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19.1 Introduction

� The processes that create a desired shape by the 
incremental addition of material in a layer-by-layer.

� Known as additive processes
� Application was the manufacture of prototype 

products.
� Extremely short lead times, the term “rapid 

prototyping”.
� Additive processes begin with the three-dimensional computer 

model.
� Which is sectioned into layers.
� Liquids, powders, plasticized extrusions sheets of material.
� Then are used to deposit the layers and build the products.
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19.1 Introduction

� As the additive manufacturing processes matured and 
new concepts were introduced
1) Rapid prototyping (RP)
2) The production of scale models to enhance 

visualization.
3) Rapid tooling (RT) – the production of tooling to be 

used in machining or joining processes
4) Direct-digital manufacturing (DDM) – the 

manufacture of finished products directly from a 
computer file, with no intervening tooling, with no 
required tooling.
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19.2 Rapid Prototyping and Direct-Digital 

Manufacturing
� Building the shape progressively through the accumulation of 

thin layers.
� Free-form fabrication processes: required geometry, 

dimensions fit.
� They are also tool-less manufacturing processes: without 

specific tooling such as dies, molds, or fixtures.
� The first step: preprocessing, the conversion of the three-dimension 

computer-aided design (CAD) into the set of instructions.
� Using computer-aided manufacturing (CAM), the part is sectioned into 

a succession of layers.
� Bases and supports can be added that would distort during the 

process.

� Each layer is then reduced to a set of tool paths.
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Framework for Rapid Prototyping

FIGURE 19-1a Conceptual 
framework for additive 
processes: (a) development 
of a virtual model in CAD; 
(b) model is converted to 
STL file format and loaded 
into CAM software; (c) CAM 
software slices the model to 
generate tool paths for the 
laser; (d) product is 
produced layer-by-layer in 
machine tool; (e) final 
prototype or product.
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Framework for Rapid Prototyping

FIGURE 19-1b Conceptual 
framework for additive 
processes: (a) development 
of a virtual model in CAD; 
(b) model is converted to 
STL file format and loaded 
into CAM software; (c) CAM 
software slices the model to 
generate tool paths for the 
laser; (d) product is 
produced layer-by-layer in 
machine tool; (e) final 
prototype or product. 
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Framework for Rapid Prototyping

FIGURE 19-1c Conceptual framework for additive 
processes: (a) development of a virtual model in CAD; 
(b) model is converted to STL file format and loaded 
into CAM software; (c) CAM software slices the model 
to generate tool paths for the laser; (d) product is 
produced layer-by-layer in machine tool; (e) final 
prototype or product. 
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Framework for Rapid Prototyping

FIGURE 19-1d 
Conceptual framework for 
additive processes: (a) 
development of a virtual 
model in CAD; (b) model 
is converted to STL file 
format and loaded into 
CAM software; (c) CAM 
software slices the model 
to generate tool paths for 
the laser; (d) product is 
produced layer-by-layer in 
machine tool; (e) final 
prototype or product. 
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Framework for Rapid Prototyping

FIGURE 19-1e Conceptual 
framework for additive 
processes: (a) development of 
a virtual model in CAD; (b) 
model is converted to STL file 
format and loaded into CAM 
software; (c) CAM software 
slices the model to generate 
tool paths for the laser; (d) 
product is produced layer-by-
layer in machine tool; (e) final 
prototype or product. 
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Framework for Rapid Prototyping: 

stereolithographic

� For any given layer, the laser follows the programmed tool 
path.

� Converting the light-curable resin (liquid photopolymer) into 
polymerized solid.

� When the layer is completed, the build platform descends one 
layer of thickness, and uncured material flow across the 
surface.

� The laser then follows the path for the next successive layer, 
bonding it to the previously cured solid.

� The cycle then repeats, building the part layer-by-layer.
� Postprocessing: removal of bases and supports, excess 

uncured resin, firing or sintering, and mechanical finishing.

10



Stereolithography

FIGURE 19-2 The stereolithography apparatus (SLA) (right) can build a part (left) in plastic, layer by 
layer, using a laser to polymerize liquid photopolymer. (Source: Cutting Tool Engineereng, December 
1989.)
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19.3 Layerwise Manufacturing

� Classified by the nature of material deposition as:
1) Liquid-based processes
2) Powder-based processes
3) Deposition-based processes (or solid-based)

Computer-Aided Design (CAD) to Computer-

Aided Manufacturing (CAM)

� The conversion of the CAD solid model into the data needed to drive 
and control the additive machine tool.

� The specialized CAM is often unique to each process, but generally 
begins by converting the geometry of the part into stereolithography
of STL files, beginning with a process known as tessellation.

12



Computer-Aided Design (CAD) to Computer-

Aided Manufacturing (CAM)

� The process-specific CAM software then slices the 
tessellated solid representation into a series of 
cross-sectional layers, with a thickness specified.

� Some processes begin by outlining the perimeter of 
the solid regions and then filling in the area with 
techniques, such as restoring.

� In summary, the CAD-to-CAM conversion:
� A three-dimension solid that is sliced into a series of two-

dimensional layers, each of which is further reduced into a 
series of linear tool paths.
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Thickness control, stairstepping, and surface 

finish 

� Creating thousands of stacked layers, it is important 
to control the thickness of the individual layers.
� Some processes: Excellent control by simple deposition of 

layer upon layer
� Others: require intermediate attention, such as a surface 

milling after each deposition, or an intermediate 
measurement of build height.

� The maximum thickness of a given layer is typically 
set by the depth of solid that can be formed by the 
deposition process.
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Stairstepping

� All surfaces not perpendicular to the slice plane (i.e., 
curved surfaces, rounded corners and tapered sides).

� Surfaces are approximated by the edges of stacked, 
uniform-thickness layers.

� Surface geometry will then to be rougher in the z –
direction than around the perimeter of the x-y planes.

� If the finish is critical in the z-direction, it can be 
improved by reorienting the part so that this surface is 
closer to being perpendicular to the build plane or by 
reducing the layer thickness.
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Stairstepping

FIGURE 19-3 Building by layers results in 
stairstepping of curved surfaces
and rounded corners.
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Build time vs. Thickness

FIGURE 19-4 Build time
versus layer thickness for various
laser power levels. (From P.F. 
Jacobs, Rapid Prototyping
and Manufacturing:
Fundamentals of
Stereolithography, SME, Dearborn, 
MI., 1992.)
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Voxel Geometry

� A generic laser-beam scanning process.
� Voxel geometry is the scanning-types of layer-wise

deposition.
� A voxel is a volume element and is the three-

dimensional equivalent of the pixel in a two-dimension
image.

� The voxel determines the thickness of layers, the
distance between adjacent scans, and ultimately the
number of layers and scans needed to complete a part.

� Capabilities of various processes, it is important to
understand how voxel geometry is affected by changes
in the material and process parameters.
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Laser Curing

FIGURE 19-5 Schematic of a 
generic laser-based additive 
process showing the 
traditional coordinate system.
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Laser Curing Profile

FIGURE 19-6 In 
stereolithography, the 
laser produces a
cure line of photopolymer, 
where the width, depth, 
area, and profile are 
determined by the voxel.
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Dimensional precision

� Difficult to set established dimensional tolerances.
� Some mechanisms have excellent dimension, while 

others are poor.
� A different overall accuracy under a different set of 

condition.
� Part geometry, build rate,
� Preprocessing, postprpcessing
� Type of materials and even ambient temperature and 

humidity

� Addition problems: material shrinking upon 
solidification by change in density.
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Supports in RP

FIGURE19-7  Many of the 
additive  manufacturing 
processes require use of
a bases and supports.
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19.4 Liquid-Based Processes
Stereolithography Apparatus (SLA)

� Including: high-speed computers, computer-aided design 
(CAD), precise motion control, UV lasers, and photocurable 
polymers.

� Converting a CAD into a series of thin cross-sectional layers, 
or slices (0.05-0.15 mm in thickness).

� Using tool path (CAM) draws the cross section onto the 
surface of liquid photocurable epoxy-based resin with UV 
laser.

� UV light causes the resin to locally solidify (polymerize) 
wherever it is scanned.

� The completed part is removed form the resin bath and 
excess partially cured resin is removed. Supports are 
mechanically removed while they are still soft.
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FIGURE19-8  (left)  A honeycombed pattern (solid surface with 
honeycomb interior) produced by stereolithography is used to 
produce an investment casting (right) of particle-reinforced 
aluminum.  (Courtesy O’Fallon Casting)
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Solid ground curing (SGC)

� SGC cures layer upon layer of photopolymer with a 
photomask and high-intensity UV lamp.

� SGC begins with the creation of a photomask. 
� In the mask plotter cycle segment is similar to the one used 

in photocopiers.
� Black powder, or toner is electrostatically attracted to the 

charged areas of the glass.
� The resulting photomask is used to selectively expose a 

layer of photopolymer to high-intensity ultraviolet light.
� The glass plate is then erased by removing the charge and 

powder and a new photomask is crated for the next layer.

25



FIGURE 19-9 The solid ground curing process simultaneously operates a 
mask plotter cycle to produce the layer masks and a model grower cycle 
to deposit the layers.
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Inkjet Deposition

� Using layer-sectioning software and tool path geometries.
� ID or droplet deposition manufacturing, systems create the 

layers by molten material (wax, thermoplastic, or low-melting-
point metals) onto a substrate as uniform-size micro-droplets 
and ultimately a solid mass.

� Supports: are often deposited in a perforated pattern to 
facilitate easy removal.

� Dimensional accuracy is good, but milling of the intermediate 
layers may be required to improve precision the z-direction.

� To improve build time, multiple jets may be incorporated onto 
a single print head.
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Inkjet Deposition

FIGURE 19-10 Inkjet deposition uses the ballistic 
particle concept to build solid objects.
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19.5 Powder-Based Processes

Selective Laser Sintering (SLS)

29

� SLS begin with the same part CAD file that is sliced in the STL 
format and a vertically positionable elevator.

� Process begins by spreading a layer of heat-fusible powder 
across the part build chamber.

� A CO2 laser is then scanned over the layer to selectively fuse 
together those areas defined by the cross-section geometry.

� The laser beam raises the powder temperature above the 
melting point, fusing the powder particles to one another and the 
layer below them.

� Laser sintered with the process repeating until the part is 
complete.



Selective Laser Sintering (SLS)

FIGURE 19-11 Selective laser sintering uses a laser to scan and sinter powdered 
material into solid shapes in a layer-by-layer manner.
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Selective Laser Sintering (SLS)

� The primary mechanisms for binding particles are fusion, 
based on melting and solidification and the viscous flow of 
thermally softened (but not melted) surface material.

� Thermoplastics; PVC, the absorbed laser energy causes the 
powder particles to soften and bind to one another.

� Semicrystalline materials; nylon are locally melted and can 
essentially produce fully dense parts.

� The bonding of metal and ceramic powders required more 
energy.

� To minimize the required laser power and increase process 
speed, radiant heaters are used to bring the powder to 
temperatures just below the fusing point.
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FIGURE 19-12  Half of a silica sand casting mold produced by 
selective laser sintering.  (Courtesy of Mr. C. S. Huskamp, St. 
Louis, MO.)
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FIGURE 19-13  Comparison of metal lprototype manufacture by CNC 
machining and direct-digital manufacture using selective laser sintering.  
Note the significant reduction in total process time.  (Courtesy of Mr. C. S. 
Huskamp, St. Louis, MO.)
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Electron Beam Manufacturing Process (EBM)

� EBM is powder-based, scanning-beam process.
� Higher power of the electron bean can be used to produce 

full-density metal products from layers of metal powder.
� A vacuum is now required, to permit the electron beam to 

travel within the build chamber.
� A high-speed diffuse beam is scanned over the top-most layer 

to preheat the material and reduce thermal stresses.
� The new powder layer is spread, and a high-powder focused-

beam scan then melts the selected regions.
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Electron Beam Manufacturing Process

FIGURE 19-14  Schematic of the electron beam manufacturing process.
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Electron Bean Melting (EBM)

� Powder-based and scanning-beam process, products from
layers of metal powder.

� The vacuum provides a clean environment, to permit the
electron beam to travel within the build chamber.

� A high-speed diffuse beam is scanned over the top-most
layer to preheat the material and reduce thermal stresses.

� The new powder layer is spread, and a high-power
focused-beam scan then melts the selected regions.

� Material must be electrically conductive but include reactive
metals: titanium, and high-temperature metals: cobalt-
chrome, tool steels, and superalloys.

� Applications include injection molding dies, die casting
tooling, and stamping tools.
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FIGURE 19-15  Small metal impeller made from titanium (Ti-6Al-4V).  
(Arcam AB)
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Three-Dimensional Printing (3DP)

� Inkjet printing has been combined with powdered material by
using the inkjet to deposit a liquid binder.

� Also know as “selective inkjet binding”
� An inkjet printing head then scans the powder surface and

selectively injects a binder material (polymeric resin or
colloidal silica)

� Joining the powder together in those areas defined by the
cross-section geometry.

� Powder including metals, ceramics, cermet and polymers.
� Elimination of thermal residual stresses and their related

problems because of the absence of thermal processing
during the build.
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Three-Dimensional Printing

FIGURE 19-16  Three-
dimensional printing 
builds components by 
selectively binding 
powdered material in a 
layer-by-layer manner.  
Metal parts are then 
sintered and possibly 
infiltrated to produce 
strong, high-density 
products.
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Three-Dimensional Printing (3DP)

� Incorporating dyes or pigments, colored binders and
multiple printheads can be used to produce
multicolored products.

� The process requires multiple processing steps,
including post-processing in a sintering furnace the
remove to binder and to fuse and densify the product.

� For stainless steel, post-processing include infiltration
of the metal matrix by a lower-melting-temperature
metal (bronze) to increase densification.

40



FIGURE 19-17  A casting mold produced by 
binding sand using three-dimensional printing, and 
the aluminum casting that was made in the mold.  
(Courtesy of Z-Corporation)
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19.6 Deposition-Based Processes
Fused Deposition Modeling (FDM)
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� FDM produces laminated three-dimensional objects through
robotically guided extrusion (thermoplastic).

� A spool of amorphous thermoplastic filament is unwound and
fed through a robotic extruding head (semi-liquid).

� First forming the contour and filling in the areas by hatching.
The material solidifies upon bonds with the layer below.

� FDM required the use of a base (Brittle material) because the
material does not cool fast enough to maintain rigidity.

� Materials: polycarbonate, poly-phenolsulfone and ABS.
� Most materials have poor mechanical properties.



Fused Deposition Process

FIGURE 19-18  Schematic of 
fused deposition modeling.  
This process can be “office 
friendly” (i.e., small in size 
and using nontoxic 
materials).
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Laser-Engineered Net Shaping (LENS) and Direct 

Metal Deposition (DMD)

� DMD: lasers and powders have been combined to
enable the direct fusing the uncoated metal powders.

� Power nozzles direct streams of metal powder at the
focal point of a laser.

� The powder particles melt and fuse with the underlying
layer as the part is scanned on an x-y positioning
stage beneath the laser.

� LENS: the high-power laser produces a tiny molten
pool on the surface and a nozzle blows a small metal
powder into the pool to increase its volume.

� The process repeats to complete the layer.
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Laminated-Object Manufacturing (LOM)

� LOM involves the sequential bonding and patterning of
solid material sheets or laminae.

� Beginning by delivering a sheet of paper onto the working
surface either by roller or some other means.

� A heated roller is passed over the surface to bond the
paper sheet to the layer below it.

� Once bonded, a laser or cutter is guided to cut the
perimeter of the particular cross section.

� The steps are repeated until competed part.
� Cheaper equipment due to the simplicity of process and

reduced maintenance requirements.
� Large components can be produced. Residual stresses are

low because phase (liquid to solid) does not change.
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Laminated Object Manufacturing

FIGURE 9-19 Schematic of the laminated object manufacturing process where solid sheets 
are used to create the layers.
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19.7 Uses and Applications
Prototype Manufacturing

47

Producing both conceptual and functional models
1. Ability to evaluate concepts and seek input from others 

during the design phase.
2. Ability to detect and correct design errors before the costly 

tooling stage.
3. Ability to have multiple iteration design before 

manufacturing.
4. Ability to assess assembly concerns and ensure proper 

alignment and interaction with companion parts.
5. Can possibly allow for functional testing under real-life or 

simulated conditions.
6. Ability to serve as communication models among 

management, design, manufacturing, sales and marketing 
and potential customers. 



Prototype Manufacturing

7. Can serve as sales and marketing models or 
samples.

8. Can serve as a visual aid during bidding, 
tooling design and other activities

9. Often enables a significant reduction in 
production in product development time
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FIGURE 19-20  Example of additively produced prototypes used to 
assess form, fit, and function.  An assembly of components and SLS 
prototypes (including engine, exhaust headers, and active suspension) 
has been prepared for wind tunnel testing of an open-wheeled race car.
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Rapid Tooling

Several reasons:
1. Tooling is usually a low-production-volume.
2. Tooling typically has an associated long lead time.
3. Tooling typically requires the high cost of skilled labor.
4. The high cost of tooling often requires its use in 

producing a large number of identical products.
5. Tooling is a requirement of most manufacturing 

processes, so there are a number of potential 
application

6. Tooling is usually specific to one or a few part 
geometries.
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Direct-Digital Manufacture

� Producing finished parts direct from digital data, eliminating all 
tooling, including:

1. The production of small batch sized that could not be produced 
economically by traditional methods that required tooling.

2. The production of parts with intricate geometries or internal features that 
could not be made without extensive assembly operations.

3. The production of one-of-a kind custom or personalized products, such 
as bone replacements, dental implants.

4. The production of replacement parts on demand, enabling reduced 
inventory costs.

5. The repair or reworking of worn, distorted, or damaged parts, restoring 
the original dimensions and mechanical properties.

6. Manufacturing of products from hard-to-fabricate or hard to machine.
7. The manufacture of products within pressing time constraints.
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FIGURE 9-21 Assembly of small-scale models produced directly from CAD data by 
additive manufacturing processes.  (Courtesy of Mr. C. S. Huskamp, St. Louis, MO.)
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FIGURE 9-22   
Titanium skull patch 
produced  by the 
electron beam melting 
process beginning with 
data obtained from a 
CT scan of an injured 
person.  This is an 
example of a one-of-a-
kind, or custom, 
product.  (Arcam AB)
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19.8 Comparison of Additive Processes
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Nontraditional Manufacturing 

process
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28.1 Introduction

� NTM processes have the following advantages:
� Complex geometries beyond simple planar of cylindrical

feature can be machined.
� Parts with extreme surface-finish and tight tolerance

requirement can be obtained.
� Delicate components that cannot withstand large cutting

force can be machined.
� Part can be machined without producing burrs or inducing

residual stresses.
� Brittle materials or materials with very high hardness can

be easily machined.
� Microelectronic or integrated circuits can be mass-

produced.
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NTM Processes

� Four basic groups of material removal using 
NTM processes
� Chemical
� Electrochemical
� Thermal
� Mechanical
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Disadvantages of Machining Processes

� Machining processes that involve chip 
formation have a number of limitations
� Large amounts of energy
� Unwanted distortion
� Residual stresses
� Burrs 
� Delicate or complex geometries may be difficult or 

impossible
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28.2 Chemical Machining Processes (CHM)

� CHM is applied to parts ranging form very small
microelectronic circuits to very large.

� Material is removed from a workpiece by selectively exposing
it to a chemical reagent or etchant.

� The mechanism for metal removal is the chemical reaction
between the etchant and the workpiece, resulting in
dissolution of the workpiece.

� CHM involves converting selected areas of the workpiece with
a maskant (or etch resist) imparting the remaining exposed
surface of the workpieces of the workpiece to the etchant.
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Chemical Machining Processes (CHM)

� Removal steps for CHM
1. Cleaning: Contaminates on the surface of the workpiece

are removed to prepare for application of the maskant and
permit uniform etching.

2. Masking: If selective etching is desired, an etch-resistant
maskant is applied and selected areas of the workpiece
are exposed through the maskant in preparation for
etching.

3. Etching: The part is either immersed in an etchant or an
etchant is continuously sprayed onto the surface of the
workpiece. The chemical reaction is halted by rinsing.

4. Stripping: The maskant is removed from the workpiece,
and the surface is cleaned.

61



Masking

� Several different 
methods
� Cut-and-peel
� Scribe-and-peel
� Screen printing

� Etch rates are slow in 
comparison to other 
NTM processes

Figure 28-1 Steps required to produce a stepped contour 
by chemical machining. 
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Defects in Etching

� If baths are not agitated properly, defects result

Figure 28-2 Typical chemical milling defects: (a) overhang: deep cuts with improper agitation; 
(b) islands: isolated high spots from dirt, residual maskant, or work material inhomogeneity; 
(c) dishing: thinning in center due to improper agitation or stacking of parts in tank.
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Advantages and Disadvantages of 

Chemical Machining

� Advantages
� Process is relatively 

simple
� Does not require highly 

skilled labor
� Induces no stress or cold 

working in the metal
� Can be applied to almost 

any metal
� Large areas
� Virtually unlimited shape
� Thin sections

� Disadvantages
� Requires the handling of 

dangerous chemicals
� Disposal of potentially 

harmful byproducts
� Metal removal rate is 

slow
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28.3 Electrochemical Machining Processes (ECM)

� ECM removes material by anodic dissolution with a rapidly
flowing electrolyte.

� It is basically a depleting process in which the tool is the
cathode and the workpiece is the anode; both must be
electrically conductive.

� The electrolyte, which can be pumped rapidly through or
around the tool, sweeps away any heat and waste product
(sludge) given off during the reaction.

� The sludge is captured and removed from the electrolyte
through filtration.

� Shape of the cavity is defined by the tool.
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Figure 28.6
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Advantages and Disadvantages of 

Electrochemical Machining

� Advantages
� ECM is well suited for the 

machining of complex 
two-dimensional shapes 

� Delicate parts may be 
made

� Difficult-to machine 
geometries

� Poorly machinable 
materials may be 
processed

� Little or no tool wear

� Disadvantages
� Initial tooling can be 

timely and costly
� Environmentally harmful 

by-products
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28.4 Electrical Discharge Machining (EDM)

� EDM processes remove metal by discharging electric current
from a pulsating DC power supply across a thin inter-electrode
gap between the tool and the workpiece.

� The gap is filled by a dielectric fluid, which becomes locally
ionized at the point.

� High point on the workpiece comes close to a high point on the
tool.

� The ionization of the dielectric fluid created a conduction path in
which a spark also produces melt or vaporize.

� Bubbles from discharge gases are also produced.
� The dielectric fluid is pumped through the inter-electrode gap and

flushed out the chips and bubbles while confining the sparks.
� In wire EDM, also known as electrical discharge wire cutting.
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Figure 28-10 EDM or spark erosion machining of metal, using high-frequency spark discharges in 
a dielectric, between the shaped tool (cathode) and the work (anode). The table can make X-Y 
movements. 
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EDM Processes

� Slow compared to 
conventional machining

� Produce a matte 
surface

� Complex geometries 
are possible

� Often used in tool and 
die making Figure 28-11 Schematic diagram of equipment 

for wire EDM using a moving wire electrode. 
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EDM Processes

Figure 28-13 (above) SEM micrograph of EDM 
surface (right) on top of a ground surface in steel. 
The spherical nature of debris on the surface is in 

evidence around the craters (300 x).

Figure 28-12 (left) Examples of wire EDM 
workpieces made on NC machine (Hatachi).
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Advantages and Disadvantages of EDM

Advantages
� Applicable to all 

materials that are fairly 
good electrical 
conductors

� Hardness, toughness, 
or brittleness of the 
material imposes no 
limitations

� Fragile and delicate 
parts

Disadvantages
� Produces a hard recast 

surface
� Surface may contain 

fine cracks caused by 
thermal stress

� Fumes can be toxic
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