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1.1 Principle

The past decade has witnessed the emergence of new manufacturing technologies that build parts on a layer-by-layer basis. Using these technologies, manufacturing time for parts of virtually any complexity is measured in hours instead of days, weeks, or months; in other words, it is rapid. 

The first commercial process was presented at the AUTOFACT show in Detroit (US) in November 1987, by a company called 3D Systems, Inc. At that time, the process was very inaccurate and the choice of materials was limited. Therefore, the parts obtained where considered prototypes. Like in software engineering, a prototype is something to look at, serves as a basis for discussion but cannot be used for anything ``serious'', i.e. in a production environment. [1]

Since then, Rapid Prototyping Technologies (RPT) have taken enormous strides. Nowadays, there are over 30 processes some of which are commercial, while others are under development in research laboratories. The accuracy has improved significantly, and the choice of materials is relatively large, to the extent that the term prototype is becoming misleading; the parts are more and more frequently being used for functional testing or to derive tools for pre-production testing. It is very likely that a new term, or one of the numerous other expressions that are floating around, will replace it in the future. 

It is true that rapid prototyping can be achieved using conventional methods such as NC milling and hand carving. However, the term RP is normally reserved for the new technologies that build parts by adding material instead of removing it. In order to regard RP in the right perspective, one would need to compare it with the conventional methods. I will explain, though, to the best of my ability, the strategic importance of RP and describe in some detail some of the processes that will be referenced later. 

Most of the RP processes take as input a 3D model and a set of parameters that are process-dependent. The model to be manufactured is sliced by a set of parallel planes. The space between two adjacent slices is called a layer. The component of the process where the part is built is called the workspace. 

Although the processes described here can differ significantly, e.g. by the use of materials other than photopolymers, the underlying theme is the same; they all build parts on a layer-by-layer basis. Such processes are generally known as Layered Manufacturing Techniques or Technologies (LMT). There are two RP technologies we will be discussing in this paper, namely, StereoLithography (SLA) and Selective Laser Sintering (SLS).

1.1.1
SLA

StereoLithography, developed by 3D Systems, Inc., is one of the most widely used rapid prototyping technology. 

SLA allows the creation of complex, three-dimensional models by successively "laser-curing" cross sections of liquid resin. A UV laser contacts the resin, a photopolymer, to cause the resin to solidify. There are different steps involved in SLA, which have been listed below:

· [image: image4.jpg]


STL file is sliced to create layers 

· Laser draws the bottom-most layer 





· Part is lowered, and resin coats the completed layer 

· The process is repeated for subsequent layers 

· Finished part is cleaned and cured 

· [image: image5.png]


Part is postprocessed (benched) to desired finish 

Figure 1.2 shows schematic diagram of an SLA process.
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Figure 1.2: SLA process [2]

1.1.2 
SLS

The SLS process creates three-dimensional objects, layer-by-layer, from powdered materials. A major distinction between SLS and other rapid prototyping technologies is the variety of materials from which one can choose. Many of these materials prove suitable for function analysis.
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Selective laser sintering uses a CO2 laser to fuse powdered materials. As the laser contacts the powder bed, it raises the material to its sintering temperature to create a layer of solid part geometry. The various steps involved in SLS are as follows: [3]

· STL file is sliced to create layers 



· Laser draws the bottom-most layer 

· Powder is spread over completed layer 

· The process is repeated for subsequent layers 

· Upon completion, the powder cake is removed 

· Part is extracted from the loose powder 
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Figure 1.4: SLS process [4]

1.2 Historical Perspective

The early roots of rapid mechanical prototyping technology can be traced to at least two technical areas: topography and photosculpture.

1.2.1 Topography

As early as 1890, Blanther (1892) suggested a layered method for making a mold for topographical relief maps. The method consists of impressing topographical contour lines on a series of wax plates, cutting the wax plates on the contour lines, and then stacking and smoothing the wax sections. This produces both positive and negative three-dimensional surfaces that correspond to the terrain indicated by the contour lines. After suitable backing of these surfaces, a printed paper map is then pressed between the positive and negative forms to create a raised relief map.

Perera (1940) proposed a similar method for making a relief map by cutting contour lines on cardboard sheets and then stacking and pasting these sheets to form a three-dimensional map.

1.2.2 Photosculpture

Photosculpture arose in the 19th century in attempts to create exact three-dimensional replicas of objects, including human forms. One somewhat successful realization of this technology was designed by Frenchman François Willème in 1860. In his method, a subject or object was placed in a circular room and simultaneously photographed by 24 cameras placed equally about the circumference of the room. The silhouette of each photograph was then used by an artisan in Willème's studio to carve out 1/24th of a cylindrical portion of the figure. [5]

1.2.3 Early Solid Freeform Fabrication

In 1968, Swainson proposed a process to directly fabricate a plastic pattern by selective three-dimensional polymerization of a photosensitive polymer at the intersection of two laser beams. This process was termed as photochemical machining. The object is formed by either photochemically cross-linking or degrading a polymer by simultaneous exposure to intersecting laser beams. Although laboratory hardware was constructed for this process, a commercially viable process was apparently not achieved.
Besides, there were several other developments in these areas, especially in solid freeform fabrication that ultimately led to the inception of Rapid Prototyping.

1.3 Major Vendors/Players 
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1.4 Advantages and Disadvantages

Rapid Prototyping can be used to build arbitrarily complex geometries. Besides, it doesn’t require part-specific tooling or Fixturing. Looking at the two processes in considerations; both have their own advantages and disadvantages that can be summarized as follows.

1.4.1 SLA vs. SLS: A Summarized Comparison

Material Properties: The SLA process is limited to photosensitive resins which are typically brittle. The SLS process can utilize polymer powders that, when sintered, approximate thermoplastics quite well. Because of wear intensity of mold shell, which is determined by some sintering parameters, many cast are molded unsuccessfully[9].

Surface Finish: The surface of an SLS part is powdery, like the base material whose particles are fused together without complete melting. The smoother surface of an SLA part typically wins over SLS when an appearance model is desired. In addition, if the temperature of uncured SLS powder gets too high, excess fused material can collect on the part surface. This can be difficult to control since there are so many variables in the SLS process. In general, SLA is a better process where fine, accurate detail is required. However, a varnish-like coating can be applied to SLS parts to seal and strengthen them. 

Dimensional Accuracy: SLA is more accurate immediately after completion of the model, but SLS is less prone to residual stresses that are caused by long-term curing and environmental stresses. Both SLS and SLA suffer from inaccuracy in the z-direction (neither has a milling step), but SLS is less predictable because of the variety of materials and process parameters. The temperature dependence of the SLS process can sometimes result in excess material fusing to the surface of the model, and the thicker layers and variation of the process can result in more z inaccuracy. SLA parts suffer from the "trapped volume" problem in which cups in the structure that hold fluid cause inaccuracies. SLS parts do not have this problem. 

Support Structures: SLA parts typically need support structures during the build. SLS parts, because of the supporting powder, sometimes do not need any support, but this depends upon part configuration. Marks left after removal of support structures for parts cause dimensional inaccuracies and cosmetic blemishes. 

Machining Properties: In general, SLA materials are brittle and difficult to machine. SLS thermoplastic-like materials are easily machined. 

Size: SLS and SLA parts can be made the same size, but if sectioning of a part is required, SLS parts are easier to bond. 

Investment Casting: The investment casting industry has been conservative about moving to RP male models, so SLS models made from traditional waxes, etc. are preferred. 3D Systems has a process (dubbed "QuickCast) which allows SLA models to be more suitable for investment casting. Since SLA resins do not melt but burn to form ash, QuickCast modifies the build process so that the interior of the model is hollow with a supporting latticework. When the ceramic is fired, the QuickCast model collapses and any ash is minimal because of the small total quantity of material.

1.5 Applications

Visualization
The very first application of RP was to create real-life models of computer generated designs. This is still one of the primary applications today, however advances in material technology and the accuracy of RP machines has led to many more applications.

Patterns for Castings (SLS) 
Rapid prototyping methods are increasingly being used to produce castings for metals and silicone rubber. Selective Laser Sintering has enabled these moulds to become far more complex than was previously possible. A medium-sized complex sand-cast for steel can now be produced in hours rather than several days. Previously, castings which required very small diameter holes or small detail could not be made because producing these features in a sand cast is very difficult by traditional methods. 

Moulds for Vacuum forming (SLS plastic)
Plastic Selective Laser Sintering is particularly useful for the production of moulds for vacuum forming plastic parts. This application has been used extensively to produce detailed plastic parts such as mobile phone cases, electrical plugs and computer mice.

Functional Test Parts
Improvements in material technology, particularly in polymers have meant that RP components can have mechanical properties to match a particular requirement. Therefore RP can now be used to produce fully functional parts for testing or for full-scale production. Currently, production of plastics by traditional methods is still cheaper for the majority of components, however, where high complexities are required, RP can be used.

Medical Applications
The X-ray machine has been used for a long time to allow medical practitioners to diagnose or to plan for surgery. The X-ray has one major malfunction in that it produces a 2-dimensional picture of a 3-dimensional body. A more recent development is the CT (Computer Tomography) scan. This produces a 3-dimensional virtual model of the scanned area stored as a computer file. 

Surgeons now use 3D physical models created with stereolithography from that same 2D data. Previously, they relied on 2D (two-dimensional) CT or MRI data to view affected anatomy in preparation for complex surgeries. 

1.6 Research/Improvements issues

1.6.1 SLA

· Compensation: Physical parts shrink and deform under processing. Hence, models are needed to anticipate and compensate for these shape changes. One possibility is to use trial-and-error procedure, iterating through several trial runs before achieving the desired part. In that area, researches are aimed at replacing this intuitive process with one founded on formal analytical tools. The underlying difficulty in developing analytical tools is lack of detailed process understanding [8].

· Narrow range of materials: The material available is only photo sensitive resin of which the physical property, in most of the cases, cannot be used for durability and thermal testing. One of the hot research topic in this area is to widen the range of materials used.

· Support structures: For very precise parts with many thin protrusions, compensation and support structure generations need to be iterated. Ultimately, more sophisticated control strategies based on process sensor feedback loops are desirable, which is a hot topic of research.

· Interface format: Triangular approximations of smooth surfaces work well in Graphics and hence so far it has been used in case of RP but people are looking for other formats as well in order to further enhance the process in terms of simplicity.

· Data Representation: So far, STL files are the most common type of data representation but that leaves much to be desired. One of the grave concerns is to replace STL files with some other unanimous data representation scheme. STEP has come up recently to replace STL format but it has yet to be accepted as the universal format.

1.6.2  SLS

· Heating time: One area of improvement could be the time to heat the material up before sintering and then cooling it down. On an average it takes 2 hours to heat up to the temperature below the melting point and then 5 to 10 hours to cool it down before removing the parts from the powder cylinder

· Surface finish: The particle size greatly affects the smoothness of the surface. Hence, one topic of interest is to use particles of small sizes.

· Use of inert gas: Normally nitrogen gas is used in the process chamber, which is very expensive. One challenging area of research is to reply nitrogen by some inexpensive non-reactive gas.

· Improve adhesiveness of material: Intrinsic bonding between polymer and a given particle is dominated by the interfacial characteristics of the polymer. It is possible to modify the polymer interfacial properties to improve adhesion.

1.7 Creative thinking/suggestions

Accuracy: CNC machines have very high accuracy. Rapid Prototyping processes have poor accuracy because of layer thickness. The best way to improve accuracy of RP processes is to use this technology along with CNC machines.

Focused laser beam: In selective sintering process, one area of improvement is to increase the intensity of laser beam used to sinter the powder. One very good way to do this is to use the lens of different refractive indices in stead of only one refractive index.

Use of RP with injection molding: Since patterns made by RP are very difficult to make by other processes, they could be used to produce parts in mass volume via injection molding. Directly producing those parts through injection molding would not only incur huge costs but also be almost impossible to make.

Use of small metal particles with large ones: Since the maximum density, a single type of particles can have is 
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, i.e. approximately 52 %; it is always wise to use two metal particles, one with smaller size than the other. This tremendously increases the density because smaller particles fill up the cavities created by larger particles.

1.8 Discussion and conclusion

Since the end of 1995 there has been a steady reduction in the size and cost of rapid prototyping machines. Small, inexpensive 'desktop' rapid prototyping machines are now entering the market. 

The future looks very promising for rapid prototyping. The benefits for most applications far outweigh the disadvantages especially when they are used in the correct situation. The price and size are rapidly falling to the point where they will soon be commonplace in any manufacturing company. 

There seems to be a divergence in the applications of rapid prototyping. While many companies are concentrating on the application to produce physical model', and hence not fully working components, other machines are tending towards the production of fully working components, with research being put into vastly improving the mechanical properties of PR components. Other firms are heading in the direction of cast and mould making using rapid prototyping processes. The rapid prototyping technology is therefore advancing beyond the production of 'prototype' models for which it was originally used. 
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Figure 1.3: SLS Machine
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Figure 1.5: Skull reproduced by Stereolithography [7]





Figure 1.1: SLA example
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