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Chapter 2 

 

Literature Review 

 

 This chapter reviews the different rapid prototyping processes and process 

planning issues involved in rapid prototyping.  

 
2.1 Rapid Prototyping Processes 

Most of the rapid prototyping processes can be classified into five different 

categories based on their part building techniques [Beaman 97]: (1) photolithography, (2) 

laser fusion, (3) lamination, (4) extrusion, and (5) ink-jet printing. The summary of each 

process is given in the following sections. More details can be found in [Beaman 97].  

 

2.1.1 Photolithography 

Photolithography systems use light or laser to selectively solidify a photocurable 

material. There are two basic approaches: laser photolithography and photo masking. 

Laser photolithography creates 3D parts directly from a vat of liquid photocurable 

polymer by selectively solidifying the polymer with a laser beam [Jacobs 96]. Parts are 

built layer by layer. A laser beam is guided across the surface of a layer in the x-y plane 

to solidify the liquid material. After a layer is created, the part is lowered into a vat of 

liquid photocurable polymer by an elevator and liquid polymer covers the previous layer. 

This process is repeated until the complete part is built. The common layer thickness 

ranges between 0.002” and 0.020”. Some features (i.e. large overhangs) may require 

support structures, which are typically built up as thin wall sections from the same 

material as the part built so that the supports can easily be broken away from the part 

after completion. The other photolithography technique uses a UV light source instead of 

a laser beam.  
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2.1.2 Laser fusion 

In this category, parts are created layer by layer from powdered materials such as 

polymer, metal and ceramic powders, using laser energy to selectively sinter the cross-

section area. The layers are fused together by the laser energy. After each layer is sintered 

by a laser beam, an elevator platform lowers the part by the thickness of the layer, and the 

next layer of powder is deposited. Unused powder is used as support material [Hejmadi 

96].  

 

2.1.3 Lamination 

In the lamination process, paper or plastic is used to build RP parts. Each sheet 

cut by a low powered CO2 laser is indexed over the previously cut patterns. The layers 

are adhered to each other with a heated roller. Scrap material is used as support material 

and is cut into small grids to be removed easily [Bocking 97, Walczyk 98]. The 

advantage of the rapid prototyping process in this category is that large parts can be built 

relatively quickly because only the outside boundary of the part is scanned.  

 

2.1.4 Extrusion 

In this process a continuous filament of thermoplastic polymer or wax is 

deposited through a heated nozzle. The material is heated slightly above its flow point so 

it can solidify quickly after the material exits the nozzle. Therefore, short overhanging 

features can be built without any support material. Another nozzle is used to deposit the 

support material. After a cross section of the layer is deposited, an elevator lowers the 

part for the next layer.  

 

2.1.5 Ink-jet printing 

Several RP processes use ink-jet printing technology to print layers of structures. 

A 2D layer is created by dispensing a layer of powder to the top of the piston and a roller 

is used to spread and level the powder. Then, an ink-jet printing head scans the cross 

section of the layer to selectively bind the powder. The unbounded powder becomes the 
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support material. When the shape is completed, the green part is fired up and the support 

material is removed before the completion of the part [Kulkarni 98a].  

 

2.2 Process Planning for Rapid Prototyping 

Most rapid prototyping processes require (1) CAD model generation (converted to 

STL file), (2) part orientation, (3) support structure generation, (4) slicing and layer 

generation, (5) path planning [Marsan 97a].   Figure 2.1 shows the overall steps of the 

process planning of rapid prototyping processes. After the CAD model of the part is 

generated, it is converted to a STL file before it is sent to a RP machine. Details of the 

process planning steps are discussed in the following sections. 

 

2.2.1 Part orientation 

The part orientation can affect surface finish, build time, amount of the support 

structure needed, and stiffness or strength of the part. Traditionally, part orientation is 

decided upon manually. Although determining the best orientation of a part may be 

considered simple, it has been shown that even the "obvious" orientation for simple parts 

may not be the best [Alexander 98]. Therefore, several researchers [Frank 95, Sreeram 

95, Lan 97, Xu 97, Alexander 98] developed several methods to find the proper part 

orientation. In [Frank 95], the objective was to minimize the number of slices required to 

reduce the build time. The researchers [Sreeram 95] proposed an algorithm to find the 

optimum build direction of the part while using adaptive slicing. The part orientation was 

decided upon based on the considerations of surface quality, build time, and the 

complexity of support structure in [Lan 97]. In [Xu 97], the researchers also investigated 

the optimal orientation with adaptive slicing for part building in Stereolithography (SLA). 

The slicing procedure is done by finding the minimal layer thickness using a genetic 

algorithm by considering build time, part accuracy and part stability in [Xu 97]. In 

[Alexander 98], the authors considered the height of the part in the build direction, 

external support structure, and the quality of selected faces (or total surface area) to find 

the best orientation and to minimize the building cost.  
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2.2.2 Support structure generation 

Support structures are needed to support overhangs, maintain stability, support 

large flat walls, prevent shrinkage, and support slanted walls [Marsan 97]. Since the 

overhangs or other parts that require support structure can be determined after an 

orientation is specified, support generation depends on the part orientation. The area that 

requires support structure can be calculated by finding the area that has downward facing 

normals in respect to build direction. 

 
 
2.2.3 Slicing and layer generation 

 After the part is in proper orientation and support structure is added, the part is 

sliced by intersecting the parallel horizontal planes with the CAD or STL model. Slicing 

and layer generation can affect not only surface quality but also build time as well. The 

input model can be directly from a CAD system or a STL file. Direct slicing attempts to 

slice original CAD models, thus bypassing the intermediate stage of triangulation 

[Jamieson 95, Luo 95, Rajagopalan 95]. The drawback of direct slicing of the original 

CAD models is that it requires heavy computations in geometry (surface-plane 

intersection) and topology (modeling methodology) and it is heavily dependent on 

numerical solutions [Lee 92]. Because there is no standard input CAD model for rapid 

prototyping, different slicing programs must be used for a wide variety of surface and 

solid CAD model formats.  

 If slicing is done on a STL model, a single slice contains one or more planar 

polygonal contours. The advantage of slicing a STL file is that complex plane surface 

intersections are reduced to plane-to-plane intersections [Marsan 97a]. Several 

researchers [Rock 91, Chalasani 91 and Kirschman 97] used STL models to create slice 

contours. Since the STL representation is just an approximation of the CAD model, the 

resultant surface finish is poor because of the lack of smoothness in piecewise linear 

curves as shown in Figure 2.2. To increase the accuracy, smaller triangles can be used to 

approximate the part. However, this causes small line segments. Moving the laser or 

nozzle in a small line segment could result in less efficient and poor surface finish. 



 8 
 
 

 Traditionally, the model part is sliced uniformly [Rock 91, Chalasani 91, 

Kirschman 97] as shown in Figure 2.3(a). It has been shown that in order to improve the 

surface quality of a part, it is necessary to reduce the staircase effect. For most systems, 

reducing the staircase effect can be achieved by slicing the part in small intervals. 

However, the accuracy of vertical or near vertical faces cannot benefit from using thinner 

slices [Marsan 97a]. Adaptive slicing was originally proposed by [Dolenc 94] to reduce 

the staircase effect.  The principle of adaptive slicing strategy is simple: vary slicing 

thickness according to local geometry and global topology as shown in Figure 2.3(b) 

[Suh 94, Sabourin 96b, Kulkarni 96, Hope 97a].  For simple parts, the adaptive slicing 

strategy can reduce the total number of layers while minimizing the staircase effect.  For 

more complex parts, especially the parts with freeform surfaces, using adaptive slicing 

alone cannot decrease the build time. Also, the accuracy is still poor due to the staircase 

effect on the vertical walls [Broek 98]. 

 Alternatively, the layers can be approximated with slanted layers [Hope 96, Jager 

96a, Fang 97, Hope 97b]. The main advantage of using slanted layers is that they can 

match the original surface closely as shown in Figure 2.4(a). However, there can be 

discontinuities between adjacent layers as shown in Figure 2.4(a). Jager (1996b) and 

Zheng (1996) proposed an approximation method that uses ruled layers instead of slanted 

layers. Figure 2.4(b) shows the same example approximated with ruled layers. Ruled 

layers can provide C0 continuity between adjacent layers. In their method, ruled layers 

are generated by using two boundary curves C1(u) and C2(u) parallel to each other on the 

part surface. Therefore, this method cannot be used for general surfaces [Jager 96b]. 

 Most of the rapid prototyping parts are used for visualization and prototyping. 

Therefore, only the external boundary of the part is important [Kulkarni 98a]. To speed 

up the rapid prototyping process, [Sabourin 96a] used thicker interior layers and thinner 

external layers. The exterior regions are fabricated with thin adaptive thickness layers to 

improve the accuracy. Concurrently, the interior regions are built with thick layers. 

Alternatively, RP parts can be hollowed to speed up the RP process [Ganesan 94, Yu 95, 

Lam 97, Chiu 98, Li 98, Alexander 00]. Although most of the methods can reduce the 

build time and the material usage, they do not consider the uniformity of the built part. 
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Non-constant wall thickness can cause non-uniform shrinkage, which results in 

deformations on the part. 

 

2.2.4 Path planning for RP processes 

Generating tool paths can affect surface quality, build time, stiffness, and strength 

of the part in rapid prototyping processes [Marsan 97a].  Path planning includes interior 

and exterior path planning [Kulkarni 00]. Interior path planning determines the geometric 

paths of layers deposited or cured in the RP process, except in lamination and UV curing. 

In lamination, only the external boundary of the sheet plastic or paper is cut. Also in UV 

curing, a mask isolates regions of resin, which are solidified by an ultraviolet lamp 

[Marsan 97a]. In [Kulkarni 97], different deposition strategies and resulting part stiffness 

in Fused Deposition Modeling are researched. In [Kao 98], the authors relaxed the 

constraints of cross-sectional shapes and developed a shape optimization algorithm based 

on the Medial Axis Transformation (MAT). While the path planning of the interior 

regions increases the stiffness and strength of the RP part, the path planning of the 

exterior regions determines the actual accuracy of the part.  

Most of the RP processes decompose the part into 2D layers as mentioned earlier. 

This causes inaccuracies on the part surfaces. Figure 2.5(a) shows the traditional rapid 

prototyping process. As shown in Figure 2.5(a), the finished part has a staircase effect 

along the build direction. In order to create more accurate parts, material removal process 

integration into RP processes is a necessity [Kulkarni 00]. For complex parts, the RP 

process with material removal can not only increase the accuracy but also reduce the 

build time. Figure 2.5(b) shows an example RP process with material removal 

(machining). Several researchers [Hope 96, Jager 96a, 96b, Hope 97b] used a water-jet 

cutter to cut each layer approximated with slanted or ruled surfaces. In [Khoshnevis 97], 

a new RP process called contour crafting was introduced. This process uses planar 

trowels to create planar and freeform surfaces. Kulkarni (1998b) and Kao (1999) used 3-

axis computer numerical control (CNC) machining to finish 2D layers after the material 

was deposited. Amon (1998) and Fessler (1996) used 5-axis CNC machining in their 

Shape Deposition Modeling process. They first decomposed the part into manufacturable 
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compacts to create functional metallic parts with the integration of a 5-axis CNC 

machining operation. [Horvath 98] used a flexible and curved cutting tool to cut soft 

material in the Thick Layer Object Manufacturing (TLOM) process. Even though, the 

cutter has a curved shape and can create freeform surfaces accurately, their process is 

limited to producing parts from very soft material such as foam or plastic.   

 

2.3 Summary 

In this chapter we reviewed different rapid prototyping processes and process 

planning issues in rapid prototyping. Some of the methods presented here targeted to 

increase the accuracy and efficiency of the rapid prototyping processes. However, many 

of the current methods still suffer certain drawbacks. To achieve more accurate RP parts 

and to increase the RP efficiency, it is important to tackle these RP accuracy and 

processing planning issues. In the following chapters, we will introduce the details of the 

new methods of smoothing STL models with biarcs fitting, non-uniform offsetting, 

automated hollowing, and ruled layers approximation with 5-axis machining application 

for rapid prototyping processes.  



CAD model STL model

Part orientation

Support generation Slicing

Path planning
Completed part from RP

Figure 2.1 Process planning for rapid prototyping
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(a) An example contour from the CAD model of the part

(b) Same contour with linear approximation
from the STL model of the part

Figure 2.2 An example contour taken from the CAD model of a part
and its linear approximation from the STL model
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(a) Uniform slicing

(b) Adaptive slicing

Figure 2.3 Uniform and adaptive slicing
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(a) Slanted layers

(b) Ruled layers

Figure 2.4 Slanted and ruled layers

Discontinuities
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(a) Traditional rapid prototyping process

(b) RP process integrated with a multi-axis removal process

Figure 2.5 Comparison between the traditional RP process and
the RP process with material removal
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