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The past few decades have seen substantial growth in Additive Manufacturing (AM) technologies. However, this growth has mainly been process-driven. The
evolution of engineering design to take advantage of the possibilities afforded by AM and to manage the constraints associated with the technology has lagged
behind. This paper presents the major opportunities, constraints, and economic considerations for Design for Additive Manufacturing. It explores issues related to
design and redesign for direct and indirect AM production. It also highlights key industrial applications, outlines future challenges, and identifies promising
directions for research and the exploitation of AM’s full potential in industry.
Design, Manufacturing, Additive Manufacturing

1. Introduction
The evolution of Additive Manufacturing (AM) over the past three
decades has been nothing less than extraordinary. AM has
experienced double-digit growth for 18 of the past 27 years, taking it
from a promising set of uncommercialized technologies in the early
1980s to a market that was worth over $4 billion in 2014. The AM
market is expected to grow to more than $21 billion by 2020
[354][355]. This growth has been made possible by improvements in
AM materials and technologies and is being driven by the market
factors that necessitate its use such as shorter product development
cycles, increasing demand for customized and personalized products,
increased focus and regulations on sustainability, reduced
manufacturing cost and lead times, and the introduction of new
business models [13][354][355].
During the past thirty years, the use of AM technology has also
undergone a transformation. Early AM applications focused on
models and prototypes [178][179]. As the technology matured, AM
played a major role in producing rapid and soft tooling (e.g. vacuum
and silicone casting molds) [187]. Today it is also used for the
production of end use parts and products. It is estimated that the
market for AM end use parts was worth $1.748 billion in 2014 - up
66% from the previous year. Strong double-digit growth in this area is
expected to continue for the next several years [355]. Leveraging the
geometric and material freedoms of AM for end use parts creates a
world of opportunity. However, not all parts are possible or cost
effective to produce using AM. This necessitates a better
understanding of when, why, and how to (re)design for the
opportunities and constraints associated with these technologies.
The CIRP community has previously reported on advances in AM
processes [178][179][187][181][152], their role in rapid product
development [42], and how they have been used in the biomedical
[36] and turbomachinery [176] industries. This paper explores the
opportunities, constraints, and economic considerations related to
Design for Additive Manufacturing (DfAM). It begins with a brief

overview of Additive Manufacturing, Design for Manufacturing, and
the need for DfAM. It presents the main design opportunities,
considerations and constraints related to AM technologies, including
production time and cost. It presents DfAM success stories from a
number of industries. Finally, it identifies promising directions for
research and development that will enable Design for Additive
Manufacturing to reach its full potential in industry.
2. Additive Manufacturing
Additive Manufacturing processes produce physical objects from
digital information piece-by-piece, line-by-line, surface-by-surface, or
layer-by-layer [178][130]. This simultaneously defines the object’s
geometry and determines its material properties. AM processes place,
bond, and/or transform volumetric primitives or elements (voxels) of
raw material to build the final part. Each voxel’s shape and size and
the strength of the bonds between the voxels are determined by the
raw material(s), the manufacturing equipment (e.g. the build platform
precision, nozzle geometry, light or laser beam wavelength, etc.), and
the process parameters (e.g. the nozzle temperature, light or beam
intensity, traverse speed, etc.). The overall part geometry is
determined by tool paths, projection patterns (digital masks), or a
combination of the two. This allows AM technologies to fabricate
parts without the need for intermediate shaping tools [155].
AM processes are characterized by increasing workpiece mass.
They represent one of three major classes of manufacturing
technologies, along with subtractive processes where the workpiece
mass is reduced and formative processes where the workpiece mass is
conserved [125][26]. Additive Manufacturing processes are also
distinct from chemical and thermal processes such as etching, plating,
oxidation, and heat treatment, which act on all exposed (reactive)
surfaces and traditional processes to create composite materials.

2.2 Digital workflow for Additive Manufacturing
Additive Manufacturing processes have a digital dataflow that
generates the instructions for the AM machine followed by a physical
workflow that transforms the raw materials into final parts (Fig. 1).
The process usually begins with a product idea, a 2D image such as a
photograph, a set of 2D images like those derived from Computed
Tomography (CT) scans, or a physical 3D object like a prototype or a
part for reverse engineering. These are transformed into digital
models (e.g. volume models or facet models) using solid modelling,
metrology, or image reconstruction software. Next, the data is
checked for errors, the errors are corrected, and support structures are
added if needed. This is often done with AM-specific software such
as Magics from Materialise NV. Finally, the model is sliced or
otherwise discretized to create instructions for the machine. This is
often done using machine-specific software.
New software formats have been developed and standardized to
support AM data preparation and digital workflow. For example, the
AMF format, which has native support for color, materials, lattices,
and constellations, has been standardized and is intended to replace
the STL format. Other formats such as STEP, STEP-NC, and 3MF
have integrated AM concepts to compete with AM-specific formats.
Kim et al. [174] recently proposed a systems approach for data flow
structuring and decomposition in several steps, clarifying the need for
data generation and transformation along the AM digital chain.
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The foundations of Additive Manufacturing go back almost 150
years, with proposals to build freeform topographical maps and
photosculptures from two-dimensional (2D) layers [40][256][48].
Research efforts in the 1960s and 70s provided proof of concept and
patents for the first modern AM processes including
photopolymerization in the late 1960s [356], powder fusion in 1972
[72], and sheet lamination in 1979 [243]. This work was enabled by
the invention of the computer in the late 1940s, the development of
photopolymer resins by DuPont in the 1950s, and commercial
availability of lasers in the 1960s. It followed advances in computer
aided design (CAD) and manufacturing (CAM), including the
development of numerical control machine tools in the early 1950s,
computer graphics and CAD tools in the early 1960s, CAD/CAM
systems in the late 1960s, and the availability of low cost computer
monitors starting in early 1970s [71][356][258]. However, the
technology was in its infancy with no commercial market and little
support for research and development activities.
The 1980s and early 1990s saw an increase in patents and academic
publications; the development of new technologies such as MIT’s 3D
printing process in 1989 [130], laser beam melting (LBM) processes
in the early 1990s [287], and the successful commercialization of
process technologies including stereolithography (SL) in 1988; fused
deposition modelling (FDM), solid ground curing, and laminated
object manufacturing in 1991 [356]; and laser sintering in 1992 [287].
These advances were made possible, in part, by improvements in
geometric modelling capabilities [71] and the development of
programmable logic controllers [130] during the 1960s and 1970s, the
development of ink jet printing technology in the late 1970s [130],
and by the decreased cost and improved capabilities and availability
of computers and CAD/CAM systems in the 1980s [256]. However,
the high cost, limited material choices, and low dimensional accuracy
of these machines limited their industrial application to rapid
prototyping and model making.
The 1990s and 2000s were a period of growth for AM. New
processes such as electron beam melting (EBM) [22] were
commercialized, existing technologies were improved, and attention
began to shift to developing AM related software. AM-specific file
formats such as STL (StereoLithography), CLI (Common Layer
Interface), LEAF (Layer Exchange Ascii Format), and LMI (Layer
Manufacturing Interface) [256] were introduced. AM-specific
software programs, such as Clemson’s CIDES (1990) and
Materialise’s Magics (1992) were developed. New generations of
commercial systems offered new and improved features. Quality
improved to the point that Additive Manufacturing technologies could
be used to produce patterns, tooling, and final parts. The terms ‘Rapid
Tooling’, ‘Rapid Casting’, and ‘Rapid Manufacturing’ were created
to highlight the ability to use Additive Manufacturing technologies
for production. Cheap, powerful computers helped to make new
generations of AM machines smaller and more affordable [131].
Advances in solid modelling software made it easy and inexpensive
for students and professionals to design and model 3D objects.
Finally, the Internet made knowledge sharing easy and supported the
development of open-source hardware and software. This led to the
development of the first hobby AM machines from the RepRap
project in 2005.
The late 2000s saw the commoditization of the AM processes that
were commercialized in the 1980s and were a period of growth for
the younger metal-based AM processes. The expiration of key patents
for a number of older AM processes opened the market to
competition. This, combined with a growing AM hobby community,
spurred innovation, leading to a major expansion of market supply
and demand. Today, AM products and services support a wide range
of activities including manufacturing, energy, transportation, art,
architecture, education, hobbies, space exploration, and the military.
Wide scale adoption of AM for the direct manufacture of final parts
has occurred in the medical, dental, and aerospace industries.

Meanwhile, commercial hobby printers and entry-level professional
machines have made AM technology available to the masses.
If the current trends continue, we will soon enter a new stage of
evolution where Additive Manufacturing becomes a design paradigm
in addition to a means of production.
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Fig. 1. Digital and physical workflow from product idea to actual component.
Redrawn from [337].
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and using AM-related design tools and methodologies. It is also a prerequisite for developing design related AM standards. For example,
ISO/ASTM DIS 20195 “Guide for Design for Additive
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Fig. 3. Outboard landing gear rib (24 kg) produced in Ti–6Al–4V by Wire +
Arc Additive Manufacturing (WAAM): CAD model (left, courtesy of the
Welding Engineering and Laser Processing Centre at Cranfield University)
and printed part before machining (right, [352]).

Note: Combinations of the above material classes, e.g. a composite, are possible

Fig. 2.Additive Manufacturing process families and materials [155].

2.3 Additive Manufacturing processes and physical workflow
The physical workflow begins with one of the seven currently
recognized groups of AM technologies: binder jetting, directed
energy deposition, material extrusion, material jetting, powder bed
fusion, sheet lamination, and vat polymerization (Fig. 2) [26][155].
AM processes can be used for the direct production of models,
prototypes, end use parts, and assemblies, as well as fixtures, patterns,
and tooling for indirect production [155][337][66][71]. AM can be
integrated to create hybrid processes [163][166][168][182][317] or
combined with other processes to form longer multi-stage process
chains [149][327][337]. For example, parts can be printed to near net
shape and then post-machined (Fig. 3), molds can be produced by
alternating printing and machining operations (Fig. 4), features can be
printed on top of formed components [14], and components can be
embedded within printed parts (Fig. 5 and Fig. 6).
Each process family has distinct operating principles, production
characteristics and compatible material types. These traits affect the
cost, quality, and sometimes the color and scale of the parts that can
be produced, and therefore can substantially impact design decisions.
The consideration of process specific characteristics during the design
process is even more important when AM is combined with other
direct manufacturing processes (e.g. machining) and indirect
manufacturing processes (e.g. molding or casting) [43].

Fig. 4. Injection molding tooling produced by 3-axis Hybrid Layered
Manufacturing (Gas Metal Arc Welding plus CNC machining): CAD model
(left), near net shape molds (center), and finished molds (right) [317].

Fig. 5. Conformal cooling channels in an injection molding die. The cooling
tubes were inserted into the substrate mold (left), the tubes were ‘buried’ and
the die was completed using a laser-aided metal-based AM process (center),
and the final tool was post-machined (right). Adapted from [59].

2.4 Current AM standards
Working groups for the development of AM-related standards have
been organized by the International Organization for Standardization
(ISO/TC 261) and the American Society for Testing and Materials
(ASTM F42). To date, they have produced standards related to
terminology, individual processes, chains of processes (hardware and
software), test procedures, quality parameters, customer-supplier
agreements, and fundamental elements. Recent additions address data
processing [156] and consider the relevance of and specify variations
to existing standards [27][28] (Fig. 7). In 2013, ISO and ASTM
defined a common goal to produce one set of global standards
including general standards that are applicable to most AM materials,
processes, and applications; category standards that define the
requirements for a material or a process category; and specialized
standards for specific requirements to a material, process or
application [158]. AM standardization efforts are also taking place in
Germany (VDI FA 105 and DIN NA 145-04-01AA), Spain
(AEN/CTN 116), France (AFNOR UNM 920), Sweden (SIS/TK
563), the US (SAE AMS-AM) and the UK (BSI AMT/8). The
Association of German Engineers published VDI 3404 and VDI 3405
as part of this work.
AM standards provide a common understanding of the field and a
shared lexicon from which to work. This is important for developing

Fig. 6. Timer circuit with embedded electronic components produced using a
hybrid stereolithography / direct print (SL/DP) machine [193].

3. Design for Additive Manufacturing
The term ‘Design for Additive Manufacturing’ has been used
extensively in the literature [10][19][31][70][77][74][91][122][142]
[150][262][284][335][336], however there have been only a few
attempts to define it [271][272][130]. This section provides an
overview of classical Design for Manufacturing and Assembly
(DfMA), examines the suitability of that definition and framework for
AM applications, and outlines the need for the development of
Design for Additive Manufacturing expertise and education.
3.1 Design for Manufacturing and Assembly
DfMA is the practice of designing and optimizing a product
together with its production system to reduce development time and
cost, and increase performance, quality, and profitability. This is done

by “simultaneously considering design goals and manufacturing
constraints” [168] such as “user and market needs, materials,
processes, assembly and disassembly methods,” maintenance
requirements, etc. [228]. DfMA can be viewed from three levels of
abstraction. At the first level, DfMA offers concrete tools, techniques,
and guidelines to adapt a design to a given set of downstream
constraints. These are usually process-specific (e.g. Design for
Injection Molding) [46][260], feature-specific (e.g. how part size,
weight, and symmetry affect insertion/assembly time) [46], or
activity-specific (e.g. how to calculate the theoretical minimum
assembly time) [45]. At the next level of abstraction, DfMA aims to
understand and quantify the effect of the design process on
manufacturing (and vice versa). This is needed to improve the
performance of the manufacturing system, the execution qualities of
the product (cost, functionality, customer satisfaction, etc.), the
evolution (through-life) qualities of the product (safety, reliability,
service and repair costs, etc.), and the long-term potential of the
associated business case (e.g. the ability to respond to unexpected
surges in product demand) [20]. In this context, DfMA is a subset of
Design for X [183]. At the highest level, DfMA explores the
relationship between design and manufacturing and its impact on the
designer, the design process, and design practice. In this context, it
addresses topics such as material and process selection, concurrent
engineering [231][291], and how to improve CAD to support DfMA
[46].
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Fig. 7. ASTM and ISO standards for AM. Updated and modified from [158].

3.2 The need for Design for Additive Manufacturing
The definition of DfMA above is valid for all processes and process
chains that involve AM. However, in practice the design knowledge,
tools, rules, processes and methodologies at all three levels of
abstraction will be substantially different for DfAM than traditional
DfMA. For example, AM can create different types of features and
impose different types of constraints than other manufacturing
processes. Therefore, they require different process-specific design
rules and tools [10][70][74][77][130][139][142][150][261][262][335]
[336]. At the same time, the freedoms of AM reduce the need for, and
therefore the importance of, designing for activities such as assembly
[149]. AM processes have different batch sizes, production times, and
cost drivers than traditional processes [29][148][275][276][366] and
require different approaches to metrology and quality control

[224][274]. Therefore a new body of knowledge is required to
support DfAM. Finally, the unique characteristics of AM processes
allow for and require different approaches to the design process and
design practice [31][138][130][284][126]. This includes new
approaches
to
explore
large,
complex
design
spaces
[70][271][272][348]; to incorporate material, mesostructures and
multi-scale design considerations [130][271][272]; and to overcome
the “cognitive barriers” imposed by past experience and the
conventional fabrication techniques [284].
The development of DfAM knowledge, tools, rules, processes and
methodologies has been cited as one of the technical principle
challenges of AM [19]. Insufficient understanding and application of
DfAM is said to be limiting the overall penetration of AM in industry
[122], holding back the use of AM for the production of end-use parts
[10][122], preventing designers from fully benefitting from AM
[91][126], and preventing AM from reaching its full potential in
general [31][74]. Once Design for Additive Manufacturing is well
understood, that knowledge must be disseminated to current and
future members of industry. Thus, AM-specific design education
[19][122][150] and design standards [19] are also needed.
4. Design opportunities, benefits, and freedoms of AM
This section provides an overview of design opportunities, benefits
and freedoms associated with Additive Manufacturing. These have
been divided into three levels: the part level with macro scale
complexity, the material level with micro scale complexity, and the
product level with multi-scale complexity. Production and business
level benefits are discussion in section 6.
4.1 Design freedoms at the part level with macro scale complexity
Incorporating the material and geometric freedoms of AM into
macro scale parts can provide a variety of aesthetic, functional,
economic, emotional, and ergonomic benefits.
4.1.1 Material choice
AM technologies can process a large range of materials.
Commercial AM machines can process polymers, metals, and
ceramic materials [155]. Sheet lamination processes are compatible
with paper, wood, cork, foam, and rubber [34]. Investment casting
molds and cores have been printed in sand [343] and large structures
have been printed in clay and concrete [171][173]. Research to print
Lunar and Martian habitats using locally available materials such as
lunar regolith is also underway [172]. Various AM processes have
been used to print edible items such as chocolate, sugar, frosting,
pasta, spreads, cheese, scallop puree, ground beef, egg whites, insect
powders, and an entire pizza. Much of this work is motivated by the
desire to produce novel shapes, flavors and textures; to provide
personalized nutrition; to enhance the quality of life for individuals
who have difficulty swallowing; to increase food supply security; and
to improve dining in outer space [350][315][192]. (Some AM foods
must be cooked, baked, or fried before consumption.) AM has also
been used to print biological and bio-compatible materials such as
cells, proteins, synthetic hydrogels, biological hydrogels, and
bioactive glasses [36]. This work could ultimately enable additive
manufacture of tissues and organs.
4.1.2 Color
Some AM processes can create products in full color (Fig. 8). This
can be done by adding color to the raw materials (e.g. by ink jet
printing on paper or powder), by using different color feedstock for
different parts of the model, or by inducing color change in a single
feedstock (e.g. resin) by in-process activation of pigments
[169][263][318]. Additively manufacturing parts in color can reduce
or eliminate downstream painting and decoration steps during

production and reduce chipping and flaking. In rapid prototyping and
model making, color can be used as a communication tool to
highlight features such as tumors in medical models and to map
analytical data onto objects to make the information easier to
understand and discuss [303][332].

4.1.3 Freeform geometry for art and aesthetics
AM’s ability to create unique, intriguing, and appealing geometric
forms has led to its adoption by artists, artisans, and industrial
designers. For example, AM is used in the jewelry industry for direct
production [104][218] and to produce patterns for investment casting
[94][97] (Fig. 9). It is also being used to enrich interior design with
high-end furniture, lighting fixtures, and accessories (Fig. 10) and to
explore new forms for clothing, shoes, purses, and other accessories
in the fashion industry (Fig. 11). In the past, AM applications that
emphasized form were mainly intended for exploration and
exhibition. However, additively manufactured designs are becoming
increasingly available for purchase and use.
4.1.4 Internal freeform geometry for functionality and performance

Fig. 8. AM objects in full color: frog and toad models printed using paperbased selective deposition lamination on an Mcor IRIS and colored to appear
as aged copper (top left) [215]; bicycle seat colored to show simulated
pressure distribution from a rider printed on an Objet Connex3 (top right)
[294]; plates showing a 9x9x9 set of color options from a ZCorp ZPrinter 650
before and after brushing (lower left) [92]; and a surgical planning model of a
human liver printed on an Objet Connex3 in clear and colored resins [303].

Additive Manufacturing enables the creation of complex internal
features to increase functionality and improve performance. For
example, AM has been used to create integrated air ducts
[41][101][311][209] and wiring conduits [209] for industrial robots;
3D flexures for integrated actuators and universal grippers [134],
complex internal pathways for acoustic damping devices [285];
optimized fluid channels (Fig. 12), and internal micro vanes for
ocular surgical devices [69]. However, one of the most widely studied
applications is conformal cooling. Conformal cooling channels follow
the external geometry to provide more effective and consistent heat
transfer (Fig. 13). Early research [280][359][129][267] showed that
conformal cooling in injection molding tooling improves process
efficiency and quality. Industrial injection molding case studies have
confirmed these benefits with reports of reduced lead time, more
uniform temperature distributions, reduced cycle times, improved
quality, reduced reject rates, reduced corrosion, longer maintenance
intervals, and overall cost savings [98][108][112].

Fig. 9. Jewelery produced with AM: award winning Tiger Ring from OG-Art pattern printed in wax on a Solidscape machine (via [34]) (left), Kinetic Ring
from Vulcan Jewelry (available for purchase) (center, courtesy of Vulcan
Jewelery); custom R2D2 inspired ring from Uptown Diamond and Jewelry pattern printed in wax on a 3D Systems ProJet machine [4] (right).

Fig. 12. Solid model of a water redistribution manifold redesigned for AM:
original design made in PEEK with perpendicular drilled channels (left) and
optimized version printed in titanium (right). The redesign reduced turbulence
induced vibration forces by 90%. Images courtesy of ASML.

Fig. 10. Home furnishings produced with AM: the Monarch Stool from Future
Factories (left, via [90]), Quin.Mgx Pendant Light from Bathsheba Grossman
printed in polyamide using SLS (available for purchase) (center, courtesy of
Bathsheba Sculpture LLC), and decorative bowl by Carl Bass printed in
stainless steel and bronze on an ExOne metal binder jet printer (available for
download) (right, [114]).

Fig. 11. AM in the fashion industry: dress from Iris van Herpen’s Voltage
haute couture collection produced using laser sintering (left [208]), one-of-akind purse from Kipling produced using laser sintering (center, [210]), and
Mutatio shoes by Francis Bitonti produced using SLS and then gold plated
(available for purchase) (right, courtesy of Francis Bitonti Studio).

Fig. 13. Schematic of conventional cooling channel (left) and conformal
cooling channel (right). Adapted from [17].

Conformal cooling is not limited to tooling. Fig. 14 shows two
versions of a thermal conditioning ring from the semiconductor
industry. The original design has circular cooling channels milled into
the outer circumference of the ring and enclosed by a welded cover
plate. The redesigned version was optimized for performance by
incorporating additively manufactured conformal cooling channels on
the top and side surfaces of the ring. The thermal behaviour of the
two rings is shown in Fig. 15. The redesign improved temperature
uniformity across the top surface of the ring by more than 6x,
reducing the temperature range across the top face from 13.8 milliKelvin (mK) to 2.3mK and the temperature range over the thickness
of the ring from 22mK to 3.7mK.

4.1.6 Cost effective production of custom-fit and mass customized
products

Fig. 14. Thermal conditioning ring with milled cooling channels enclosed by a
welded cover (left) and with additively manufactured conformal cooling
channels (right). Courtesy of ASML.

AM’s direct digital workflow and freeform geometry can be
combined to fabricate objects with any degree of customization (Fig.
17). This includes products that can be custom-fit to an existing
person or object, products that can be personalized based on
individual or group preferences, and mass-customized products that
can be produced with infinite variations.
Infinite

Personalized
product
Number of
choices
available

Fig. 15. Temperature plots from finite element models of the milled
conditioning ring (left) and the additively manufactured conditioning ring
(right). Shown with the same temperature scale. Courtesy of ASML.

Recent studies have focused on new applications of conformal
cooling (e.g. hot sheet metal forming [240]), strategies for increased
performance (e.g. profiled conformal cooling channels [17]), and
indirect and hybrid AM for more efficient and cost effective
production (e.g. using AM to produce wax patterns for indirect
tooling [17], using machining for the less complex geometries
followed by direct metal tooling for the part of the mold with the
cooling channels [121], and using direct metal tooling processes to
embed tubing inside near net shape molds [59] (Fig. 5)).
4.1.5 Production of macro-structure topology optimized objects for
reduced material and energy use
AM can also produce macro-structure topology optimized objects.
Topology optimization is a numerical approach that identifies where
material should be placed in a given domain to achieve a desired
functionality (e.g. stiffness) for a given set of loads and constraints
while optimizing for qualities such as minimal material usage/weight
or uniform stress distribution. Macro structure topology optimization
assumes that the structure is composed of a single homogeneous
material and that material is either present or absent in each part of
the design domain. Although the optimization is often only in the
structural domain, examples of multi-physics topology optimization
(e.g. with thermal and structural degrees of freedom) can be found in
the literature [119][135]. Macro structure topology optimization is
especially useful in the aerospace and automotive industries [273]
where weight reduction can lead to substantial energy savings over
the usable life of the product. Aerospace related examples can be
found in [23][49][241][329][105] (Fig. 16). Macro structure topology
optimization has also been used to improve biomedical implants [61],
investment casting processes [135], and more.

Fig. 16. Brackets before and after topology optimization: Airbus A320 nacelle
hinge brackets as-designed for cast steel and optimized for titanium (left) and
Airbus A380 brackets as designed and optimized for stainless steel (right)
[105]. The optimized brackets were produced by direct metal laser sintering
(DMLS).
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Fig. 17. Types of customization. Redrawn from [59].

In the medical and dental industries, AM is being used to produce a
wide variety of personalized and bespoke products including hearing
aids [214][93]; dental crowns, implants, and dentures [345][96][100]
[102]; biomedical implants for hard and soft tissues [1][8][9][47][99]
[103][107][111][330] (Fig. 18), customized casts, splints and
orthotics [242][249][251] (Fig. 19), and prostheses [11][201][306].
AM is also used to produce patient-specific models to facilitate
surgical planning [216][299][307][302][341] and surgical guides to
improve accuracy and efficiency [95][301][305][309][310] (Fig. 20).
For example, in orthopaedic surgery, cutting guides are used to
correctly position an implant for the individual patient’s anatomy.
This improves the anatomical alignment of the implant and enhances
the efficiency of the surgical procedure. AM surgical guides have the
additional benefits of being lightweight (making them easier to
handle during surgery) and disposable (safer).

Fig. 18. Titanium implants for the skull (left, [103]) and pelvis (right, [107])
produced using and EOSINT M 280.

Fig. 19. Customized laser sintered foot orthoses from Materialise’s AFootprint project (left) and customized selective laser sintered wrist splint
produced by Fraunhofer IPA. Images via [251].

4.2 Design freedoms at the material level and the micro scale
AM allows designers to modify and combine materials, micro-, and
meso-structures to create new properties, forms, and functionality.
4.2.1 Custom metallurgy, microstructure, and material composition

Fig. 20. Patient specific drilling guides for dental implants produced using an
Objet Eden260TM (left, [310]) and cutting guide for knee arthroplasty (right,
Courtesy of Aesculap AG).

AM is being used to produce custom-fit packaging and shipping
materials. For example, the Pack & Strat process from CIRTES in
France uses a sheet lamination approach to produce custom-fit low
cost ‘direct digital packaging’ for fragile and high-value objects [34].
The process begins either with a CAD model or a 3D scan of the
object to be packaged. The model is oriented and a bounding box is
created around the model. The model is subtracted from the outer
volume and the remaining volume is sliced. Next, the slices are
arranged in sheets and the tool path is generated. Finally, the physical
slices are cut from sheet stock, assembled around the object, bound,
and placed in the shipping container (Fig. 21). This process is
compatible with many types of material including cardboard, wood,
cork, polystyrene, polypropylene, and foam. It has been used to
package industrial components, machine tools, artwork, crystal, glass,
prototypes, models, and more (Fig. 22).

Because AM simultaneously creates an object’s material and
geometry, it can be used to create custom alloys and composite
materials. For example, it is possible to create custom mixes of
powders and binders [353], to alternate feedstock materials [81][357],
and to embed fibers [33][65][67] in order to create in situ composites,
increase mechanical strength, modify the thermal expansion
coefficient [67], and obtain electrically tuneable stiffness [281].
Similarly, it is possible to control the porosity, microstructure, and
material properties of metal, polymer, and ceramic parts through the
choice of materials, process parameters, and build orientation
[75][292][353][362][365].
Postprocessing steps after each layer can also be used to control
material properties. For example, Selective Laser Erosion and/or laser
re-melting after each layer of a selective laser melting (SLM) process
increases part density and reduces surface roughness [362]. Cold
work by high-pressure interpass rolling of Ti–6Al–4V parts produced
by SLM results in a refined, equiaxed, and texture-free microstructure
[202][203] with mechanical properties that are higher than the forged
material (ultimate tensile strength as high as 1078 MPa, and ductility
up to 13%) [202]. Similarly, high-pressure interpass rolling of
aluminium alloys during Wire + Arc Additive Manufacturing
(WAAM) reduces porosity [136] and increases strength due to finer
sub-grains and fewer mis-orientations [137]. Finally, postprocessing
of finished parts can control and improve material properties. For
example, heat treatment alters the grain structure and increases the
mechanical strength of metal parts [164][349][357] (Fig. 23).

Fig. 21. Schematic of the Pack & Strat process. Adapted from [34].
Fig. 23. SEM micrographs of etched surfaces showing the different grain
structures of as-wrought (a) and SLM TiAl6V4 (b) with post heat treatment at
700°C (c), 900 °C (d), or hot isostatic pressing (e). Adapted from [164].

4.2.2 Custom surfaces,
functionality

Fig. 22. Examples of products with custom-fit packaging: metal industrial
component with cardboard packaging (left) and wooden sculpture “Océane”
by Dominique Pollès with alternating polystyrene and foam layers (right) [34].

AM is being used to produce custom-fit consumer products such as
running shoes [110][206] and ear buds [308]; personalized products
such as eye glasses with customized messages [213]; and bespoke
objects such as 3D busts created from photographs or 3D scans
[217][219][342]. Artists like Lionel Theodore Dean from
FutureFactories.com are using AM to mass customize furniture,
lighting fixtures, and other home furniture so each piece sold is
unique. Finally, in the entertainment industry, AM is being used to
produce mass customized models for stop motion animation [2][295].

textures,

and

porosity

for

improved

AM processes with micro or nano scale resolution can create
custom surfaces, textures, and porosities. In the consumer product
industry, AM has been used to produce prototype luggage with a
textured shell [212]. However, the most important application today
is the improved fixation and osseointegration of biomedical implants
compared to porous coatings [78]. For example, AM porous metal
acetabular augments are now widely used to address bony defects in
patients undergoing revision total hip arthroplasty [319][351] (Fig. 24
left). Porous acetabular cups offer similar benefits [78] (Fig. 24 right).
Implants with more complex surface structures for improved primary
fixation are also being developed [7] (Fig. 25).

Fig. 24. Porous acetabular augment for hip revision arthroplasty (left, courtesy
of Aesculap AG) and porous acetabular cup produced by EBM (right, [78]).

Fig. 25. OsteoAnchorTM implant with micro scale features to improve primary
fixation produced by DMLS [141].

4.2.3 Lattices, trusses, and cellular materials for custom material
properties and biofunctionality
AM can create three-dimensional lattices and trusses with specific
mechanical, thermal, optical, and biological properties. For example,
AM lattices can be used to produce high stiffness low weight
structures and photonic crystals (Fig. 26). Lattices and trusses can be
incorporated into sandwich structures [360] or used to line external
surfaces for increased strength [246]. Furthermore, enclosed lattices
can be used as internal support for flexible structures such as
inflatable (deployable) wings for unmanned aerial vehicles (UAVs)
[197][198]. In structural engineering, the orientation and diameter of
the individual struts within a truss or lattice can be optimized to
improve stress distribution, strength, and manufacturability
[268][323][324] (Fig. 27).

Fig. 26. AM lattices: octet truss lattice (left, [31]) and square lattice (center,
[31]) produced using SLM, and photonic crystal with a micro woodpile
structure made using two-photon polymerization (right, [247]).

Fig. 27. Beams with lattice structures produced by SLM: periodic structure (a,
left), flux of force adapted structure (b, center), and flux of force adapted
structure with straightened struts (c, right) [324].

Cellular materials and structures are created by choosing the shape
and volume fraction of a unit cell (Fig. 28) and building up a volume
based on the unit cell (Fig. 29). Examples of unit cells are shown in
[12][16][128][140][348]. The size, type, orientation, and boundary
conditions of the periodic unit cell usually [12] (but not always [349])
affect the porosity, mechanical properties, and the deformation and
failure mechanisms of the resulting materials. Therefore, the structure
of the unit cell can be chosen or designed to produce specific material
properties. For example, AM has been used to produce ultra light and

stiff structures [374], auxetic structures [51][143][282] and the molds
for the unit cells for auxetic structures [32], and could be used to
produce the chiral honeycomb auxetic structures proposed by [177]. It
has also been used to produce unit cells for acoustic materials with a
negative refraction index [358]. In biomedical engineering, lattices
can be optimized for cell attachment and growth; transport of
nutrients and metabolic waste; biocompatibility, bioresorbability, and
degradation; and biomechanical properties [151]. Examples of
additively manufactured lattices in biomedical engineering can be
found in [24][128][319]. The applicability of designer cellular
materials and lattices for biomedical engineering, especially for the
design and fabrication of orthopaedic implants and for bone and
tissue engineering, is discussed in [21][24][78][88][128][151].
Various optimization methods exist for the design of periodic mesoscale cellular structures. Topology optimization is often used, but the
designer has to consider issues of homogenization (the individual cell
must be much smaller than the design space in all directions), and of
periodicity (the material inside the cell must be such that it
corresponds to the material in the adjoining cell). Manufacturing
constraints, such as minimum wall thickness and minimum feature
size, must also be considered. Although uniform lattices are common,
there is no limit to the number of cell types and volume fractions that
can be used. For example, structures can be topology optimized using
different cell types and volume fractions [49][348]. Cellular lattices
can also have spatial variations [120][279] (Fig. 30).

Fig. 28. Cell structures at 50% volume fraction (top) and an example cell with
varying volume fractions (i.e. hole diameters) (bottom) [348].

Fig. 29. Schoen Gyroid as a unit cell (left), volume generated from Schoen
Gyroid unit cells (center left), Schoen Gyroid cellular structure with a 15%
volume fraction and unit cell size of 2mm (center right), and with a unit cell
size of 8mm (right). Both samples produced by SLM [140].

Fig. 30. Spatially variant self-collimating lattice produced using FDM (left)
and a plot of the unit cell orientation over the part (right) [279].

4.2.4 Multi-material parts and products
Some AM processes can produce parts with different materials or
material properties in different parts of the object. This is
accomplished by using different feedstock or binders for different
parts of the model. Multi-material AM has been used to fabricate
wrist splints [251][252] (Fig. 31), compliant mechanisms [223], art
[248], integrated electronics [333], and more. Multi-material AM can
be used to produce multi-material topology optimized structures like
those described in [123][145][266][338][346]. It could also be used to

produce custom laminates and composites. For a review on multimaterial AM, see [333].
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4.3 Design freedoms and opportunities at the product level
AM can provide additional design freedoms and opportunities at the
product level including part consolidation, embedded parts, and the
direct production of assemblies.
4.3.1 Part consolidation

DM9850FLX

DM9840FLX

Fig. 31. Customized splint with multiple materials fabricated in a single build
using an Objet Connex [252]

4.2.5 Functionally graded materials and objects
Some AM processes can vary the material percentage composition
in different parts of the model to create functionally graded objects.
The simplest case of this is to ‘blend’ a single material with void
space to create variable porosity within a single body. However, most
cases involve variable mixes of metals within an alloy system (Fig. 32
and Fig. 33), variable mixes of polymers (e.g. Stratasys Connex
systems), or variable mixes of binders. While some AM processes
such as the laser engineered net shaping (LENS) process and direct
metal deposition (DMD) can produce continuous variations in a
material, most others can only produce discrete variations within a
layer or at layer transitions. For a review of functionally graded
materials, see [289].

AM allows designers to consolidate the parts of an existing
assembly into a single printable object. This eliminates assembly time
and reduces inventory costs. It can also increase functionality and
improve performance. For example, GE Aviation redesigned the fuel
nozzles for its LEAP engines for production with metal AM, reducing
the part count from 18 to 1. This also reduced the mass by 25%,
increased the durability by 500%, and improved efficiency by
including features to reduce carbon build-up [355]. Other examples of
part consolidation in the literature include a redesigned aircraft duct
(reducing the part count from 16 to 1) [130], redesigned tractor
control pod casing (reducing the part count from 6 to 1) [59],
redesigned packaging for a medical injector system (reducing the part
count from 15 to 7) [298], and redesigned robot grippers with flexible
elements (reducing the part count from at least 9 to 1) [41].
4.3.2 Embedded objects and electronics
AM allows objects such as “small metal parts (bolts, nuts,
bushings)” [130], tubes for cooling channels [84], and shape memory
alloys for actuated hinges [83] to be embedded in printed parts. In
addition, electrical components [146][193][195][253] (Fig. 6 and Fig.
34), conductive tracks [146][195][229][253][255], motors [130],
batteries [200][316], and sensors [199][253][288] can be embedded
or created in situ to print complete products and mechatronic devices
(Fig. 34). The first commercial 3D printer with the ability to print
conductive tracks and embed objects is scheduled to ship in 2016
[340]. For a review of sensor integration in AM, see [186].

Fig. 32. Functionally graded flywheel (outer radius 0.2m) composed of 320
stainless steel and copper coated nickel produced using the LENS process
[233].

Fig. 34. Examples of AM objects with integrated electronics printed using a
combination of stereolithography and direct print technologies [193] (left and
center) [195] (right).

4.3.3 Direct production of assemblies
Fig. 33. Cross section of a functionally graded flywheel as designed (right)
and as produced (left). The white spots are cavities that resulted from
insufficient melting of the powder mix [233].

4.2.6 Metamaterials
Finally, AM could be used for on-demand production of
metamaterials. Metamaterials are ordered composites that have
material properties not usually found in nature [80][289]. Traditional
metamaterials have a structured periodic lattice that interacts with an
applied wave to produce unusual and useful properties such as
artificial magnetism, negative refraction, near-field focusing, and
more [52][289]. Today, most optical and electromagnetic
metamaterials are produced using microfabrication techniques.
However, ‘mechanical metamaterials’ whose properties are
determined only by their structure (i.e. cellular materials) are being
produced using AM in research settings (see section 4.2.3).

Finally, AM can directly produce assemblies with moving or
movable parts such as crank and slider mechanisms [68], gears [56],
joints [55][56][68] (Fig. 35), and hinges [29]. It can also produce
“discontinuous interlinked structures” [79] (textiles) such as chain
mail [44] and armor [162] (Fig. 36). AM textiles can offer “greater
levels of out-of-plane and shear flexibility” than traditional textiles
and can also be custom fit [79]. However, assemblies and interlinked
structures require a clearance between the individual bodies during
fabrication. They also require any remaining interstitial material
(powder, resin, etc.) to be removed when completed.

Fig. 35. Articulated joints produced using selective laser sintering (SLS) [55].

Fig. 36. Additively manufactured chain mail (left, [44]) and laser sintered
articulated stab-resistant armor (right, [162]).

4.4 Discussion and limitations
Although all of the design freedoms discussed in sections 4.1
through 4.3 exist today, much of the work that was shown is still in
the proof of concept stage. Research and development are needed on
both the design and manufacturing side to bring all of these design
benefits to the market.

based on anatomical data [18] but it can also be used on hand-crafted
models in clay, foam, or other materials. Next, the raw scanned data
is refined. Then the shape can be developed further using a variety of
digital tools. From this point on, the geometry is usually in the form
of triangulated data rather than geometric primitives or NURBS
surfaces. Regardless of how they are generated, 3D CAD models
often need additional modifications and data preparation before they
can be converted into machine instructions.
Options to model cellular and lattice materials and structures are
more limited. Past solutions have involved complete solid models of
truss structures using geometric modeling kernels such as ACIS
[347], algorithms [24][88][140], and unit cell libraries [16][70][246]
(Fig. 37).

5. Constraints and quality considerations in Design for AM
While AM seems to have unlimited potential, it does not have
unlimited capabilities. Designers must take into account many types
of constraints, including those associated with CAD and the
digitization of their ideas; the digital and physical discretization of the
parts to be produced; the characteristics of AM processes and the
current capabilities of AM machines; the impact of AM processing on
material properties and the requirements for processing materials
using various AM techniques; new challenges and requirements
associated with metrology and quality control; through-life
requirements and considerations such as maintenance, repair and
recycling; and external factors including the regulatory environment.
While many of these constraints also apply to other types of
manufacturing technologies, the bottom up nature of AM means they
can have very different implications for designs, the design process,
and the intermediate artifacts that are created to support production.
5.1 Constraints associated with CAD and digitalization
Today, AM is a highly automated direct digital production
technique that discretizes a digital model of the artifact and generates
machine ‘tool’ paths, digital masks, and other instructions to produce
it. This imposes the first major constraint: designers must create
comprehensive and complete digital models of the final product.
Since there will be little or no human intervention in the translation of
the digital model to the physical product, AM CAD models must be
higher quality and contain more complete information than has been
traditionally needed for other process technology.
Producing digital models for AM is challenging because most
commercially available CAD programs are parametric NURBS
systems. These are well suited to modelling geometries associated
with traditional manufacturing processes (extrusions, revolves, lofts,
etc.) but often inadequate for the more organic shapes [138] and
complex, multi-scale geometries associated with AM. In addition,
traditional CAD systems cannot generate multi-scale cellular and
lattice structures, model or denote color, specify the material to use,
indicate material variation within an object, or specify tolerances. To
overcome these limitations, AM CAD systems require an interface
that can develop complex shapes and structures, and a data structure
that can store their properties.
Two common methods to overcome some of the bulk geometric
limitations of legacy CAD systems are haptic modelling and reverse
engineering. Haptic modelling is a virtual sculpting method that uses
a force-feedback hand-held tool to interact with a 3D CAD model. It
gives the user the sense that they are physically touching “virtual
clay” [364] and therefore is much better suited to creating freeform
shapes [57]. An alternative to developing the organic shape ex nihil is
to start the modelling process by 3D scanning an existing physical
object. This is particularly well suited for the development of models

Fig. 37. Example of a unit cell library [246]

Researchers are working to overcome CAD and digitalization
constraints by developing new data formats that can handle material
related information. (For a review, see [333].) Multi-material
capability has also been built into the AMF format. However, there
remain many challenges when designing for heterogeneity taking into
account the shape and material distribution in order to meet the
functionality, requirements or constraints of the artifact. Issues
include what granularity to consider during the design exercise, how
to handle material variation analytically, and if the resulting design
can be satisfactorily manufactured using a given AM process. The
coupling between the design, representation, analysis, optimization
and manufacture still needs to be resolved.
5.2 Constraints associated with discretization and directionality and
the need for support and an appropriate build orientation
As noted in section 2, AM produces physical objects piece-bypiece, line-by-line, surface-by-surface, or layer-by-layer. This has
several major implications for part quality and consistency.
5.2.1 The impact of discretization and orientation on surface
roughness and material properties
The boundaries between the pieces, lines, surfaces, or layers of AM
parts are rarely, if ever, seamless. This adds a characteristic roughness
at the length scales associated with the discretization (Fig. 38, Fig. 39
Fig. 40).

Fig. 38. Benchmark showing the surface roughness resulting for SLM parts
with different build angles. Courtesy of ASML.

Fig. 39. EBM octet-truss unit cell (left), 3D reconstruction of a 1mm strut
from x-ray tomography (center), and an isometric view of the strut showing
the diameter variation by the inscribed and circumscribed diameters (right).
Adapted from [314]. Note that the strut exhibits surface roughness at length
scales associated with the layering and with the powder.

Fig. 40. Surface roughness of FDM parts deposited at 0° before (top) and after
(bottom) chemical vapor polishing [50].

Since the characteristic lengths of the raw material and process
parameters such as layer height are often at different length scales, the
surface roughness is also often multi-scale [35][314]. The boundary
between newly created and existing material can act as an interface
where cracks and other types of failure can initiate. Since the
discretization in modern AM processes is rarely isotropic, the surface
roughness and resulting material properties [113][268][274] are also
usually anisotropic. One common method to address these
anisotropies is to modify the part [25][118][328] or assembly [232]
orientation to minimize their impact. Other options include finishing
operations after each layer [362] (Fig. 41), finishing operations such
as chemical [35][254] (Fig. 40) or mechanical polishing, or post
machining after the build is complete.

optimized beam without support required 1.6 hours to print and
consumed 47.8 cm3 of build material but did not print successfully.
The optimized beam with columnar support required 5.7 hours to
print and consumed 47.8 cm3 of build material plus 41.9 cm3 of
support material. The self-supporting beam required 2.6 hours to print
and consumed 54.9 cm3 of build material.
Support strategies are always process specific. In some processes,
the raw material (e.g. powder or resin) acts as a natural support. Some
processes require a sacrificial build plate and/or support structures to
anchor the part to a build plate. In these cases, support cannot be
eliminated entirely. In metal AM processes the support acts as a
pathway for heat conduction. Thus, support is often needed to counter
the effects of thermal residual stresses and reduce heat related
failures, even if the part is mechanically self-supporting. In these
cases, the support must be designed to fulfil both the mechanical and
thermal requirements [73][160].

Fig. 42. Topology optimized cantilever beam successfully built with support
(left) and redesigned to be self-supporting (right). Arrows indicate where build
failures occur if no support strategy is implemented. Adapted from [185].

Fig. 43. Closeup of build support strategies: failed build with no support (left),
successful build with support (center), and successful build of self-supporting
structure (right). Adapted from [185].

Designers must also consider if and how the support will be
removed and the impact removing it will have on the final part
quality. For example, in self-supporting processes, the supporting
material can become trapped in internal voids and may have to be
removed from blind holes. In addition, removing the anchoring and
support material and other postprocessing steps add risk to the part
and can scar or damage the part [327]. Therefore, the choice of
process and the anchoring and support strategy can affect the quality
of a part even after the fabrication phase of production has finished.
5.2.3 Reducing process constraints to create new opportunities

Fig. 41. Cross section of a surface created using SLM only (left) and SLM
plus laser re-melting. Adapted from [362].

5.2.2 The need for support structures during production
Additively manufactured artifacts go through a large but finite
number of states during the printing process. Each state must be able
to resist the forces that are applied to it, including gravitational body
loads, external forces applied by the printer, and internal forces from
thermal and residual stresses. While this is also true for subtractive
processes like machining, machined parts are usually in their
strongest state at the beginning of the process and in their weakest
state at the end. In contrast, AM parts are usually strongest when
complete. Designers typically compensate for these mechanical
effects by orienting the part to maximize its strength during the build,
by adding support structures to the part, or by designing the part to be
self-supporting throughout the printing process. All of these strategies
can increase the cost and time of production. For example, Leary et
al. [185] produced topology optimized cantilever beams with and
without support structures using FDM (Fig. 42 and Fig. 43). The

Over time, process characteristics will relax and machine
capabilities will be extended, creating new opportunities and enabling
new DfAM strategies. For example, part orientation, once chosen, is
fixed in most AM processes. However, the possibility to change the
part orientation in-process does exist for some AM families.
Increasing the orientation degrees of freedom in space and time
increases the possibilities for controlling and therefore optimizing
orientation-specific qualities such as surface roughness and material
properties. Similarly, it increases the probability of being able to
specify a build order of operations that will result in a self-supporting
structure and therefore eliminate the need for supports.
Bi-direction deposition enables the exploitation of symmetry in the
deposited volume. For example, the build plate can be placed along a
line of symmetry in the part (Fig. 3 and Fig. 44) or two parts can be
built back-to-back (Fig. 45). If thermal-based processes deposit
alternate layers in opposite directions, the two halves will have
identical but opposite residual stress states [352], balancing the
component stress and reducing or eliminating distortion. This is
straightforward when the substrate divides the part in two equal
volumes; otherwise redesign of the part might be required. If parts are

built back-to-back, the cost and waste associated with buying,
preparing, and removing the sacrificial built plate is reduced.

Fig. 44. Examples of unidirectional (far right) and bi-directional build
orientations along the three planes of symmetry for a wing rib. Based on [116].
Images courtesy of the Welding Engineering and Laser Processing Centre at
Cranfield University.

Fig. 45. Ti–6Al–4V wing spars (1.2m long) built back-to-back on a sacrificial
build plate for BAE Systems [352]: side view show one wing spar (left) and
top view showing both wing spars (right).

Multi-directional deposition can be adopted to minimise non-valueadding time. For example, WAAM deposition must be performed on
underlying material at a fixed temperature to consistent deposition
conditions. This can result in long machine idle times during cooling.
However, if a layer can cool while another is being deposited on the
opposite side, the only non-value-adding activity is the part rotation.
Finally, layers can be deposited out-of-position [165]. For example,
two deposition heads can work simultaneously on opposite sides of a
vertical starting plate. This doubles the deposition rate and still results
in zero distortion. It does not help heat management because the two
volumes are being deposited at the same time, but this might not be
an issue for large (multi-metre) parts. These considerations should be
taken into account when defining the design and production strategy.
Otherwise, they may result in costly redesign later in the product
development process.
5.2.4 Discussion
These issues are tightly coupled. It is rarely possible to
simultaneously optimize the part orientation to reduce material usage
and production cost, improve surface and overall build quality,
control the material properties, and eliminate the need for support. To
balance these considerations, researchers have used genetic
algorithms [54][60][205][257], swarm intelligence [127], multiobjective optimization [82][245], and multi-attribute decision making
processes [368][369][371][372] to identify the most optimal
orientation for a given part. In addition, discretization and
directionality are strongly tied to the characteristics of the AM
process and the capabilities of the specific machine used. Thus, build
orientation and support strategies cannot be developed independently
from the process, machine, and process parameters.
5.3 Constraints due to process characteristics and machine
capabilities
Every additively manufactured part is affected by the characteristics
of its process family and the capabilities of the specific machine(s)
used. Process specific characteristics include the material deposition
method, the recoating method (if any), and the bonding principle.
These determine the types (polymer, metal, etc.) and nature (e.g.
powder shape and size) of raw materials that can be processed; the
resulting material properties and characteristics; the anchoring and

support requirements, options, and strategies; if material can become
entrapped in internal voids and blind holes; and what postprocessing
procedures can or must be performed. These are constant for all
machines of a given type and are different for each class of AM
process listed in Fig. 2. Machine specific capabilities and
requirements include the input and data file requirements and options;
the minimum build resolution (usually in x, y, and z) and the other
resolutions that can be chosen; the maximum build dimensions
(usually in x, y, and z); the available and compatible materials that
can be used; the process parameters that can be varied and the options
for varying them; and the postprocessing parameters that can be
varied and the options for varying them. These are rarely fundamental
limitations and can often be overcome by buying or building a
different machine.
Together, the process specific characteristics, the machine specific
constraints, the choice of material(s), and in some cases the support
strategy place limitations on the parts that can be built and define the
qualities and characteristics of the parts. For example, they determine
the warpage, shrinkage, accuracy and precision of the part; the
dimensional stability of the part; the surface roughness of the part in
x, y, and z; the minimum feature size in x, y, and z; the minimum
spacing between features; the maximum aspect ratio of a feature; and
the unsupported and supported feature shapes and sizes that can be
produced. Given these constraints, designers must choose an AM
process that can produce the specified part in the specified material
with the required quality, choose a non-AM process or combination
of AM and traditional processes that have the required capabilities, or
modify the design and its production strategy to compensate for the
constraints that are imposed by AM.
5.3.1 AM design guides for general material and process specific
considerations and constraints
A number of AM design guides have been published to outline
process and machine specific constraints and considerations. For
example, Materialise published 19 design guides for a variety of
materials [207]. Each guide provides a set of ‘design specifications’
that include minimum wall thickness, minimum detail size, expected
accuracy, maximum part size, clearance, and if interlocking or
enclosed parts are possible. These are followed by a set of ‘basic
rules, tips, and tricks’ that are material and process specific. Stratasys
published three guides that address DMLS [296], FDM [300], and
laser sintering [304]. These are also process-specific with little
overlap in content. Shapeways has published design guidelines for 16
materials [286]. Each guide includes the minimum and maximum
bounding box, minimum supported and unsupported wall thickness
and wire size, minimum embossed and engraved detail, minimum
escape hole for entrapped material, if enclosed and interlocking parts
are possible, if multiple parts per file is possible, the expected
accuracy, and the expected look and feel of material. Additional
material specific information such as design tips and information
about handling and care of the final parts is also included. Finally, 3D
systems published two design guides that focus on application
specific considerations for brass [3] and plastic [5] SLS components
that include features such as internal channels, cages, assemblies,
interlocking / woven parts, springs, hinges, snap fits, and threads.
In the academic literature, Adam and Zimmer [10] presented a
catalogue of design rules for laser sintering, laser melting, and FDM
that address geometric constraints such as sharp edges, element
transitions, unsupported features, and feature spacing. Additional
process-specific design rules have been proposed for FDM [322],
SLM [325], EBM [336] and WAAM [220][221][222].
5.3.2 AM

benchmarks for material
considerations and constraints

and

machine

specific

While design rules and guidelines can provide a useful starting
point, they do not provide information about individual machines and

local capabilities. When more detailed information is needed to
support design, benchmarks can be used to study and compare AM
processes, parameters, and production strategies. Early AM
benchmarks were used for process optimization, comparison, and
selection. They were relatively large and contained features that were
easily characterized by CMMs [53][238][239]. Over time AM
benchmarks gained more ‘real’ features (holes, bosses, towers,
angles, notches, thin walls, fine features, freeform structures, etc.
[238]) that could be used to develop local rules for DfAM (Fig. 46).
Benchmarks have also become more specific over time, focusing on
design considerations such as surface roughness (Fig. 38), overhangs
and support structures (Fig. 47), and cellular materials (Fig. 48).
Finally, benchmarks, such as Proto Labs’ torus design aid [265], are
starting to be offered by AM service providers.

tensile strength and a lower breaking elongation than the bulk
material. This is undesirable when producing medical implants. A
common countermeasure is to use postprocessing treatments to
achieve the desired mechanical properties. For example, post heat
treating Ti-6Al-4V ELI at 800 °C for 2h leads to a significantly
improved fracture elongation compared to the as-built condition [109]
(Table 1). Finally, the material properties can be influenced by the
proportion of recycled raw material used and by the recycling
process. Thus the cost and waste associated with AM must be
weighed against any potential degradation in quality.
Table 1. Mechanical properties of Ti6Al4V ELI used for medical implants:
requirements according ASTM F136 for conventional and ASTM F3001 for
AM bulk material compared to the typical mechanical properties of DMLS
processed sampled in the conditions as-built and heat treated [109].
Bulk
material
ASTM F
136

AM bulk
material
ASTM F
3001-14

Typical DMLS
as-built
(XY build
direction)

Typical DMLS
heat treated
(XY build
direction)

Tensile strength
Min. 860
[N/mm²]

Min. 860

1260 ±40

1075 ±30

Yield strength
[N/mm²]

Min. 795

Min. 795

1125 ±65

1000 ±40

Breaking
elongation [%]

Min. 10

Min. 10

7±3

13 ± 3

5.5 Constraints associated with metrology and quality control

Fig. 46. AM benchmarks with design related features from [239] (top left),
[196] (top right), [180] (bottom left), [63] (bottom center), and [363] (bottom
right). Adapted from [239] and [363].

Fig. 47. Test parts to investigate the design of overhangs (left, [225] adapted
from [264]) and support structures (right, [264]).

Fig. 48. Benchmarks to investigate the design of FDM porous structures [24].

5.4 Constraints associated with material properties and processing
In many cases, raw materials can be used in AM processes without
modification. However, some materials must be adapted before they
can be used. For example, laser sintering gold requires a change in the
alloy to prevent the raw material from evaporating [104]. Similarly,
the proportion of ingredients in additively manufactured food affects
properties such as dimensional stability [192], requiring some recipes
to be optimized for AM. In addition, AM processing can change the
material properties of the final parts. Although this was presented as a
design freedom in section 4.2.1, it is also a design constraint. For
example, Ti-6Al-4V ELI parts produced using DMLS have a higher

While the unique capabilities of AM present great opportunities at
the beginning of the design process, they create major challenges for
metrology and quality control after production. These challenges are
related to the verification of materials, geometries, and surfaces.
Because AM creates the part material and geometry at the same time,
AM parts must be inspected for defects in the bulk material including
undesirable grain characteristics, unexpected porosity, and larger
internal voids. The challenge increases dramatically for functionally
graded materials. In addition, AM materials cannot be assumed to
have the same properties as their bulk counterparts. Thus,
characterization techniques for the mechanical or optical properties of
the material may need to be adjusted before they can be used.
The organic, freeform external geometries that can be created by
AM require more complex measurement techniques and greater data
processing capabilities. The first (and perhaps most important)
challenge is the mere fact that current specifications systems as
defined in ISO [154] were not developed for complex freeform
shapes. In addition, it is not straightforward to assign a “tolerance
zone” to a freeform shape and connect this to its function and
manufacturability. There has been some research related to
communicating requirements for [175] and estimating form errors of
[64] freeform geometries in optics. However, little or not work has
been done in this area for AM. The verification of critical internal
features, such as conformal cooling channels, is even more
challenging [339] and will require improvements in non-destructive
imaging technologies such as ultrasound and computed tomography.
The difficulty and importance of verifying internal geometries
increases substantially when considering multi-scale cellular and
lattice-based structures and materials [334][360]. Here the challenge
lies both in imaging these bodies and in interpreting the results using
advanced methods as described in [161].
Designers must keep in mind that the early choices they make in the
design process will have a major impact on the downstream
requirements for production and quality control. Thus, designing for
metrology and quality control must be a part of DfAM.
5.6 Through life constraints: maintenance, repair, and recycling
Sections 4.3.2 and 4.3.3 presented embedded components and
printed assemblies as benefits. However, as-printed assemblies

usually cannot be disassembled for routine maintenance or repair
[59]. If part of an assembly breaks and it cannot be disassembled and
reassembled, then the whole assembly has to be replaced. This
increases the cost and the waste associated with the product
throughout its usable life. This is especially important because with
few exceptions [115][226], relatively little work is being done on
determining and improving the wear properties of AM parts. The
problem increases for objects with embedded components and multimaterial assemblies because they are also difficult to disassemble for
recycling and disposal. Design strategies to address and overcome
these limitations must be developed in the future.
5.7 External and regulatory constraints
The many benefits of AM described in section 4 led to widespread
interest and early adoption of AM for end use parts in the aerospace
and medical industries. However, both industries are highly regulated
and require parts to gain regulatory approval before being put into
use. Thus, the designer and the design are constrained by the need for
testing and documentation to support the certification and approval
process. Obtaining regulatory approval can be challenging since AM
processes are relatively new and do not have the same historical data
that is available for conventional processes. In addition, AM
machines have a higher inherent variability than is seen in more
mature technologies. As a result, in aerospace AM is currently being
used mainly for non-safety-critical parts and mostly on military rather
than commercial aircraft [58]. More recently, some aerospace
manufacturers have commented on the wider use of AM parts [244].
To gain regulatory approval for these, the consistency of the AM
process itself must be proven and stringent materials safety testing
must be performed.
Most medical applications of AM have been for medical models
and removable prosthetics [58]. Where implants have been used, it
has often been on a ‘single-use, experimental’ basis where explicit
permission is obtained from a specific patient. However, there are
some notable exceptions such as the large-scale production of hip
implants. The manufacturers of such implants must also demonstrate
consistency of both process and material to gain regulatory approval.

maintenance), labour costs (operator, setup and post processing), and
material costs (direct material costs and material cost for support
structures). The model was used to compare the direct printing cost of
two plastic parts produced by SL, FDM, laser sintering (LS), and
injection molding. It indicated that the cost per AM part was driven
by the production speed and the break-even point between LS and
injection molding was driven by part size. It was estimated that LS
was economical up to 14,000 pieces for the smaller part (Fig. 50) and
up to 700 pieces for the larger part.
Ruffo et al. [275][276][277][278] expanded upon that work to
create a more flexible and realistic cost model that included different
parts in a single build; indirect costs such as administrative costs, part
design and production overhead; and the cost of powder material
reuse and waste. While Hopkinson and Dickens predicted a price per
product that was independent of production numbers, Ruffo et al.
found that the price per parts drops as the costs of part design are
distributed over more products and when adding more parts to the
same production layer. It jumps up again when new layers/builds are
used (Fig. 49). This results in a higher and more plausible cost for
lower production volumes and predicts higher costs for higher
production volumes [277]. As a result, Ruffo et al. predict a lower
break-even point between LS and injection moulding for the smaller
part from [148] (9000 vs. 14,000 pieces).
More recently, Atzeni and Salmi [29] developed a model to
estimate the cost of DMLS metal parts. It included machine costs
(including interest and maintenance over a 5 year usable life),
material costs (volume multiplied by 1.1 to compensate for support
and waste), and pre-, and postprocessing costs as labor. The model
was used to compare the cost of a 1:5 model of an aluminium airplane
landing gear assembly (overall dimensions 70×210×70mm; mass
0.18kg) produced using DMLS and High Pressure Die Casting
(HDPC). They estimated the cost of a single DMLS assembly to be
526.31 EUR (material cost 5%, pre-processing cost 1%, build costs
90%, post processing cost 4%) vs. 21.29 + 21,000/N EUR for HDPC.
This results in a break-even point of 42 parts.

6. Costs and benefits of AM products and processes
The cost of AM is often viewed as one of the biggest barriers to
adoption in industry. However, there are many examples where the
value added by AM far outweighs the costs. This section explores the
costs and economic benefits of AM-based production as barriers,
motivations, and considerations for DfAM. It presents some of the
major cost models that have been developed for AM, considers the
requirements for successful AM business models, and presents a
series of case studies that explore the economic viability of DfAM.
6.1 Costs of AM parts and production
AM costs are usually divided into well-structured direct production
costs (e.g. labor, material, and machine costs) and ill-structured costs
(related to build failures, transportation, inventory, etc.) [326][354].
Traditional cost models focused on the well-structured costs and were
intended to compare AM processes to each other or traditional
manufacturing processes and to identify strategies for process and
product cost optimization. More recent work has discussed the need
for [190] and attempted to [170] evaluate the costs and economic
benefits of AM by considering all life cycle costs.
6.1.1 Cost models for AM production
Hopkinson and Dickens [148] proposed one of the earliest generic
AM cost models. This model assumes that one product will be
produced on the same machine for the entire economic lifespan of the
machine. It includes machine costs (purchase, depreciation, and

Fig. 49. Cost per part vs. the number of parts produced estimated using the
model from [276] applied to the lever from [148].

Many variations of these cost models exist in the literature. Li [188]
included labor costs for pre- and postprocessing, material costs (part
volume/0.7 to account for support and material waste), machine cost
per hour (purchase cost over annual utilisation and years until return),
and overhead (rent, electricity, etc.). Allen [15] considered labor,
material costs (part volume, raw material costs, and material usage
efficiency), capital (machine) costs, power costs (including power
conversion efficiency and power delivered to the part), the build rate,
and the cost of consumables. Grimm [133] considered pre-, printing,
and postprocessing time; capital costs (machines, facilities, etc.);
annual operating costs (service, maintenance, consumables, material
disposal, etc.); and hourly costs (assuming a 60% utilization rate).
Baumers [37] considered total indirect cost per machine hour
(machine costs, overhead, labor, utilisation rates, and usable
equipment lives), material cost, and electricity costs. Gibson et al.
[130] included labor costs (including setting up the build,
postprocessing, and cleaning and resetting the machine), machine

purchase cost (allocated based on the part build time and machine
usable life), machine operation costs (including maintenance, utilities,
floor space, overhead, etc.), and material costs (based on part volume,
multiplied by up to 1.5 to account for support and multiplied by up to
7 to account for material waste). Lindemann et al. [190][191] built on
the work of Gibson et al. with an extensive model to define machine
costs. They also introduced a part complexity factor to allow for the
increased time needed to design support structures and place complex
parts in the build environment. Rickenbacher et al. [269] developed
one of the most comprehensive models to date. Their model includes
detailed cost estimates based on the full SLM process chain and is
suitable for jobs with different parts sizes, complexities and
quantities. For a full review of AM cost models to date, see [326].

Table 2. Relative contribution of AM machine procurement cost to total
product cost for FDM, SL, SLS [148], EBM, and DMLS [38]. A factor of 1.3
was used to convert £ to € for the EBM and DMLS parts.
Polymers (2003)
FDM
SL
LS
Annual AM machine costs
(k€)
AM machine cost per
product / build (€)
Total cost per product / build
(€)
Relative AM machine cost
per product/build (%)

Metal (2016)
EBM
DMLS

23

219

73

57

59

2.64

3.92

0.52

513

1964

4.47

5.25

2.20

1246

4183

59

75

24

41

47

6.1.2 Machine costs for AM production
The cost of hardware is a major contributor to the total cost of AM
products. Hardware costs are defined mainly by the capital equipment
costs, service and maintenance costs, build time, and machine
utilization. Table 2 shows the relative contribution of AM machine
cost to the total product cost for FDM, SL, and SLS for a plastic
hinge (Fig. 50) from 2003 [148] and for EBM and DMLS build plates
with a variety of parts (Fig. 51) from 2016 [38]. For the polymer
processes, the contribution of hardware to the total part cost ranged
from 24-75%. SLS had a higher annual production volume than FDM
and SL and therefore the lowest cost per product and the lowest
relative contribution of the hardware to the cost. The SL hardware
had the highest contribution to the cost of the final product (75%)
because of (8x) higher hardware procurement costs. For the metal
processes, the estimated relative contribution of hardware was in the
range of 40-55%. The EBM and DMLS machines had comparable
procurement costs. The differences in the relative cost contribution of
the hardware to the total volumetric cost (3.26 €/cm3 for EBM and
8.41 €/cm3 for DMLS) stem from differences in layer height
(deposition rate), preheating and cooling, and postprocessing.
6.1.3 Build time models for AM production
Build time dictates how machine costs are allocated to a given part
and is therefore essential for accurate AM cost estimations [87].
Existing build time models can be grouped into 3 categories: models
dedicated to one process using a limit set of parameters; generic build
time models that use many parameters to estimate build times; and
parametric models that use neural networks to predict production
times based on historic data. For example, Ruffo et al. [275] modelled
build time as a black box: part dimensions, volume, powder bed
volume and bounding box volume went in and a build time came out.
The relationships between the inputs and outputs were determined
empirically. This approach requires very few input variables to obtain
a good estimate of build time (generally conservative and within 12%
of the actual build time), however only one type of machine was used
and the settings were kept constant. Thus, the method is transferrable
but the results are not. Byun and Lee [54] proposed a generic build
time model assuming that build time is “proportional to the sum of
the idle time between layers (except for the curing, sintering or
deposition operation), the time taken to fabricate a part, and the time
taken to generate the supports”. Gibson et al. [130] used a similar
approach, assuming that build time is equal to the scan (or deposition)
time plus the recoat time between layers and the delay time. More
recently, process-specific built time models have been proposed for
SLM [269], SLS [367], and FDM [373]. Finally, di Angelo and di
Stefano developed a neural network-based build time estimator [87].
After 72 training cases, they were able to estimate the build time of
six different FDM samples with errors ranging from 6.07 to 20.3%.
For a full review of AM build time models to date, see [326].

Fig. 50. The plastic hinge used in calculations from [148]: CAD model (left,
adapted from [276]) and printed part (right, [148])

Fig. 51. The build platform and printed parts used for the cost calculations in
[38]: EBM layout (left, a) and DMLS layout (right, b).

6.1.4 Material costs
AM materials have relatively high procurement costs. Today,
thermoplastic and photopolymer materials for AM cost $175-250 per
kg. This makes AM materials 58 to 125 times more expensive than
the raw materials for injection moulding [355]. More specialized
thermoplastic materials cost up to 500 $/kg while PLA and ABS
filament for at-home printers sell for 15-50 $/kg. Metal powders have
a price range of 78-120 $/kg for stainless steel and up to 340-880 $/kg
for titanium (alloys) [354]. Wire feedstock is normally one order of
magnitude cheaper than powder. Material costs depend on the source.
Large variations have been observed in the cost of metal powders
when bought from a system manufacturer or purchased directly from
a metal spraying company.
AM processes also have high relative contributions of material
costs to final costs. For example, the contribution of the material cost
to the final cost of an aluminium part can be 9.9 times greater when
using AM instead of a traditional process [29]. The contribution of
the material costs to the final product in metal powder-based AM
product can vary from 11% and 46% [326].
6.1.5 Labour Costs
Low labor intensity is thought to be one of the key benefits of AM.
However, the pre- and postprocessing stages often involve manual
activities such as file repair, support structure design, build chamber
layout, cleaning, support removal, sintering or heat-treating, and
surface finishing. The impact of these costs on the product price can
be considerable, especially for low production volumes (Fig. 49).
Most cost models assume higher production volumes for a single
design and therefore underestimate the labor costs of AM products.

6.1.6 Energy consumption

6.3.1 On demand workpieces to reduce lead time, cost, and waste

Although the energy consumption of the AM processes is important
from life cycle and sustainability perspectives [167], it plays a minor
role in cost comparisons today. For example, it was estimated that
energy costs in [148] and [38] contributed less than 2% of the total
part cost. For a detailed analysis of energy and resource efficiency in
SLM and SLS, see [167]. For a discussion and review of the AM
energy consumption literature, see [326][354].

Using AM to produce near net shape workpieces can substantially
reduce lead time, cost, and material waste. This is especially
important for the aerospace industry where many components require
substantial material removal; are slow, difficult or expensive to
machine; and have high material costs [15]. Fig. 52 shows a custom
2.5mm thick truncated cone that was printed using WAAM and then
welded to a commercially available flange. The printed workpiece
can be produced in a few hours. Purchasing the same workpiece made
using conventional methods would cost almost ten times more and
take up to 6 months to receive. The buy-to-fly ratio (in this case, the
material purchased and used compared to material specified in the
final CAD files) for the printed cone was 1.25. In comparison,
aerospace parts machined from forged billets often have buy-to-fly
ratios in the range of 6 to 20 [15][352] and can be as high as 40 [352].
[204] compares the cost of products with buy-to-fly ratios between 6
and 37. Direct cost savings of up to 69% were found for WAAM
compared to milling the same parts from stock.

6.2 Business cases for Design for Additive Manufacturing
Competitive businesses cases can be made for Additive
Manufacturing when it adds sufficient value to a product to justify
higher production costs, reduces product development costs, reduces
production costs, reduces costs over the entire value chain, reduces
the cradle to grave costs of the product, or provides some
combination of these benefits. AM can be used to increase the
economic, ecological and experience values of products [59]. Other
values such as the freedom to produce parts in-house (eliminating the
risks due to dependence on external suppliers and reducing supply
chain vulnerability) [278], protecting business secrets, and preventing
piracy [159] are difficult to quantify but nevertheless contribute to
profitability. The ‘tool-less’ nature of AM allows it to reduce direct
production costs when complexity and/or customization are high and
when volumes are low [76]. It can also shorten lead times compared
to conventional methods. As a result, AM can lead to an overall
reduction in time to market and time to profit.
Deradjat and Minshall [86] observed that business case for DfAM
can be based on benefits from any part of the AM business
framework: technology, operations, organizations, and external
influences. For example, improvements in operations, organizations,
and external factors, especially in terms of over production and in the
areas of supply chain and inventory control, can enable lean, agile, or
Just-In-Time manufacturing [76][147][224][283][331][326] and
increase profitability. This increases the scope of DfAM from the
design of the product to the design of the production system. The
potential for AM in the supply chain has been investigated in the
aerospace industry [230], in the shipping industry [344], and by the
air force [170] and navy [144]. These studies concluded that the
benefits of AM in the supply chain are not yet being realized in these
areas. However, industrial case studies in the medical and dental
industries show that these benefits are being realized today. For
example, customers’ dental models are being stored as digital files
instead of as physical parts, lowering costs and providing better
protection of the information [293][297]. Acist Medical Systems
reports that their inventory also takes the form of digital files on a
server. If a part breaks, the company prints a replacement and ships it
the next day [297]. And, ScriptPro is using AM to produce bezels for
their vial handling systems. Since they don't know which bezel will
be needed for which machine and vial type until it is ordered, FDM is
used to produce the parts on demand in house [312].
Finally, maximizing the business benefits of AM requires a
through-life approach that considers production, use, maintenance,
repair, and disposal. For example, AM is currently being used to
repair gas turbine blades [106][176]. It is also being used to produce
on demand parts for emergency repairs. For example, a recent case
study showed that printing a component for an emergency repair of a
labelling system saved Anheuser-Busch “nearly 70% in production
costs alone” because of the quick delivery time [313].
6.3 Successful examples of AM products in industry
This section presents six examples from industry where AM added
value, improved functionality, and reduced time, cost, and waste.

Fig. 52. Truncated cone produced in mild steel by Wire + Arc Additive
Manufacturing: as printed (left, courtesy of the Welding Engineering and
Laser Processing Centre at Cranfield University) and welded (right, [352]).

6.3.2 Reduced part count, mass reduction, and increased usable life
GE aviation redesigned the fuel nozzle for its new LEAP engines
for DMLS (Fig. 53, left). The redesigned nozzle reduces the number
of brazes and welds from 25 to 5. It also increases the lifetime of the
fuel nozzle by a factor of 5 and reduces the mass by 25%. Production
rates of up to 40,000/year are expected [124][184].

Fig. 53. Commercially successful AM products: GE Aviation fuel nozzle for
the LEAP engine (left, [124]) and hearing aids produced by vat polymerization
(center, [117]), and casing of the handheld Piblaster of Pinovo as produced by
Materialise (right, [211]).

6.3.3 Reduced production costs of customized hearing aids
Historically, personalized hearing aids (Fig. 53, center) were
produced by investment casting using a wax model of the inner ear.
This is being replaced by 3D scanning the wax model followed by
AM. This substantially reduces production costs. It is estimated that
more than 10,000,000 AM hearing aids are in circulation today [117].
6.3.4 Improved safety and functionality and reduced waste
Pinovo designed a handheld pipe blaster (Fig. 53, right) with
housing shape and material requirements that could not be achieved
with injection moulding. Instead, the housing was produced using
laser sintering of alumide. The new design reduced waste production
by 75-90%, increased operator safety, and improved flexibility in
responding to customer demands [211].

6.3.5 Reduced costs and lead time for an electrical enclosure
ASML redesigned an electrical enclosure for AM (Fig. 54). The
original enclosure was composed of 3 brazed parts and required a
total of 34 steps in the process chain: 11 machining and joining steps,
7 material treatment and cleaning steps, 8 quality checks, and 8
packaging and transport steps. The overall lead-time was 21 weeks.
The part was redesigned for AM to optimize process flow and cost.
The redesigned part requires a total of 11 process steps: DMLS
followed by annealing, 3 machining and joining, 2 material treatment
and cleaning, 2 quality checks, and 2 packaging and transport steps.
This reduced the lead-time by 70% and reduced costs by 20%.

Fig. 54. Exploded view of the solid model for the original brazed electrical
enclosure (left, [6]) and the final printed part (right, courtesy of ASML).

6.3.6 Weight reduction, functional optimization, and improved
robustness in the semiconductor industry
ASML also redesigned a manifold for AM. The original design was
composed of PEEK bodies connected by polyurethane hoses. They
created two alternative designs: a monolithic milled design that
replaced the hoses with solid channels sealed by welded cover plates
and a design that was optimized for production by SLM (Fig. 55). A
detailed cost breakdown of the three designs in shown in Table 3.
Redesigning for AM had benefits for both the product and the
process. The AM variation could be optimized for flow and therefore
had improved dynamic system performance. The AM variable was
more robust and almost 10% lighter than the original. Using AM
eliminated the welding and assembly steps. It also reduced the
amount and cost of machining necessary and reduced the cleaning
and other post treatments needed. However, in this example, the AM
variation is still too costly. To make the AM part economically viable
in production, it is estimated that the direct AM costs must be reduced
by 50% (by increasing build speed), machining costs must be reduced
by 25% (by improving the accuracy and quality of the SLM process),
and the overhead must be reduced by 20% for a final part that is no
more than 120% of the cost of the conventional design.
7. Summary, conclusions, coming trends, and future work
This paper has presented some of the major design opportunities,
constraints, and costs associated with DfAM and demonstrated some

of what is possible and affordable today. However, Design for
Additive Manufacturing is still in its infancy. There is insufficient
understanding of when and how to design for AM and many of the
technologies needed to support it are not yet mature. This section
explores some of the future challenges and coming trends that will
shape DfAM and the technology it will enable.
7.1 Guidelines for when and how to Design for AM
Although AM can be “an economically convenient alternative to
conventional manufacturing processes” [30], it is agreed that parts
should be redesigned for AM and not simply reproduced using an
AM process [30][130][191][270]. Lindemann et al. [191] presented a
method to select candidates for AM from a larger pool of parts. The
2015 draft of ISO ASTM/DIS 20195 [157] also includes a procedure
for identifying the potential of AM for a given part. However, much
more work is needed to understand what kind and how much redesign
is necessary or optimal for a given situation, how to modify the
design process and the design strategy to maximize the benefit, and to
develop software to support this work.
One promising (re)design strategy is to take a functional surface
approach [142][261][335][370] and design parts from the bottom up.
Fig. 56 shows the top down design of the monolithic manifold from
Fig. 55, starting with the maximum envelope and then removing
material to create the functional features and reduce mass. Fig. 57
shows a bottom up functional surface approach, starting with the
interfaces, defining the maximum envelope constraint, and then
adding the functional features and structural reinforcement. While the
functional surface approach results in a design that is half the mass of
its top down counterpart, it requires geometric modelling capabilities
that are not yet common in commercial CAD packages. Functional
surface design approaches also require a closer link between design
and analysis. Thus, the multi-physics capabilities that were once
limited to high-end finite element programs may soon be needed in
most major commercial CAD packages.
To receive the full benefits of AM, designers must learn to think
differently while focusing on creating robust industrial solutions with
added value. Design theories, processes, methods, tools, and
techniques [194] must be adapted or developed to address the
inherent coupling between material, geometry, and quality in these
systems. Specialized and application-specific tools must be developed
to support the design of cellular structures, meta materials,
heterogeneous artifacts, and biological scaffolds (e.g. [259]), and
more. Finally, it must be acknowledged that each build is a design
artifact with its own requirements and constraints, and its own
features (e.g. support structures, part layout, etc.) to be designed and
optimized. Thus DfAM must extend beyond the product to the
production system and consider the entire value chain.

Fig. 55. Three designs of a manifold from the semiconductor industry: conventional design made of PEEK with hoses (110g) (left), monolithic design milled in
TiGr5 (200g) (center), and optimized design printed in TiGr5 using SLM (100g) (right). Courtesy of ASML.
Table 3. Cost breakdown of the three manifold designs shown in Fig. 55 as a percentage of the total cost of the conventional design. Courtesy of ASML.
Concept

Material &
standard parts

Machining cost

Welding /
assembly cost

Treatments /
Cleaning / Quality

Overhead / risk /
profit

Total cost

PEEK & hoses
TiGr5 milled

15%

33%

21%

8%

21%

100%

1%

59%

54%

4%

38%

156%

TiGr5 SLM

4%

3%

35%

185%

AM cost

113%

28%

Fig. 56. Top down design of a conventional manifold by starting with the
maximum allowed volume (left), removing material for the functional surfaces
(center) and then reducing mass (right). Courtesy of ASML.

part transfer between machines, will increase. This will lead to an
increase in sensors and information processing capabilities in AM
production systems. Eventually, most production scale AM will be
done with cyber-physical manufacturing systems. The direct digital
nature of AM combined with the use of cyber-physical systems will
allow for cloud-based AM [186]. The benefits of cloud-based
approaches have already been demonstrated in process optimization
[320], adaptive process planning [235], shop-floor planning [234],
scheduling [236], and maintenance [237]. The benefits of higher
quality, hybrid, high DOF, cyber-physical, and cloud-based AM
systems are expected to be emergent. To take advantage of these
benefits, new classes of design tools [194], rules, strategies, and
production planning techniques will be required beyond what is
needed today.

Fig. 57. Manifold designed from the bottom up for AM starting with the
interfaces (left), defining the maximum envelope as a constraint (center), and
then adding functional features and reinforcement (right). Courtesy of ASML.

7.2 Redefining the roles of the designer and manufacturer
AM will continue to redefine the roles and relationships of the
designer and the manufacturer, making it easier to merge them into
one individual and location (enabling home production and supporting
small businesses) and to distribute them over many individuals and
locations for truly global product development [89]. For example, GE
Aviation has experimented with crowd sourced redesign of an aircraft
engine bracket for weight reduction [62]. The contest received 700
entries (Fig. 58) and was so successful that GE is considering another
40 crowdsourcing challenges in the future. Similarly, online
repositories of AM artifacts, such as Thingiverse, Fabbaloo, Bld3r,
Yeggi, Repables, and Youimagine, make it possible for individuals to
produce a wide range of artifacts without needing to design them.

Fig. 58. Examples of crowdsourced redesigned aerospace engine brackets [62]

7.3 Improved quality and consistency and increased standardization
AM process quality, consistency, and capabilities will continue to
improve. Existing standards will be applied more to AM. AM-specific
standards will become more relevant and complete. And, new AMspecific standards will be developed. These trends are reflected in the
literature. For example, Lieneke et al. [189] recently classified the
achievable tolerances of several AM processes according to ISO 286-1
taking into account part orientation [153] (Fig. 59). Similar work has
been done by Griesbach [132] for SLA, material jetting, material
extrusion, and SLS, and by Mintetol et al. [227] for FDM. Such efforts
will enable standards organizations to bring researchers and industry
together to establish standards that can be built upon to support
process-specific DfAM, more general process selection, and process
chain development.
7.4 New manufacturing paradigms and a divergence of manufacturing
system complexity
AM process chains will become simpler as postprocessing needs are
reduced. They will also become more complex as AM technologies are
better integrated into the production environment. More hybrid AM
processes will emerge and more commercial hybrid AM machines will
become available. AM processes with more degrees of freedom will be
developed. And, automation of AM, especially for postprocessing and

Fig. 59. Achievable tolerances of select traditional and AM processes [189]

7.5 Design education
Finally, all of the developments in tools, rules, theories, methods,
processes, and planning must be compiled and made available to
support design activities and training in educational institutions and in
industry. Design, as a field of study and practice, will have to be
adapted to AM processes. Design representation, analysis, and
optimization tools will have to be transferred from academia and
research (and the hobby community) to industry and practice. Thus,
the future will bring educational materials related to DfAM at all
levels and for all engineering professions.
7.6 Conclusions
Advances in Additive Manufacturing are bringing about new design
possibilities, products, and production paradigms. While much work
will be required to bring Design for Additive Manufacturing to
maturity, businesses, both small and large, are exploring and adopting
AM for end use parts in at an astounding rate. Progress is being driven
from the top down and the bottom up, from individuals and industry,
in research and practice. The results will rewrite the rules of product
development and new product introduction. A new era is beginning.
Acknowledgements
The authors would like to thank the following individuals for their
contributions to this work: Gideon Levy, Denis Loncke and Hans
Vermeulen (ASML); Tetsuo Tomiyama, Stewart Williams, and Jorn
Mehnen (Cranfield U.); Michael Schmidt (FAU Erlangen-Nürnberg);
Hans Nørgaard Hansen, Leonardo DeChiffre, Alessandro Stolfi, David
Bue Pedersen, and Greta D'Angelo (DTU); Jean-Pierre Kruth (KU
Leuven); Marcelo Dapino (OSU); John W. Sutherland (Purdue U.);
Semih Pilatin (TEI); Dirk Lehmhus (U. Bremen); Francois Villeneuve
(U. Grenoble Alpes); Dimitris Mourtzis and Katerina Vlachou (U.
Patras), Edward Morse (UNCC); Catherine Lubineau (UNM); Berok

Khoshnevis and Yong Chen (USC), David L. Bourell (U. Texas), and
Christopher A. Brown (WPI).
References
[1] 3D Systems Inc, 2015, 3D Systems and Rita Leibinger Medical Get Disabled Dogs
Back
on
their
Feet
Fast,
http://www.3dsystems.com/sites/www.3dsystems.com/files/cs_rita_leibinger_layerwise_d
mp_0215_v2.pdf (accessed 10.01.15).
[2] 3D Systems Inc, 2015, 3D Systems’ ZPrinter Changes the Face of Stop-Motion
Animation,
http://www.3dsystems.com/sites/www.3dsystems.com/files/08082012-3dsystems-full-color-printers-bring-laikas-paranorman-to-life.pdf (accessed 10.01.2015).
[3] 3D Systems Inc, 2015, Design Guide - Brass Inserts for SLS Parts,
http://www.3dsystems.com/sites/www.3dsystems.com/files/brass_inserts_guide_for_sls_p
arts_0.pdf (accessed 10.01.15).
[4] 3D Systems Inc, 2015, ProJet® 3510 CPX 3D Printer a Gem to Uptown Diamond &
Jewelry,
http://www.3dsystems.com/sites/www.3dsystems.com/files/uptown_diamond_case_study.
pdf (accessed 10.01.15).
[5] 3D Systems Inc, 2015, SLS®
Plastics
Design
Guide,
http://www.3dsystems.com/resources/sls-plastics-design-guide (accessed 10.01.15).
[6] 3T RPD Ltd, 2015, AM reduces production steps, lead time and cost,
http://www.3trpd.co.uk/portfolio/am-reduces-production-steps-lead-time-and-cost/
(accessed 10.01.15).
[7] 3T
RPD
Ltd,
2015,
Superior
fixation
for
implant
using
AM,
http://www.3trpd.co.uk/portfolio/superior-fixation-for-implant-using-am/gallery/casestudies/ (accessed 10.01.15).
[8] 3T RPD Ltd., 2015, Titanium mandibular implant for QMC patient, Accessed online:
http://www.3trpd.co.uk/portfolio/titanium-mandibular-implant-for-qmcpatient/gallery/case-studies/ (October 2015).
[9] Abbaszadeh, F., Rahmati, S., Farahmand, F., Fatollahzadeh, R., 2009, Novel
Methodology in design of custom-made hip prosthesis. Innovative developments in design
and manufacturing. CRC Press, UK.
[10] Adam, G. A. O., Zimmer, D., 2014, CIRP Journal of Manufacturing Science and
Technology, 7, 20-28.
[11] Aherwar, A., Singh, A., Patnaik, A., 2013, A review paper on rapid prototyping and
rapid tooling techniques for fabrication of prosthetic socket. In High Value Manufacturing:
Advanced Research in Virtual and Rapid Prototyping: Proceedings of the 6th International
Conference on Advanced Research in Virtual and Rapid Prototyping, CRC Press.
[12] Ahmadi SM, Yavari SA, Wauthle R, Pouran B, Schrooten J, Weinans H, Zadpoor AA,
2015, Additively Manufactured Open-Cell Porous Biomaterials Made from Six Different
Space-Filling Unit Cells: The Mechanical and Morphological Properties, Materials 2015,
8, 1871-1896
[13] Ahuja, B., Karg, M., Schmidt, M., 2015 March, Additive manufacturing in
production: challenges and opportunities. In SPIE LASE (pp. 935304-935304).
International Society for Optics and Photonics.
[14] Ahuja, B., Schaub, A., Karg, M., Schmidt, R., Merklein, M., Schmidt, M., 2015,
March, High power laser beam melting of Ti6Al4V on deformed sheet metal to achieve
hybrid structures. In SPIE LASE (pp. 93530X-93530X). International Society for Optics
and Photonics.
[15] Allen, J., 2006, An Investigation into the Comparative Costs of Additive Manufacture
vs. Machine from Solid for Aero Engine Parts. Rolls-Royce PLC Derby, UK.
[16] Almeida H.A. and Bártolo, P.J., 2013, Nano CAD design of scaffolds based on triple
periodic surfaces, In High Value Manufacturing: Advanced Research in Virtual and Rapid
Prototyping: Proceedings of the 6th International Conference on Advanced Research in
Virtual and Rapid Prototyping, CRC Press.
[17] Altaf, K., Rani, A.M.A., and Raghavan, V.R., 2013, Prototype production and
experimental analysis for circular and profiled conformal cooling channels in aluminium
filled epoxy injection mould tools, Rapid Prototyping Journal, 19(4), pp. 220-229.
[18] Alves N., Bártolo P., Ferreira N., Gaspar M. Mateus A., 2013, BioFab toolbox –
Software tools for biofabrication, In High Value Manufacturing: Advanced Research in
Virtual and Rapid Prototyping: Proceedings of the 6th International Conference on
Advanced Research in Virtual and Rapid Prototyping, CRC Press.
[19] AM Platform, 2015, Additive Manufacturing: SASAM Standardisation Roadmap
[20] Anderson, D. M., 2014, Design for Manufacturability: How to Use Concurrent
Engineering to Rapidly Develop Low-Cost, High-Quality Products for Lean Production.
CRC Press.
[21] Arafat, M.T., Gibson, I., Li, X., 2014, State of the art and future direction of additive
manufactured scaffolds-based bone tissue engineering, Rapid Prototyping Journal, 20(1),
13-26.
[22] Arcam
AB,
2015,
Arcam
History,
Accessed
online:
http://www.arcam.com/company/about-arcam/history/ (accessed online 12.01.15).
[23] Aremu, A., Ashcroft, I., Hague, R., Wildman, R., Tuck, C., 2010, Suitability of SIMP
and BESO topology optimization algorithms for additive manufacture, In 21st Annual
SFF-An Additive Manufacturing Conference, Austin, TX.
[24] Armillotta, A., Pelzer, R., 2008, Modeling of porous structures for rapid prototyping
of tissue engineering scaffolds, The International Journal of Advanced Manufacturing
Technology, 39(5-6), 501-511.
[25] Armillotta, A., Cavallaro, M., Minnella, S., 2013, A tool for computer-aided
orientation selection in additive manufacturing processes. In High Value Manufacturing:
Advanced Research in Virtual and Rapid Prototyping: Proceedings of the 6th International
Conference on Advanced Research in Virtual and Rapid Prototyping, CRC Press.
[26] ASTM F2792-12a Standard Terminology for Additive Manufacturing Technologies
[27] ASTM F3049-14 Standard Guide for Characterizing Properties of Metal Powders
Used for Additive Manufacturing Processes

[28] ASTM F3122-14: Standard Guide for Evaluating Mechanical Properties of Metal
Materials Made via Additive Manufacturing Processes
[29] Atzeni, E., Salmi, A., 2012, Economics of additive manufacturing for end-usable
metal parts. The International Journal of Advanced Manufacturing Technology, 62(9-12),
1147-1155.
[30] Atzeni, E., Iuliano, L., Marchiandi, G., Minetola, P., Salmi, A., Bassoli, E., ... &
Gatto, A. 2013. Additive manufacturing as a cost-effective way to produce metal parts.
High Value Manufacturing, CRC Press.
[31] Azman, A. H., Vignat, F., Villeneuve, F. 2014, Evaluating Current CAD Tools
Performances in the Context of Design for Additive Manufacturing, Joint Conference on
Mechanical, Design Engineering & Advanced Manufacturing.
[32] Babaee, S., Shim, J., Weaver, J. C., Chen, E. R., Patel, N., Bertoldi, K., 2013, 3D Soft
metamaterials with negative Poisson's ratio. Advanced Materials, 25(36), 5044-5049.
[33] Barlage, W. B., Jara-Almonte, C. C., Bagchi, A., Ogale, A. A., Dodey, R. L., 1992,
Fiber/Resin Composite Manufacturing Using Solid Freeform Fabrication. In Third
International Conference on Rapid Prototyping (pp. 15-24).
[34] Barlier, C., Bernard, A., 2015, Fabrication additive: Du Prototypage Rapide à
l'impression 3D. Dunod.
[35] Bartkowiak, T., Lehner, J. T., Hyde, J., Wang, Z., Pedersen, D. B., Hansen, H. N.,
Brown, C.A., 2015, Multi-Scale Areal Curvature Analysis of Fused Deposition Surfaces,
ASPE Spring Topical Meeting
[36] Bartolo, P., et al., 2012, Biomedical production of implants by additive electrochemical and physical processes, CIRP Annals – Manufacturing Technology, 61(2), 635655.
[37] Baumers, M, 2012, Economic aspects of additive manufacturing: benefits, costs and
energy consumption (Doctoral dissertation).
[38] Baumers M., Dickens P., Tuck C., Hague R., 2016, The cost of additive
manufacturing: machine productivity, economies of scale and technology-push.
Technological Forecasting and Social Change, Volume 102, pp. 193–201.
[39] Bauza, M. B., Moylan, S. P., Panas, R. M., Burke, S. C., Martz, H. E., Taylor, J. S., ...
Smokovitz, J. D., 2014, Study of accuracy of parts produced using additive manufacturing.
In ASPE Spring Topical Meeting: Dimensional Accuracy and Surface Finish in Additive
Manufacturing, Berkeley, CA, pp. 13-16.
[40] Beaman JJ, 1997, Historical Perspective, Chapter 3 in JTECIWTEC Panel Report on
Rapid
Prototyping
in
Europe
and
Japan,
WTEC
Hyper-Librarian
(http://itri.loyola.edu/rp/toc.htrn).
[41] Becker, R. and Grzesiak, A., 2009, Rapid manufacturing in automation applications,
In Innovative Developments in Design and Manufacturing: 4th International Conference
on Advanced Research in Virtual and Rapid Prototyping, CRC Press.
[42] Bernard, A. Fischer, A., 2002, New trends on rapid product development, CIRP
Annals - Manufacturing Technology, 51(2), 2002, 635-652.
[43] Bernard, A., Delplace, J. C., Perry, N., Gabriel, S., 2003, Integration of CAD and
rapid manufacturing for sand casting optimisation. Rapid Prototyping Journal, 9(5), 327333.
[44] Bingham, G. A., Hague, R. J. M., Tuck, C. J., Long, A. C., Crookston, J. J., Sherburn,
M. N., 2007, Rapid manufactured textiles. International Journal of Computer Integrated
Manufacturing, 20(1), 96-105.
[45] Boothroyd, G., 2005, Assembly Automation and Product Design (2nd Ed.), Taylor
and Francis, New York.
[46] Boothroyd, G., Dewhurst, P., Knight, W., 2002, Product Design for Manufacture and
Assembly, Dekker, New York.
[47] Booysen, G.J., Truscott, M, Els, J., de Beer, D.J., 2011, Development of patientspecific implants using Direct Metal Laser Sintering in Titanium, In Innovative
Developments in Design and Manufacturing: Proceedings of the 5th International
Conference on Advanced Research in Virtual and Rapid Prototyping, CRC Press.
[48] Bourell, D. L., Beaman, J. J., Leu, M. C., Rosen, D. W., 2009, A brief history of
additive manufacturing and the 2009 roadmap for additive manufacturing: looking back
and looking ahead. Proceedings of RapidTech (2009): 24-25.
[49] Brackett, D., Ashcroft, I., Hague, R., 2011, Topology optimization for additive
manufacturing, In 22nd Proceedings of the SFF Symposium, Austin, TX.
[50] Brown, C.A., Wang, Z., Lehner, J. T., Pedersen, D.B., Hansen, H.N., 2016, Fused
deposition ABS surface discrimination with angle and acetone polishing, Unpublished
paper.
[51] Bückmann, T., Schittny, R., Thiel, M., Kadic, M., Milton, G. W., Wegener, M., 2014,
On three-dimensional dilational elastic metamaterials. New Journal of Physics, 16(3),
033032.
[52] Burckel, D. B., Wendt, J. R., Ten Eyck, G. A., Ellis, A. R., Brener, I., Sinclair, M. B.,
2010, Fabrication of 3D Metamaterial Resonators Using Self‐Aligned Membrane
Projection Lithography. Advanced Materials, 22(29), 3171-3175.
[53] Byun, H. S., Lee, K. H., 2003, Design of a new test part for benchmarking the
accuracy and surface finish of rapid prototyping processes. In Computational Science and
Its Applications—ICCSA 2003 (pp. 731-740). Springer Berlin Heidelberg.
[54] Byun, H. S., Lee, K. H., 2005, Determination of the optimal part orientation in layered
manufacturing using a genetic algorithm. International journal of production research,
43(13), 2709-2724.
[55] Calì, J., Calian, D. A., Amati, C., Kleinberger, R., Steed, A., Kautz, J., Weyrich, T.,
2012, 3D-printing of non-assembly, articulated models. ACM Transactions on Graphics
(TOG), 31(6), 130.
[56] Calignano, F. Manfredi, D., Ambrosio, E. P., Biamino, S., Pavese, M., Fino, P., 2014,
Direct fabrication of joints based on direct metal laser sintering in aluminum and titanium
alloys, Procedia CIRP, 21: 129-132.
[57] Campbell, R.I., Hague, R.J.M., Sener, B., Wormald, P.W., 2003, The Potential for the
Bespoke Industrial Designer, The Design Journal, 6(3), pp.24-34, ISSN: 1460-6925.
[58] Campbell, I, Bourell, D, Gibson, I, 2012, Additive manufacturing: rapid prototyping
comes of age, Rapid Prototyping Journal 18(4), pp.255 – 258.

[59] Campbell, R. I., Jee, H., Kim, Y. S., 2013, Adding product value through additive
manufacturing. Proceedings of19th International Conference on Engineering Design
(ICED 2013), pp. 259 - 268.
[60] Canellidis, V., Giannatsis, J., Dedoussis, V., 2009, Genetic-algorithm-based multiobjective optimization of the build orientation in stereolithography, International Journal of
Advance Manufacturing Technology 45: 714:730.
[61] Cansizoglu, O., Harrysson, O. L., West II, H. A., 2008, Applications of Structural
Optimization in Direct Metal Fabrication, Rapid Prototyping Journal, 14(2) pp. 114-122.
[62] Cartera W.T., Erno, D.J., Abbott, D.H., Bruck, C.E., Wilson, G.H., Wolfe, J.B.,
Finkhousen D.M., Tepper, A., Stevens, R.G., 2015, The GE Aircraft Engine Bracket
Challenge: An Experiment in Crowdsourcing for Mechanical Design Concepts, SFF 2014
(page 1402).
[63] Castillo, L., 2005, Study about the rapid manufacturing of complex parts of stainless
steel and titanium. TNO report with the collaboration of AIMME.
[64] Cerardi, A., Meneghello, R., Concheri, G., 2011, Form errors estimation in free-form
2D and 3D geometries, Proceedings of International Conference on Innovative Methods in
Product Design, pp. 15-17.
[65] Charan, R., Bagchi, A., Renault, T., Ogale, A. A., 1993, Fabrication of Composite
Prototypes by 3-D Photolithography. 4th Intl. Conference on Rapid Prototyping pp. 15-23.
[66] Chekurov, S., 2014, Additive Manufacturing Needs and Practices in the Finnish
Industry, Master’s Thesis, Aalto University, Finland.
[67] Chen, X., Hehr, A., Dapino, M.J. Anderson, P.M., 2015. Deformation Mechanisms in
NiTi-Al Composites Fabricated by Ultrasonic Additive Manufacturing. Shape Memory and
Superelasticity, 1(3), pp.294-309.
[68] Chen, Y. and Zhezheng,C., 2011, Joint analysis in rapid fabrication of non-assembly
mechanisms, Rapid Prototyping Journal, vol. 17, no. 6, pp. 408-417, 2011.
[69] Choi, J. W., Yamashita, M., Sakakibara, J., Kaji, Y., Oshika, T., Wicker, R. B., 2010,
Combined micro and macro additive manufacturing of a swirling flow coaxial
phacoemulsifier sleeve with internal micro-vanes. Biomedical microdevices, 12(5), 875886.
[70] Chu, C., Graf, G., Rosen, D.W., 2008, Design for Additive Manufacturing of Cellular
Structures, Computer-Aided Design and Applications 5(5), 686-696.
[71] Chua, C.K., Leong, K.F., 2003, Rapid Prototyping: Principles and Applications in
Manufacturing. Wiley, New York.
[72] Ciraud, P. A., 1972, Process and Device for the Manufacture of any Objects Desired
from any Meltable Material. FRG Disclosure Publication, 2263777.
[73] Cloots M, Spierings AB, Wegener K., 2013, Assessing new support minimizing
strategies for the additive manufacturing technology SLM, International Solid Freeform
Fabrication Symposium.
[74] Comellas, M.B., 2013, Design for Additive Manufacturing, Master’s Thesis,
Technical University of Denmark, Kgs. Lyngby, Denmark.
[75] Cong, B., Ding, J., & Williams, S., 2015, Effect of arc mode in cold metal transfer
process on porosity of additively manufactured Al-6.3% Cu alloy. The International
Journal of Advanced Manufacturing Technology, 76(9-12), 1593-1606.
[76] Conner, B. P., Manogharan, G. P., Martof, A. N., Rodomsky, L. M., Rodomsky, C.
M., Jordan, D. C., Limperos, J. W., 2014, Making sense of 3-D printing: Creating a map of
additive manufacturing products and services. Additive Manufacturing, 1, 64-76.
[77] Cooper, D. E., Stanford, M., Kibble, K. A., Gibbons, G. J., 2012, Additive
manufacturing for product improvement at Red Bull Technology. Materials & Design, 41,
226-230.
[78] Cremascoli, P. and Ohldin, P., 2009, Series production of CE-certified orthopaedic
implants with integrated network structures for improved bone ingrowth, In Innovative
Developments in Design and Manufacturing: Proceedings of the 4th International
Conference on Advanced Research in Virtual and Rapid Prototyping, CRC Press.
[79] Crookston, J. J., Long, A. C., Bingham, G. A., & Hague, R. J., 2008, Finite-element
modelling of mechanical behaviour of rapid manufactured textiles. Proceedings of the
Institution of Mechanical Engineers, Part L: Journal of Materials Design and Applications,
222(1), 29-36.
[80] Czech, C., Guarneri, P., Gibert, J., Fadel, G.M., 2012, On the accurate analysis of
linear elastic-meta-material properties for use in design optimization problems, Composites
Science and Technology, 72, 580-586
[81] Dadbakhsh S, Hao L, 2012, In Situ Formation of Particle Reinforced Al Matrix
Composite by Selective Laser Melting of Al/Fe2O3 Powder Mixture, Advanced
Engineering Materials,14, No. 1-2.
[82] Danjou, S., Koehler, P., 2009, Determination of Optimal Build Direction for Different
Rapid Prototyping Applications, 14th Assises Europeennes du Prototypage & Fabrication
Rapide.
[83] Dapino, M. J., 2014, Additive manufacturing of smart metallic structures, SPIE
Newsroom, http://spie.org/newsroom/technical-articles/5322-additive-manufacturing-ofsmart-metallic-structures (accessed 12.01.15).
[84] Dapino, M. J., 2014, Smart Structure Integration Through Ultrasonic Additive
Manufacturing. In ASME 2014 Conference on Smart Materials, Adaptive Structures and
Intelligent Systems.
[85] Darwish SMH, Aslam MU, 2014, Auxetic Cellular Structures for Custom Made
Orthopedic Implants using Additive Manufacturing, International Journal of Engineering
and Advanced Technology (IJEAT), ISSN: 2249 – 8958, 4(2).
[86] Deradjat, D. Minshall, T., 2015, Implementation of additive manufacturing
technologies for mass customization. Proceedings of the 2015 International Association for
Management of Technology Conference (IAMOT 2015), 2079-2094.
[87] di Angelo, L., di Stefano, P., 2011, A neural network-based build time estimator for
layer manufactured objects. The International Journal of Advanced Manufacturing
Technology, 57(1-4), 215-224.
[88] Dias, M. R., Guedes, J. M., Flanagan, C. L., Hollister, S. J., Fernandes, P. R., 2014,
Optimization of scaffold design for bone tissue engineering: A computational and
experimental study, Medical engineering & physics, 36(4), 448-457.
[89] Diegel, O., Singh, D.P.K., Singamneni, S., Withell, A., 2009, “3D Faxing”: Rapid
prototyping of new product and process systems to help manage multi-national

development teams, Proceedings of the 4th International Conference on Advanced
Research in Virtual and Rapid Prototyping, Taylor and Francis.
[90] Doubrovski, Z., Verlinden, J. C., Geraedts, J. M., 2011, Optimal design for additive
manufacturing: opportunities and challenges, In ASME 2011 International Design
Engineering Technical Conferences and Computers and Information in Engineering
Conference. American Society of Mechanical Engineers.
[91] Doubrovski, E. L., Verlinden, J. C., Horvath, I., 2012, First steps towards
collaboratively edited design for additive manufacturing knowledge. In Solid Freeform
Fabrication Symposium, pp. 891-901.
[92] Eiríksson, E. R., Pedersen, D. B., Aanæs, H., 2015, Predicting Color Output of
Additive Manufactured Parts. In Proceedings of Achieving Precision Tolerances in
Additive Manufacturing: ASPE Spring Topical Meeting. (Vol. 60, pp. 95-99).
[93] EnvisionTEC GmbH, 2015, Audio in 3D: GN ReSound, MK-CAS-GNResound-FNV01.pdf (accessed 10.01.15).
[94] EnvisionTEC GmbH, 2015, Bosmans Jewelry 3D Printing with a Perfactory® Micro,
http://envisiontec.com/envisiontec/wp-content/uploads/MK-CAS-Bosmans-V01-FNEN.pdf (accessed 10.01.15).
[95] EnvisionTEC
GmbH,
2015,
Fitting
Solutions
–
NuCraft
Dental,
http://envisiontec.com/envisiontec/wp-content/uploads/MK-CAS-Nucraftdental-V01-FNEN.pdf (accessed 10.01.15).
[96] EnvisionTEC GmbH, 2015, Highland Dental Laboratory Produces Crowns and
Bridges with 3D Printer, http://envisiontec.com/envisiontec/wp-content/uploads/MK-CASHighlandDental-V01-FN-EN.pdf (accessed 10.01.15).
[97] EnvisionTEC GmbH, 2015, Successfully 3D Printing Jewelry With Chicago Charm
Company,
http://envisiontec.com/envisiontec/wp-content/uploads/MK-CASChicagoCharm-V01-FN-EN.pdf (accessed 10.01.15).
[98] EOS GmbH, 2015, Additive Manufacturing Permits Optimized Cooling for Maximum
Production
Efficiency,
http://www.eos.info/press/case_studies/
download/tooling_Salcomp.pdf (accessed 10.01.15).
[99] EOS GmbH, 2015, Alphaform - Precision-fit cranial implants produced with Additive
Manufacturing
by
EOS,
http://www.eos.info/press/case_studies/download/
medical_alphaform_canial_implant.pdf (accessed 10.01.15).
[100] EOS GmbH, 2015, Argen Corporation - EOS Technology allows daily turnout of
hundreds of units. http://www.eos.info/press/case_studies/download/Argen.pdf (accessed
10.01.15).
[101] EOS GmbH, 2015, ASS Maschinenbau - Additively Manufactured Robotic Hand for
Pharmaceutical Supplier Theo Hillers GmbH, http://www.eos.info/press/case_studies/
download/additively-manufactured-robotic-hand-for-pharmaceutical-supplier.pdf
(accessed 10.01.15).
[102] EOS GmbH, 2015, BEGO USA - Patient specific restorations made of a highperformance alloy, http://www.eos.info/press/case_studies/download/reference_Bego_
medical.pdf (accessed 10.01.15).
[103] EOS GmbH, 2015, CEIT Biomedical Engineering - Precise implants for cranial, jaw,
and facial bones using Additive Manufacturing, http://www.eos.info/press/case_studies/
download/CEIT_cranial-implants.pdf (accessed 10.01.15).
[104] EOS GmbH 2015, Cooksongold - EOS develops Additive Manufacturing technology
capable
of
series
production
for
gold,
http://www.eos.info/press/
case_studies/download/reference_cookson.pdf (accessed 10.01.15).
[105] EOS GmbH, 2015, EADS and EOS - Study demonstrates savings potential for
DMLS in the aerospace industry, http://www.eos.info/case_studies/download/
aerospace_eads.pdf (accessed 10.01.15).
[106] EOS GmbH, 2015, Full Thrust Ahead: Innovation for Maintenance of High
Performance Industrial Gas Turbines, http://www.eos.info/press/case_studies/download/
industrial_gas_turbines.pdf (accessed 10.01.15).
[107] EOS GmbH, 2015, Help Is Fast at Hand Thanks to Additive Manufacturing:
Alphaform
Produces
a
Hip
Replacement
Designed
by
Instrumentaria,
http://www.eos.info/case_studies/download/medical/alphaform-3d-printed-hip.pdf
(accessed 10.01.15).
[108] EOS GmbH, 2015, Innomia accelerates production and reduces maintenance,
http://www.eos.info/press/case_studies/download/innomia.pdf (accessed 10.01.15).
[109] EOS GmbH, 2014, Material data sheet: EOS Titanium Ti64ELI
[110] EOS GmbH, 2015, New Balance - Improved runner performance with EOS
industrial 3D-Printing Technology, http://www.eos.info/press/case_studies/download/
spike_plate_shoes.pdf (accessed 10.01.15).
[111] EOS GmbH, 2015, OPM - 3D printed polymeric cranial implants with EOSINT P
800 by EOS. FDA awards first approval, http://www.eos.info/medical/case_studies/
download/polymeric-cranial-implants.pdf (accessed 10.01.15).
[112] EOS GmbH, 2015, Plastic Manufacturer FWB Achieves Major Savings in
Production
Time
and
Cost
Using
Additive
Manufacturing,
http://www.eos.info/press/case_studies/download_pictures/fwb.pdf (accessed 10.01.15).
[113] Es-Said, O., Foyos, J., Noorani, R., 2000, Effect of Layer Orientation on Mechanical
Properties of Rapid Prototyped Samples, Materials and Manufacturing Processes, 15(1) pp.
107-122.
[114] ExOne Inc., 2015, True Design Freedom for Art & Decorative Applications,
http://www.exone.com/Portals/0/ResourceCenter/CaseStudies/X1-Case-StudyDecorative.pdf (accessed 10.01.15).
[115] ExOne Inc., 2015, Ulterra: Extend Part Life & Reduce Costs with Additive
Manufacturing,
http://www.exone.com/Portals/0/ResourceCenter/CaseStudies/X1_CaseStudies_All%209.p
df (accessed 10.01.15).
[116] Fernando, A., 2013, Design for Wire Arc Additive Manufacturing, MS Thesis,
Cranfield University.
[117] Forbes Magazine. http://www.forbes.com/sites/stevebanker/2013/10/15/3d-printingrevolutionizes-the-hearing-aid-business/#33b169d47eed (accessed 02.01.16)
[118] Frank, D., Fadel, G. M., 1995, Expert System Based Selection of the Preferred
Direction of Build for Rapid Prototyping Processes, Special Issue on AI Applications in

Design for Manufacturing and Concurrent Engineering, Journal of Intelligent
Manufacturing, 6, pp. 334-339.
[119] Gao, T., Zhang, W., 2010, Topology Optimization Involving Thermo-Elastic Stress
Loads, Structural and Multidisciplinary Optimization, 42(5) pp. 725-738.
[120] Garcia, C. R., 2014, 3D printed spatially variant anisotropic metamaterials (doctoral
thesis).
[121] Garcia, M. A., Garcia-Pando, C., & Marto, C., 2011, Conformal cooling in moulds
with special geometry. In Innovative Developments in Virtual and Physical Prototyping:
Proceedings of the 5th International Conference on Advanced Research in Virtual and
Rapid Prototyping, CRC Press.
[122] Gausemeier, J., Echterhoff, N., Kokoschka, M., Wall, M., 2011, Thinking ahead the
Future of Additive Manufacturing – Analysis of Promising Industries. Available at:
https://dmrc.uni-paderborn.de/fileadmin/dmrc/Download/data/DMRC_Studien/DMRC_Study.pdf (accessed 22.03.2013).
[123] Gaynor, A. T., Meisel, N. A., Williams, C. B., Guest, J. K., 2014, Multiple-Material
Topology Optimization of Compliant Mechanisms Created Via PolyJet Three-Dimensional
Printing, Journal of Manufacturing Science and Engineering,136(6), 061015.
[124] GE Aviation, http://www.gereports.com/post/80701924024/fit-to-print (accessed
02.0.16).
[125] Gebhardt, A., 2011, Understanding Additive Manufacturing, Hanser, Cincinnati.
[126] Geraedts, J., Doubrovski, E., Verlinden, J., & Stellingwerff, M., 2012, Three views
on additive manufacturing: business, research and education. In Ninth Int. Symp. Tools
Methods Compet. Eng., pp. 1-15.
[127] Ghorpade, A., Karunakaran, K. P., Tiwari, M. K., 2007, Selection of optimal part
orientation in fused deposition modelling using swarm intelligence, Proceedings of the
Institution of Mechanical Engineers, Part B: Journal of Engineering Manufacture 221(7):
1209-1219.
[128] Giannitelli, S. M., Accoto, D., Trombetta, M., Rainer, A., 2014, Current trends in the
design of scaffolds for computer-aided tissue engineering, Acta biomaterialia, 10 (2), 580594.
[129] Gibbons, G.J. and Hansell, R.G., 2005. Direct tool steel injection mould inserts
through the Arcam EBM freeform fabrication process. Assembly Automation, 25 (4):
(300–305).
[130] Gibson, I., Rosen, D.W., Stucker, B., 2010, Additive Manufacturing Technologies:
Rapid Prototyping to Direct Digital Manufacturing, Springer, New York.
[131] Grenda, E., 2009, Printing the future. The 3D printing and rapid prototyping
sourcebook, 3rd edition. Castle Island Co., Arlington, MA.
[132] Griesbach, V., 2016, Rapid Technologien Toleranzmanagment, DIN Beuth Verlag
Gmbh. ISBN 978-3-410.25776-9.
[133] Grimm, T. A., 2010, 3D Printer Benchmark: North American Edition. TA Grimm &
Associates Inc, www. tagrimm.com (accessed 10.01.15).
[134] Grzesiak, A., Becker, R., Verl, A., 2011, The Bionic Handling Assistant: a success
story of additive manufacturing. Assembly Automation, 31(4), 329-333.
[135] Gu, X.J., Zhu, J.H., Zhang, W.H., 2012, The lattice structure configuration design for
stereolithography investment casting pattern using topology optimization, Rapid
Prototyping Journal, 18(5), pp. 353 – 361.
[136] Gu, J., Ding, J., Williams, S.W., Gu, H., Ma, P., Zhai, Y., 2015. The effect of interlayer cold working and post-deposition heat treatment on porosity in additively
manufactured aluminum alloys, Journal of materials processing technology, In press.
[137] Gu, J., Ding, J., Williams, S.W., Gu, H., Bai, J., Zhai, Y., Ma, P., 2016. The
strengthening effect of inter-layer cold working and post-deposition heat treatment on the
additively manufactured Al– 6.3Cu alloy. Materials Science and Engineering A, 651, pp.
18-26.
[138] Hague, RJ, Campbell, RI, Dickens, PM, 2003, Implications on Design of Rapid
Manufacturing, Proceedings of the Institution of Mechanical Engineers, Part C: Journal of
Mechanical Engineering Science, 217(1), pp.25-30, ISSN: 0954-4062.
[139] Hague, R., Mansour, S., Saleh, N., 2004, Material and design considerations for
rapid manufacturing, International Journal of Production Research, 42:22, 4691-4708.
[140] Hao, L., & Raymond, D., 2011, Design and additive manufacturing of cellular lattice
structures. In The International Conference on Advanced Research in Virtual and Rapid
Prototyping (VRAP). Taylor & Francis Group, pp. 249-254.
[141] Harrison, N., McHugh, P. E., Curtin, W., Mc Donnell, P., 2013, Micromotion and
friction evaluation of a novel surface architecture for improved primary fixation of
cementless orthopaedic implants. Journal of the mechanical behavior of biomedical
materials, 21, 37-46.
[142] Hascoët, J. Y., Ponche, R., Kerbrat, O., Mognol, P., 2011, From functional
specifications to optimized CAD model: proposition of a new DFAM methodology. In
Proceedings of the ASME Design Engineering Technical Conferences and Computers and
Information in Engineering Conference (pp. 467-472).
[143] Hengsbach, S., Lantada, A. D., 2014, Direct laser writing of auxetic structures:
present capabilities and challenges. Smart Materials and Structures, 23(8), 085033.
[144] Hernandez Jr, B. R., 2013, An investigation into the use of 3D scanning and printing
technologies in the Navy Collaborative Product Lifecycle Management (Doctoral
dissertation, Monterey, California: Naval Postgraduate School).
[145] Hiller, J. D., Lipson, H., 2009, Multi material topological optimization of structures
and mechanisms, In Proceedings of the 11th Annual conference on Genetic and
evolutionary computation, ACM.
[146] Hoerber, J., Glasschroeder, J., Pfeffer, M., Schilp, J., Zaeh, M., Franke, J., 2014,
Approaches for additive manufacturing of 3D electronic applications. Procedia CIRP, 17,
806-811.
[147] Holmström, J., Partanen, J., Tuomi, J., Walter, M., 2010, Rapid manufacturing in the
spare parts supply chain: alternative approaches to capacity deployment. Journal of
Manufacturing Technology Management, 21(6), 687-697.
[148] Hopkinson, N., Dickens, P., 2003, Analysis of rapid manufacturing—using layer
manufacturing processes for production. Proceedings of the Institution of Mechanical
Engineers, Part C: Journal of Mechanical Engineering Science, 217(1), 31-39.

[149] Hopkinson, N., Hague, R.J.M, Dickens, P.M., 2006, Rapid Manufacturing: An
Industrial Revolution for the Digital Age, John Wiley & Sons, Chichester, West Sussex,
England.
[150] Huang, Y., Leu, M. C., Mazumder, J., Donmez, A., 2015, Additive Manufacturing:
Current State, Future Potential, Gaps and Needs, and Recommendations. Journal of
Manufacturing Science and Engineering, 137(1), 014001.
[151] Hutmacher, D. W., 2000, Scaffolds in tissue engineering bone and cartilage”.
Biomaterials, 21(24), 2529-2543.
[152] In't Veld, B. H., Overmeyer, L., Schmidt, M., Wegener, K., Malshe, A., Bartolo, P.,
2015, Micro additive manufacturing using ultra short laser pulses. CIRP AnnalsManufacturing Technology 64(2), 4-27.
[153] ISO 286-1:2010 (en) Geometrical product specifications (GPS) — ISO code system
for tolerances on linear sizes — Part 1: Basis of tolerances, deviations and fits
[154] ISO 1101 (2012) Geometrical product specifications (GPS) — Geometrical
tolerancing — Tolerances of form, orientation, location and run-out.
[155] ISO-DIS 17296-2 Additive manufacturing - General principles - Part 2 Overview of
process categories and feedstock.
[156] ISO-DIS 17296-4 Additive manufacturing - General principles - Part 4 Data
processing
[157] ISO ASTM/DIS 20195:2015(E), Standard Practice — Guide for Design for Additive
Manufacturing (Draft)
[158] ISO/TC 261 and ASTM F42, 2013, Joint Plan for Additive Manufacturing Standards
Development, www.astm.org/COMMIT/AM_Standards_Development_Plan_v2.docx
[159] Jahnke U, Lindemann C, Moi M, Koch R, 2013, Potentials of Additive
Manufacturing to Prevent Product Piracy, International Solid Freeform Fabrication
Symposium An Additive Manufacturing Conference.
[160] Järvinena JP, Matilainena V, Lia X, Piilia H, Salminena A, Mäkeläc I, Nyrhiläd O,
2014, Characterization of Effect of Support Structures in Laser Additive Manufacturing of
Stainless Steel, Physics Procedia, 56, pp. 72–81, 8th International Conference on Laser
Assisted Net Shape Engineering LANE 2014
[161] Jiang, X. J., Whitehouse, D., J., 2012, Technological shifts in surface metrology.
CIRP Annals – Manufacturing Technology 61(2), 815 – 836.
[162] Johnson, A., Bingham, G. A., Wimpenny, D. I., 2013, Additive manufactured
textiles for high-performance stab resistant applications. Rapid Prototyping Journal, 19(3),
199-207.
[163] Karunakaran, K. P., Suryakumar, S., Chandrasekhar, U., Bernard, A., 2010, Hybrid
rapid manufacturing of metallic objects. International Journal of Rapid Manufacturing,
1(4), 433-455.
[164] Kasperovich, G., & Hausmann, J., 2015, Improvement of fatigue resistance and
ductility of TiAl6V4 processed by selective laser melting. Journal of Materials Processing
Technology, 220, 202-214.
[165] Kazanas, P., Deherkar, P., Almeida, P., Lockett, H. and Williams, S., 2012,
Fabrication of geometrical features using wire and arc additive manufacture, Proc IMechE
Part B: J Engineering Manufacture, DOI: 10.1177/0954405412437126.
[166] Keating, S., and Oxman, N., 2013, Compound Fabrication: A Multi-Functional
Robotic Platform for Digital Design and Fabrication, Robotics and Computer-Integrated
Manufacturing, 29(6) pp. 439-448.
[167] Kellens, K., Yasa, E., Renaldi, R., Dewulf, W., Kruth, J. P., Duflou, J. (2011,
August). Energy and Resource Efficiency of SLS/SLM Processes (Keynote Paper). In SFF
Symposium 2011 (pp. 1-16).
[168] Kerbrat, O., Mognol, P., and Hascoët, J.-Y., 2011, A new DFM approach to combine
machining and additive manufacturing, Computers in Industry, 62, 684-692.
[169] Kermer, C., Rasse, M., Lagogiannis, G., Undt, G., Wagner, A., Millesi, W., 1998,
Colour stereolithography for planning complex maxillofacial tumour surgery. Journal of
Cranio-Maxillofacial Surgery, 26(6), 360-362.
[170] Khajavi, S. H., Partanen, J., & Holmström, J. (2014). Additive manufacturing in the
spare parts supply chain. Computers in Industry, 65(1), 50-63.
[171] Khoshnevis, B., 2004, Automated construction by contour crafting—related robotics
and information technologies. Automation in construction, 13(1), 5-19.
[172] Khoshnevis, B., Bodiford, M. P., Burks, K. H., Ethridge, E., Tucker, D., Kim, W., ...
Fiske, M. R., 2005, Lunar contour crafting—a novel technique for ISRU-based habitat
development. In 43rd AIAA Aerospace Sciences Meeting and Exhibit—Meeting Papers
pp. 7397-7409.
[173] Khoshnevis, B., Hwang, D., Yao, K. T., Yeh, Z., 2006, Mega-scale fabrication by
contour crafting. International Journal of Industrial and Systems Engineering, 1(3), 301320.
[174] Kim, D. B., Witherell, P., Lipman, R., Feng, S. C., 2015, Streamlining the additive
manufacturing digital spectrum: A systems approach. Additive Manufacturing, 5, 20-30.
[175] Kiontke, S. R., Aikens, D. M., Youngworth, R. N., 2015, Freeform capability
enabled by ISO 10110. In SPIE Optical Engineering+ Applications (pp. 958202-958202).
International Society for Optics and Photonics.
[176] Klocke, F., Klink, A., Veselovac, D., Aspinwall, D. K., Soo, S. L., Schmidt, M.,
Schilp, J., Levy, G., Kruth, J.-P, 2014, Turbomachinery component manufacture by
application of electrochemical, electro-physical and photonic processes, CIRP Annals –
Manufacturing Technology, 63(2), 703–726.
[177] Kolla, A., Ju, J., Summers, J., Ziegert, J., Fadel, G., 2010, Design of Chiral
Honeycomb Meso-Structures for High Shear Flexure, ASME International Design
Engineering Technical Conferences, DAC, Montreal, Canada, August, 2010, DETC201028557.
[178] Kruth, J. P., 1991, Material Increase Manufacturing by Rapid Prototyping
Techniques, CIRP Annals – Manufacturing Technology, 40 (2), 603-614.
[179] Kruth, J. P., Leu, M. C., Nakagawa, T., 1998, Progress in Additive Manufacturing
and Rapid Prototyping, CIRP Annals – Manufacturing Technology, 47 (2), 525-540.
[180] Kruth, J. P., Vandenbroucke, B., Vaerenbergh, V. J., & Mercelis, P., 2005,
Benchmarking of different SLS/SLM processes as rapid manufacturing techniques. Int.
Conf. Polymers & Moulds Innovations (PMI), Gent, Belgium, April 20-23, 2005.

[181] Kruth, J.P., Levy, G., Klocke, F., Childs, T.H.C., 2007, Consolidation Phenomena in
Laser and Power-Bed Based Layered Manufacturing. CIRP Annals – Manufacturing
Technology 56 (2), 730-759.
[182] Kumar, Y., Billo, T., Murmu, A., Choube, H., Karunakaran, K.P., Bernard, A., 2012,
Hybrid layered manufacturing using Gas Metal Arc Weld (GMAW) deposition,
International Journal of Advanced Manufacturing Systems (ISSN No. 15362647), Vol. 14,
Issue 1, 2012, pp. 11-18
[183] Kuo, T. C., Huang, S. H., & Zhang, H. C., 2001, Design for manufacture and design
for ‘X’: concepts, applications, and perspectives. Computers & Industrial Engineering,
41(3), 241-260.
[184] Lasers in Production. http://www.industrial-lasers.com/articles/print/volume28/issue-6/features/additive-manufacturing-at-ge-aviation.html (accessed 02.01.16)
[185] Leary, M., Merli, L., Torti, F., Mazur, M., & Brandt, M., 2014, Optimal topology for
additive manufacture: A method for enabling additive manufacture of support-free optimal
structures. Materials & Design, 63, 678-690.
[186] Lehmhus, D., Wuest, T., Wellsandt, S., Bosse, S., Kaihara, T., Thoben, K. D., Busse,
M., 2015, Cloud-Based Automated Design and Additive Manufacturing: A Usage DataEnabled Paradigm Shift. Sensors, 15(12), 32079-32122.
[187] Levy, G. N., Schindel, R., Kruth, J.P., 2003, Rapid Manufacturing and Rapid
Tooling with Layer Manufacturing (LM) Technologies, State of the Art and Future
Perspectives, CIRP Annals – Manufacturing Technology, 52(2).
[188] Li, Fang, 2006, Automated Cost Estimation for 3-Axis CNC Milling and
Stereolithography
Rapid
Phototyping,
http://mspace.lib.umanitoba.ca/jspui/handle/1993/8882 (accessed 03.01.2016).
[189] Lieneke T., Adam G., Leuders S., Knoop F., Josupeit S., Delfs P., Funke N., Zimmer
D., 2015. Systematical determination of tolerances for additive manufacturing by
measuring linear dimensions. In: 26th Annual International Solid Freeform Fabrication
Symposium, Austin, Texas, USA, p. 371–384.
[190] Lindeman C. Jahnke U., Moi M. Koch R, 2012, Analyzing Product Lifecycle Costs
for a Better Understanding of Cost Drivers in Additive Manufacturing. Solid Freeform
Fabrication Symposium - An Additive Manufacturing Conference. Volume 23.
[191] Lindeman C. Jahnke U., Reiher T. Koch R., 2014, Towards a sustainable and
economic selection of part candidates for Additive Manufacturing. Rapid Prototyping
Journal 21.
[192] Lipton, J. I., Cutler, M., Nigl, F., Cohen, D., Lipson, H., 2015, Additive
manufacturing for the food industry. Trends in Food Science & Technology, 43(1), 114123.
[193] Lopes, A.J., MacDonald, E., Wicker, R. B., 2012, Integrating stereolithography and
direct print technologies for 3D structural electronics fabrication. Rapid Prototyping
Journal, 18(2), 129-143.
[194] Lutters, E., van Houten, F. J., Bernard, A., Mermoz, E., & Schutte, C. S., 2014,
Tools and techniques for product design. CIRP Annals-Manufacturing Technology, 63(2),
607-630.
[195] MacDonald, E., Salas, R., Espalin, D., Perez, M., Aguilera, E., Muse, D., Wicker, R.
B., 2014, 3D printing for the rapid prototyping of structural electronics. Access, IEEE, 2,
234-242.
[196] Mahesh, M., Wong, Y., Fuh, J.Y.H., and Loh, H. T., 2004, Benchmarking for
comparative evaluation of RP systems and processes, Rapid Prototyping J. 10 (2), 123-135.
[197] Maheshwaraa, U., Bourell, D., Conner Seepersad, C., 2007, Design and freeform
fabrication of deployable structures with lattice skins. Rapid Prototyping Journal, 13(4),
213-225.
[198] Maheshwaraa Namasivayam, U., Conner Seepersad, C., 2011, Topology design and
freeform fabrication of deployable structures with lattice skins, Rapid Prototyping Journal,
17(1), 5-16.
[199] Maiwald, M., Werner, C., Zöllmer, V., & Busse, M., 2010, INKtelligent printing®
for sensorial applications. Sensor Review, 30(1), 19-23.
[200] Malone, E., Rasa, K., Cohen, D., Isaacson, T., Lashley, H., Lipson, H., 2004,
Freeform fabrication of zinc-air batteries and electromechanical assemblies. Rapid
Prototyping Journal, 10(1), 58-69.
[201] Marenda, G.P., Fiorentino, A., Ceretti, E., Manenti, A., 2013, Rapid tooling for
individualized silicon aesthetic prosthesis manufacturing: A case study, In High Value
Manufacturing: Advanced Research in Virtual and Rapid Prototyping: Proceedings of the
6th International Conference on Advanced Research in Virtual and Rapid Prototyping,
CRC Press.
[202] Martina, F., 2014, Investigation of methods to manipulate geometry, microstructure
and mechanical properties in titanium large scale Wire+Arc Additive Manufacturing, PhD
Thesis, Cranfield University, UK.
[203] Martina, F., Colegrove, P.A., Williams, S.W., Meyer, J., 2015, Microstructure of
interpass rolled Wire + Arc Additive Manufacturing Ti–6Al–4V components,
Metallurgical and Materials Transactions A, 46(12) pp. 6103-6118.
[204] Martina F., Williams S., 2015, Wire+arc additive manufacturing vs. traditional
machining
from
solid:
a
cost
comparison
(White
paper).
https://www.researchgate.net/publication/289372526_Wirearc_additive_manufacturing_vs
_traditional_machining_from_solid_a_cost_comparison (accessed 02.01.16)
[205] Masood, S. H., Rattanawong, W., Iovenitti, P., 2003), A generic algorithm for a best
part orientation system for complex parts in rapid prototyping, Journal of Materials
Processing Technology 13:110-116.
[206] Materialise NV, 2015, Adidas Futurecraft: The Ultimate 3D-Printed Personalized
Shoe,
http://www.materialise.com/cases/adidas-futurecraft-the-ultimate-3d-printedpersonalized-shoe (accessed 10.01.15)
[207] Materialise
NV,
2015,
Design
guides
homepage,
https://i.materialise.com/materials/design-guides (accessed 02.01.16)
[208] Materialise NV, 2015, Iris van Herpen Debuts Wearable 3D Printed Pieces at Paris
Fashion Week: http://www.materialise.com/cases/iris-van-herpen-debuts-wearable-3dprinted-pieces-at-paris-fashion-week (accessed 10.01.15)
[209] Materialise
NV,
2015,
Keeping
intrion
Robots
Up
to
Speed,
http://www.materialise.com/cases/keeping-intrion-robots-up-to-speed (accessed 10.01.15)

[210] Materialise
NV,
2015,
Kipling:
No
Monkey
Business,
http://www.materialise.com/cases/kipling-no-monkey-business (accessed 10.01.15)
[211] Materialise
NV,
2016,
Pinovo
and
Materialise,
http://manufacturing.materialise.com/cases/pinovo-and-materialise-0 (accessed 02.01.16)
[212] Materialise NV, 2015, Supporting Samsonite in Setting New Standards in Luggage,
http://www.materialise.com/cases/supporting-samsonite-in-setting-new-standards-inluggage (accessed 10.01.15)
[213] Materialise NV, 2015, The Future of Personalization Looks Bawsome,
http://www.materialise.com/cases/the-future-of-personalization-looks-bawsome (accessed
10.01.15)
[214] Materialise NV, 2015, The Hearing-Aid Industry Will Never be the Same Again,
http://www.materialise.com/cases/the-hearing-aid-industry-will-never-be-the-same-again
(accessed 10.01.15)
[215] Mcor Technologies Ltd, 2015, Affordable aged-copper 3D printed models unleash
new
opportunities,
http://mcortechnologies.com/wp-content/uploads/2015/04/AgedCopper-Case-Study-4-16-15-final.pdf (accessed 10.01.15)
[216] Mcor Technologies Ltd, 2015, Belgium Doctors Use Paper-Based 3D Printing to
Reduce Surgical Times, http://mcortechnologies.com/wp-content/uploads/2013/04/UCLCS-19012013_high.pdf (accessed 10.01.15)
[217] Mcor Technologies Ltd, 2015, Innovative photo-to-print digital sculpting process
links loved ones, http://mcortechnologies.com/innovative-photo-to-print-digital-sculptingprocess-links-loved-ones/ (accessed 10.01.15)
[218] Mcor Technologies Ltd, 2015, Paper-based 3D printer makes jewellery with a
statement, http://mcortechnologies.com/paper-based-3d-printer-makes-jewellery-with-astatement/ (accessed 10.01.15)
[219] Mcor Technologies Ltd, 2015, The ‘selfie’s’ next frontier, Accessed online:
http://mcortechnologies.com/wp-content/uploads/2015/04/Twin-Familie-Case-StudyEdits1.pdf (October 2015).
[220] Mehnen J, and Trautmann H, 2008, Robust Multi-objective Optimisation of Weld
Bead Geometry for Additive Manufacturing”, Proceedings of the 6th CIRP International
Seminar on Intelligent Computation in Manufacturing Engineering (CIRP ICME '08), pp.
419-424
[221] Mehnen, J. Ding, J., Lockett, J.H.L., Kazanas, P., 2010, Design for Wire and Arc
Additive Layer Manufacture, 20th CIRP Design Conference.
[222] Mehnen, J., Ding, J., Lockett, H., Kazanas, P., 2014, Design study for wire and arc
additive manufacture. International Journal of Product Development 20, 19(1-3), 2-20.
[223] Meisel, N., Gaynor, A., Williams, C., Guest, J., 2013, Multiple-material topology
optimization of compliant mechanisms created via polyjet 3d printing, In 24th Annual
International SFF Symposium: An Additive Manufacturing Conference.
[224] Mellor, S., Hao, L., Zhang, D., 2014, Additive manufacturing: A framework for
implementation. International Journal of Production Economics, 149, 194-201.
[225] Mercelis, P., 2007, Control of Selective Laser Sintering and Selective Laser Melting
Processes, Ph.D. Thesis, K.U.Leuven, Leuven, Belgium.
[226] Minetola, P., Iuliano, L., 2011, Investigation of wear behaviour of FDM fixtures,
Innovative Developments in Design and Manufacturing: Proceedings of the 5th
International Conference on Advanced Research in Virtual and Rapid Prototyping, CRC
Press.
[227] Minetola, P., Iuliano, L., Marchiandi, G., Benchmarking of FDM Machines through
Part Quality Using IT Grades, Procedia CIRP, Volume 41, 2016, Pages 1027-1032.
[228] Mital, A., Desai, A., Subramanian, A., and Mital, A., 2008, Product Development: A
Structured Approach to Consumer Product Development, Design, and Manufacture,
Elsevier.
[229] Mitchell, G. R., & Davis, F. J., 2013, Direct Writing of Conductive Polymer tracks
as part of an additive manufacturing process. In High Value Manufacturing: Advanced
Research in Virtual and Rapid Prototyping: Proceedings of the 6th International
Conference on Advanced Research in Virtual and Rapid Prototyping, CRC Press.
[230] Modasdar, A.S., 2012, A quantitative study of the impact of additive manufacturing
in the aircraft spare parts supply chain (Doctoral dissertation, University of Cinncinnati).
[231] Molloy, E., Yang, H., Browne, J., 1991, Design for Assembly within Concurrent
Engineering, CIRP Annals – Manufacturing Technology, 40(1).
[232] Moroni, G., Syam, W. P., Petrò, S., 2015, Functionality-based part orientation for
additive manufacturing, 25th CIRP Design Conference, Haifa, Israel.
[233] Morvan, S., Fadel, G.M., Keicher, D., Love, J., “Manufacturing of a Heterogeneous
Flywheel on a LENS Apparatus” Solid Freeform Fabrication Conference, Austin TX.
Published in conference proceedings, August 2001.
[234] Mourtzis, D., Doukas, M. Lalas, C., Papakostas, N. 2014, Cloud-based integrated
shop-floor planning and control of manufacturing operations for mass customisation (CIRP
ICME 2014), Procedia CIRP, 33, 9-16.
[235] Mourtzis, D., Vlachou, E., Xanthopoulos, N., Givehchi, M., Wang L., 2015, Cloudbased adaptive process planning considering availability and capabilities of machine tools,
Journal of Manufacturing Systems, 39, 1-8.
[236] Mourtzis D., Vlachou E., Doukas M, Kanakis N., Xanthopoulos N., Koutoupes, A.,
2015, Cloud-Based Adaptive Shop-Floor Scheduling Considering Machine Tool
Availability, (ASME 2015), International Mechanical Engineering Congress & Exposition,
13- 19 November, Houston, Texas.
[237] Mourtzis, D., Vlachou, E., Milas, N., Xanthopoulos, N., 2016, A cloud-based
approach for maintenance of machine tools and equipment based on shop-floor monitoring,
Procedia CIRP, 41, 655–660.
[238] Moylan, S., Cooke, A., Jurrens, K., Slotwinski, J., Donmez, M. A. (2012). A review
of test artifacts for additive manufacturing. National Institute of Standards and Technology
(NIST), Gaithersburg, MD, Report No. NISTIR, 7858.
[239] Moylan, S., Slotwinski, J., Cooke, A., Jurrens, K., Donmez, M. A., 2012, Proposal
for a standardized test artifact for additive manufacturing machines and processes. In 23rd
Annual International Solid Freeform Fabrication Symposium, Austin, TX (pp. 902-920).
[240] Mueller, B., Gebauer, M., Polster, S., Neugebauer, R., Malek, R., Kotzian, M., Hund,
R., 2013, Resource-efficient hot sheet metal forming by innovative die cooling with laser
beam melted tooling components. In High Value Manufacturing: Advanced Research in

Virtual and Rapid Prototyping: Proceedings of the 6th International Conference on
Advanced Research in Virtual and Rapid Prototyping, CRC Press.
[241] Muir, M., 2013, Multidisciplinary Optimisation of a Business Jet Main Exit Door
Hinge for Production by Additive Manufacturing, Proceedings of the 8th UK Altair
Technology Conference.
[242] Munguía, J., Dalgarno, K.W., Pallari, J., Cook, S., 2011, A-footprint: Ankle and foot
orthotic personalization via rapid manufacturing, In Innovative Developments in Design
and Manufacturing: Proceedings of the 5th International Conference on Advanced
Research in Virtual and Rapid Prototyping, CRC Press.
[243] Nakagawa, T. et al, 1979, Blanking Tool by Stacked Bainite Steel Plates, Press
Technique, pp. 93-101.
[244] Nathan, S., 2015, Aerospace takes to additive manufacturing, The Engineer,
https://www.theengineer.co.uk/aerospace-takes-to-additive-manufacturing/
(accessed
10.01.15)
[245] Nezhad, A. S., Vatani, M., Barazandeh, F., Rahimi, A. R., 2009, Multi Objective
Optimization of Part Orientation in Stereolithography, Proceeding of the 9th WSEAS
conference.
[246] Nguyen, J., Park, S. I., Rosen, D., 2013, Heuristic optimization method for cellular
structure design of light weight components, International Journal of Precision Engineering
and Manufacturing, 14(6), 1071-1078.
[247] Ovsianikov, A., et al., 2008, Two-photon polymerization of hybrid sol-gel materials
for photonics applications, Laser Chemistry.
[248] Oxman, N., 2011, Variable property rapid prototyping: inspired by nature, where
form is characterized by heterogeneous compositions, Virtual and physical prototyping,
6(1), 3-31.
[249] Pallari, J. H. P., Dalgarno, K. W., Munguia, J., Muraru, L., Peeraer, L., Telfer, S.,
Woodburn, J., 2010, Design and additive fabrication of foot and ankle-foot orthoses. In
Proceedings of the 21st Annual International Solid Freeform Fabrication Symposium–An
Additive Manufacturing Conference.
[250] Parthasarathy, J., Starly, B., Raman, S., 2011, A design for the additive manufacture
of functionally graded porous structures with tailored mechanical properties for biomedical
applications”. Journal of Manufacturing Processes,13(2), 160-170.
[251] Paterson, A., 2013, Digitisation of the splinting process: exploration and evaluation
of a computer aided design approach to support additive manufacture (Doctoral
dissertation, © AM Paterson).
[252] Paterson, A. M., Bibb, R., Campbell, R. I., Bingham, G., 2015, Comparing additive
manufacturing technologies for customised wrist splints. Rapid Prototyping Journal, 21(3),
230-243.
[253] Paulsen, J., Renn, M., Christenson, K., & Plourde, R., 2012, Printing conformal
electronics on 3D structures with Aerosol Jet technology. In Future of Instrumentation
International Workshop (FIIW), pp. 1-4, IEEE.
[254] Pedersen, D.B., Hansen, H. N., Nielsen, J. S., D’Angelo, G., 2014, Applicability of
Chemical Vapour Polishing of Additive Manufactured parts to meet production-quality,
Proceedings of the 14th euspen International Conference, Dubrovnik.
[255] Perez, K. B., & Williams, C. B., 2013, Combining additive manufacturing and direct
write for integrated electronics—a review. In 24th International Solid Freeform Fabrication
Symposium—An Additive Manufacturing Conference, SFF, pp. 962-979.
[256] Pham, D.T., Dimov, S.S, 2001 Rapid Manufacturing: The Technologies and
Applications of Rapid Prototyping and Rapid Tooling, Springer-Verlag, London.
[257] Phatak, A. M., Pande, S. S., 2012, Optimum part orientation in Rapid Prototyping
using genetic algorithm, Journal of Manufacturing Systems 31: 395-402.
[258] Pipes, A., 1982, Plotting the progress of CAD/CAM: Falling hardware costs and
improved software are making CAD/CAM systems more attractive. Data Processing,
24(10), 19-21.
[259] Podshivalov, L., Gomes, C. M., Zocca, A., Guenster, J., Bar-Yoseph, P., Fischer, A.,
2013, Design, analysis and additive manufacturing of porous structures for biocompatible
micro-scale scaffolds. Procedia CIRP, 5, 247-252.
[260] Poli, C., 2001, Design for Manufacturing: A Structured Approach, Elsevier.
[261] Ponche R., Jean-Yves Hascoët, Olivier Kerbrat, Pascal Mognol, 2012, A new global
approach to design for additive manufacturing, Virtual and Physical Prototyping, Taylor &
Francis: STM, Behavioural Science and Public Health Titles7 (2), 93-105.
[262] Ponche, R., Kerbrat, O., Mognol, P., Hascoët, J. Y., 2014, A novel methodology of
design for Additive Manufacturing applied to Additive Laser Manufacturing process.
Robotics and Computer-Integrated Manufacturing, 30(4), 389-398.
[263] Popat, A. H., Edwards, M. R., 2000, U.S. Patent No. 6,133,336. Washington, DC:
U.S. Patent and Trademark Office.
[264] Poyraz, Ö., Yasa, E., Akbulut, G., Orhangül, A., Pilatin, S., 2015, Investigation of
support structures for direct metal laser sintering (DMLS) of IN625 parts, Proceedings of
the International Solid Freeform Fabrication Symposium.
[265] Proto
Labs,
2016,
Torus
design
aid,
Accessed
online:
https://www.protolabs.com/resources/design-aids (accessed 02.01.16)
[266] Ramani, A., 2011, Multi-material topology optimization with strength constraints.
Structural and Multidisciplinary Optimization, 43(5), 597-615.
[267] Rännar, L.-E., Glad, A. and Gustafson, C.-G., 2007, Efficient cooling with tool
inserts manufactured by electron beam melting. Rpid Prototyping 13(3): (128–135).
[268] Reinhart G, Teufelhart S, Riss F, 2012, Investigation of the Geometry-dependent
Anisotropic Material Behavior of Filigree Struts in ALM-produced Lattice Structures,
LANE 2012, Physics Procedia, 39, pp. 471-479, ISSN 1875-3892
[269] Rickenbacher, L., Spierings, A., Wegener, K., 2013, An integrated cost-model for
selective laser melting (SLM). Rapid Prototyping Journal, 19(3), 208-214.
[270] Rochus, P., Plesseria, J.Y.,Van Elsen, M., Kruth, J.P., Carrus, R. & Dormal, T. 2007.
New applications of rapid prototyping and rapid manufacturing (RP/RM) technologies for
space instrumentation. Acta Astronautica 61 (1–6): 352–359.
[271] Rosen, D. W., 2007, Computer-Aided Design for Additive Manufacturing of Cellular
Structures, Computer-Aided Design and Applications 4(5), 585-594.
[272] Rosen, D. W., 2007, Design for additive manufacturing: a method to explore
unexplored regions of the design space. In 18th Annual SFF Symposium.

[273] Rozvany, G. I. N., 2009, A Critical Review of Established Methods of Structural
Topology Optimization, Structural and Multidisciplinary Optimization, 37(3) pp. 217-237.
[274] Ruesenberg S, Josupeit S, Schmid HJ, 2014, A Method to Characterize the Quality
of a Polymer Laser Sintering Process, Advances in Mechanical Engineering, Article ID
185374
[275] Ruffo, M., Tuck, C., Hague, R., 2006, An Empirical Laser Sintering Time Estimator
for Duraform PA. International Journal of Production Research, 44(23).
[276] Ruffo, M., Tuck, C., & Hague, R., 2006, Cost estimation for rapid manufacturinglaser sintering production for low to medium volumes. Proceedings of the Institution of
Mechanical Engineers, Part B: Journal of Engineering Manufacture, 220(9), 1417-1427.
[277] Ruffo M., Hague R.J.M., 2007, Cost estimation for rapid manufacturing simultaneous production of mixed components using laser sintering. Proceedings
Institution of Mechanical Engineers. Part B. Journal of engineering manufacture. 221, 11;
1585-1592
[278] Ruffo, M., Tuck, C., & Hague, R., 2007, Make or buy analysis for rapid
manufacturing. Rapid Prototyping Journal, 13(1), 23-29.
[279] Rumpf, R. C., Pazos, J., Garcia, C. R., Ochoa, L., Wicker, R., 2013, 3D printed
lattices with spatially variant self-collimation. Progress in Electromagnetics Research, 139,
1-14.
[280] Sachs, E., Wylonis, E., Allen, S., Cima, M., Guo, H., 2000, Production of injection
molding tooling with conformal cooling channels using the three dimensional printing
process. Polymer Engineering and Science, 40(5), 1232-1247.
[281] Scheidler, J. J., Dapino, M. J., 2014, Stiffness tuning of FeGa structures
manufactured by ultrasonic additive manufacturing. In SPIE Smart Structures and
Materials + Nondestructive Evaluation and Health Monitoring (pp. 905907-905907).
International Society for Optics and Photonics.
[282]Schwerdtfeger, J., Wein, F., Leugering, G., Singer, R. F., Körner, C., Stingl, M.,
Schury, F., 2011, Design of auxetic structures via mathematical optimization, Advanced
materials, 23 (22‐23), 2650-2654.
[283] Scott, A., & Harrison, T. P., 2015, Additive Manufacturing in an End-to-End Supply
Chain Setting. 3D Printing and Additive Manufacturing, 2(2), 65-77.
[284] Seepersad, C. C., 2014, Challenges and Opportunities in Design for Additive
Manufacturing, 3D Printing and Additive Manufacturing, 1(1), 10-13.
[285] Setaki, F., Tenpierik, M., Turrin, M., van Timmeren, A., 2014, Acoustic absorbers
by additive manufacturing. Building and Environment, 72, 188-200.
[286] Shapeways, 2016, Materials homepage, http://www.shapeways.com/materials/
(accessed 02.01.16)
[287] Shellabear, M., & Nyrhilä, O., 2004, DMLS-Development history and state of the
art. Laser Assisted Netshape Engineering 4, Proceedings of the 4th LANE, 21-24.
[288] Shemelya, C., Cedillos, F., Aguilera, E., Espalin, D., Muse, D., Wicker, R.,
MacDonald, E., 2015, Encapsulated Copper Wire and Copper Mesh Capacitive Sensing for
3-D Printing Applications. Sensors Journal, IEEE, 15(2), 1280-1286.
[289] Smith, D. R., Pendry, J. B., Wiltshire, M. C., 2004, Metamaterials and negative
refractive index. Science, 305(5685), 788-792.
[290] Sobczak, J. J., and Drenchev, L., 2013, Metallic Functionally Graded Materials: A
Specific Class of Advanced Composites, Journal of Materials Sciences and Technology,
29(4) pp. 297-316.
[291] Sohlenius, G., 1992, Concurrent Engineering, CIRP Annals – Manufacturing
Technology, 41(2).
[292] Spierings AB, Wegener K, Levy G, 2012, Designing Material Properties Locally
with Additive Manufacturing technology SLM, Annual International Solid Freeform
Fabrication Symposium.
[293] Stratasys Ltd, 2015, 3D Printing Allows Company to Serve Customers Around the
World,
http://usglobalimages.stratasys.com/Case%20Studies/Dental/SSYS-CS-PolyJetDental-ASO-EN-04-14.pdf?v=635374957345388280 (accessed 10.01.15)
[294] Stratasys Ltd, 2015, Chasing Perfection: Cutting-edge prototypes push a passion for
cycling, http://usglobalimages.stratasys.com/Case%20Studies/Consumer%20Goods/ObjetCS-Trek%20Connex3%2012-13.pdf?v=635261735341949866 (accessed 10.01.15).
[295] Stratasys Ltd, 2015, Chipotle: Laser Lines Helps Artem Make Directors’ Dreams
Come
True
with
Dimension
3D
Printer-Created
Special
Effects,
http://usglobalimages.stratasys.com/Case%20Studies/Commerical%20Products/SSYS-CSDimension-Artem-Chipotle-08-13.pdf?v=635174338902268911 (accessed 10.01.15).
[296] Stratasys Ltd, 2015, Direct Metal Laser Sintering (DMLS) Design Guideline
https://www.stratasysdirect.com/resources/direct-metal-laser-sintering-dmls/
(accessed
02.01.16).
[297] Stratasys Ltd, 2015, Entering the future with a full digital Orthodontic workflow,
http://usglobalimages.stratasys.com/Case%20Studies/Dental/Objet-CS-Ortholine-0813.pdf?v=635197327134212561 (accessed 10.01.15).
[298] Stratasys Ltd, 2015, FDM helps Acist Medical pursue perfection,
http://usglobalimages.stratasys.com/Case%20Studies/Medical/CS-FDM-MedAcistMedical-EN-03-15-Web.pdf?v=635708250049307509 (accessed 10.01.15).
[299] Stratasys Ltd, 2015, Flesh and Bone: Lifelike Multi-Material Models Aid Surgeons,
http://usglobalimages.stratasys.com/Main/Files/Case%20Studies/Medical/PolyJet-CSCBMTI-11-13.pdf?v=635280183584345551 (accessed 10.01.15).
[300] Stratasys Ltd, 2015, Fused Deposition Modeling Design Guideline
https://www.stratasysdirect.com/resources/fused-deposition-modeling/
(accessed
02.01.16).
[301] Stratasys Ltd, 2015, Guide3D: 3D Printer Creates Digital Solution for Surgical
Guides. http://usglobalimages.stratasys.com/Case%20Studies/Dental/Objet-CS-Guide3D10-13.pdf?v=635197323748726733 (accessed 10.01.15).
[302]Stratasys Ltd, 2015, Improving surgical safety: Casa di Cura Villa Sant’Apollonia
Uses 3D Printing to Reduce Maxillofacial Surgery Times by 10-15%,
http://www.stratasys.com/resources/case-studies/medical/casa-di-cura (accessed 10.01.15).
[303] Stratasys Ltd, 2015, Inside view: Multi-material color 3D printing enables biotexture
modeling
of
internal
organs,
Accessed
online:
http://usglobalimages.stratasys.com/Case%20Studies/Medical/SSYS-CS-Polyjet-MedicalKUGSM-09-14.pdf?v=635497579573289538 (October 2015).

[304] Stratasys
Ltd,
2015,
Laser
Sintering
Design
Guideline
https://www.stratasysdirect.com/resources/laser-sintering/ (accessed 02.01.16)
[305] Stratasys Ltd, 2015, Leone Develops Innovative Inverse Approach for Implantology
Surgical Guides, http://www.stratasys.com/resources/case-studies/dental/leone (accessed
10.01.15).
[306] Stratasys Ltd, 2015, Magic Arms: 3D Printed “Exoskeleton” Lets a Little Girl Lift
Her Arms and Play, http://usglobalimages.stratasys.com/Case%20Studies/Medical/CSFDM-Med-Nemours-06-13.pdf?v=635616661738784406 (accessed 10.01.15).
[307] Stratasys Ltd, 2015, MetroHealth Medical Center Objet 3D Printer Helps to
Optimize
Surgical
Outcomes
through
Precise
Anatomical
Modeling.
http://www.stratasys.com/resources/case-studies/medical/the-metrohealthsystem?returnUrl=http://www.stratasys.com/resources/case-studies?industries=Medical
(accessed 10.01.15).
[308] Stratasys Ltd, 2015, Normal: Custom Manufacturing Is A Sound Business Model,
http://usglobalimages.stratasys.com/Case%20Studies/Consumer%20Goods/CS_FDM_CN
_Normal.pdf?v=635787762231730296 (accessed 10.01.15).
[309] Stratasys Ltd, 2015, Prince of Wales Hospital: 3D Models Improve Hospital’s
Orthopaedic Surgeries, http://www.stratasys.com/resources/case-studies/medical/prince-ofwales-hospital (accessed 10.01.15).
[310] Stratasys Ltd, 2015, Protaico: Digital Workflow Improves Surgical Guide
Manufacturing Process, http://www.stratasys.com/resources/case-studies/dental/protaico
(accessed 10.01.15).
[311] Stratasys Ltd, 2015, Robotic Gripper Production Blurs Line Between Prototyping
and Manufacturing, http://usglobalimages.stratasys.com/Case%20Studies/Commerical%20
Products/SSYS-CS-Fortus-DigitalMechanics-RobotGripper-07
13.pdf?v=635152713059037605 (accessed 10.01.15).
[312] Stratasys Ltd, 2015, Script Pro, http://www.stratasys.com/resources/casestudies/medical/script-pro (accessed 10.01.15).
[313] Stratasys Ltd, 2015, uPrint and Indian Springs Help “Anheuser-Busch” Keep
Business
Flowing,
http://usglobalimages.stratasys.com/Case%20Studies/Commerical%20Products/SSYS-CSDimension-IndianSprings-08-13.pdf?v=635150068822414588 (accessed 10.01.15).
[314] Suard, M., Lhuissier, P., Dendievel, R., Blandin, J.J., Vignat, F., Villeneuve, F.,
2014, Towards stiffness prediction of cellular structures made by electron beam melting
(EBM), Powder Metallurgy 57(3), 190-195.
[315] Sun, J., Peng, Z., Yan, L., Fuh, J. Y. H., Hong, G. S., 2015, 3D food printing–an
innovative way of mass customization in food fabrication. International Journal of
Bioprinting, 1.
[316] Sun, K., Wei, T. S., Ahn, B. Y., Seo, J. Y., Dillon, S. J., Lewis, J. A., 2013, 3D
Printing of Interdigitated Li‐Ion Microbattery Architectures. Advanced Materials, 25(33),
4539-4543.
[317] Suryakumar, S., Karunakaran, K. P., Bernard, A., Chandrasekhar, U., Raghavender,
N., Sharma, D., 2011, Weld bead modeling and process optimization in hybrid layered
manufacturing. Computer-Aided Design, 43(4), 331-344.
[318] Swaelens, B., Vancraen, W., 1997, Laser photopolymerisation models based on
medical imaging: a development improving the accuracy of surgery. In Proceedings of the
seventh international conference on rapid prototyping, pp. 130-131.
[319] Syam, W. P., Mannan, M. A., Al-Ahmari, A. M., 2011, Rapid prototyping and rapid
manufacturing in medicine and dentistry. Virtual and Physical Prototyping, 6(2), 79-109.
[320] Tapoglou N., Mehnen, J., Vlachou, E., Doukas, M., Milas, N., Mourtzis, D., 2015,
Cloud based platform for optimal machining parameter selection based on function blocks
and real time monitoring, ASME Journal of Manufacturing Science and Engineering,
137,4.
[321] Teeter, M. G., Naudie, D. D., Howard, J. L., McCalden, R. W., MacDonald, S. J.
(2015). Do revision total hip augments provide appropriate modularity? Canadian Journal
of Surgery, 58(1), 54.
[322] Teitelbaum, G. A., 2009, Proposed build guidelines for use in fused deposition
modeling to reduce build time and material volume. ProQuest.
[323] Teufelhart, S., Reinhart, G., 2012, Optimization of Strut Diameters in Lattice
Structures. In: Proceedings of the 23rd Solid Freeform Fabrication (SFF) Symposium.
[324] Teufelhart, S., 2014, Investigation of the Capability of Flux of Force Oriented Lattice
Structures for Lightweight Design. In Advanced Materials Research, 907, pp. 75-87.
[325] Thomas, D., 2009, The development of design rules for selective laser melting
(Doctoral dissertation, University of Wales).
[326] Thomas D.S., Gilbert, S.W., 2014, Costs and Cost Effectiveness of Additive
Manufacturing; A Literature Review and Discussion. NIST Special Publication 1176
[327] Thompson, M. K., Stolfi, A., Mischkot, M., 2016, Process chain modeling and
selection in an additive manufacturing context. CIRP Journal of Manufacturing Science
and Technology, 12, 25-34.
[328] Thrimurtulu, K., Pandey, P. M., Reddy, N. V., 2004, Optimum part deposition
orientation in fused deposition modeling, International Journal of Machine Tools and
Manufacture 44: 585-594.
[329] Tomlin, M., Meyer, J., 2011, Topology optimization of an additive layer
manufactured (ALM) aerospace part, Proceeding of the 7th Altair CAE technology
conference.
[330] Truscott, M., Booysen, G. J., de Beer, D. J., 2011, Additive manufacturing of soft
tissue geometries for reconstruction purposes. In Innovative Developments in Virtual and
Physical Prototyping: Proceedings of the 5th International Conference on Advanced
Research in Virtual and Rapid Prototyping, CRC Press.
[331] Tuck, C., Hague, R, 2006, The pivotal role of rapid manufacturing in the production
of cost-effective customised products. International Journal of Mass Customisation, 1(2-3),
360-373.
[332] Undt, G., Wild, K., Reuther, G., Ewers, R., 2000, MRI-based stereolithographic
models of the temporomandibular joint: technical innovation. Journal of CranioMaxillofacial Surgery, 28(5), 258-263.
[333] Vaezi, M., Chianrabutra, S., Mellor, B., 2013, Multiple Material Additive
manufacturing–Part 1: A Review, Virtual and Physical Prototyping, 8(1) pp. 19-50. 12

[334] Van Bael, S., Kerckhofs, G., Moesen, M., Pyka, G., Schrooten, J., Kruth, J. P., 2011,
Micro-CT-based improvement of geometrical and mechanical controllability of selective
laser melted Ti6Al4V porous structures. Materials Science and Engineering: A, 528(24),
7423-7431.
[335] Vayre, B., Vignat, F., Villeneuve, F., 2012, Designing for additive manufacturing.
Procedia CIRP, 3, 632-637.
[336] Vayre, B., Vignat, F., Villeneuve, F., 2013, Identification on some design key
parameters for additive manufacturing: application on electron beam melting. Procedia
CIRP, 7, 264-269.
[337] VDI-Guideline 3404, 2009, Additive fabrication-Rapid technologies (rapid
prototyping) - Fundamentals, terms and definitions, quality parameter, supply agreements.
[338] Vermaak, N., Michailidis, G., Parry, G., 2014, Material Interface Effects on the
Topology Optimization of Multi-Phase Structures using a Level Set Method, Structural and
Multidisciplinary Optimization, 50(4) pp. 623-644.
[339] Villarraga, H., Lee, C., Charney, S. P., Tarbutton, J. A., Smith, S. T., 2015,
Dimensional metrology of complex inner geometries built by additive manufacturing. In
American Society for Precision Engineering, ASPE.
[340] Voxel8, 2015, The World’s First 3D Electronics Printer, http://www.voxel8.co/
(accessed 12.01.15).
[341] Voxeljet AG, 2012, Backbone, http://www.voxeljet.de/en/case-studies/casestudies/backbone/ (accessed 10.01.15).
[342] Voxeljet
AG,
2015,
Bust,
www.voxeljet.de/uploads/tx.../pdf/
plastic_model_Bust_ENG_2013.pdf (accessed 10.01.15)
[343] Voxeljet AG, 2012, Francis impeller: 3D printing of sand moulds,
http://www.voxeljet.de/uploads/tx_sdreferences/pdf/sand_model_francis_impeller_ENG_2
012.pdf (accessed 10.01.15).
[344] Vujovic, I., 2015, The Introduction of 3D Printing into the Maritime Industry. Trans.
Marit. Sci., 4, 86–87.
[345] Wahab, M.S., Kassim, N., Rajion, Z.A., 2011, Rapid manufacturing of removable
complete denture components, In Innovative Developments in Design and Manufacturing:
Proceedings of the 5th International Conference on Advanced Research in Virtual and
Rapid Prototyping, CRC Press.
[346] Wang, M. Y., and Wang, X., 2004, “Color” Level Sets: A Multi-Phase Method for
Structural Topology Optimization with Multiple Materials, Computer Methods in Applied
Mechanics and Engineering, 193(6) pp. 469-496.
[347] Wang, H., Chen, Y., & Rosen, D. W., 2005, A hybrid geometric modeling method
for large scale conformal cellular structures. In ASME 2005 International Design
Engineering Technical Conferences and Computers and Information in Engineering
Conference.
[348] Watts, D. M., Hague, R. J., 2006, Exploiting the design freedom of RM, Proceedings
of the 17th SFF Symposium.
[349] Wauthle, R., Vrancken, B., Beynaerts, B., Jorissen, K., Schrooten, J., Kruth, J. P.,
Van Humbeeck, J., 2015, Effects of build orientation and heat treatment on the
microstructure and mechanical properties of selective laser melted Ti6Al4V lattice
structures. Additive Manufacturing, 5, 77-84.
[350] Wegrzyn, T. F., Golding, M., Archer, R. H., 2012, Food Layered Manufacture: A
new process for constructing solid foods. Trends in Food Science & Technology, 27(2),
66-72.
[351] Whitehouse, M. R., Masri, B. A., Duncan, C. P., Garbuz, D. S., 2015, Continued
Good Results With Modular Trabecular Metal Augments for Acetabular Defects in Hip
Arthroplasty at 7 to 11 Years. Clinical Orthopaedics and Related Research, 473(2), 521527.
[352] Williams, S. W., Martina, F., Addison, A. C., Ding, J., Pardal, G., Colegrove, P.,
2015, Wire + Arc Additive Manufacturing, Materials Science and Technology.
[353] Withell, A., Diegel, O., Grupp, I., Reay, S., de Beer, D., & Potgieter, J., 2011, Porous
ceramic filters through 3D printing. In Innovative Developments in Virtual and Physical
Prototyping: Proceedings of the 5th International Conference on Advanced Research in
Virtual and Rapid Prototyping, CRC Press.
[354] Wohlers, T., 2014, Wohlers Report 2014: Global reports: Belgium. Wohlers
Associates.
[355] Wohlers, T., 2015, Wohlers Report 2015: Global reports: Belgium. Wohlers
Associates.
[356] Wohlers, T. and Gornet, T., 2014, Wohlers Report 2014: History of additive
manufacturing: Belgium. Wohlers Associates.
[357]Wolcott, P. J., Sridharan, N., Babu, S. S., Miriyev, A., Frage, N., Dapino, M. J., 2015,
Characterisation of Al-Ti dissimilar material joints fabricated using ultrasonic additive
manufacturing. Science and Technology of Welding and Joining, 1362171815Y0000000072.
[358] Xie, Y., Konneker, A., Popa, B. I., & Cummer, S. A., 2013, Tapered labyrinthine
acoustic metamaterials for broadband impedance matching. Applied Physics Letters,
103(20), 201906.
[359] Xu, X., Sachs, E., Allen, S., 2001, The design of conformal cooling channels in
injection molding tooling. Polymer engineering and science, 41(7), 1265.
[360] Yan, C., Hao, L., Hussein, A., Raymont, D., 2012, Evaluations of cellular lattice
structures manufactured using selective laser melting. International Journal of Machine
Tools and Manufacture, 62, 32-38.
[361] Yang, L., 2015, Experimental-assisted design development for an octahedral cellular
structure using additive manufacturing, Rapid Prototyping Journal, 21(2), 168-176.
[362] Yasa, E., Kruth, J. P., & Deckers, J., 2011, Manufacturing by combining selective
laser melting and selective laser erosion/laser re-melting. CIRP Annals-Manufacturing
Technology, 60(1), 263-266.
[363] Yasa, E., Demir, F., Akbulut, G., Cızıoğlu, N., Pilatin, S., 2014, Benchmarking of
Different Powder-Bed Metal Fusion Processes For Machine Selection In Additive
Manufacturing. In Proceedings of Solid Freeform Fabrication Symposium.
[364] Ye, J, Campbell, RI, Page, T, Badni, KS, 2006, An Investigation into the
Implementation of Virtual Reality Technologies In Support of Conceptual Design, Design
Studies, 27(1), pp.77-97, ISSN: 0142-694X. DOI: 10.1016/j.destud.2005.06.002.

[365] Zarringhalam, H., 2007, Investigation into crystallinity and degree of particle melt in
selective laser sintering (Doctoral dissertation).
[366] Zhai, Y., 2012, Early cost estimation for additive manufacture. Thesis. Cranfield
University
[367] Zhang, Y., Bernard, A., 2013, Generic build time estimation model for parts
produced by SLS. In High value manufacturing: Advanced research in virtual and rapid
prototyping. Proceedings of the 6th International Conference on Advanced Research in
Virtual and Rapid Prototyping, pp. 43-48.
[368] Zhang, Y., Bernard, A., 2013, Using AM feature and Multi-attribute decision making
to orientate part in additive manufacturing. In High value manufacturing: Advanced
research in virtual and rapid prototyping. Proceedings of the 6th International Conference
on Advanced Research in Virtual and Rapid Prototyping, pp. 411-416.
[369] Zhang Y., Bernard A., 2014, An integrated decision making model for MultiAttributes Decision Making (MADM) problems in Additive Manufacturing process
planning, Rapid Prototyping Journal, 2014, 20(5): 377-389.
[370] Zhang, Y., Bernard, A., Gupta, R. K., & Harik, R., 2014, Evaluating the Design for
Additive Manufacturing: A Process Planning Perspective. Procedia CIRP, 21, 144-150.
[371] Zhang Y., Bernard A., 2015, Build Orientation Optimization for Multi-part
Production in Additive Manufacturing, Journal of Intelligent Manufacturing, 2015, DOI:
10.1007/s10845-015-1057-1.
[372] Zhang Y., Bernard A., Gupta R. K., Harik R., 2016, Feature based orientation
optimization for Additive Manufacturing, Rapid Prototyping Journal, 22(2).
[373] Zhang Y., Bernard A., Munguia Valenzuel J., Karunakaran K. P., 2015, Fast
adaptive modeling method for build time estimation in Additive Manufacturing, CIRP
Journal of Manufacturing Science and Technology, 10, 49-60.
[374] Zheng, X., Lee, H., Weisgraber, T. H., Shusteff, M., DeOtte, J., Duoss, E. B., ...
Spadaccini, C. M. (2014). Ultralight, ultrastiff mechanical metamaterials. Science,
344(6190), 1373-1377.

