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Additive manufacturing, with its recent technological developments, has increas-
ingly disrupted how products are designed and manufactured. Within additive
manufacturing, there has been a shift from the production of visual models and
rapid prototyping applications to direct digital manufacturing of end products.
Additive manufacturing provides intriguing possibilities in the design of new
and existing products. These radical, pioneering designs have already rede�ned
whole industries.

This thesis provides a practical case study for an additive manufacturing
redesign together with a literature review of the current additive manufacturing
technologies and applications. The target of the redesign was a low volume
elevator button assembly. Concepts were prototyped and tested in contrast to
the current industry speci�cation.

As a result of the thesis, a functional button assembly was produced and tested.
The part count, material usage, and costs were reduced compared to the original.
However, all industry requirements were not met. A need for a more systematic
material and process selection was identi�ed. Nevertheless, additive manufactur-
ing was proven to be a serious alternative in the production of low volume plastic
products and should be researched further.
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m�a�arin siihen, miten fyysisi�a tuotteita valmistetaan. Visuaalisten- sek�a pika-
mallien tulostuksesta ollaan siirtym�ass�a lopputuotteiden suoraan valmistukseen.
Geometristen rajoitusten v�ahyys luo kiinnostavia mahdollisuuksia uusien ja
olemassa olevien tuotteiden suunnittelussa. Uudet radikaalit ja uraauurtavat
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Chapter 1

Introduction

Since the emergence of additive manufacturing in the 1980s, the technology
has gradually evolved to a point where direct manufacturing of end prod-
ucts has become possible. This evolution started with rapid prototyping
and marketing applications. In the turn of the century, customized plas-
tic hearing aids were the �rst products directly manufactured with additive
methods. Other medical, and especially, dental applications followed. At the
time, rapid tooling applications were also experimented with to reduce tool-
ing lead times. Starting from the 2010’s direct manufacturing of metal parts
with additive manufacturing have been used increasingly in the aerospace,
automotive, and medical industries. As of 2016, the additive manufacturing
�eld was valued at 5.165 billion dollars with a growth rate of 25.9 percent
[33]. Both, the technological and the economic development of additive man-
ufacturing have made it an attractive alternative to, or a companion with,
traditional manufacturing methods.

Manufacturers and companies producing physical products have recog-
nized this potential but have, in most cases, been unsuccessful to implement
a feasible process to support it [10]. Additive manufacturing has been mostly
implemented with high value or niche market products, such as hearing aids,
dental guides, or jet engine components [29]. Additive methods have not been
able to compete with traditional methods in cost-e�ectiveness when produc-
tion volumes are high. Value with additive manufacturing is added either by
increasing the performance of a product, or the ease of user customization.
Products, that would merit an additive manufacturing adoption, are hard
to identify [20] and they often require signi�cant design modi�cations before
competitive solutions are achieved. However, when the identi�cation and the
following product development work is successful, superior products can po-
tentially rede�ne whole market segments. This e�ect was �rst demonstrated
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CHAPTER 1. INTRODUCTION 2

in the production of hearing aids by Siemens and Phonak [12].

This thesis provides a practical case example of a product conceptualiza-
tion and development process for additive manufacturing. A special, low vol-
ume elevator button assembly was identi�ed as a case example. To date, the
plastic components in elevator buttons are mostly injection molded. Thus,
new customized button designs always require a new mold tooling as well.
Design and manufacturing of the molds take resources, is costly, and accounts
for longer lead times. The use of additive manufacturing, instead of tradi-
tional manufacturing methods, could radically simplify the overall process
and reduce costs. An equivalent functionality could be achieved with less
material, a simpli�ed assembly, and a vast range of customization options.

The case study and the literature survey gather information about the
current state, and feasibility, of additive manufacturing. The main objective
of the thesis was to benchmark di�erent additive manufacturing technologies
in the direct production of an elevator button assembly. The interest is in
the attainable functionality and quality of the manufactured end products.
As a result of the thesis, an elevator button assembly designed for additive
manufacturing was conceptualized, prototyped, and tested for functionality.

The structure of the thesis is organized into two distinct parts,the liter-
ature part and the design part. The literature part provides the context for
the practical product development work presented in the design part.

The literature part is divided into two: technology and design. The �rst
chapter,Additive Manufacturing, is the general background of the whole �eld.
It is a look into the current technologies and how their speci�c characteristics
must be taken into account in the manufacturing of products. The second
chapter, Design for Additive Manufacturing, provides an overview of the ad-
ditive manufacturing possibilities for product design and how it is changing
the way product development is done.

The design part of the thesis starts with the chapter: Elevator Button
Conceptualization. This part presents the design process, elevator industry
requirements and all the practical steps that were taken in the design of the
new button assembly. TheTesting chapter provides an overview of the im-
plemented mechanical tests and their results.

The �nal design for the button assembly is presented and evaluated in
the Results chapter. Finally, everything is concluded in theSummary and
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Discussion chapter which brie
y summarizes the di�erent AM technologies
and design considerations and then discusses the results of this thesis in the
context of the whole additive manufacturing �eld.



Chapter 2

Additive Manufacturing

Manufacturing is essentially a process where raw material is transformed into
a functional object. In the process, raw material is the input, and the func-
tional object is the output. This transformation in geometry and properties
is achieved viamaterial shaping. Three di�erent basic principles of material
shaping exist that can be either utilized separately or in combination with
each other. [16]

The �rst of these shaping methods is calledsubtractive shapingwhich
means that material is selectively removed in order to achieve a desired ge-
ometry. A historical example of subtractive shaping is the making of a knife
by hitting two rocks of di�erent hardnesses together. In modern manufac-
turing, methods such as milling, turning, and drilling belong to this group.

In contrast, the second shaping method,formative shaping, transforms
the shape of the material with external energy. With formative shaping, the
amount of material is preserved. Manufacturing methods such as forging,
bending, casting and injection molding belong to this group.

This thesis is focused on the third principle calledadditive shaping. It
is de�ned as the successive addition of material to form the desired shape
[16]. Traditional joining methods such as welding, soldering, adhesives, and
fasteners can be included in this principle.Additive manufacturing (AM)
refers speci�cally to the successive addition of raw material, layer-by-layer,
to manufacture an entire three-dimensional object.

This chapter provides the necessary background of additive manufactur-
ing and its di�erent technologies in order to understand what factors are
to be taken into account in the design of products for additive manufactur-
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CHAPTER 2. ADDITIVE MANUFACTURING 5

ing. The Introduction chapter brie
y presents the history and the current
terminology of the �eld. Next, the general principle of additive manufactur-
ing is introduced. Technologies and Materialssection collects the di�erent
technologies, which implement this principle, and gives a general overview of
what materials can be used with them. Finally, the most common industrial
applications and the current economic status of additive manufacturing is
discussed.

2.1 Introduction

Figure 2.1: The �rst 3D printer. A stereolithography machine invented by
Chuck Hull in 1983. The machine solidi�ed layers of liquid photopolymer to
form 3-dimensional objects [12].

The concept of building objects with 2D layers is not entirely new. Similar
applications have existed over a hundred years for example in the generation
of topographical maps and photosculptures [29]. However, it was not until
the 1980s that the concept was brought to an industrial level with an au-
tomated machine. The discovery of photopolymers and the developments
in laser-, computer- and controller technology all led to the creation of the
�rst AM machine shown in Figure 2.1. Similar patents for 3D fabrication
were �led almost simultaneously in Japan, France and in the US. After the
initial break, di�erent technologies emerged very quickly and new companies
were established on the patents already during the 1980s. The initial use
of additive manufacturing was mainly forrapid prototyping and marketing
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purposes. [12]

Additive manufacturing (AM) has now gained the popular momentum as
the �eld-de�ning term. From this point on, this thesis will use the acronym
AM to refer to additive manufacturing. 3D printing (3DP) is used as a
synonym to AM, mostly by the press and the general public. Originally, it
referred only to the binder jetting AM technology developed in MIT that
bears a resemblance to the classic 2D inkjet printing on paper. 3D print-
ing is a term used more often with the cheaper machines whereas AM and
rapid prototyping are used as labels for the more expensive machinery and
professional applications [6]. Terms such asadditive fabrication, freeform fab-
rication , layer manufacturing and solid freeform fabrication are all outdated
terms that all point to AM [16].

During its 40 years of existence, the AM technology has steadily improved
to a point where a sense of a broader industrial implementation is in the air.
Some even speak of an industrial revolution of our time [6]. Existing tech-
nologies have continued to mature in terms of reliability and quality. The
most recent developments have concentrated on structures supporting the de-
sign, software, and applications. This includes the standardization e�orts by
ISO/ASTM and the emergence ofDesign for AM (DfAM) thinking that has
entered the engineering regime. Design software providers are implement-
ing new features to facilitate and simplify the AM design process. At the
same time, companies are increasingly investing on AM [11, 25] and starting
projects to tests its maturity. Rapid prototyping with AM has long been an
integral part of product development, but more recently rapid manufactur-
ing applications have been explored as well. Medical, dental and aerospace
industries have gone the furthest and have, in some applications, already
adopted AM for direct manufacturing of products [22].

At the same time, the �eld has expanded for hobbyists as the machine
costs have come down. A very viralmaker movementhas emerged spawn-
ing active forums as well as physical maker spaces to use for DIY projects.
These spaces not only provide the hardware for common use but spread the
necessary knowledge of AM as well. The establishment of multiple3D Hub-
companies and services have facilitated the work of DIY-hobbyists and com-
panies alike. Service platforms such as Shapeways, iMaterialize and 3D Hubs
provide a�ordable 3D printing services and have implemented online services
for direct quotation of 3D models.
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2.2 Principle

Additive manufacturing (AM) is de�ned by the ISO/ASTM as "a process
of joining materials to make parts from 3D model data, usually layer upon
layer, as opposed to subtractive and formative manufacturing methodologies"
[16]. The principle is well illustrated in a screenshot from the Formlabs 3D
printer pre-processing software (Figure 2.2). Most additive manufacturing
technologies build objects one layer at a time. This means that the digital
3D object is �rst sliced to thin 2D sections. Raw material is �rst deposited
and then joined or bonded one thin layer at a time. Di�erent technologies
mainly di�er on how the raw material is distributed and bonded.

Figure 2.2: The main idea of additive manufacturing illustrated through the
set-up software Preform for the Formlabs stereolithography printers. The
current 2D section of the part is shown in blue. Sections of the tree-like
support structures are shown in orange.

The most visible physical aspect of AM objects is thelayer thickness. If
the layer thickness is too high the object appears pixelated much like in a
low-resolution image. Layer thickness de�nes the Z-direction resolution of
the printed objects. There are also machine dependent limitations for the
resolution on the X-Y surface. When combined these resolutions produce the
overall print resolution and account for the accuracy of the �nished object
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in comparison to the original 3D model �le.

When objects are manufactured with AM and sliced to 2D sections the
print orientation can be freely de�ned by the designer. Only limiting factor
is that the consecutive layers in AM need to adhere to the underlying lay-
ers. Very often in freeform designs, overhangs and internal cavities demand
additional support structures to provide the necessary point to adhere to.
In addition supporting structures are used to improve adhesion to the build
plate, minimize bending or warping and to provide additional heat trans-
fer. The realization and need for support structures vary between di�erent
technologies.

2.3 Digital Workflow

Gibson et al. [12] categorize the di�erent phases of digital and physical AM
process chain in 8 steps. The purely digital phases include1. Conceptual-
ization and CAD, 2. Conversion to STL, 3. Transfer and Manipulation of
STL and 4. Machine Setup.

The product ideation and conceptualization is the initial step in every
product development process. In order for the concept product to be print-
able, it needs to be translated into a 3D model in some way or another. 3D
CAD modeling software is the most obvious way but also existing objects
can be scanned or reverse-engineered to form the initial 3D shape. In medi-
cal applications the use of CT scans or MRIs is common. Photogrammetric
algorithms can transform multiple 2D photos of a single object taken from
di�erent angles to form a 3D representation [29]. The scanned objects often
demand digital post-processing before being exported as STL �les for the
actual print process.

The 3D model data, regardless of how it was obtained, is converted to a
format understandable by the speci�c manufacturing machine. The industry
standard at the moment is the STL-format created by 3D Systems. The STL-
format is a triangulated representation of the input model surface geometry.
This STL model data is manipulated in a machine dependant software. This
step de�nes the layout of the object(s), print orientation and scale of the
object(s). Standardization work is underway for a replacement �le format.
The new AMF format would have native support for color, materials, and
lattice structures [29].
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Finally, the machine setup generates the parameters needed for the actual
print process. The slicing height, support material creation, support place-
ment, tool path control, temperature, material 
ow and numerous other as-
pects all depend on the technology used. They often require a tailored set-up
software to function [29]. The same software normally handles the manipu-
lation of STL and the machine setup. The resulting �le is now transferred
to the printer and the physical phases of the process can begin.

2.4 Technologies and Materials

The physical work
ow of AM begins after the 3D design �le has gone through
the digital process speci�c steps to prepare it for a print. Gibson et al. [12]
categorize the remaining phases of the process chain as5. Build, 6. Part
Removal and Cleanup, 7. Post-processing and 8. Application.

The build phase includes a repetitive automated process where the ma-
terial is laid and bonded layer-by-layer. For layer-based systems, the AM
machine consists of a height adjustable build platform, a material deposition
system and a way to form the 2D sections.

For accurate manufacturing, the part needs to be supported by the build
platform in some way. After the build is �nished, the object is detached from
the build platform. Depending on the used technology the created support
structures must either be removed manually, chemically, or by machining.
Some of the technologies are self-supporting and do not require any addi-
tional structures to hold the parts.

Some AM methods produce so-calledgreen parts that require further
steps after the actual print process to �nalize the object. As an example, the
binder jetting technology uses a binder to bond material particles together
but an additional sintering step in an oven is necessary to achieve a solid
material structure for the object [12]. Finalized 3D printed parts can be fur-
ther post-processed, before the part is ready for application, by machining,
sanding, and heat treatment. These operations can improve the dimensional
accuracy, material properties, surface �nish, and aesthetics of the part.

The main di�erence between di�erent technologies is how the deposition
and joining of material occurs. At this time there are seven AM categories
(Figure 2.3) identi�ed by the American Society for Testing and Materials
(ASTM) additive manufacturing group: material extrusion, vat polymeriza-
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tion, powder bed fusion, material jetting, binder jetting, direct energy deposi-
tion, and sheet lamination [15].

Figure 2.3: The 7 di�erent AM technology categories. Image modi�ed from
[1].

The following chapters will present these seven categories. Introduction
to each of these categories will follow the same template. First, the prin-
ciple of the technology is brie
y introduced. Then the focus is shifted on
its advantages and challenges. Finally, the practical design implications are
elaborated. The di�erent technologies involve e�ects depending on the prin-
ciple of function that need to be taken into account in the design of products.

Increased emphasis is put on technologies that will be utilized in the de-
sign part of this thesis. These technologies includematerial extrusion, vat
polymerization, powder bed fusion and material jetting. They were identi�ed
as the most promising ones for the direct production of an elevator button
assembly. Technologies that have less relevance for the thesis will be pre-
sented on a more general level.

The main interest, from the product design point-of-view, is on the oppor-
tunities and restrictions the di�erent technologies pose. An elevator button
has features and design areas with very di�erent requirements. The face of
the button must be aesthetically pleasing. Also, the �ne surface quality of
the face contributes to an enjoyable touch experience. There are contrast
requirements for the button markings and the face as well as the face and
the elevator panel. On the other hand, accurate and durable mechanical
properties are also critical. The button needs to withstand press cycles from
hundreds of thousands to millions without losing functionality. The toler-
ances for fastening mechanisms are strict. In addition, elevator buttons are
treated with harsh cleaning chemicals and can undergo cyclic temperature
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changes up to 50 degrees celsius.

The manufacturing technologies and the materials should be able to ad-
dress all of these requirements. Some AM processes might be eliminated
because of a limited and lacking material selection or not being able to ful�ll
the requirements due to a weak print resolution or strong discretization of
material layers. The necessary post-processing steps might hinder a technol-
ogy unfeasible. The unit cost of production is one of the biggest requirements
if direct AM production would be considered as an alternative to traditional
manufacturing methods. The next sections will go through the AM technolo-
gies while keeping these considerations in mind.

2.4.1 Material Extrusion

Although not the newest technology,material extrusion has still taken the
lead as the most widely used AM process. The principle is to deposit heated
thermoplastic material at a constant rate on the build platform while plot-
ting one xy-layer at a time. Filament from a material spool is fed with
rollers through heated extrusion nozzles. The material solidi�es after cooling
or through a chemical reaction and bonds to the underlying layer of mate-
rial. The working principle is illustrated in Figure 2.4. The most popular
branch of material extrusion is calledFused Deposition Modeling (FDM).
This technology was initially patented by Scott Crump in 1992 and since the
has been further developed by the company Stratasys. A listing of biggest
machine manufacturers is presented in the leftmost column of Figure 2.5. [12]

Many smaller companies have adopted the technology as well as it is well
suited for the design of lower price range desktop 3D printers. A fairly simple
belt drive mechanism su�ces for the plotter in combination with a z-direction
screw for the movement of the build platform. The nozzle usually doubles
as a lique�er chamber (heating element). A screw or a pinch roller system
is responsible for producing the necessary pressure to push the constant ma-
terial 
ow through the nozzle. More professional systems keep a constant
atmosphere and an elevated temperature in the build space to ensure stable
material solidi�cation. Printers targeted for home use are mostly open sys-
tems that only heat the build bed and use overhead fans for su�cient heat
transfer.

Due to inexpensive machine options, FDM is in extensive use by the ev-
eryday hobbyists and the maker movement. The material selection is wide.
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Figure 2.4: Fused deposition modeling process [2].

The technology allows the use of standard thermoplastics used in injection
molding processes such as ABS, PLA, PC, ASA, and Nylon. The properties
of these materials are well known and they can be customized for example
improved ductility, biocompatibility, heat-resistance, or medical compatibil-
ity. Adding color to the �laments is also possible.

The layer thickness of material extrusion methods is generally around
0.1mm or slightly �ner which, for design features smaller than a few mil-
limeters, is already too coarse. Button features such as snap-�ts or springs
fall under this size group. Depending on the print direction slightly concave
or convex topologies su�er the layering- orstair stepping-e�ect. Layers can
be seen by naked eye and the line path direction is also visible in the parts
without any post-processing steps or chemical treatment. For this reason the
surface �nish of extruded parts is generally not su�cient for end-products.
The weakness of the parts perpendicular to the print direction a�ect the de-
sign as well. The part features experiencing shear stresses will need to be
carefully designed and printed in the right orientation. However, it is not
always possible to choose a print orientation bene�cial for all of the mechan-
ical and visual requirements.

The material extrusion process, in general, is a process that does not scale
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Figure 2.5: Di�erent technologies, materials, and machine manufacturers
available within material extrusion, vat polymerization, and powder bed fu-
sion technologies. Image modi�ed from [1].

very well in terms of build speed. Adding more nozzles is hard due to the
space requirements of the heating chambers and systems that push the liquid
material out. Multi-material processes exist but the build time is increased
two- or even fourfold. [12] Given these restrictions it is hard to see material
extrusion-based methods to be used in the production of end-use parts, at
least without any post-processing phases.

2.4.2 Vat Polymerization

The development of photopolymer materials in the 1960s was the original
trigger for all of the additive manufacturing technologies. Liquid photopoly-
mer can be cured (or solidi�ed) with radiation most often in the ultraviolet
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(UV) wavelength range. Experimentation with these materials led to the
invention of Stereolithography (SLA)and the establishment of the company
3D Systems in the mid-1980s. The SLA machines were �rst marketed for
rapid prototyping use in companies. [12]

The principle of stereolithography is illustrated in Figure 2.6. A build
platform is immersed in liquid photopolymer resin and a distance of one layer
height is kept between the build platform and the surface of the liquid. A
UV laser plots the area where material is to be solidi�ed. The platform is
lowered for new resin to cover the solid surface and the process repeats for a
new layer. Most often the build platform is upside down and the laser cures
the resin from below through a transparent window as the object is raised up
layer-by-layer. Leveling of the liquid is necessary between each cycle which
reduces the overall speed of printing. Polymerization processes require sup-
port structures which have to be manually removed after the print process.
Also, depending on the material,a post-cure in an UV oven is needed [12].

Figure 2.6: Stereolithography process [2].

Three di�erent approaches for the polymerization exist (Figure 2.5 mid-
dle column). The main di�erence is how the curing laser is administered on
the surface.Stereolithography (SLA)methods cure a path in the liquid with
a laser. In comparison, themask projection method cures a complete layer
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at a time. This is achieved with a Digital Micromirror Device (DMD) that
projects a "UV mask" on the surface of the resin. Curing the whole layer at
a time instead of discrete points increase the speed of the process [12]. The
continuous digital light processingmethod utilizes an oxygen inhibitor layer
to prevent material solidi�cation in the interface between the resin tank and
the liquid. This approach avoids the need for liquid leveling steps between
layers [30]. The continuous process is marketed as 10-100 times faster than
traditional stereolithography by the US startup Carbon 3D who owns the
original patents for this method.

Compared to the 0.1 mm layer thickness of material extrusion, polymer-
ization processes o�er a considerable improvement. The layer thickness with
these processes can be as low as 0.002 mm and the precision in xy-direction
around 0.004 mm. This jump in resolution is enough to remove the discrete
look and feel of the �nished models. The printed objects are of more uniform
quality both aesthetically and in terms of material properties. To such a
degree that even some transparent materials with higher refractive indexes
can be used as optical structures [32]. Some industries, such as the jewelry
industry, use stereolithography to print precise models for metal investment
casting [29]. As an easily scalable process in terms of print speed SLA could
be the one to succeed in the future.

Although the quality of SLA prints is good, there are some major restric-
tions to it as well, the biggest being the materials. The material selection
and properties of photopolymers are fairly limited. The �nal parts do not
remain stable in natural light because of constant UV exposure. This is
why SLA manufactured products are most often visual models or used as
the alpha models for further processes such as investment casting. The SLA
process itself is messy and photopolymers are often mildly toxic and thus
require protective gloves to handle. The built object must be immersed into
the resin vat and some liquid resin always stays on the surfaces. This makes
it hard to design a machine that would allow the use of multiple materials.
The removal of support material leaves visible markings on the surface of the
object and post-processing steps are needed to smoothen these out.

Despite the fact that vat polymerization processes have drawbacks, the
part quality is very good and with technological innovations, the print speeds
have increased considerably. Material manufacturers have been able to re-
search and customize photopolymers to mimic the properties of standard
injection molding plastics. SLA examples in the industry include the pro-
duction of hearing aids, patient-speci�c dental products and cast patterns
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for jewelry [29]. The fast print speeds of CDLP processes are promising but
more work should still be done in the automation of post-processing and
material research.

2.4.3 Powder Bed Fusion

One of the AM technology branches extensively used in the industry ispow-
der bed fusion. These technologies are used in the production of end products
and in conjunction with other manufacturing applications. Common for all
powder bed fusion approaches is the use of raw material in a �ne powder
form. The material is selectively fused using a thermal source such as a
laser or an electron beam to build the �nal object as illustrated in the Fig-
ure 2.7. The build space is �lled with the powder and spread evenly with
a counter-rotating roller after every layer to ensure even distribution of ma-
terial. Plastic parts done with this technique do not require any support
structures as the excess powder supports the parts. Supports are however
used when printing on metal due to higher weight and temperature related
e�ects. Technologies such asSelective Laser Sintering (SLS), Selective Laser
Melting (SLM), Direct Metal Laser Sintering (DMLS) and Electron Beam
Melting (EBM) fall under this category (Figure 2.5 rightmost column). They
mostly di�er on how the fusion is induced. In commercial products mainly
liquid-phase sintering and melting are used to fuse material particles. Solid-
state sintering and chemically-induced binding are the remaining options but
not widely used.

The main advantage of plastic SLS is that as no support structures are
required the whole build volume can be �lled with printable parts not just
the base of the build platform. Optimization of print volume and unit cost
is possible through deliberate stacking ornesting of parts. SLS is at the mo-
ment the most suitable method for production volumes of up to thousands
of parts. With more complex products and especially when products are
customized, it competes with injection molding. Part quality is good even
though SLS leaves a slightly porous surface on the parts without �nishing.
Mechanical properties are not fully isotropic with SLS and some directional
di�erences exist but the e�ect is much less pronounced than with FDM. In
addition, the self-supporting powder makes it easier to vary print orientation
for the best functional performance.

The fusion of material particles demands a lot of energy and use of high
energy lasers or electron beams is necessary in order to achieve adequate
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Figure 2.7: Selective laser sintering process [2].

fusion. This is especially the case with metal powders. For plastics, the
energy consumption is, of course, more moderate. In general, a wide range
of materials, from plastics to ceramics and metals, can be used with pow-
der bed fusion. However, the sintering properties of some metal alloys or
grades of plastic are not suitable for the process. In plastic sintering, the
material selection is currently limited to di�erent grades and mixtures of
polyamide (nylon). Di�erent additives such as aluminum, glass or mineral
�ber can be added to modify material properties. The possibility of a big
print volume in powder bed fusion is both an advantage and a challenge. For
economic reasons, a maximal amount of nesting is bene�cial but sometimes
printing just a few parts fast is desirable. The machines have a warm-up as
well as a cool down phase which decreases the e�ciency of smaller batches.
Printed parts have to be manually excavated and sorted from within the
powder. Completely enclosed features are not possible with SLS and escape
holes have to be designed in order to remove the excess powder after printing.

Despite all the challenges with powder bed fusion processes they are
extensively used in numerous applications. The advantages are still out-
weighed. Production of metal parts for end products with powder bed fusion
processes has been proved in the most demanding setting. Sintering of high-
performance titanium and steel alloys have found their applications in the
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aerospace- and the medical industry. In these applications, superior func-
tionality and weight reductions are desired. The same has not yet happened
with parts produced with plastic SLS printing. As a method with a truly
scaleable print volume, the future for plastic SLS printing looks promising.

2.4.4 Material Jetting

Material Jetting is similar to vat polymerization in the sense that UV light is
also used to cure photopolymer resin to form the 3D object. The di�erence
is that in material jetting the material does not reside in the build space but
is jetted to the surface as small liquid droplets (Figure 2.8). A constant UV
illumination follows the print heads and solidi�es the small droplets instantly
after they have fallen onto the surface. Additives or pigments can be added to
these material droplets to dynamically modify material properties or color.
AM allowing such gradually changing material properties is referred to as
functionally graded additive manufacturing[29]. With material jetting very
small details can be realized. It is one of the most precise AM technologies
and can produce layer thicknesses down to 16 microns, approximately the
thickness of human hair. [1]

Figure 2.8: Material jetting process [2].

The material has to be deposited as very small, viscous droplets. This
reduces the material selection considerably. At the moment it consists of
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Figure 2.9: Di�erent technologies, materials, and machine manufacturers
available within material jetting, binder jetting, direct energy deposition,
and sheet lamination technologies. Image modi�ed from [1].

di�erent polymers and waxes that can be produced in a viscous enough state
for the jetting process. An Israeli company XJET have made advances with
solid material jetting. In this technology metal nanoparticles are jetted inside
a special liquid formula and heat is used to fuse the particles. An additional
advantage together with the high precision is that the process can be eas-
ily scaled up by increasing the number of nozzles. The material selection
is not limited by the process but rather by chemistry and adhesion to the
surrounding material. Current high-end systems can combine up to three
di�erent materials and in some cases dynamic blends are possible. Current
combinations make it possible to dynamically alter part translucency, sti�-
ness, hardness, and color. As with other UV curable resins, the parts do not
stay stable in prolonged UV exposure. The models are mainly used for vi-
sual prototyping, educational use, and marketing. Di�erent material jetting
technologies and machine manufacturers are shown in the leftmost column
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of Figure 2.9.

2.4.5 Binder Jetting

Figure 2.10: Binder jetting process [2].

The principle of binder jetting was invented at MIT and has since been
licensed forward for commercial use. The idea is fairly similar topowder
bed fusionwhere a pool of material powder is selectively sintered layer-by-
layer to form the �nal object. In binder jetting instead of a sintering laser,
a liquid binding agent is administered through multiple ejection nozzles or
print heads to bind the material together. New powder is then spread evenly
with a leveling roller and the process repeats until the object is �nished. In
addition to the binder agent, pigment can be added to dynamically color the
object. The working principle is illustrated in Figure 2.10. Due to the simi-
larities with inkjet printing, this process has been the one originally referred
to as 3D printing. [12]

The binder jetting process can produce fully colored parts and be imple-
mented to almost any material in a powder format. As plastic powder bed
fusion, binder jetting is also self-supporting, no heating is needed and mul-
tiple printer heads can be added making the technology very fast. However,
the mechanical properties and surface �nish of the green parts, taken directly
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from the printer, are poor. Post-processing steps are necessary for the prod-
ucts to achieve any functionality. Metal and ceramic parts, for example, can
be sintered in an oven to obtain functional parts. Typically parts made with
the binder jetting process are visual prototypes, cast patterns or casting sand
molds.

2.4.6 Directed Energy Deposition

Directed energy deposition (DED)covers multiple technologies such aslaser
engineered net shaping, direct metal deposition, directed light fabrication and
3D laser cladding. The technology borrows elements from CNC milling, turn-
ing, and welding. A laser, an electron beam or a plasma arc melts material
that is deposited through a nozzle either as a powder or a wire. The nozzle,
together with the heat source, can be mounted on a 5-axis industrial robot.
Even the build platform can have multiple degrees of freedom or rotational
axes. The working principle is illustrated in Figure 2.11. Thus, compared to
other AM methods, DED can be used to print directly on existing surfaces.
DED is mostly used to repair or add functionality to existing parts.

Figure 2.11: Electron beam freeform fabrication [1].

2.4.7 Sheet Lamination

A sheet laminationmethod calledLaminated Object Manufacturing (LOM)
was commercialized fairly early (1991) in the history of AM. The method
is not purely additive although the resulting excess raw material can be re-
cycled for further use. The principle is to cut the outlines of a 2D section
from material sheets and then bind together subsequent layers as illustrated
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Figure 2.12: Sheet lamination process [1].

in Figure 2.12. The �rst edition of LOM utilized a CO2 laser to cut 2D
cross-sections from paper sheets. Di�erent approaches of sheet lamination
may di�er in the sequence of cutting and stacking the material sheets as
these phases can be done independently. Materials that can be used with
LOM include paper, aluminum, copper, and steel. Bonding of layers can be
done with adhesive, thermal bonding, clamping or ultrasonic welding. Paper
models are mostly used as visual models. Metal sheets can be used for func-
tional parts but the resolution of the �nal parts is generally poor. Di�erent
LOM machine manufacturers are listed in the rightmost column of Figure 2.9.

2.5 Applications

Objects manufactured with AM and 3D printing most often involve proto-
types and mockups, proof of concept models and replacement parts. The
products are either directly manufactured with AM or the AM phase can
be a link of a longer process chain [6]. Prototyping is still by far the most
common use of 3D printing as can be seen in the the results of a survey done
by the company Sculpteo in 2016 (Figure 2.13). The survey included 1,118
respondents from a wide �eld of professions and was geographically concen-
trated in Europe and America. [25]



CHAPTER 2. ADDITIVE MANUFACTURING 23

Figure 2.13: Applications of 3D Printing from a 2016 surveyState of 3D
Printing by Sculpteo [25]. Selection of multiple categories was possible for
the participants of the survey.

During the development of AM, di�erent lines of technology have emerged
to capture the principle of layer-by-layer manufacturing. The quality and ma-
terial properties of the printed objects have gradually improved. Initially, the
main application of AM was to quickly prototype product ideas and to pro-
duce physical models for marketing purposes, i.e.Rapid Prototyping (RP).
In fact to a degree that RP was considered a synonym for AM and 3D Print-
ing. Today this is not the case anymore. For exampleRapid Manufacturing
(RM) is one of the applications of AM where end-usable parts are directly
produced. AM can also be used in combination with other manufacturing
methods such as machining or molding.Rapid Tooling (RT) is an application
where a mold is created either directly or indirectly from a 3D printed model.
The accuracy and durability of the mold is not yet at the same level as with
traditional tooling of molds. RT is normally used to produce volumes up to
a few thousand products. [23]

When compared to traditional manufacturing methods AM provides a
considerable speed increase from the design to the �nished product as the
set-up time for a new product is minimal. Unit costs are fairly low and �xed
because AM does not require any additional tooling, forms or punches. The
products can be designed with minimal material consumption which further
reduces costs. In addition, most of the waste material can be recycled for



CHAPTER 2. ADDITIVE MANUFACTURING 24

new use. [6]

One challenge of AM is the lack of scalability. Increase in production
volume does not decrease the unit price in the same proportion. This is why
at the moment AM is only cost-e�ective to use in the manufacturing of small
to medium-sized batches [6]. Another obstacle in the implementation of AM
for high volume production is the print speed. Scaling up the volume and
speed with more AM machines is not cost-e�ective compared to injection
molding. There has to be some speed advances in AM technology for the
cost-e�ectiveness to increase.

The next chapters will introduce the most common application areas of
AM along with some examples. In some cases, AM assisted production can
surpass the bene�ts of a pure AM supply chain. Especially when produc-
tion volumes are increased, traditional methods are, at the moment, the
most economic. Di�erent aspects such as the complexity of the product, cus-
tomization needs, materials, lead time goals, and price all play a role in the
equation. A product made with AM can be designed so that the function-
ality is maximized. The product improvement is not always directly valued
in money or savings. When traditional methods are replaced with AM, the
agility of the process chain can be improved which can provide indirect ben-
e�ts.

2.5.1 Rapid Prototyping

Producing prototypes and mockups with AM is referred asRapid Prototyp-
ing (RP) . which was the primary use for AM technologies in the beginning.
Prototypes can be produced fast, to a degree that in many industries AM
has altogether replaced manual prototyping. The time span to manufacture
a prototype has dropped down from weeks to days [6]. With rapid proto-
typing, it is possible to increase the number of design and testing cycles to
discover and �x problem areas in the design. A visually and functionally
accurate prototype is the best way to communicate and validate ideas with
other designers and with customers.

Rapid prototyping methods enable the designers to come very close to
the �nal product both visually and functionally. In addition, more prototyp-
ing cycles can be included into the duration of new product development.
By 3D printing in color and with multiple materials in one print the design
intent can be translated very well into the prototypes. A good example of
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this comes from the shoemaking industry. Prototyping of shoes requires the
use of materials with varying elastic behaviors and appearances. Before 3D
printing, Adidas had 12 technicians to manually make the prototypes. Now
they only need a few AM machine operators. The prototyping cycle has
shortened from four to six weeks to a few days. Nike recently used rapid pro-
totyping to optimize its Vapor Laser Talon boot for professional American
footballers. 12 rounds of rapid prototyping with SLS technology optimized
the plate of the shoe for maximum surface traction. Although the �nal plate
was manufactured with traditional methods rapid prototyping allowed the
designers to test and achieve the superior performance. All major shoemak-
ers have invested in and experimented heavily on AM and are going into the
direction of a fully 3D printed shoe. [17][23]

2.5.2 Rapid Tooling

One of the most time consuming and costly phases of product development
is the creation of tooling for the series manufacturing of products. When
AM is used to produce molds a termRapid Tooling (RT) is used. This can
be achieved either with indirect (pattern-based) tooling or direct tooling. In
indirect tooling, a master model is manufactured with AM and then used
to create the mold. Example techniques include silicon rubber molds and
investment- or sand casting. With direct tooling, the mold itself is manufac-
tured with AM.

AM methods that use thermoplastics or photopolymers such as FDM or
stereolithography can be used for the direct manufacturing of molds for ure-
thane or silicon rubber casting. A single tool is often good for series up to
500 parts. Printing the tools in metal either with SLS or DMLS expands the
material possibilities and can be used to produce molds which can withstand
more use cycles.

The main drivers to use RT are the reduced lead times and costs. In
product development, it is often bene�cial to manufacture a smaller batch
of products (less than 100) for proof-of-concept, design validation, user tests
or pre-production tests. RT makes it possible to alter the designs fast and
to make di�erent versions of the same products. It is also used as the �nal
check before approval of production in the production ramp-up phases. Gen-
erally, RT is not valid for series larger than a few hundred as the durability
of the molds is not on the same level as is for traditional CNC milled molds.
A good surface �nish is hard to achieve without additional machining. AM
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as a layer based manufacturing method causes a stair-step phenomena that
needs to be manually removed. On the other hand, the design ofconformal
cooling channels is possible with AM. These freeform channels can precisely
follow the part surfaces to achieve uniform cooling. [9]

2.5.3 Rapid Manufacturing

Print quality and material integrity of some AM methods is on a level that
the manufacturing or production of end products is possible. TermsRapid
Manufacturing (RM) and Direct Digital Manufacturing (DDM) are used to
refer to these applications. RM has proven to be the most competitive with
highly customized, complex products with a fairly low production volume.
[12]

The use of AM for direct production and is on the rise as novel success sto-
ries encourage companies to invest and experiment with AM. Aerospace and
the medical industry have paved the way. Individualized products such as
dental crowns or hearing aids merit of the fast customization of products with
AM. Weight reductions and optimized functionality are the driving forces for
the aerospace industry.

AM has been compared toMass Customizationwhich is a product cus-
tomization principle normally based on the modularity and interchangeability
of product segments. A modi�able desktop computer is a good example of
a mass customized product. Mass customization is based on the modular
design and pre-assembly of a customized product. AM can achieve a similar
customization e�ect and can often reduce the number of components in an
assembly. Both principles meet thejust-in-time- ideology where components
are produced only based on demand and inventory risk is thus diminished.
Even though they both share features, an even comparison cannot be made.
Mass customization is a true mass production method whereas AM can only
cope with low- to medium volume production. In some applications, AM can
be the superior alternative to mass customization as it allows the products
to be customized further. In addition, the supply chain can be simpli�ed. [6]



Chapter 3

Design for Additive
Manufacturing

Design for AM is very di�erent when compared to design for conventional
manufacturing methods. AM allows a higher degree of complexity in the
design. Manufacturing cost is not as tightly in
uenced by the geometry of
the object. This does not mean AM is rule-free. Although with AM, it is
often quoted that "complexity is free", AM methods still have their own re-
strictions that need to be taken into account. However, these restrictions
di�er considerably from traditional methods and o�er interesting new design
opportunities to be explored.

The following chapter will introduce the concept ofDesign for Additive
Manufacturing (DfAM) together with di�erent possibilities of AM for prod-
uct design. The computational approach to material layout optimization,
topology optimization, is brie
y introduced. The chapter Design Strategy
and Process with AMelaborates the di�erent levels how AM can be adapted
to product design. A few design examples are presented. Finally, theCon-
straints chapter discusses some of the issues that restrict AM from reaching
its full potential.

3.1 Introduction

Every design for X philosophy tries to maximize product performance relative
to X. These guidelines try to establish work
ow structures that automatically
steer the emerging design favorable to X. They guide the engineers towards
a proven goal starting early in the product development. For example, the
X could be manufacturing and assembly. The resulting design philosophy,

27
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Design for Manufacturing and Assembly (DfMA), is a practice of minimizing
manufacturing and assembly di�culties and cost [12].

DfMA is an umbrella architecture that includes many sublevel guidelines
for more speci�c functions such as how an injection molded product should
be designed. At the same time, it includes very broad ideas about the in-
dustry practices and the organizational structure of product development
teams. A complete realization of the DfMA principle requires a considerable
amount of knowledge about the manufacturing methods, materials and sup-
ply chains. Everything cannot be taken into account by individuals and the
set structures and guidelines of DfMA steer the design processes automati-
cally towards the wanted direction.

Much the same way work in the midst of AM is underway to construct
structures supporting good design. The equivalent principle within AM is
called Design for Additive Manufacturing (DfAM). This principle highlights
the di�erence of AM to traditional manufacturing methods. Instead of evad-
ing design choices that are limited by manufacturability, the idea of DfAM
is to promote designs that explore the AMdesign opportunitiesas much as
possible. The idea is to maximize product performance given the capabilities
of AM technologies. More elaborately put "through the synthesis of shapes,
sizes, hierarchical structures, and material compositions" [12].

3.2 Design Opportunities

In order to maximize product performance, di�erent opportunity categories
unique to AM have been recognized. Thompson et al. [29] divide these
opportunities into three abstract levels: the part level with macroscale com-
plexity, the material level with microscale complexity and the product level
with multi-scale complexity. In many publications categorization is based on
functional aspects of AM such as the possibility toconsolidatemultiple parts
into one, design freeform geometry or the ability to directly manufacture as-
semblies. Gibson et al. centralize on complexity and divide the categories
into shape complexity, functional complexity, material complexity and hier-
archial complexity [12].
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3.2.1 Shape Complexity

The category that a�ects all of the three abstract opportunity levels iscom-
plexity, or more speci�cally,shape complexity. AM makes it possible to man-
ufacture virtually any shape or geometry. Shape complexity is often the root
enabler for other opportunity categories of AM. Features such as undercuts,
variable wall thicknesses, organic shapes and lattice structures are all possi-
ble and often not as punishable as is the case with traditional manufacturing
methods. Generally speaking, the complexity of a design is only limited by
the resolution of the AM technology and the imagination of the designer.

3.2.2 Functional Complexity

Shape complexity allows separate parts or features to beconsolidated into
a single part. Traditionally part integration has meant attaching parts to-
gether by welding, adhesives, and fasteners when the resulting structures
have been too complex to manufacture as a single part. Without complexity
restrictions, AM enables these parts to be integrated in one part. Not only
can features be integrated but even functional assemblies can be integrated
into a single print. [8]

The layer-wise manufacturing principle gives complete control over the
internal features and geometry of parts. By designing clearances between
separate features kinematic joints or whole assemblies can be manufactured
in one print. This functional complexity allows direct or integrated assem-
blies to be made [12]. FDM, SLS and SLA technologies have all been used
to manufacture prismatic, revolute, cylindrical, spherical and Hooke joints.
The joint movement must be ensured after the print by removing the excess
support material in some way [12]. As designers have access to the manufac-
turing process in every phase, external components can be embedded inside
the manufactured objects. This is extremely interesting when electronic cir-
cuits and components are inserted inside printed structures (Figure 3.1).

3.2.3 Material and Hierarchical Complexity

The opportunity for material complexity includes the use of multiple mate-
rials and changing the material properties dynamically within a single part.
For example, material extrusion and material jetting systems are capable
of alternating between two or more materials and it is possible to alter the
whole material composition on the 
y. Using two or more functional materi-
als allow the designer to change the functionality or appearance of the object
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Figure 3.1: Example of embedded electronics with 3D printing [24].

in very speci�c regions.

The opportunity of hierarchical complexitymakes it possible to alter the
material structure of the manufactured objects on many size levels. Within
the metal laser deposition and sintering technologies, the process parameters
can be changed to even control the metal microstructure in speci�c locations.
On the next size level, the mesoscale, material space can be �lled by small
truss structures. The repeating unit block of these small structures can be
designed so that the overall material properties are changed. These so-called
metamaterials emulate material properties depending on their layout and
density [12]. One example of a said structure is thevoronoi foam structure
in Figure 3.2. The density of the foam structure in the Moomin character was
de�ned with a heat map during 3D modeling to control the elastic behavior
of the object [21]. Hollow-, lattice-, or porous structures are used more often
in the design of sti� and lightweight structures. The �ne texture or porosity
in the material surface can have other functions. They can, for example,
promote friction on the part surface or bone growth in medical implants.
[29]
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Figure 3.2: Voronoi foams and dynamic elastic behaviour [21].

3.3 Topology Optimization

AM as a manufacturing method gives designers the option to assign material
only where it is necessary. TraditionallyComputer Aided Engineering (CAE)
software, as an example, have been able to optimize wall thicknesses or the
locations of holes to minimize stresses. However, as there are fewer restric-
tions on manufacturability with AM, it is possible to optimize the structure
even further. Topology optimization is a mathematical method that aims
to calculate the optimum material layout in 3-dimensions given the design
space, loads and constraints. It was �rst proposed by Bendsoe and Kicuchi
in the late 80s [34].

Sizing, topology, and shape optimization are allstructural design prob-
lems. In sizing problems, optimal thicknesses or cross-sections of pro�les are
calculated for a given load case. The thicknesses are addressed as design
variables and minimized in comparison to a state variable, for example, the
de
ection of the structure. In topology optimization material is assigned to
FEM nodes, where necessary. The node system is iteratively edited in con-
trast with the sti�ness of the structure. Shape optimization tries to further
optimize the coordinates of these existing nodes. [5]

Topology optimization has been studied and implemented in a very broad
range of design applications. These include for example optimizations for
weight, vibration, mechanisms, thermal conduction, multi-material integra-
tion and 
uid 
ow to name a few [5]. Not only is topology optimization a
way to optimize designs but it can equally be used to provide inspiration in
the earlier phases of product conceptualization. Optimized structures are not
only functionally superior. In addition, they reduce material usage, waste,
and minimize energy consumption in manufacturing. [14]
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3.3.1 Principle

Topology optimization determines the optimal placement of isotropic mate-
rial in a design space. Each point in space can be either material or void
(no material). The optimization algorithm seeks for the optimal subset of
points that maximizes the global sti�ness matrix of the given load case [5].
A simple 2D result of such an optimization is illustrated in Figure 3.3.

Figure 3.3: A 2D example of a topology optimization achieved by a Matlab
code of only 99 lines. The illustration on the left shows the design space with
supports and the load applied. The result of the calculation can be seen on
the right [5].

The optimizer algorithm works on the basis of adesign space. This space
de�nes the allowable volumes for material addition or removal. This space
also takes into account areas where �xed material or an empty space will be
added. Numerical algorithms create the design space from a numerical input.
Programs with a 3D user interface can use a sketched volume or an existing
3D CAD model for the de�nition. After the design space is setloads, bound-
ary conditions and constraintsare added that correspond to the actual forces
and stresses for the given design case. Often in the design environments, dif-
ferent load combinations are possible. This ambiguity can be handled in the
optimization through di�erent load caseswhich take into account the chang-
ing directions, magnitudes, and combinations of forces.
A classic topology optimization routine aims to generate a sti� structure in
the design space by minimizing compliance (the objective function). It is an
iterative loop that �rst computes the displacements of the material density
with the �nite element method. Then it calculates the compliance of the
design and how well it was a�ected by the design changes in the distribution.
If no improvements were made the iterations stop. Otherwise, the density
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variables are updated and the iteration loop is continued with new values.

Loads, constraints and boundary conditions with the objective function
often lead to di�erential equations that are solved using the �nite element
method. Material distribution and density at given points p(u) can be han-
dled as discrete or continuous values. When continuous values are used the
resulting material distribution needs to be penalized to achieve a discrete
result. Some �ltering is needed to alleviate problems arising from the com-
putational methods. The optimization can lead to regions where solid and
void spots alternate. This e�ect is called thecheckerboard problem. Some-
times the optimization solutions can be highly mesh-size dependant. Both
problems arise from the discretization of the continuous problem. [5]

The 99 line 2D topology optimization code written in Matlab is a good
source to further understand how the algorithm works in the simplest form.
The actual code, together with descriptions of the di�erent areas of the code,
is provided as an appendix. [27]

3.4 Design Strategy and Process with AM

The adoption of AM technology in the design and manufacturing of products
can be realized on many levels. To fully exploit all the AM opportunities,
often the whole design process has to be altered from the beginning. This
does not rule out bene�ts from more light AM adaptations. Sometimes ben-
e�ts can be achieved simply by changing the manufacturing method of an
existing legacy product to AM.

Khlan et al. [18] divide the AM adoption strategy into two levels. If a
manufacturing-driven design strategyis used only the process advantages of
AM are utilized. This approach simpli�es the complex manufacturing chain
but the product design stays unchanged. Only when afunction-driven de-
sign strategyis followed the products are designed to fully utilize AM design
opportunities.

A presentation given by Kevin Bridge in the AMUG 2016 conference adds
another level of AM adoption between these two. The levels are illustrated in
Figure 3.4. Direct part replacement can be seen as a manufacturing-driven
design strategy and design for AM as a function-driven design strategy. The
middle ground in between isadaptation for AM. The design of a component
is changed to bene�t from AM but the interfaces to other components are
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kept the same. [7]

Figure 3.4: Levels of AM adoption [7].

The launch of completely new products or products with superior func-
tion gives companies the possibility to improve their position on the market.
However it is not often easy to identify which products or parts would bene�t
from the change to AM. The original designer of a component or a product
is the expert of its �t and function and thus in the best position to recognize
AM potential. However, the constraints of traditional manufacturing meth-
ods are strongly embedded into the engineering mindset.

One way to identify products that would merit an AM adoption is by
using case examples and by labeling bene�t areas. Leutenecker et al. [20]
have used four easily memorable category clusters together with industrial
case studies to demonstrate AM potential. These categories areintegrated
design, individualization, lightweight design and e�cient design. This makes
it easier for the engineers to recognize bene�t areas and to transfer working
AM solutions from other �elds into their own work.

Another way to identify AM cases is to use positive or negative indicators.
Existing product databases, bill of materials, and assembly documentation
hold a lot of information that can be used as indicators. Positive indicators
for AM could be joined parts of the same material, a high number of process-
ing steps or a complex assembly documentation. This information indicates
that there might be a possibility to integrate separate features into a uni�ed
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product. Negative indicators for AM include a large part size, very speci�c
material requirements or a high production volume. These are, on the other
hand, areas where AM machines are not competitive enough.

In the industry, change is often driven by necessity. Some industries have
already been impacted by AM. Often when radical shifts happen in an in-
dustry, all companies will have to adapt in order to remain competitive. As
an example, hearing aid inserts were traditionally investment cast based on a
solidi�ed wax model of the patient’s ear canal. Through a collaboration be-
tween two competitors (Siemens and Phonak) AM was explored and proved
to be a superior manufacturing method for this application [12]. In general,
a similar trend in manufacturing is dominant in the highly patient speci�c
medical industry.

The three di�erent levels of AM adoption should be considered when
considering manufacturing options for a product, be it a legacy product or
a completely new product. In direct part replacement, only the manufac-
turing process is changed from a traditional one to AM. This change can
already provide bene�ts as production steps can be avoided, material saved,
lead times reduced or storage space released. The attainable advantage is
highly dependant on the production volume, complexity, and the number of
manufacturing steps of the design. The a) column of Figure 3.5 shows a tra-
ditionally manufactured hydraulic block manifold with its design interfaces.
Directly changing the manufacturing method to AM, in this case, would re-
move the need for complex drilling. But as the block is quite massive the
material need would be high and the manufacturing time long, together with
the cost.

To move one step furthera single componentcan be adapted to AM.
The interfaces to other components still have to be taken into account and
thus the �t and function of the existing part have to remain unchanged in
the adapted version. Adapted designs with AM often aim for weight and
cost reductions and increased performance. Topology optimization is often
used to compute a better performing version of the part while maintaining
the de�ned interfaces in an assembly. The b) column of Figure 3.5 shows an
AM adapted version of the same hydraulic manifold. A 78 percent weight
reduction together with improved 
ow characteristics was possible to achieve
while still keeping the same component interfaces.

The ultimate step to take is to designthe whole productfor AM from the
very beginning. The functionality of the product can be designed to exploit
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as many AM opportunities as possible. When surrounding interfaces can
be minimized, or completely removed, radically new designs come possible.
Topology optimization can be used in the starting phases as a form inspi-
ration tool, and later to perfect product functionality. Shape-, functional-,
hierarchical- and material complexity are all explored to develop novel ways
to achieve functionality. The c) column of Figure 3.5 presents the manifold
designed for AM.

Figure 3.5: The three levels of AM adoption through an example component.
a) conventional design b) design adapted for AM and c) designed for AM [7].

In the design of the AM elevator button, the interest is in the actual work-

ow of the design process, and in the actual solutions that will emerge. The
previous paragraphs have concentrated mostly on AM design strategy: the
di�erent levels of AM adoption and how AM applications can be identi�ed.
Next, the focus is on the design process itself. How the form and function of
a component or product should change to bene�t from AM? What would be
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the ideal design process for AM?

A few research papers have attempted to answer these questions through
case studies. H�allgren et al. [13] di�erentiate adesigner drivenand aprocess
driven design process for AM adaptation. Vayre et al. [31] focus on the
design process itself and recommend a speci�c work
ow. Atzeni et al. [3]
have taken a small airplane landing gear assembly as an AM redesign case.
This study together with [4] have also evaluated costs related to AM in com-
parison to traditional methods.

On the abstract level, all of these studies follow and highlight the DfAM
principle of identifying and using as many AM bene�ts as possible. Design
processes have variation depending on the level of AM adaption, the case,
and the design focus. Nevertheless, every process commonly starts with the
identi�cation of the shape, interfaces, and functionality of thedesign space.
This space constitutes the volume where material can be added. Interfaces
of the design space with the surrounding parts and environment are called
interface volumes. This division is the initial speci�cation of the product.
For AM adaption the geometrical interfaces include the restricting interfaces
with other components. For AM designed products these include for example
the interfaces with the user or where two or more bodies of di�erent func-
tion integrate. As an example, the interface volumes with other assembly
components in the case of an airplane landing gear are highlighted orange in
Figure 3.6 [3].

The next step of the design process is to explore AM possibilities for the
given speci�cation and its subproblems. In addition to shape- and function
restrictions the initial speci�cation has to take into account the operating
and environmental forces, stresses and vibration. The designer needs to ask
the question: Which geometry and features would ful�ll the given speci�ca-
tion in that environment? At this point, the design opportunities discussed
earlier are relevant and might help in the identi�cation of possible solutions.
The use of shape complexity, consolidation of parts, internal mechanisms
or material complexity could be the answer to a certain subproblem. The
exploration phase requires some level of ingenuity and liberality from the
designer. The openness of the requirements often leads to a very high if not
in�nite number of di�erent viable solutions. The "best" AM solution to any
subproblem might be very di�erent in terms of geometry and function com-
pared to traditional solutions. The number of options and the lack of prior
reference makes the job of the designer rather hard. The process is ambigu-
ous at best. For this reason, the use of topology optimization software or
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Figure 3.6: Recognition oflocked or unchangeabledesign interfaces for an
airplane landing gear AM adaption [3].

other generative methods to computea pool of viable geometries is advisable.

H�allgren et al. [13] divide the AM possibility exploration phase to two
classes: process-drivenand designer-driven. The process-driven approach
utilizes the previously mentioned way of using topology optimization or sim-
ulations to come up with viable shapes and geometries. The designer-driven
approach leans on the the knowledge and experience of the designer instead.
The geometry is manually created by the designer. The use of this approach
requires that the designer knows about the e�ects of the AM method in
question. For example what implications does the design have on the build
orientation, support structures, internal stresses during printing, or surface
quality? The designer-driven approach is more labor-intensive and requires
multiple rounds of iteration and validation. The process-driven approach is
based on computational FEM simulations and is thus faster and more accu-
rate by default. On the other, hand the designer-driven approach can result
in solutions that no algorithm could have "thought of". The development
of AI-assisted design software will eventually reduce the gap between human
designers and computational designers.
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3.5 Constraints

Even though AM is marketed with clauses, such ascomplexity is free or
the next industrial revolution, it certainly is not free from design or manu-
facturing constraints. The constraints still exist but a�ect new areas. The
principles behind di�erent technologies produce e�ects that need to be taken
into account for the products to succeed.

The design and manufacturing constraints are often dependent on the
technology and even the characteristics of a speci�c AM machine. In addi-
tion, material availability and properties have their e�ect on constraints as
well. As with any other manufacturing method, the designer needs to be
familiar with the technology to attain desirable results. A level of familiarity
can be achieved by studying the technology, but most often it happens via
trial and error. This is why it is not unusual for machine manufacturers and
service providers to have introduced design guidelines or rules to support de-
sign work for AM. Most often these rules de�ne minimum wall thicknesses,
detail resolutions, clearances, print orientations, and ways to minimize sup-
port structures of the components.

Following the aforementioned design rules normally guarantees a success-
ful print. However, producing components to strict speci�cation has higher
requirements. The resolution and accuracy of the machine could limit the
implementation of some features and design solutions. For direct digital
manufacturing, the repeatability of the machine is crucial, especially where
tight functional tolerances apply. The standardized material and test data is
often insu�cient or not available. In addition, there are not enough industry
examples to assure designers for AM implementation.

In addition to physical design constraints, digital constraints exist as well.
The design process for AM is heavily software-oriented. Di�erent cases and
objectives require a speci�c program for realization. There are numerous
interfaces where the 3D geometry needs to be converted into another format
and passed for the next software. At these intersections, the parametricity
of a design is normally lost. The amount of import-export steps is signi�cant
and accounts for a fair slice of the designers time. This is well visible in a
process chart (Figure 3.7) for a topology or lattice optimized AM design. If
the design space or interfaces for the design change, the whole process has to
start from the beginning. Similarly, the design cycle between di�erent opti-
mization options always requires a new analysis to be run. Standardization
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and implementation work is in progress for design guidelines and a �le for-
mat that would better support the needs of AM. The replacement candidate
for STL, the Additive Manufacturing File Format (AMF) would have native
support for color, materials, textures, and lattices structures.
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Figure 3.7: The digital work
ow of a topology or lattice optimized AM design
process. Flowchart adapted from [13].
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