM in architecture and construction 
industry.  

  7.1.1.4 Military 

 The production costs of military complex airframe structures were notably reduced 
where direct metal deposition, an RM technique, was applied to build limited 
number of  metallic parts  [ 16 ].  

  7.1.1.5 Medical Applications 

 Medical application of RM is mainly due to its capability to build uniquely 
shaped products having complex geometry. Medical products like implants, 
dentures, and skull and facial bones are the components that often vary from one 
person to another. Some examples are (1) custom-made orthodontic appliances 
production using proprietary thermoplastic ink jetting technology and (2) ear 
prostheses and burn masks for patients by using thermo-jet printing and FDM 
[ 17 ,  18 ]. Other applications have been reported to manufacture patient-specific 
models (lead masks) as well as protective shields in cancer treatment by using 
3-D photography and metal spraying technology [ 19 ]. Forming a prosthetic glove 
of nontoxic materials to cover a patient’s damaged hand is another medical 
application [ 20 ,  21 ].  

  7.1.1.6 Electronics and Photonics 

 A new RM methodology based on a direct-write technique using a scanning laser 
system to pattern a single layered SU-8 for fabrication of embedded microchannels 
has been reported by Yu et al. [ 22 ]. Nijmeijer et al. explain how microlaminates, 
which are widely used in ceramic capacitors of electronic devices, are being made 
by an RM process: centrifugal injection casting (CIC) [ 23 ].   
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   7.1.2 Rapid Manufacturing’s Advantages and Disadvantages  

 RM conducted in parallel batch production has a large advantage in speed, cost, and 
quality over alternative manufacturing techniques such as laser ablation or die cast-
ing. RM changes the cost models in conventional supply chains and has a key role 
in producing and supplying cost-effective customized products [ 24 ]. Consequently, 
RM’s popularity is growing on a daily basis. According to a Wohlers Associates 
survey, RM’s applications in additive processes grew from 3.9% in 2003 to 6.6% in 
2004 and 8.2% in 2005 [ 25 ]. 

  7.1.2.1 Advantages 

 RM’s advantages can be studied from several design-related perspectives.

  •   Design complexity:  One major benefit of the additive manufacturing proc-
esses is that it is possible to make parts of virtually any geometrical complexity 
at no extra cost while in every conventional manufacturing technique there is 
a direct link between the complexity of a design and its production cost. 
Therefore, for a given volume of component, it is possible to get the geometry 
(or complexity) for “free,” as the costs incurred for any given additive manu-
facturing technique are usually determined by the time needed to build a certain 
volume of part, which, in turn, is determined by the orientation that the com-
ponent is built in [ 26 ].  

 •   Design freedom:  The advent of RM will have profound implications for the 
way in which designers work. Generally, designers have been taught to design 
objects that can be made easily with current technologies—this being mainly 
due to the geometry limitations of the available manufacturing processes. For 
molded parts, draft angles, constant wall thickness, location of split line, etc. 
have to be factored into the design. Because of the advancements in RM, geom-
etry will no longer be a limiting factor in design [ 26 ].  

 •   New design paradigm:  RM has simplified the interaction between mechanical 
and aesthetic issues. With current RM capabilities, industrial designers can 
design and fabricate the parts without the need to consider issues such as draft 
angle and constant wall thickness that are needed for processes such as injec-
tion molding. Similarly, mechanical designers are able to manufacture any 
complexity of product they require with minimum education in the aesthetic 
design field [ 26 ].     

  7.1.2.2 Disadvantages 

 Like any other immature technology, RM has drawbacks and limitations which 
preclude its widespread commercial application. Some main disadvantages are as 
follows:
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  •   Material cost:  Today, the cost of most materials for additive systems is about 
100–200 times greater than that of those used for injection molding [ 27 ].  

 •   Material properties:  Thermoplastics from LS have performed the best for RM 
applications. However, a limited choice of materials is available. Actually, 
materials for additive processes have not been fully characterized. Also, the 
properties (e.g., tensile property, tensile strength, yield strength, and fatigue) of 
the parts produced by the RP processes are not currently competitive with those 
of the parts produced by conventional manufacturing processes. Ogando reports 
that the properties of a part produced by the FDM process with acrylonitrile 
butadiene styrene (ABS)   material are about 70–80% of a molded part. In con-
trast, in some cases, results are more promising for the RP processes. For exam-
ple, the properties of the metallic parts produced by the direct metal laser 
sintering (DMLS) process are “very similar to wrought properties and better 
than casting in many cases.” Also, in terms of surface quality, even the best RM 
processes need secondary machining and polishing to reach acceptable toler-
ance and surface finish [ 28 ].  

 •   Support material removal:  When production volumes are small, the removal 
of support material is usually not a big issue. When the volumes are much 
higher, it becomes an important consideration. Support material that is physi-
cally attached is of most concern.  

 •   Process cost:  At present, conventional manufacturing processes are much faster 
than additive processes such as RM. Based on a comparison study by the 
Loughborough University, the SLA of a plastic part for a lawn mower will 
become economical at the production rate of 5,500 parts. For FDM, the break-
even point is about 6,500 parts. Nevertheless, injection molding is found to be 
more economical when larger quantities must be produced [ 29 ].       

  7.2 Rapid Manufacturing Errors 

  One of the main challenges in RP and RM is deviation from the CAD part model. 
The accuracy will be obviously enhanced by increasing the number of layers 
(decreasing the layer thickness) but the manufactured part is never identical to its 
CAD file because of the essence of layer-by-layer fabrication. Three major RM 
errors are as follows. 

   7.2.1 Preprocess Error  

 While converting a CAD to standard tessellation language (STL)  format (as machine 
input), the outer surface of the part is estimated to some triangles and this estimation 
causes this type of error, especially around the points with higher curvature (lower 
radius). Meshing with smaller triangles may diminish this error. However, it requires 
more time to process the file and a more complicated trajectory for laser (Fig.  7.2 ).   



132 B. Asiabanpour et al.

   7.2.2 Process Error  

 As shown in Fig.  7.3 , slicing the part causes a new type of error (chordal error) 
while building the part layer-by-layer. This error depends on the layer thickness 
and the average slope angel of the part [ 30 ].  

 To minimize bc cos  θ , the thickness of layer, bc, in the curved area should be 
decreased and it leads to lower step-stair effect and a more accurate product. Poor 
laser scanning mechanism may prompt another error during the process. The accu-
racy of laser beam emission and its angle with the part surface affect product qual-
ity so to make it smaller, the equipments and tools should be carefully inspected.  

  Fig. 7.2    More triangles result in more edges in each layer [ 30 ]       

  Fig. 7.3    This error can be estimated as bc cos  q  [ 30 ]       
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   7.2.3 Postprocess Error  

 Two other types of errors that arise after the process are  shrinkage  and  warpage  
errors. The product usually shrinks while cooling and this makes a deviation from 
its original design. Overestimation of CAD file at the design stage regarding the 
material properties and heating factors can reduce such an error. Warpage error is 
due to disparate distribution of heat in the part. Thermodynamic and binding force 
models are usually required to estimate and obviate this error [ 30 ].   

  7.3 Computer-Aided Rapid Manufacturing 

  Computer technology has served RM in many different aspects. In this section, tool 
path generation for RM by different CAD formats and computer-aided process 
selection are explained. The majority of the RP and RM processes use STL CAD 
format to extract the geometrical data of the model. The tool path generation from 
the STL file is explained in detail. Drawing exchange format (DXF) CAD file for-
mat is very complex and is mainly used either for data exchange between CAD 
software or tool path generation for the computer numerical control (CNC) machin-
ing process. However, the tool path generation method that is explained in this section 
can be an alternative approach for RM processes. Information about the standard 
for the exchange of product model data (STEP), an increasingly popular CAD 
format, is provided in this section. 

   7.3.1 Path Generation by Use of Drawing Exchange Format File  

   •   What is a DXF file : The DXF is a CAD data file format developed by Autodesk 
to transfer data between AutoCAD and other programs. Each of the eight sec-
tions of a DXF file contains certain information about the drawing: HEADER 
section (for general information about the drawing), CLASSES  section (for 
application-defined classes whose instances appear in the other sections), 
TABLES section (for definitions of named items), BLOCKS section (for 
describing the entities comprising each block in the drawing), ENTITIES 
 section (for the drawing entities, including any block references), OBJECTS 
section (for the data that apply to nongraphical objects, used by AutoLISP and 
ObjectARX applications), and THUMBNAILIMAGE section (for the preview 
image for the DXF file) [ 31 ].  

 •   DXF for tool path generation:  Because of the complexity of the DXF files, 
generating a tool path from these files for any automated machining or fabricat-
ing process is very difficult. In such a tool path generation mechanism, geomet-
rical data need to be identified and extracted from many other data available in 
a DXF file that are not useful for a tool path. Data can be extracted from models 
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that are designed as two-dimensional (2-D or wireframe) or two and half dimen-
sional (2.5-D or surface) objects. Extracting data from DXF files containing 
2.5-D objects is more complex than doing so from DXF files containing 2-D 
objects because for 2-D objects, the geometrical data are stored in the form of 
the object end points (e.g., start and end points of a line) while for 2.5-D objects, 
the geometrical data of a model (e.g., the surface of a sphere) are stored in the 
form of many small rectangles. In such case, for each rectangle  x ,  y , and  z  coor-
dination of all four corners are stored (Figt.  7.4 ).   

 •   DXF file generation:  Figure  7.5  illustrates the general steps to create a DXF file 
in the AutoCAD environment. As shown in this figure, after drawing the bound-
ary of the object in wireframe format, a surface is generated to cover the entire 
outer boundary of the object. Then, after separating each face from the object, 
the entire data are stored in a DXF file. AutoCAD provides users with the 
flexibility to set a desirable number of meshes of the surface modeling in 
both horizontal and vertical directions.   

 •   Generating tool path from DXF files : In automated controlling of the tool in 
any machine that uses the tool path, regardless of the process or the machine type, 
geometrical data need to be extracted from the CAD file. Then, the tool path is 
calculated and generated on the basis of the geometry of the model as well as 
process and tool specification. A tool in here can be a milling machine tool, a 
laser cutter head, a welding machine gun head, or an extruder nozzle. Figure  7.6  
shows the general steps of generating tool path from a DXF file [ 32 ].  

 As shown in Fig.  7.6 , in addition to geometrical data, the desired quality of the final 
part affects the tool path output. Figure  7.7  illustrates two different tool path con-
figurations for the same CAD data.   

 •   Tool radius compensation:  If the tool radius is considered for the tool path 
generation, which is a must for almost all path-based processes, then the com-
plexity of the tool path generation process becomes more complicated. In the 
tool radius compensation, the tool path is calculated for the center of the tool 
(not for the touching point of the tool and the part). Therefore, in the tool path 
generation process, both the curvature of the object at the tool and object touch-
ing point and the tool specification (size and shape) are affecting the center of 
the tool coordination. The curvature of the object at any point is shown by the 
normal vector. A normal vector is a vector (often unit) that is perpendicular to a 
surface (Fig.  7.8 ).  

P2 (X2, Y2, Z2) P1 (X1, Y1, Z1) 

P3 (X3, Y3, Z3) P4 (X4, Y4, Z4) 

  Fig. 7.4    DXF file data storage format for a 2.5-D object       
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  Fig. 7.5    DXF file generation procedure for a 2.5-D object in Auto-CAD environment       

  Fig. 7.6    Tool path generation from DXF file       
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 Specifications of the tools may cover a variety of shapes and sizes. Three of the 
most common geometries of the tools are shown in Fig.  7.9 . Most of the tools for 
machining and fabricating processes such as milling, extruding, welding, and laser 
beam are similar to one of these three geometries.   

 •   Flat end tool : To calculate the position of the tool center for the tool path, the 
geometrical data of four corners of each rectangular 3-D face is used. In this 
process, the unit normal vector of the 3-D face is calculated, Eqs.  7.1 – 7.3 , and 

  Fig. 7.7    Two different tool path configurations for the same CAD data       
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then it is used to determine the tool center position, Eqs.  7.4 – 7.6 ). In the flat 
end tools, the tool center is located at the same height ( z  level) as the tool and 
object touching point. This fact simplifies the calculation for the  z  level of the 
tool position. (Fig.  7.10 ).
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 •  Tool center:
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  Fig. 7.10    Flat end tool       

  Fig. 7.9    Three common geometries for tools: 1 – flat end, 2 – ball end, and 3 – tip radius       
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   (7.5)  
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a
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1
   (7.6)    

 •   Ball end tool:  The calculation of tool center position for ball end tools is very 
similar to that for flat end tools. The only difference is the  z  level of the tool 
center that, similar to  x  and  y  coordination, needs to be determined by the unit 
normal vector of the 3-D faces (Fig.  7.11 ).
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 •   Tip radius tool : The geometry of this type of tool is the combination of the last 
two tools (Fig.  7.12 ). The center part of this tool is a flat end tool while the edge 
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  Fig. 7.11    Ball end tool       
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of the tool has a fillet. Therefore, the position of the tool center is determined on 
the basis of the above two tools’ calculations.

   P P R N R Na = + +1 1 1 2 2    (7.12)     

 •  Tool center:
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 Figure  7.13  illustrates a meshed CAD object (a) and the position of the object 
and tool path. At the end, it is necessary to mention that because of the complexity 
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  Fig. 7.12    Geometry of the tip radius tool       
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  Fig. 7.13     a  A meshed CAD object and  b  the position of the object and tool path       
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and limitations of the DXF files, it is very uncommon to use DXF to produce a tool 
path for RP, RM, or even 3-D and 2.5-D CNC machine code. Its application in 
CAM is usually limited to 2-D applications such as drilling.   

   7.3.2 Path Generation by Use of STL File  

 Every RM and RP system has its own specifications. The part boundary form, part 
filling method, and part separation from the surrounding material determine the 
tool path pattern for every layer. This tool path pattern could be a robotic movement 
in  XY  plane for FDM or contour crafting machines, a laser pattern for material 
solidification in SLA and selective laser sintering (SLS) machines, or a laser cutter 
pattern for a Laminated Object Manufacturing (LOM)  machine. These processes 
require different tool path pattern generation strategies. 

 Therefore, unlike CNC standard tool path files (e.g. APT and G-Code), there is 
no standard tool path file for RP systems. Therefore, most of the new RM and RP 
require a new tool path generator or modification to the previous systems. 

 In this section, a tool path generation for the selective inhibition of sintering 
(SIS) process is presented. The software that is developed for this can be modified 
and adjusted for many other RP and RM processes. This system uses STL files with 
the ASCII format as input and works in two steps (Fig.  7.14 ).  

  7.3.2.1 Step 1—Slicing Algorithm 

 In Step 1, the STL file is read as input. Slice files are then generated by executing 
the slicing algorithm. Only the intersection of those facets that intersect current 
 Z = z  is calculated and saved. In this step, one facet is read at a time from the STL 
file. Then the intersection lines of this facet with all  XY  planes for   Z

min
 ≤ z ≤ 

Min{ Z
max

, Max{ z
A
, z

B
, z

C
}}   are calculated. The intersection lines are stored in the 

specified file for the associated  z  increment. This results in one intersection line on 
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  Fig. 7.14    The two steps of slicing and tool path generation       
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each  XY  plane. By repeating this process for all facets, a set of slices is generated. 
This algorithm saves the data of only one facet in the computer memory; therefore 
only a small amount of computer memory is needed, and there is no practical limi-
tation on the model size. In this step, each slice is saved in a separate file on the 
disk. This guarantees that Step 2 is run much faster than when all slices are saved 
in a single file. The example shown in Fig.  7.15  illustrates the slicing algorithm and 
Fig.  7.16  shows the flowchart of the slicing algorithm.    

  Fig. 7.15    Slicing algorithm steps       

  Fig. 7.16    The slicing algorithm       
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  7.3.2.2 Step 2—Tool Path Generation 

 After the completion of the slicing process, a set of vectors becomes available in 
each  z  increment. These vectors are not connected and are not in sequence. In the 
tool path generation process, the software starts from one vector and tries to find 
the next connected vector to this vector. Then it does the same for the newly found 
vector until it reaches the start point of the first vector (in the closed loop cases) or 
finds a vector with no leading attachment (in faulty STL files containing disconnec-
tions). To sort the vectors, the algorithm reads one vector at a time from a slice file 
and writes it to another file. This file is either a path file, when one vector is con-
nected to the previous vector, or a temp file, when the vector is not connected to 
the previous vector. Therefore, the sorting process does not need a large amount of 
memory to sort the data, and there is no limitation on the number of vectors in a 
slice and on input file size. In addition, unlike many other slicing algorithms that 
cannot handle disconnections caused by faulty facets [ 33 ], this algorithm can gen-
erate a tool path even with disconnection errors in the STL file. At disconnection 
instances the system sends a message to a log file and turns the printer off and starts from 
a new vector. In either case, the printer is turned off and the system starts printing 
from another start point. Also for each selected vector, the possibility of hatch 
intersection points is investigated. 

 At the end of the path generation process for one slice, the hatch intersection 
points are sorted and written into a tool path file. After the arrangement of all vec-
tors in one slice ( z  increment), the process starts arranging the vectors of the next 
slice. This process continues until all vectors in all slices are sorted. The diagram 
in Fig.  7.17  and the flowchart in Fig.  7.18  represent the tool path generation 
algorithm.    

  7.3.2.3 Implementation 

 Slicing and tool path generation algorithms have been implemented in the C 
programming language. The software has been successfully tested for several 
medium and large STL files up to 200 MB on different PCs and laptops. Figures 
 7.19  and  7.20  show the algorithm implementation as presented by the path simula-
tion module of the system [ 34 ,  35 ].     

  Fig. 7.17    Tool path generation steps       
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   7.3.3 Path Generation by Use of STEP File  

 STEP, introduced by PDES, Inc., is a neural format for exchanging product data 
among all the people or organizations who contribute to marketing, design, 
manufacturing, and other activities in the product life cycle. STEP (identified as 
ISO 10303) makes an independent platform to access, share, and manipulate the 
product information of its life cycle. 

 There are other types of product data exchange (PDE) models like IGES, DXF, 
DWG, VHDL, and STL which are used by many industries all over the world but 
STEP is known as a superior standard and is becoming highly popular over the 
other formats such as IGES [ 36 ]. 

  7.3.3.1 Application Protocols 

 STEP is developed by a specific language of EXPRESS and includes a number of 
manageable and functional sections referred to as application protocol (AP). Each 

  Fig. 7.18    The tool path generation algorithm       
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AP is in charge of an application of STEP. For example, AP224 or ISO 10303–224 
are mechanical product definitions for process planning using machining features; 
AP203 is configuration-controlled 3-D designs of mechanical parts and assemblies. 
For the time being, only 22 APs have been approved as International Standards; 
however, it is expected that there will be hundreds of APs in the future. 

 STEP file contains all the required information for design, process planning, and 
other downstream activities; the implementation of STEP tools depends on the 
requirements and problem area in the organization. For process planning, a 
mechanical part based on its machining features, AP224, will be applicable as it 
classifies the features and can store and manage the data needed for each feature 
[ 37 ,  38 ].  

  7.3.3.2 Boundary Representation Model 

 Some APs contain boundary representation (B-rep) models for mechanical parts. 
For every 3-D part, B-rep expresses the surface boundary, which consists of the 
part’s geometrical and topological information. Vertices, edges, and faces informa-
tion is also represented by a B-rep model [ 39 ] (Fig.  7.21 ).   

  7.3.3.3 Using STEP for Tool Path Generation 

 No direct usage of STEP file to generate the tool path in RM has been reported. But 
as indicated, some of the application protocol contains B-rep information for the 
products. This information model can be extracted and used for tool path genera-
tion. Consider a part meshed with triangles and sliced in STL file format is replaced 
with a part having information of all the edges, faces, and vertices. Laser trajectory 
will be obtained by introducing the points of outer surfaces. This may not be appli-
cable only for free-form parts with complex geometry as their B-rep information is 
not complete on the surfaces (Fig.  7.22 ).  

  Fig. 7.21    B-rep model of a simple cube: faces, edges, and vertices depicted in the model       
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 Even with a B-rep model, slicing is required to determine the exact intersection 
points and feed the control system of laser scanning. A sample CAD model and its 
STEP file are shown in Figs.  7.23  and  7.24 , respectively.   

 AP240, numerical control process plans for machined parts (ISO 10303–
240:2005), is a part of ISO 10303 that specifies information requirements for the 
exchange, archival, and sharing of computer-interpretable numerical control (NC) 
process plan information and associated product definition data but it does not 

  Fig. 7.22    Boundary representation (B-rep) of a simple part [ 40 ]       

  Fig. 7.23    A typical part to be rapid-manufactured       
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include specific machine tool controller codes. AP204, AP207, AP210, AP214, 
AP224, AP227, and AP240 are the applications which have boundary information 
of the corresponding parts and may be used for tool path generation.    [41] 

   7.3.4 Rapid Manufacturing Process Selection and Simulation  

 Because of the inherent strengths and weaknesses of all RM processes, choosing 
the method best fitted to economical and technical objectives is a serious problem. 
This process selection is a multi-criteria decision making. Along with satisfying 
customer requirements, the functional product is expected to be manufactured to an 
adequate quality and at most reasonable cost in the shortest possible time. Other 
criteria such as product recyclability or serviceability may be considered. 

 One of the approaches for making such simulation in RP and RM uses computer 
software in order to create a virtual prototype. It is due to high material cost and 
prototyping of the real prototypes. Simulators help engineers to evaluate the 
performance of the process and minimize the number of repetitions to reach an 
appropriate prototype [ 42 ]. One successful attempt to introduce such simulators 
was made by Choi and Samavedam [ 43 ]. They developed a simulation software 
program to show the RM process layer-by-layer with SLS process. It shows also 
the relation between process parameters and time and accuracy of the product. The 
main advantages of running simulation in RP and RM are listed below:

  Fig. 7.24    A piece of a STEP file          

ISO-10303-21; 
HEADER; 
FILE_DESCRIPTION(('This is a test file’),'1'); 
FILE_NAME(‘test’,'2007-8-18’,('Authors'),('Authors'),'NA',’OK’); 
FILE_SCHEMA(‘ARM224’); 
ENDSEC; 
DATA; 
#1 = CARTESIAN_POINT((0.176777,0.176777,0.5)); 
#2 = VERTEX_POINT(#1); 
#3 = CARTESIAN_POINT((0.,0.,0.5)); 
#4 = DIRECTION((0.,0.,−1.)); 
#5 = DIRECTION((0.176777,0.176777,0.)); 
#6 = AXIS2_PLACEMENT_3D(#3,#4,#5); 
#7 = CIRCLE(#6,0.25); 
#8 = EDGE_CURVE(#2,#2,#7,.T.); 
#9 = ORIENTED_EDGE(*,*,#8,.F.); 
#10 = EDGE_LOOP((#9)); 
#11 = FACE_BOUND(#10,.T.); 
#12 = CARTESIAN_POINT((0.176777,0.176777,−0.5)); 
#13 = VERTEX_POINT(#12); 
#14 = CARTESIAN_POINT((0.,0.,−0.5)); 
#15 = DIRECTION((0.,0.,1.)); 
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  •  The cost of materials especially for some processes such as SLS is notable.  
 •  The process of making the product is usually time-consuming.  
 •  The energy consumption and equipment depreciation are high.  
 •  The quantitative parameters of the prototype will be easily extracted.  
 •  The product information may be shared with other persons or research 

centers [ 44 ].    

 VIRAPS (Virtual Rapid Prototyping System) is a simulation software program 
developed by Visual Basic and simulates some of the most common processes of 
RP and RM, like FDM, SLS, SLA, and LOM. Here we describe how VIRAPS 
works and the outcomes. 

 There are many criteria to consider in choosing the right RM process. Since it is 
a multi-criteria decision, an analytic hierarchy process (AHP) methodology could 
be applied to rank the most appropriate process according to the customer’s criteria. 
Using software, RM processes are compared to each other on the basis of some 
common characteristics such as average time, cost, and quality of the finished 
products. The priority of these criteria is also determined by customer and the high-
est ranked RM process and machine is selected accordingly [ 45 ]. 

 As a case study, SLS is considered for simulation. Suppose that a conic-shaped 
product is manufactured by SLS. The important inputs for this process are as 
follows:

  •  Part information (maximum dimensions, average slope, and layer thickness)  
 •  Laser specification (laser type, laser power, beam diameter, and scan speed)  
 •  Powder selection (here is steel-bronze)  
 •  Setup time for each layer (the time required between creating each layer for 

setup)  
 •  Cost parameters (direct cost, operation cost, and material cost)    

 The software also indicates the maximum and minimum allowed for some 
parameters such as scan speed or beam diameter and product weight according to 
the machine capabilities. Moreover, some parameters, such as type of laser, are 
automatically selected by the software [ 46 ] ( Figs. 7.25  and  7.26 ).   

 The outputs are shown in Fig.  7.27 . This product will be made in 6.5 h and with 
the accuracy ratio of 73 and efficiency of 47%. The total estimated cost is $344 and 
the number of layers according to the best orientation of the part is 500. These 
results are calculated on the basis of input information. For instance, the time in 
SLS is formulated below [ 30 ]:

   

Velocity( )
b m

v
1

=
−( )

−⎡⎣ ⎤⎦

P R

d C T T
1 1

r p m b( )    

(7.16)   

where velocity ( v ) = velocity of laser (mm/s),  P  
1
  = power of laser emission (watt), 

 R  = reflection ratio of laser reflector mirror,  ρ  = material density (g/mm 3 ), 
 d  

b
  = beam diameter (mm),  l  

m
  = layer thickness (mm),  C  

p
  = specific heat capacity 

(J/K),  T  
m
  = material melting point (K), and  T  

b
  = laser scanning time (s). 
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  Fig. 7.25    The SLS analytical simulation interface       

  Fig. 7.26    Software interface for process cost items       
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 On the one hand, the time required for building the whole part is the time taken 
for making all the layers and the time of setup for each layer. On the other hand, 

the time of scanning each layer,  T  
l
 , is   

Ld

vL
   in which  L  

d
  is the laser scanning distance 

and  L  
v
  is the laser scanning speed.

   Buildtime(total) = +
=
∑T T N
i

N

1i s 1
1

   (7.17)  

where build time (total) = total time for building layers,  T  
li
  = scanning time for layer  i , 

 T  
s
  = setup time for each layer, and  N  

l
  = number of layers. 

 Setup time is separately obtained by the following relations:

   Setuptime(Ts) = + + +T T T Twd d wr h    (7.18)   

where  T  
wd 

 = time required for moving the part bed downward (s),  T  
d
  = time 

required for pouring a layer of material (s),  T  
wr

  = time required for moving the part 
bed upward (s), and  T  

h
  = time required for preheating the material (s). 

 Therefore, assuming each layer has thickness of  l  and the distance scanning of 
laser for layer  i  is  d  

si
 , for a part with height of  h , we have
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  Fig. 7.27    Process simulation outcomes       
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  7.4 Rapid Manufacturing Prospects 

  Today, RM is widely used in some companies. However, because of the material 
and process limitations of the current RM processes because of the lack of familiarity 
with these machines, RM is not as popular as it should be. It is estimated that in the 
next 10–20 years, engineers will recognize the benefits of RM processes [ 28 ].   
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