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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 redefined
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 specification.

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 identified. 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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Lisdéavien valmistusmenetelmien teknologinen kehitys vaikuttaa enenevissé
méadrin sithen, miten fyysisid tuotteita valmistetaan. Visuaalisten- sekéd pika-
mallien tulostuksesta ollaan siirtyméssa lopputuotteiden suoraan valmistukseen.
Geometristen rajoitusten vahyys luo kiinnostavia mahdollisuuksia uusien ja
olemassa olevien tuotteiden suunnittelussa. Uudet radikaalit ja uraauurtavat
tuotteet ovat jo médrittéineet uudelleen kokonaisia toimialoja.

Téamén diplomityon kdytdnnon osuudessa suunnittellaan hissin nappikonstruktio
taysin uusiksi lisddvien valmistusmenetelmien nékokulmasta. Tyo tarjoaa myos
kirjallisen lapileikkauksen lisddviin valmistusteknologioihin seké kayttokohteisiin.
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teessa alkuperdiseen. Kaikkia vaatimuksia ei kuitenkaan saatu taytettyé. Proses-
sin aikana tunnistettiin tarve systemaattisemmalle materiaali- sekd valmistuspro-
sessivalinnalle. Téastéd huolimatta lisddavét valmistusmenetelmét todettiin vakavas-
ti otettavaksi vaihtoehdoksi matalan volyymin muovituotteiden valmistuksessa.
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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 first 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
field 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-effectiveness 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 significant design modifications before
competitive solutions are achieved. However, when the identification and the
following product development work is successful, superior products can po-
tentially redefine whole market segments. This effect was first demonstrated
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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 identified 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 simplified 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 different 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 first
chapter, Additive Manufacturing, is the general background of the whole field.
It is a look into the current technologies and how their specific 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: FElevator 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. The Testing chapter provides an overview of the im-
plemented mechanical tests and their results.

The final design for the button assembly is presented and evaluated in
the Results chapter. Finally, everything is concluded in the Summary and
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Discussion chapter which briefly summarizes the different AM technologies
and design considerations and then discusses the results of this thesis in the
context of the whole additive manufacturing field.



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 via material shaping. Three different basic principles of material
shaping exist that can be either utilized separately or in combination with
each other. [16]

The first of these shaping methods is called subtractive shaping which
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 different 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 called additive shaping. 1t
is defined 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 specifically 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 different 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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ing. The Introduction chapter briefly presents the history and the current
terminology of the field. Next, the general principle of additive manufactur-
ing is introduced. Technologies and Materialssection collects the different
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 first 3D printer. A stereolithography machine invented by
Chuck Hull in 1983. The machine solidified 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
first AM machine shown in Figure 2.1. Similar patents for 3D fabrication
were filed almost simultaneously in Japan, France and in the US. After the
initial break, different technologies emerged very quickly and new companies
were established on the patents already during the 1980s. The initial use
of additive manufacturing was mainly for rapid prototyping and marketing
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purposes. [12]

Additive manufacturing (AM) has now gained the popular momentum as
the field-defining 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 as additive 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 efforts by
ISO/ASTM and the emergence of Design 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 field has expanded for hobbyists as the machine
costs have come down. A very viral maker movement has 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 multiple 3D 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 affordable 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 defined 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 first sliced to thin 2D sections. Raw material is first deposited
and then joined or bonded one thin layer at a time. Different technologies
mainly differ on how the raw material is distributed and bonded.

Volume Layers Print Time G Print Settings ~ Form 2, Clear V2, 0.05 mm

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 the layer thickness. If
the layer thickness is too high the object appears pixelated much like in a
low-resolution image. Layer thickness defines 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 finished object
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in comparison to the original 3D model file.

When objects are manufactured with AM and sliced to 2D sections the
print orientation can be freely defined 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 different
technologies.

2.3 Digital Workflow

Gibson et al. [12] categorize the different phases of digital and physical AM
process chain in 8 steps. The purely digital phases include 1. 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
different angles to form a 3D representation [29]. The scanned objects often
demand digital post-processing before being exported as STL files for the
actual print process.

The 3D model data, regardless of how it was obtained, is converted to a
format understandable by the specific 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 defines the layout of the object(s), print orientation and scale of the
object(s). Standardization work is underway for a replacement file 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 flow 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 file is now transferred
to the printer and the physical phases of the process can begin.

2.4 Technologies and Materials

The physical workflow of AM begins after the 3D design file has gone through
the digital process specific steps to prepare it for a print. Gibson et al. [12]
categorize the remaining phases of the process chain as 5. Build, 6. Part
Remowal 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 finished, 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-called green parts that require further
steps after the actual print process to finalize 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 finish, and aesthetics of the part.

The main difference between different technologies is how the deposition
and joining of material occurs. At this time there are seven AM categories
(Figure 2.3) identified 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].

ADDITIVE MANUFACTURING TECHNOLOGIES

I—V—V—‘—V—\

m ¢ A 6 A O 0

Material extrusion Vat photopolymerization  Powder bed fusion Material jetting Binder jetting Direct energy deposition  Sheet lamination

Figure 2.3: The 7 different AM technology categories. Image modified 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 briefly introduced. Then the focus is shifted on
its advantages and challenges. Finally, the practical design implications are
elaborated. The different technologies involve effects 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 include material extrusion, vat
polymerization, powder bed fusion and material jetting. They were identified
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 different technologies pose. An elevator button
has features and design areas with very different requirements. The face of
the button must be aesthetically pleasing. Also, the fine 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 fulfill
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 solidifies 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 called Fused 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 suffices for the plotter in combination with a z-direction
screw for the movement of the build platform. The nozzle usually doubles
as a liquefier chamber (heating element). A screw or a pinch roller system
is responsible for producing the necessary pressure to push the constant ma-
terial flow through the nozzle. More professional systems keep a constant
atmosphere and an elevated temperature in the build space to ensure stable
material solidification. Printers targeted for home use are mostly open sys-
tems that only heat the build bed and use overhead fans for sufficient 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 filaments is also possible.

The layer thickness of material extrusion methods is generally around
0.1mm or slightly finer which, for design features smaller than a few mil-
limeters, is already too coarse. Button features such as snap-fits or springs
fall under this size group. Depending on the print direction slightly concave
or convex topologies suffer the layering- or stair stepping-effect. 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 finish of extruded parts is generally not sufficient for end-products.
The weakness of the parts perpendicular to the print direction affect 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 beneficial 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: Different technologies, materials, and machine manufacturers
available within material extrusion, vat polymerization, and powder bed fu-
sion technologies. Image modified 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 solidified) 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 first 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 solidified. 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].

Laser beam Lenses X-Y scanning mirror
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Figure 2.6: Stereolithography process [2].

Three different approaches for the polymerization exist (Figure 2.5 mid-
dle column). The main difference is how the curing laser is administered on
the surface. Stereolithography (SLA) methods cure a path in the liquid with
a laser. In comparison, the mask 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 processing method utilizes an oxygen inhibitor layer
to prevent material solidification 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 offer 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 finished 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 final 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-specific 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 is pow-
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 fine powder
form. The material is selectively fused using a thermal source such as a
laser or an electron beam to build the final object as illustrated in the Fig-
ure 2.7. The build space is filled 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
effects. Technologies such as Selective 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 differ 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 filled with printable parts not just
the base of the build platform. Optimization of print volume and unit cost
is possible through deliberate stacking or nesting 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 finishing.
Mechanical properties are not fully isotropic with SLS and some directional
differences exist but the effect 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 different grades and mixtures of
polyamide (nylon). Different additives such as aluminum, glass or mineral
fiber 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 beneficial 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 efficiency 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 difference
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 solidifies 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]

Support material

Build material B

—— Inkjet print head
Build material A

UV curing lamp

Built part

Part support structure Yy \
' .
) )
] \ v Z Build platform

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: Different technologies, materials, and machine manufacturers
available within material jetting, binder jetting, direct energy deposition,
and sheet lamination technologies. Image modified from [1].

different 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
different materials and in some cases dynamic blends are possible. Current
combinations make it possible to dynamically alter part translucency, stiff-
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. Different 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
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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 to powder
bed fusion where a pool of material powder is selectively sintered layer-by-
layer to form the final 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 finished. 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 finish 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 as laser
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.

Wire feed Electron beam

Deposit

Figure 2.11: Electron beam freeform fabrication [1].

2.4.7 Sheet Lamination

A sheet lamination method called Laminated 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 first edition of LOM utilized a CO, laser to cut 2D
cross-sections from paper sheets. Different approaches of sheet lamination
may differ 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 final parts is generally poor. Different
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 field of professions and was geographically concen-
trated in Europe and America. [25]
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Figure 2.13: Applications of 3D Printing from a 2016 survey State of 3D
Printing by Sculpteo [25]. Selection of multiple categories was possible for
the participants of the survey.

During the development of AM, different 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 example Rapid 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 finished product as the
set-up time for a new product is minimal. Unit costs are fairly low and fixed
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
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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-effective 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-effective compared to injection
molding. There has to be some speed advances in AM technology for the
cost-effectiveness 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 benefits of a pure AM supply chain. Especially when produc-
tion volumes are increased, traditional methods are, at the moment, the
most economic. Different 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-
efits.

2.5.1 Rapid Prototyping

Producing prototypes and mockups with AM is referred as Rapid 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 fix 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 final 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 final 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 term Rapid 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 beneficial 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 different versions of the same products. It is also used as the final
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 finish 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 of conformal
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. Terms Rapid
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 to Mass Customization which is a product cus-
tomization principle normally based on the modularity and interchangeability
of product segments. A modifiable 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 effect and can often reduce the number of components in an
assembly. Both principles meet the just-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 simplified. [6]



Chapter 3

Design for Additive
Manufacturing

Design for AM is very different when compared to design for conventional
manufacturing methods. AM allows a higher degree of complexity in the
design. Manufacturing cost is not as tightly influenced 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
differ considerably from traditional methods and offer interesting new design
opportunities to be explored.

The following chapter will introduce the concept of Design for Additive
Manufacturing (DfAM) together with different possibilities of AM for prod-
uct design. The computational approach to material layout optimization,
topology optimization, is briefly introduced. The chapter Design Strategy
and Process with AM elaborates the different levels how AM can be adapted
to product design. A few design examples are presented. Finally, the Con-
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 workflow 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 difficulties and cost [12].

DfMA is an umbrella architecture that includes many sublevel guidelines
for more specific 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 DIMA 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 DIMA 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 difference 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 AM design opportunities as 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, different 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 to consolidate multiple 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 affects all of the three abstract opportunity levels is com-
plexity, or more specifically, shape complezity. 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 be consolidated 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 fly. 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 specific regions.

The opportunity of hierarchical complexity makes 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 specific locations.
On the next size level, the mesoscale, material space can be filled 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 the voronoi foam structure
in Figure 3.2. The density of the foam structure in the Moomin character was
defined 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 stiff and lightweight structures. The fine 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. Traditionally Computer 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 first proposed by Bendsoe and Kicuchi
in the late 80s [34].

Sizing, topology, and shape optimization are all structural design prob-
lems. In sizing problems, optimal thicknesses or cross-sections of profiles 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
deflection 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 stiffness 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 fluid flow 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 stiffness matrix of the given load case [5].
A simple 2D result of such an optimization is illustrated in Figure 3.3.

)2
L

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].
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The optimizer algorithm works on the basis of a design space. This space
defines the allowable volumes for material addition or removal. This space
also takes into account areas where fixed 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 definition. After the design space is set loads, bound-
ary conditions and constraints are 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 different load cases which take into account the chang-
ing directions, magnitudes, and combinations of forces.

A classic topology optimization routine aims to generate a stiff structure in
the design space by minimizing compliance (the objective function). It is an
iterative loop that first computes the displacements of the material density
with the finite element method. Then it calculates the compliance of the
design and how well it was affected 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 differential equations that are solved using the finite 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 filtering is needed to alleviate problems arising from the com-
putational methods. The optimization can lead to regions where solid and
void spots alternate. This effect is called the checkerboard 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 different 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 benefits from more light AM adaptations. Sometimes ben-
efits 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 strategy is used only the process advantages of
AM are utilized. This approach simplifies the complex manufacturing chain
but the product design stays unchanged. Only when a function-driven de-
sign strategy is 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 is adaptation for AM. The design of a component
is changed to benefit from AM but the interfaces to other components are
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kept the same. [7]
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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 benefit
from the change to AM. The original designer of a component or a product
is the expert of its fit 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 benefit areas. Leutenecker et al. [20]
have used four easily memorable category clusters together with industrial
case studies to demonstrate AM potential. These categories are integrated
design, individualization, lightweight design and efficient design. This makes
it easier for the engineers to recognize benefit areas and to transfer working
AM solutions from other fields 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 unified
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product. Negative indicators for AM include a large part size, very specific
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
solidified 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 specific
medical industry.

The three different 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 benefits 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 further a single component can be adapted to AM.
The interfaces to other components still have to be taken into account and
thus the fit 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 defined 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 flow characteristics was possible to achieve
while still keeping the same component interfaces.

The ultimate step to take is to design the whole product for 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 ¢) column of Figure 3.5 presents the manifold
designed for AM.

a) Conventional Design, mass 4.6 kg b) Adapted for AM, mass 1.0 kg c) Designed for AM, mass 0.4 kg

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-
flow of the design process, and in the actual solutions that will emerge. The
previous paragraphs have concentrated mostly on AM design strategy: the
different levels of AM adoption and how AM applications can be identified.
Next, the focus is on the design process itself. How the form and function of
a component or product should change to benefit 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. Héllgren et al. [13] differentiate a designer driven and a process
driven design process for AM adaptation. Vayre et al. [31] focus on the
design process itself and recommend a specific workflow. 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 benefits 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
identification of the shape, interfaces, and functionality of the design 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 specification 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 different 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 specification and its subproblems. In addition to shape- and function
restrictions the initial specification 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 fulfill the given specifica-
tion in that environment? At this point, the design opportunities discussed
earlier are relevant and might help in the identification 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
infinite number of different viable solutions. The "best” AM solution to any
subproblem might be very different 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 of locked or unchangeable design interfaces for an
airplane landing gear AM adaption [3].

other generative methods to compute a pool of viable geometries is advisable.

Héllgren et al. [13] divide the AM possibility exploration phase to two
classes: process-driven and 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 effects 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 Al-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 as complexity is free or
the next industrial revolution, it certainly is not free from design or manu-
facturing constraints. The constraints still exist but affect new areas. The
principles behind different technologies produce effects 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 specific AM machine. In addi-
tion, material availability and properties have their effect 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 define 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 specification 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 insufficient 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. Different cases and
objectives require a specific 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 significant
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 different 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 file 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.



41

MANUFACTURING

DESIGN FOR ADDITIVE

CHAPTER 3.

AL A AL AL R A £ RS A LA £ A4 84 AR A AL R A AL LR R RS SRR AR

(s)awnjon
CREITIEINT
UILIM S30BpNs 31y
01 83uUBMo|[e PpY

Ammmmm s mEmm gy
sucnesado

Buijapow pijos
Buisn soeds

ugisep mespay

yssw yloows

—

o

oN

¢parowss
aq suoddns
pue 1apmod ue)

uonesedsid
1uud

aziwndo ‘anjog

aoeds udisap
O UOKINPal SWN|OAY, m
10 ssauyns xew “dAy H
‘eu23u3 uoigeziwndo auyag

uonoziwndo ABojodoj

Suunpeuew aenwis = aapds

suollpuca Alepunog 2J0ds

soeds sdepisiul

pue speo| auyaqg ESLIENT]

13 @oeds udisap
H aulap pue 133jag

£a.e UDN38s
-X SSNJ} 8|qeleA SELIS1LID 3A|0S *
Yum aziwndo Jo [ PUE |ELIBIEW J08[8S
5538115 asAeue ‘y34 2opds UIYIIA 01 BIEp aderyoed
T ubisag 4315 voduw) 34 03Ul Lodw
—— uoIsusWIp * *
soeds _.n_”A 18P Y4IM g uenossxonns pue Alquasse 4315 Alquasse
W TEaads uonesado ueajoog s RS sE E1ED (7D d31S se elep
uSisap podx3 @) uSisap yodx3
ulqIm
Jlou
saeds udisep 01 swnjon soeds :m_umnn. ToToe tm“ﬂ |00} uone.edsid Ajqussse GrEETy OGS usisap wu_tM,
¢ S % =
s2epis1UI ppe/ulor Yum uonelsdo pue szis 'sdAl  ef— PIING Y 23 d31s se exep J5o160 MEE e 1o ,_w;mN_Ez o
uesjoog 201118] 193]35 Biep 4315 Lodw| QD udisap uodxg S g ASojodo |

a2ipmifos gy

suonJsJIp oMl

122 3un

ur (|82 uun jo
uianed ajeal)

le—

sanie| udisaq

[s)awnjon soepisiul
pue awnjon aoeds
uSisep o1l Led sping

L)
[epow gg
eap! ysnoy

aiomifos gy

ign

d AM desi

1mize

1ce opt

The digital workflow of a topology or latt
process. Flowchart adapted from [13].

Figure 3.7



Chapter 4

Elevator Button
Conceptualization

This chapter marks the beginning of the design part of the thesis. The
practical objective of the design part is to conceptualize, prototype and test
an elevator button assembly optimized for, and made with AM. The status
of AM technology is investigated to find out if it is currently possible to
manufacture an elevator button that would satisfy the industry specification
together with mechanical, chemical and aesthetic requirements. A higher ob-
jective is to find solutions that would surpass the traditionally manufactured
button in functionality and cost.

The actual case for the design part is a so-called Jumbo button. It is
a larger, duplicate button in the elevator car. The normal vertical button
layout with small buttons can be hard to operate for people with limited
reach, visual impairment or a wheelchair. To increase elevator accessibility,
an additional button panel with larger buttons can be installed in the eleva-
tor car. The layout of this extra panel is horizontal instead of vertical and
slightly inclined from the wall. A traditionally manufactured disassembled
Jumbo button design is shown in Figure 4.1.

The visible part of the button consists of the active part and the frame, or
button base, which is installed through a hole in a panel and fastened in place.
The floor number and braille markings for the visually impaired are located
in the active part. The active part is required to move slightly inwards and
back out when operated to give the user tactile feedback. A light ring is illu-
minated upon activation. A small microchip with a push switch and LEDs
is fastened into the button base. A cable is connected to the microchip that
relays the activation information forward to the upper logic. Buttons inside

42
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Figure 4.1: A traditionally manufactured elevator button disassembled.
Components from left to right: a faceplate and spring package glued on
the backside, an externally threaded base with the circuit board glued, an
offset collar, and the fastening nut.

elevator cars are called car control devices. Buttons in floors to call elevators
are referred as landing control devices.

A traditional button design consists of several, most often injection molded,
plastic parts that are sourced from multiple manufacturers. Most of the parts
are standard bulk parts but the button markings change. There are thou-
sands of customized surface markings differentiated by applications, target
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countries, and region-specific requirements. This causes the first problem for
traditional manufacturing. Every time a new button face is introduced a
custom injection molding tool is needed for production. Thus the one-time
cost, as well as the lead time, is high because the manufacturing of the tool
can often take weeks.

The second problem or a challenge arises from the fact that in the elevator
maintenance business the lead time from a spare part order to delivery needs
to happen in a 24-hour window. The volumes of more specialized buttons
range in only hundreds per year. To meet the 24-hour service requirement,
in a fluctuating demand, an excess stock has to be constantly kept in the
warehouse.

Direct AM production could solve both of these problems. Introducing
new customized parts into the catalog would not cause any extra expenses
or lead times as no new tooling is needed. The production volumes ranging
in a few hundred could be easily realized with AM. The required stock in
the warehouse could be scaled down considerably for the 24-hour spare part
service, in the best case scenario to zero if the printing speed would allow a
perfect on-demand service pipeline. This would greatly simplify the sourcing
networks involved, reduce logistics and provide material and energy savings.

However, before all of these benefits are acquired, the AM part quality
must first meet the industry-, regulative- and user standards. Mechanical,
chemical and aesthetic properties of the 3D printed products have not yet
reached their traditionally manufactured equivalents. This is especially true
with plastic parts and their attainable surface finish.

The first section of this chapter, the Design Process, will abstract and gen-
eralize the elevator button and its requirements. The design process itself
is briefly presented. The industry specifications and regulations for eleva-
tor buttons are introduced in the next section: Requirements and Standards.
The following Concepts section is divided into subsections. These subsections
present the conceptualization of the different button functionality areas. The
different subconcepts are combined as the final concept in the Concept As-
sembly section.
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4.1 Design Process

Traditional design work, as well as design for AM, are both processes that
pursue a goal immersed in an environment of requirements and limitations.
To be able to design an elevator button it first needs to be defined. In fact,
a physical button is just one solution to the design case that the elevator
environment presents. It acts as a control interface between the user and the
elevator. The textual design abstraction for this case could be for example:

There exists a user-operable element that controls the elevator actions, is
self-explanatory, gives feedback on activation and reports the activation for-
ward for the upper logic.

The goal is to come up with a solution to this abstracted sentence. The
abstraction can be further divided into sub-categories such as user element,
activation or system architecture. In the ideation phase, existing solutions
and all the requirements and limitations should be consciously forgotten. It
is favorable to be as imaginative as possible and to come up with a wide
variety of solution candidates.

The interface with the user could be based on voice instead, it could be a
touchscreen instead of buttons or gesture-based. The elevator could be con-
trolled via a cell phone, augmented reality glasses, or even a brain implant.
The operation of the elevator could be continuous so that there would not
be a need to choose a floor in the first place.

The ideation phase is followed by idea screening where the bulk of ideas
are further filtered into concept candidates through requirements and limi-
tations. The design of an elevator and its accessories is highly standardized.
For the development of this thesis, the user element (button), activation
style (tactile) and the elevator system architecture were all pre-defined. The
design is thus idealistically and physically restricted. In addition, this the-
sis explores the use of AM for the manufacturing of this product. This all
sounds rather discouraging from the innovation point-of-view. Luckily AM,
as a manufacturing method gives a high degree of freedom in combining re-
sourceful features into a unified final design. With shape complexity, the
physical volume can be still explored freely for innovative solutions. AM
possibilities should be maximized in this design space.

The following concept evaluation and testing cycles are essentially problem-
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solving processes. Concept candidates are evaluated against the requirements
and tested for adequate functionality. The design work follows the designer-
driven approach presented earlier in chapter 3. This method was evaluated
more suitable for the initial identification of design possibilities with AM.
Computer generated solutions would be an option but these are, at the mo-
ment, only capable of producing solutions for alternative shapes and topolo-
gies. The design goals for the button are more complex than that. Due to
time limitations, only one assembled button concept candidate was taken
further for mechanical testing. Further product development would include
ranking multiple concepts for final selection. The selected concept would go
forward to the detailed design phase, iterative optimization, and eventually
ramp-up for production.

The interfaces of the traditional button design, in this design case, were
not altered. These include the interfaces caused by the physical human inter-
action and the mechanical surroundings of the button and the PCB board.
In addition to these form and function requirements, there are several spec-
ifications and industry-specific requirements that the elevator buttons must
meet. These requirements are presented in the following chapter.

4.2 Requirements and Standards

An elevator is, at the moment, a vertical transport vehicle that facilitates
floor to floor movement in buildings. The end user spectrum of elevators is
very broad. For elderly, people with reduced mobility, wheelchairs or other
disabilities an elevator might be the only way to access parts of a multi-story
building. Accessibility is defined as a design of products, services or environ-
ments for people with disabilities. For an elevator, this is not an option but
a requirement. For that reason, it is not surprising that the design of eleva-
tors and control devices is globally and regionally standardized by different
accessibility codes and standards.

In Europe, the accessibility standard EN81-70 defines the requirements
but is often replaced with regional standards. In the US, ADA 1996 (Amer-
icans with Disabilities Act) and elevator safety code A17.1 created by the
industry provide the necessary documentation for elevator design. Regional
differences are high. The newer ADA code (2004) exists but is not officially
approved. Even cities can have their own codes and the final authority is
given to regional inspectors who can interpret the codes differently. Some
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Australian and Asian standards stand out with higher requirements than
the European and US standards. A collection of requirements for the Jumbo
button are listed in Figure 4.2. The accessibility standards determine the
dimensions and functional operation of the button. A rigid operation and
a clear visual appearance ensure a good user experience. In addition, the
button must be mechanically stable in the planned use environment.

Jumbo button requirements Requirement Specified In
Accessibility requirements
Minimum dimension of active part 50 x 50 mm or diameter of 50 mm EN 81-70 Annex B
Identification of active part Visual (contrast) and by touch (protruded) EN 81-70(5.1.2.)
Identification of face plate Luminance contrast to surroundings EN 81-70(5.1.2)
Operating force 2,5t05,0N EN 81-70
Operating feedback Movement and mechanical feedback EN 81-70
Button movement From 0.5to 3.0 mm AS1735.12-1999, Australia
Registration feedback Visible and audible signal EN 81-70(5.1.3.)
Height of symbol 25 to 40 mm located on the active part EN 81-70 Annex B
Symbol In relief, luminance contrast to the background EN 81-70(5.1.2)
Height of relief of active part and symbol |1.0 mm recommended EN 81-70

User Experience

Durability of markings Markings should stay visible during the whole lifetime of the button
Safety Sharp edges are to be avoided

Cleaning Shapes must be easy to keep clean

Illumination Even illumination, no spots

Allergenic materials Nickel, chromium, cobalt and natural/synthetic rubber not to be used
Vertical movement of the active part Steady, no swinging

Activation location Button activates no matter what part of the face plate is pushed

Mechanical Design

The construction must endure high static loads and sudden impacts from

Toughness of construction
& different directions

Installation Installation to the elevator panel without tools
Friction and sharp objects (e.g. keys) Construction tolerates presses with sharp objects
No obstrusive components Pressel must not get stuck into button base in case of fracture
Unwanted objects All gaps small enough to prevent unwanted objects
Assembly and function Clearances and tolerances
Fastening to the elevator panel Rigid fastening, impact resistant, and no noticeable swinging
Testing

Cycle test (lifetime) Repeated operation, spring durability
Static force test 500N
Impact test 2J, 1 kg, radius of 10 mm, height 20 cm (EN 81-71:2005+A1:2006)
Wear test Abrasion

Materials
Operating temperature 0-40°C
Climatic conditions Heat, temperature changes, humidity
Hygroscopic materials Materials that absorb water should be avoided
Chemical resistance Resistance to common cleaning chemicals
Particles in abrasion Materials are not allowed to pulverize when two surfaces are rubbing each other
UV resistance No degratation due to UV light during planned lifetime
IP class 1P20, no finger access inside, dry location

Figure 4.2: Requirements for button design based on different standards and
user experience targets.
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The button action should be self-explanatory through the symbol and the
arrangement on the panel. In the case of Jumbo buttons, symbols have to
protrude at least 1 mm. People with visual impairment should be able to
locate the buttons by touch and distinguish the markings. If braille mark-
ings are added, they should comply with the ISO 17049 standard. The codes
require a good contrast between the symbols, the button face, and between
the button and its surroundings. Further and more detailed requirements
are embedded into the following chapters where different concept areas will
be explored.

4.3 Concepts

This chapter presents the practical design work done for the thesis. The
elevator button was first divided into different subconcept areas. Solutions
to these areas were conceptualized to fill the requirements presented in Fig-
ure 4.2. These are based on the current industry specifications and user
experience targets. The visualization in Figure 4.3 was implemented to help
the conceptualization process. It attempts to gather the requirements as
a visual package. The idea is to provide only the necessary interfaces and
requirements that the final concept must satisfy. The surrounding physical
interfaces of the elevator panel and the PCB board are illustrated.

AM as a manufacturing method presents some novel opportunities in
terms of attainable shape complexity. The possibility of shape complexity is
transmitted to hierarchical-, material-, and functional complexities. These
opportunity categories were presented earlier in chapter 3.2 Design Opportu-
nities. The objective of the design part is to explore these AM opportunities
within the button design space (Figure 4.3) and to maximize product func-
tionality. Due to the increased design freedom with AM, different shapes
and features of the whole design can be explored separately. This enabled
the conceptualization process to be divided into smaller, more manageable
subconcepts. The division of subconcepts was based on functional similarity.
In addition, dimensional and user experience requirements were considered
simultaneously.

The practical design work was partly inspired by the research papers and
thoughts presented in the Chapter: Design Strateqy and Process with AM.
The design part of the thesis is mainly focused on the early concept genera-
tion phase of product development. Within each subconcept area, solutions
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Figure 4.3: The microchip, switch and the panel installation hole provide the
physical limits for the design. The protruded symbol on the active part is
required to move 0.5 to 3.0 mm relative to the microchip and activate the
switch. The switch interface is colored in yellow, the PCB interface in green
and the panel interface in red. The blue volume denotes the available design
space.

to the given requirements are explored. The main focus is on design oppor-
tunities with AM. The design workflow was highly empiric. Functionality of
features and feasibility of AM processes were tested with various prototypes
and experiments.

The following sections will present the different subconcept areas that
were experimented with and iterated during the design process. These are
Contrast and [llumination, Fastening, and Spring Functionality. Each chap-
ter will start by introducing the requirements and physical interfaces that
affect the conceptualization of that specific area. Different opportunity areas
of AM are discussed. Finally, the subconcepts are unified into an assembled
button concept introduced in the chapter Concept Assembly.
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4.3.1 Contrast and Illumination

The accessibility standard requires that buttons are easily recognized by per-
sons with visual impairment. The button has to stand out from the elevator
panel and the symbol from the button face. The standard defines a greyscale
contrast difference for these boundaries when the setup is non-illuminated.
The circuit board placed under the faceplate has LEDs to provide the visual
feedback signal when the button is activated. Light from these LEDs has to
propagate and illuminate a part of the button that is visible to the user. The
standards do not specify the location of the light feedback in more detail.
Traditionally, the ring surrounding the active part of the button has illumi-
nated.

The contrast requirement may sound trivial but it is one of the most
restricting requirements for the button in terms of the whole construction.
The contrast and illumination requirements are essentially requirements for
the materials. In an optimal design, the whole button would be printed as
a single process. The contrast difference, on the other hand, either requires
multiple parts, multiple materials, or multiple surface finishes. Similarly, the
illumination can be controlled with multiple parts, multiple materials, or se-
lective placement of thinner walls in the design.

The following experiments aim for an understanding of the optical prop-
erties of certain AM processes and materials. The propagation, diffraction,
and scattering of light between boundary layers were studied. Small internal
and external features were experimented with to see how they affect light
propagation. The underlying objective of these experiments was to find non-
traditional solutions for the contrast and illumination requirements and to
provide new opportunities for product design.

Both the contrast and illumination requirements can be achieved by com-
bining two parts with different properties. First, AM technologies able to
print on transparent or translucent plastic were identified. SLA and ma-
terial jetting technologies can provide near transparent objects on a very
high resolution. These technologies even permit the manufacturing of lenses.
FDM and SLS have material options that are translucent with thin wall
thicknesses. Material jetting is the only technology that can provide a multi-
material print as a single process.
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To get familiar with the light propagation and scattering properties, sam-
ples were printed on Formlabs Form 2 printer and their clear photopolymer
material. The layer thickness was kept at 0.05 mm. Initial prints included
a hemicylinder and a light pipe structure shown in Figure 4.4 a) and b).
Refractive properties of the material were found to be surprisingly good. A
near total internal reflection occurred on the flat surface of the hemicylinder.
Irregularities and voids in the structure caused the light to scatter slightly.
In this design, light propagation was found to be good, on a short distance,
if the angle of the light pipe was less than 45 degrees and the length of the
edge was more than or equal to 5 mm.

a) b)

Figure 4.4: a) A hemicylinder for refractive index experiments and b) a sam-
ple with differing cross sectional areas and angles to test light propagation.

Next, a 0.5 mm laser cut stainless steel plate was placed on top of a
translucent 3D printed faceplate (Figure 4.5 a)). A clearance of 0.2 mm on
each side allowed the plate to fit on top of the embossed symbols. Small
snap-fit structures in the rims turned out to be too small to print. Instead,
instant adhesive was used to secure the parts. A clear print material allowed
symbols as well as the base to illuminate on activation (Figure 4.5 b)). The
problem was that individual LED spots were clearly visible through the sym-
bol. An internal structure or a less permeable material would be necessary to
diffuse light evenly. A miniature sample of a car rear light cover (Figure 4.5
c)) provided inspiration for printed structures that could diffuse light. This
was initially tested by covering a surface with small 2 mm diameter hemi-
spheres (Figure 4.5 d)). Improved diffusion was achieved by stacking these
surfaces and increasing the distance between them. A structure, such as this,
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a)

c)

Figure 4.5: a) A button assembly printed with Form 2 translucent photopoly-
mer, b) the same assembly installed and illuminated, ¢) a varnish coated
stereolithography sample for increased translucency and UV resistance (with
supports attached), and d) a plate covered with small hemispheres to increase
light diffusion.

could be embedded inside the faceplate structure.

One possibility to achieve the required contrast and illumination is through
a solidification of a liquid material that is impermeable to light. The recess on
the faceplate provides a pool for the liquid to level. As the liquid solidifies
the embossed symbols stick out from the solid surface. The liquid mate-
rial could be a colored two component epoxy. This trick would fill contrast
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requirements and achieve a hard, smooth and chemically resistant surface.
A common problem with translucent AM materials at the moment is their
poor mechanical properties and brittleness. By minimizing the translucent
material the structure could be optimized for rough impacts while the clear
cavities would still create the optical features.

Internal light scattering was experimented with to test if it is possible to
produce numbers or symbols inside a translucent material using only light.
Numbers from one to three were inserted inside a stack of translucent plates
(Figure 4.6 a)). Rhinoceros and Grasshopper were utilized to sample fonts
into a grid of modifiable 3D shapes. Example implementation and the re-
sulting shapes are shown in Figure 4.6 ¢) and d). With boolean cut, these
shapes were turned to void volumes inside the plates in Creo. The first void
structures in the samples were spheres with a diameter of 1 mm. These
failed to print with SLA. Liquid resin got caught inside the spheres and the
structure turned out completely solid. No scattering could be recognized.
In a further trial bigger dimensions and different shape geometries were ex-
perimented with. The number one was printed with void shapes of spheres,
oblique cylinders, and cones. This time a small clearance was inserted be-
tween two plates for liquid resin to escape (Figure 4.6 b)) providing a slightly
improved result.

4.3.2 Fastening

The design case includes three different fastening interfaces. The buttons are
installed through openings on elevator panels. This interface will be referred
to as the panel interface. The panels are usually 1.5 to 3 mm thick stainless
steel. The button function requires two entities that move relative to one
and other to operate the switch. This interface is referred to as the faceplate
interface. These entities must be fastened or somehow geometrically locked
but allow motion in one direction. Design of the spring functionality has
to be taken into account in the design of this fastening solution. The third
interface is the circuit board interface between these two entities. The dimen-
sions and installation surfaces of the circuit board are fixed. Empty space
is required for components, a switch, and a connector. The circuit board
will have to be installed into the assembly. This requires either an opening,
to slide the board on place, separate parts that will be fastened around the
circuit board, or a pick and place process during 3D printing.

From the functionality point-of-view, the fastening solutions should be
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Figure 4.6: Tests for internal light scattering: a) numbers 1,2, and 3 embed-
ded into a stack of disks as small sphere cavities and b) internal illumination
with different cavity geometries. These modifiable structures were made with
Rhinoceros and the Grasshopper plugin. ¢) A number was routed through an
image sampler and and equivalently spaced grid was created and filled with
modifiable 3D shapes depending on the contrast of the image. d) Tilted
cylinders as a result of a sampled number ”8”.

mechanically rigid, free of play, and enable both installation and disassembly
without tools. This chapter studied these design goals in combination with
the AM opportunities. AM allows functional features to be embedded more
easily into the surrounding structures and multiple functional features to be
combined as a single part. Complex features and even mechanisms can be
embedded into the same print. Objective of the following experiments was
to find a solution to all of the different fastening requirements, preferably
within a single part.
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The conceptualization of the different fastening solutions started with the
circuit board interface. The board has three slots on the perimeter to fix the
axial orientation. The leftmost part in Figure 4.7 was the initial idea for an
overhead installation. Small guide pins align with the slots on the circuit
board. A recess and a hole were provided for the components and the con-
nector on the underside of the board. This arrangement, however, leaves one
degree of freedom. The board can still buckle upwards. A locking feature is
necessary for a rigid installation. Snap-fit structures, a rotational bayonet,
or an internal locking mechanism would be the solutions to lock the board in
place. In addition, with the overhead installation, the faceplate would have
to be either a separate part or include some kind of a mechanism to allow
the circuit board installation.

Figure 4.7: First prototypes for circuit board and faceplate installation. On
the left: A circuit board bed with installation guides and an opening for
the connector. In the middle: A concept for a side installation with and
internal groove for the circuit board. On the right: A faceplate with small
radial installation guides.

A second option for the board installation is from the side, through an
opening on the button base as can be seen in the middle of Figure 4.7. A
side installation would allow the faceplate and the base of the button to be
printed in a single part. Similarly to the overhead option, a groove with
alignment pins would fix the board in place. The space requirements for this
setup were considerably higher. To a degree that would interfere with the
design of other features. For this reason, the concept was not taken further.

A third option exists but was not prototyped: a rear installation. This
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direction provides some advantages over the other options and should have
been prototyped in the beginning. There are no obtrusive structures or
components on the back side. This way the whole button assembly could
be printed as a single piece and the space reservation for the circuit board
would be minimal. This would require a mechanism to reduce clearances
when installed.

The panel interface is usually an opening through which buttons are in-
stalled, although some surface mounted solutions exist. The button assembly
will have to fit through the opening from one side and tightly lock in place
after the installation procedure. Both the geometry of the opening and the
fastening mechanism can be freely explored. The geometry of the opening
should allow the installation of the button only in the correct orientation.
Possibilities for the fastening mechanism include threads and a nut, a rota-
tional bayonet, snap-fit structures, flexible material, and an embedded mech-
anism. A general objective for the fastening solutions is to integrate fastening
features to other components, and ease the installation. The installation, in
the best case scenario, would be tool free in both directions.

A laser cut 2 mm stainless steel installation plate was ordered to verify
the operation of concept prototypes for the panel fastening (Figure 4.8 a)).
A radial snap-fit structure was chosen as a candidate for this fastening in-
terface. 8 snap-fit arms lock the button base in place. A section view of the
snap-fit geometry is shown in Figure 4.8 d). The installed button is shown
in Figure 4.8 e). Disassembly of the button is possible with a disassembly
tool shown in Figure 4.8 ¢). The geometry should be altered so that no tools
are needed.

The requirement for the faceplate interface is that the movement between
the two entities activates the switch on the circuit board. Only translation
in this direction is allowed. Other degrees of freedom should be eliminated.
When pushed the faceplate is dampened and reverted back to original posi-
tion by spring elements of some kind. The spring functionality concepts will
be explored in the next section.

The switch activation movement requires the surrounding geometry to
enclose the faceplate. Possibilities include a bayonet style groove, openings
for snap-fits, an internal mechanism, or directly exploiting flexible material
properties. After installation, the rotation of the plate and the symbol can-
not change. Clearances are necessary for smooth movement but should be
minimized to prevent play and users from pushing sharp objects between
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d)

Figure 4.8: Prototypes for the panel fastening interface: a) a stainless steel
installation plate, b) an assembled button from the rear, c) a disassembly
tool, d) a side view of the radial snap-fits, and e) an installed button.

parts.

Snap-fits were again used for fastening. Four snap-fit arms in the face-
plate extend through openings in the button base, as seen in Figure 4.9 a)
and b). Compressed lever arms expand after the openings and secure the
faceplate in place. The spring elements hold the assembly static. This solu-
tion works well but leaves less space for the spring elements. In addition, as
the lever arms extend through the structure but cannot cross with the circuit
board, the installation hole on the panel needs to be wider. The lever arms
also obstruct free propagation of light inside the structure. The openings
cause some rotational play in the assembly but with small enough clearances
the effects are negligible in use.

Inspired by the even activation of keyboard buttons an internal scissor
mechanism was sketched but never prototyped. For future consideration,
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Figure 4.9: a) The faceplate is installed through the openings in b) the
button base part.

the idea would be worth looking into. If a mechanism behaving similarly was
possible to print as a single piece, it would enhance the touch of the button
significantly. The faceplate in previously mentioned concepts had a tendency
to swing from side to side if a push was not centered.

4.3.3 Spring Functionality

For the operation of the button, the standards require an operating force
between 2.5 to 5.0N, button movement between 0.5 and 3.0mm and a clear
tactile feedback. Movement is required to be uniform despite eccentric ac-
tivation. The active part should return to initial position after activation.
Most of the operating force of a button is generated by the stiffness of the
electronic switch itself but springs are necessary to revert the faceplate back
to original position. They also contribute in suspension of sudden impacts
and excessive force. The springs need to retain these properties for millions
of press cycles, throughout the lifetime of the component.

These requirements limit the choice of material of the spring element(s).
The material has to be highly elastic, durable and impact resistant. The de-
sign, location and working principle of the spring element(s) however can be
freely explored. Based on the function of the product, there are certainly two
entities that move relative to one and other. The spring element(s) can be
integrated to either one of these entities or be independent. The entities can
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consists of the same part and material if the material itself allows a partial
relative movement in the structure.

The following experiments and prototypes explore the structural and ma-
terial properties of 3D printed springs. The main objective is to fulfill the
button specification requirements. The secondary objective is to explore new
AM possibilities. The desired spring functionality could be achieved in many
ways. For example by using flexible metastructures, embedded mechanisms,
or carefully selected material thicknesses to flex the material itself. From the
user experience perspective, a uniform activation together with a constant
activation force is desirable and the side-to-side swinging of the faceplate
should be minimized. The prototyped solutions succeeded in functionality
and managed to consolidate multiple features into a single part. However,
these solutions were still fairly traditional and to meet the user experience
targets, more resourceful solutions should be explored.

Different spring geometries were first explored and modeled with Creo
(Figure 4.10 a), b), c), and d)). Springs with different parameters were
printed with Fortus 450mc, 0.127 mm layer height, and M30-ABS. Printing
springs with FDM is problematic because of the stair stepping effect and the
need for support structures under overhangs. Fortus 450mc utilizes a soluble
support material which makes it possible to print the springs in the first place
(Figure 4.11 a)). In comparison Figure 4.11 b) shows wave springs printed
with Ultimaker 3, 0.06 mm layer thickness, and flexible material. The stan-
dard setting on Ultimaker is that support structures are printed with the
same base material but with a hatched pattern. The removal of support
structures has left the surface very rough and fractured some of the samples.
Printing on a different orientation would help but with flexible parts the flex
direction will have to be perpendicular to the print orientation for maximum
durability. Figure 4.10 d) shows a faceplate where the flex direction of the
springs is perpendicular to the radial snap-fit lever arms. Parts, such as this,
do not perform well in all directions when printed with FDM.

A faceplate with integrated sinusoidal springs and snap-fits in Figure 4.11
c) was printed with a SLA printer Form 2, 0.05 layer thickness, and clear
material. The integrity of the material is better compared to FDM and layer
boundaries are not easily visible to the naked eye. The brittleness and non-
elasticity of the material turned out to be the problem. One of the springs
in the forefront has fractured. In addition, the springs did not revert fully to
their original position after numerous activation cycles.
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Figure 4.10: Different spring geometries: a) a parametric wave spring model
on Creo to test different geometry configurations, b) a wave spring embedded
onto the faceplate, ¢) embedded radial sinusoidal springs, d) sinusoidal radial
springs together with the faceplate installation snap-fits.

Figure 4.11: a) loose wave springs printed on FDM ABS-M30, b) wave
springs printed on Ultimaker 3, 0.06 mm layer thickness, and flexible PLA,
and c) a translucent faceplate with a broken spring element due to material
brittleness.
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Figure 4.12 a) demonstrates the flexibility of a part printed with PA2200
(nylon). In addition, the cyclic performance of nylon was found to be good
in testing. With thin walls and a flexible material, the movement of the face-
plate could be achieved in a single part. Together with a rear installation of
the circuit board one part could be eliminated from the assembly. A spring
functionality such as this was prototyped with a faceplate in Figure 4.12 b).
The material thickness was only 0.5 mm. Solid and relieved designs were
tested. Although the faceplate is a separate part the base could be easily
integrated to form a continuous structure. This solution could even enable
a highly IP protected button design. With higher resolution printers and
improved materials, it will become possible to affect material properties by
affecting the microscopic structures of the print as illustrated before in Fig-
ure 3.2.

a) b)

Figure 4.12: a) A flexible PA2200 (nylon) sample printed with EOS P395 and
0.1 mm layer height. b) a spring based on thin material thickness printed
on Fortus 450mc and M30-ABS.

4.4 Concept Assembly

The best performing subconcepts were unified into a final assembly presented
in Figure 4.13. The assembly comprises of 4 parts. The base part with radial
snap-fits for fastening to the signalization panel. The circuit board which
attaches to the base from the top. The faceplate that is pushed through
openings in the base and equally locks in place with snap-fits. Finally, a 0.5
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mm laser cut stainless steel plate is glued on top.

Figure 4.13: The exploded button assembly.

The assembly was found fully functional and it passed the activation and
the cycle tests which are presented in the next chapter. However, the assem-
bly failed to address some requirements. The contrast between the symbols
and the faceplate was not sufficient. Also, fastening of the PCB was not
rigid enough and a tool was needed to remove the button from the panel.
The response to pushes from the button edges was not satisfactory and the
impact durability of the construction was also found to be poor.

The concept assembly mainly addressed mechanical functionality and sta-
bility. The industrial design possibilities were, at this point, mostly left un-
explored. Once the mechanical requirements have been fulfilled, attention
should be diverted to visual design. Possibility for shape complexity with
AM can be utilized for design features that can affect the appearance and
user experience of the button. Very small production batches could be com-
pletely customized for user needs. This includes for example customized
shapes, fonts and surface textures. The haptic touch and feel of the but-
ton activation can be optimized for a superior user experience. Also, the
illumination of the button could be controlled with light pipes and internal
structures that affect light propagation and intensity.



CHAPTER 4. ELEVATOR BUTTON  CONCEPTUALIZATION 63

4.5 Process and Material Selection

Selecting a suitable AM process for manufacturing starts with an evaluation
for technical feasibility. Product-dependent properties and requirements can
oftentimes be translated to data and evaluated against machine specifica-
tions. Obviously, the part will need to fit the printing area and the resolu-
tion of the machine should be able to print the finest details of the design.
Dimensional accuracy of the machine in XY- and Z-direction is reviewed to
maintain product tolerances. For consumer products or parts with mechan-
ical contact, a fine surface quality is necessary. [12]

In addition to dimensional requirements, material suitability is consid-
ered when choosing an AM process. Material options are often machine
dependent and limitations exist depending on the AM process. Mechanical
properties such as tensile strength and modulus, impact strength, strain at
break, hardness and flexural strength are evaluated in contrast with the load
cases for the product. Other considerations include thermal and environmen-
tal properties and chemical resistance. For design purposes properties like
appearance, color and surface texture might be relevant.

The technical feasibility check is followed by production and cost anal-
ysis. That is, the ability of the AM processes to reach needed production
volumes, lead times and unit costs. These attributes are compared between
AM methods and traditional manufacturing. The production can be orga-
nized in-house or ordered from a subcontractor. AM processes include phases
that are often overlooked in decision making. Preparation of raw material,
machine warm-up and cool down, post-curing, support removal and post-
processing are phases that can significantly add up on cost and lead times.

4.5.1 Material Suitability

The material selection within AM technologies is still very limited. The
elevator button assembly is a fairly low-cost product and one of the main
objectives in the design is to minimize cost. Thus, the material should fulfill
the functional and design requirements while keeping the cost down. This
somewhat restricts the material options. As the material cost with metal
AM is high, different grades of plastic were explored. Two candidate mate-
rials were selected for further testing and evaluation. Some of the functional
and design requirements of the elevator button can be derived into material
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requirements. These are presented in the following paragraphs.

The specifications and standards only advice against the use of allergenic
materials, such as nickel, cobalt, chromium and natural or synthetic rubber
on the button surface. No requirements for overall mechanical or chemical
durability are stated other than for the durability of the braille markings.
However, manufacturers have compiled their own internal guidelines for the
design and testing of buttons. This empirical collection of good practice guar-
antees the quality, appearance, and operation of the buttons for their planned
lifetime. The following material requirements originate from these guidelines.

The button testing routines define the load cases the construction must
endure without damage nor disruption of functionality. These tests are pre-
sented in the following chapter in more detail. Briefly, the button must
withstand low cyclic loads, high static loads and sudden impacts. Elasticity,
sufficient strength, and impact resistance are required.

In general, all the button materials need to be environmentally stable.
Meaning that they retain dimensions and properties in changing tempera-
tures and humidity. For example, some plastics have a tendency to absorb
water and swell in humid conditions. This can result in excessive stress or
jamming of the active part into the button base. Mechanical properties might
be altered due to a higher water content.

The operable surfaces of buttons are pushed millions of times during the
lifetime of the product and this cyclic operation together with a changing
environment can cause micro fractures and eventually a fatigue failure. An
elastic material behavior is desirable and all structures that flex on operation
should fully revert to the original state after a force is removed.

The amount of abrasive wear on the button markings is high. A hard,
wear-resistand surface is important that the markings stay visible for the
lifetime of the button. Grease and dirt is transferred onto the surfaces from
fingers and the buttons are regularly cleaned with harsh cleaning chemicals.
This combination places high requirements on the design as well as the ma-
terial and rules out many low penetration surface finishes such as painting
or anodization.

Operating environment of an elevator button is not often in direct sun-
light. However, such instances are possible if the car walls or the door are
made of glass. As material requirements always come from the most demand-
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ing situation, the selected material has to be highly resistant to UV light.
The appearance and material properties cannot be changed by any amount
of exposure.

The feedback signal via illumination is a functional requirement that
transfers to either a material or a design requirement. Preferably the product
would be at least in part of a translucent material. The illumination effect
might be possible to achieve through careful optimization of wall thicknesses.

4.5.2 Optimization

Optimization procedures can be divided in two segments, product optimiza-
tion and process optimization. Product optimization is an iterative process
that aims to improve product performance, functionality, and appearance.
Process optimization aims for maximum efficiency in manufacturing. The
latter category includes optimization for build time, packing or nesting of
build volume, support structure minimization, and maximizing printability.
This chapter will showcase some practical examples that were implemented
in the design and discuss noteworthy areas of optimization that should be
acknowledged in all phases of product design.

The most important design driver for the button was functionality. This
proof-of-concept button assembly was iterated for dozens of rounds and
tested in between for functionality. Mainly this work included adjusting
clearances between moving parts and modifying geometry. The touch in-
terface and the snap-fits required constant adjustments. The geometry was
highly experimental. In addition, every AM technology has its own charac-
teristics for part clearances and printable geometries to be learned. With
hindsight, a more systematic and analytical way to design geometry should
be used. Simulations could be used to predict elasticity, stiffness, and impact
resistance of the structures.

The second design driver after functionality was cost. The manufactur-
ing cost with AM is determined by material costs, machine time, operator
cost, and the post-processing needs. These are mainly process optimization
considerations but they can be addressed with clever design as well. The
amount of material was iteratively reduced throughout the design process.
Another way to reduce material and cost is to minimize support structures
and hence post-processing needs. This varies with different AM technologies.
Machine time can be minimized by a favorable print orientation as shown in



CHAPTER 4. ELEVATOR BUTTON  CONCEPTUALIZATION 66

Print Settings  Form 2, Clear V2,005 mm  Volume Loyers 933 Print Time Printability Print Settings  Form 2, Clear V2,005 mm | Volume Layers Print Time | 212 Printability

Figure 4.14: The effect of print orientation on the build time and support
material with SLA. On the left: A build orientation optimized by the Pre-
Form software, volume: 15.28 ml, layers: 983, Print Time: 3 h 39 min. On
the right: volume: 14.84 ml, Layers: 425, Print Time: 2 h 22 min.

Figure 4.14. In general, the fewer the layers, the faster the build. However,
the build orientation affects the mechanical properties and surface finish of
the parts as well. Figure 4.14 shows two different print orientations for the
same part. The one on the right prints over an hour faster. However, the ori-
entation causes all underside flat surfaces to print with a poor surface quality.

With delicate design, support structures can be eliminated throughout
the part. A part structure that follows an organic growth can be printed as a
completely self-supporting structure. In practice, each AM technology that
prints with supports has a specific threshold angle which should be followed
in the design to minimize the need for supports. Often designs have manda-
tory features that can not be fully optimized. SLS, on the other hand, is
a self-supporting method with plastic and allows parts to be nested in the
whole print volume. Some AM technologies, such as FDM, produce very
anisotropic macrostructures and the build orientation can have serious im-
plications on mechanical properties and performance. With all technologies,
the best compromise between mechanical properties, surface finish, support
structures, and build time should be used.

Topology optimization is one way to increase the functional efficiency
of the product and reduce material costs. Figure 4.15 shows the resulting
organic structure from a simulation done in SolidThinking Inspire that max-
imized stiffness and minimized material usage. In the load case, a vertical
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Figure 4.15: Topology optimized versions of the traditional face plates
printed with Ultimaker 3, PLA (on the left) and Form 2, clear photopolymer
(on the right). An organic structure is a result of a simulation to support a
static load of 500N.

force of 500N was placed on the faceplate. The design volumes for the opti-
mization were copied from the example button shown in Figure 4.1. These
designs were printed on FDM (left) and SLA (right). Some fractures oc-
curred in the SLA print due to thin walls in the faceplate. This thickness
was increased for the FDM model. Taking into account all possible load cases
in a simulation is an art on itself and a subject for another thesis. The real
world is complex and load cases are rarely presented separately. A public
research report by VI'T [19] gives a nice overview and practical examples of
the topology optimization process for metal components. Similar principals
can be transferred to plastic designs as well.

The printability of designs can change between technologies. SLA with a
0.05 layer thickness can cope with features where FDM on 0.1 mm could fail
completely. A distinct difference between technologies is the way how internal
cavities can be printed. In powder bed technologies, removal of excess powder
is often desired and big enough escape holes have to be designed. Some FDM
machines have soluble support structures which allow more freedom. SLA
prints should be designed so that internal cavities are self-supporting. The
tree branch support structure (Figure 4.14) is near impossible to remove from
inside the part. In addition, small and tubular cavities might get clogged with
uncurable resin due to capillary effect and liquid cohesion.



Chapter 5

Testing

Some of the button specifications in the accessibility standard EN81-70 re-
quire testing for verification. Dimensional and design requirements are easily
verified by hand or by visual inspection but the operation feedback, mechani-
cal durability, and environmental aspects must be measured with specialized
instruments. Two different materials were tested for operation, cyclic acti-
vation, static load, and impact performance. This chapter presents the test
setup for each of these tests together with the results.

The material options were restricted to different grades of plastic due to
product cost requirements. Technologies that print on plastic include mate-
rial extrusion, powder bed fusion, vat polymerization and material jetting.
Two different AM technologies were selected, powder bed fusion and vat
polymerization. The powder bed fusion parts were ordered from a service
provider using an EOS EOSINT P395 (SLS) machine. The material was
PA2200 (Nylon). Vat polymerization parts were prepared with a Formlabs
Form2 printer and their clear photopolymer material. These two technolo-
gies give a nice overview of the design implications and the suitability of
these materials for end products. Material jetting was compensated with vat
polymerization due to the similarity of the material properties. The spring
structures for cyclic operation were not possible to produce with current ma-
terial extrusion methods.

5.1 Operating Force and Static Load Test

The operating force, movement and static load of the buttons were tested
with Lloyd Instruments LRX Plus materials testing machine. An activation
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force between 2.5 and 5 N is required with movement in a range from 0.5 mm
to 3 mm. The standard also requires a tangible feedback when the switch has
been activated. The static load test verifies if a button is suited for elevator
use and will remain intact for example if a heavy object leaned against it.

Three tests were conducted. The first test was a single activation test
where the force was increased to 30 N and then decreased back to zero. The
speed of movement was kept constant at 10 mm/min. The activation piece
was a metal shaft with a rubber tip of 15 mm diameter.

The following test was with 5 cycles, 0 to 10 N and the same 10 mm/min
speed. The idea was to see if a repeated activation changed the feedback of
the button.

The third test was a static force test. A centered force was increased to
500 N and kept for 2 seconds. Due to some buckling with a soft rubber head,
the activation piece was changed to a solid metal shaft with a convex tip of
15 mm diameter. The results of the tests are shown in Figure 5.1.

5.2 Cycle Test

The cycle test studies material fatigue, wear, and operation success for a
number of activations that corresponds to the whole estimated lifetime of a
button. A pneumatic test setup which continuously operates the buttons was
used together with a custom sheet metal installation plate for the buttons.
The piece that activates the buttons simulates a finger. On given intervals
a visual check and an operating force test was conducted to verify the func-
tionality of the button. At the same time it was also verified that there are
no structural changes due to fatigue or wear.

The first cycle test was implemented on 5 button assemblies printed with
Form 2 and on clear material. The spring structures under the face plates
were inspected at 80 000 cycles. Already after the first inspection, it was
clear that the material was not suitable for extensive cyclic use and the test
was terminated. Significant creep had occurred and the button touch was
already nonexistent. The results of the test together with a reference face-
plate can be seen in Figure 5.2.

The second test included 4 samples made with selective laser sintering
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Figure 5.1: Operating force test with a) one cycle and b) 5 cycles. Static
load tests with a maximum load of 500 N. ¢) with a circular steel shaft and
d) with a soft rubber cap.

Figure 5.2: Cycle test with Clear V2 and SLA
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and PA2200. This test ran for 1 000 000 cycles. The springs were inspected
and found intact at 100 000, 200 000, 500 000, and 1 000 000 cycles. A
test sample together with a reference faceplate can be seen in Figure 5.3 a)
and c). Creep of the springs was measured with a caliper and compared
to an average measured from untested samples. On average a reduction of
4.75 percent was found. Similarly, the height of the markings was measured
to see if abrasive wear had occurred. No clear indication of this could be
derived from the results. The movement of the faceplate had generated some
wear which could be seen in the snap-fit structures extending through the
base. The rear of the base was partly covered in fine polymer dust as seen
in Figure 5.3 b).

a)

Figure 5.3: Cycle test results on PA2200 after one million cycles. a) Refer-
ence on the left and test sample on the right b) Fine nylon dust on the rear
side of the base c¢) Test sample on the left and the reference on the right

5.3 Impact Test

The impact test together with the static load test gives a good estimation of
the overall mechanical durability of the button construction. The test setup
for the impact test is very simple. A 1kg steel cylinder is dropped from an
elevation of 20 cm onto the button face and the kinetic energy transferred
on impact is roughly 2 joules. The sample button should resist the impact
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with no damage and endure a normal operation after the test.

The SLA test subject shattered on impact. The result can be seen in
Figure 5.4. The fracture on the faceplate seems to have originated from the
lower right edge of the numbering. The base part remained intact. This
button was designed with radial shelves that would relay the energy to the
button base and the panel instead of the underlying switch on the circuit
board. This particular sample, however, had close to zero extension down-
wards which made the impact time shorter. The Formlabs clear material is
brittle and shatters easily on impact. Designing an impact resistant button
with this material is challenging. Extended button face movement together
with additional springs could solve the design problem. These additional
springs could be placed so that they damp movement only after the face is
pressed further from the normal operational limit. The circuit board switch
is a silicone nib that can slightly extend the normal limits without damage.

Figure 5.4: Impact test on Formlabs Clear

The second impact test was done on a selective laser sintered PA2200
sample. The design of the button base was slightly modified. The radial
shelves, that would transfer the impact energy to the button base instead
of the circuit board, were moved from the outer edge towards the centre.
The reason for this change was that the button activation was not possible
from the outer edges in the original design. Moving the shelves closer to the
center allowed the plate to swing slightly and improved the touch. However,
due to the new location of the shelves and thin walls in the central areas of
the button base, the impact pierced through the base. The faceplate was
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also fractured even though not as violently as with the SLA sample. Both
fractures occurred around sharp boundaries. The results can be seen in Fig-

ure 5.5.

a)

P——

b)

Figure 5.5: Impact test results on PA2200. Column a): a fractured faceplate,
front and back. Column b): a fractured base, front and back
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Results

The final button assembly was compiled from the best performing subcon-
cepts presented in Chapter 4. Different material combinations of the final
assemblies are collected in Figure 6.1. With the clear photopolymer, a vivid
illumination through the markings and the collar was achieved. A white
PA2200 faceplate is slightly translucent and produces a gradient illumina-
tion effect together with a clear base. Both, the contrast and illumination
requirements, were satisfied only with a clear base and a colored faceplate.
Clear faceplate together with the stainless steel pressel did not provide a
sufficient contrast.

A combination of a clear base with a PA2200 faceplate satisfied all de-
sign requirements shown in Figure 4.2. In addition, almost all functional
requirements were met. Operating force was found between 2.5 and 5.0 N
with a clear tactile feedback. Static load test passed. The cycle endurance
of PA2200 was satisfactory with only a 4.75 percent reduction in suspension
travel after one million cycles. Impact test failed but was due to flaws in the
design. These test results were presented in the preceding chapter.

Further testing for the assembly would include environmental, chemical,
and UV tests. Some of this data is already available. In the case of nylon,
humidity and temperature changes should not have a significant effect on the
mechanical properties. Equivalent knowledge for the clear photopolymer is
not yet available. Generally, UV resistance of SLA prints is known to be poor.
A protective surface treatment would be necessary if these parts would be
utilized in the final product. The Formlabs Form 2 printer and its standard
materials are not designed for rapid manufacturing applications. Better ma-
chine and material options exist and those should be systematically analyzed.
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Figure 6.1: The final elevator button assembly in different material combi-
nations. a) a PA2200 base colored black with a clear faceplate, b) a PA2200
base colored black with an untreated white PA2200 faceplate, c¢) a clear
base with an untreated white PA2200 faceplate, d), e), f) forementioned
assemblies illuminated in the same order.

As a proof-of-concept product for AM, the assembly fulfilled its objective.
The functional performance of the product gives confidence that direct plastic
manufacturing with AM is a feasible option. The resulting design managed
to consolidate parts and the button functionality into a smaller envelope at a
very competitive overall cost. For a more refined solution, the product would
still require further optimization to achieve better overall performance and
quality. Problems in the current design include the swinging of the active
part with eccentric pushes, clearances between the springs and the base and
the unintended play between component interfaces. Also, users could easily
pry open or break the assembly if they so desired. A more detailed account
on the AM material suitability remains to be tested. There will certainly be
challenges related to the materials and their resistance to abrasion, cleaning
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chemicals, and impacts.

The lack of an extensive design exploration and prototyping was identi-
fied as one of the design flaws in the process as the resulting solutions were
very traditional. The increased geometrical freedom of AM should be ex-
ploited further and more ingenious ways of designing the same functionality
should be prototyped and tested. The button functionality, when manufac-
tured with AM methods, can potentially outperform traditional products if
more time and resources are put into the design.



Chapter 7

Summary and Discussion

The main practical objective of the thesis was to explore novel design possi-
bilities with AM for an elevator button assembly. Ideas were prototyped and
a concept assembly was produced and tested for functionality. The design for
the elevator button assembly was evaluated in the preceding chapter. Based
on this brief case study, the utilization of AM in the direct manufacturing
of an elevator button assembly is indeed possible and it could potentially
simplify the overall assembly, installation, maintenance and supply chain op-
erations. Even the price was found competitive and the expenses of AM
are estimated to decrease in the future. Another goal was to evaluate the
suitability of different AM processes for end-use production of the button.
Fused deposition modeling, stereolithography, selective laser sintering, and
material jetting were initially selected as promising AM processes because of
their cost-effective material options.

This chapter commences with a brief summary of these AM processes,
their available materials, and the different design considerations that were
identified in the practical design work. Next, different constraint areas, that
currently complicate the design process for AM, are collected together. The
thesis is concluded with a more general discussion on the whole AM field and
its direction in the future.

The fused deposition modeling (FDM) process is mainly used in the rapid
manufacturing of jigs and fixtures. A good collection of production-grade
material options exists and the process is easy to integrate into production
environments. However, print quality and surface finish, without costly post-
processing, restrict the use of the technology for functional products because
of the stair-stepping effects and material anisotropy. Without any techno-
logical innovations, it is hard to see FDM to take further flight in rapid
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manufacturing applications.

With the stereolithography (SLA) process a high level of geometrical com-
plexity is possible. Both, detail resolution and surface finish of the printed
objects are on a very good level. Material selection is currently limited to
engineered photopolymers, so-called simulated materials which often have
inferior material properties compared to their simulated counterparts, and
deteriorate in prolonged UV exposure. Still, this technology has some promis-
ing advancements with the continuous processes that can provide tenfold
improvements in print speed together with a better material microstructure.
Work is underway to modify the chemical structure of resins for a wider
material catalog and to improve their mechanical properties [30]. Machine
and material providers are in a healthy technological competition which will
advance the technology and bring both, machine and material costs down.

The selective laser sintering (SLS) is a process that scales well with vol-
ume. For plastic materials the process is self-supporting and, in contrast
to other technologies, the whole build volume of the machine can be nested
with parts. Currently, plastic material options are restricted to polyamide,
polyamide mixtures and polystyrene. Mechanical properties of the compo-
nents are very good although the process generates a slightly porous struc-
ture. Resolution and surface finish of the parts are inferior to SLA. The
process is best for producing small, customized parts in masses. Despite the
manual work in excavation and cleaning of the finished products, SLS is cur-
rently the most cost-effective way to produce parts in higher volumes.

The material jetting process has emerged as an interesting technology for
functionally graded components. The nature of the process limits the ma-
terial selection to a handful of polymers and waxes. Multiple materials and
pigments can be blended to achieve dynamic coloring and varying material
properties within a single print. In addition, material jetting provides the
best detail resolution of the considered technologies. The same problem ex-
ists as with stereolithography, however, that parts do not remain stable in
prolonged UV exposure. Nonetheless, material jetting is a technology which
has intriguing possibilities. Combining alternating material properties with
electronic conductivity would allow fully functional electromechanical prod-
ucts to be printed as a single process. In addition, some experiments have
been made where structures have been printed on top of existing components
[28]. However, extensive research will still have to be done before commercial
applications are possible.
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The design and development work for an AM version of an elevator but-
ton assembly was not found to be streamlined. Multiple areas were identified
that restrict the design work. These areas can be broadly categorized under
availability of data, experience, and software.

AM technology is new and the knowledge and available engineering data
on the machines and materials have not yet accumulated. Material data and
functional test results are often lacking. Reliable information, to base deci-
sions on, is the backbone of engineering. New experiments and pilot products
are often driven by inspiration from existing examples. Currently the indus-
trial cases, where AM has been adopted for end-product manufacturing, are
very scattered, case-specific, and interdisciplinary. It takes courage from the
management, and the engineers, to start novel projects with no guarantee of
end results.

This brings us to the second restricting area, experience. The design
process for AM is somewhat different compared to the traditional design
pipeline. Before, manufacturing restrictions have provided a natural limita-
tion for the designs. Suddenly these well-known restrictions have changed
completely. The increased geometrical freedom with AM provides countless
possibilities, none of which have been evaluated or tested before. Traditional
design work in companies is supported by the vast heritage of design in the
form of design guidelines, training, collaborations, and silent knowledge. For
AM, however, this heritage is just starting to build up.

The final problematic area of AM is the software. The AM design pipeline
is very demanding on the software and often different design areas require
a specific program. Engineering accuracy and modeling of complex freeform
geometries are not, in general, found in the same software package. File
types are not standardized and model parametricity is usually lost between
export-import steps. As the AM design process itself is more open, it would
merit some software automation to support the designer. Virtual testing of
mechanical structures through FEM simulation works very well, but only if
the material is homogeneous and the load cases and material interactions
are simple enough. Even though progress has been made, computational
simulation tools are not yet capable of predicting accurately the behavior of
AM produced, layered structures. Combining design interfaces, generative
shape creation, product restrictions, and FEM simulation in the same soft-
ware would streamline the design process considerably.

These three constraint areas together, are amplified in a vicious cycle.



CHAPTER 7. SUMMARY AND DISCUSSION 80

Inadequate information combined with a lack of practical experience on a
myriad of software refusing to discuss with each other. Luckily all of the
mentioned problems are resolved by technological developments and by the
passage of time. As the AM technology continues to mature, the amount
of information and experience is also accumulated. The user interfaces and
features of the software are modified to fit the new practicalities in the design
work.

Currently, the AM field is driven forward by aerospace, medical, and auto-
motive industries that utilize mainly metal AM for the production of end-use
components. Medical AM adaptations include some plastic manufacturing
applications, such as hearing aids and dental guides. The justification for an
AM adoption with these industries is most often only indirectly cost-driven.
The whole supply chain is considered. AM adoption achieves functional supe-
riority, and in turn a competitive edge for the company. The improvement in
functionality, compared to traditionally manufactured products, is achieved
via a weight reduction, customer customization, or increased product perfor-
mance. The technological advancements in print speed, print quality, mate-
rials, and design software will increase the performance and cost-effectiveness
of both metal and plastic AM technologies in the near future. Design pro-
cesses are simplified with the emergence of Al-assisted design software. The
number of AM applications increases constantly and accumulates knowledge
within research organizations and companies.

The Gartner hype cycle for emerging technologies is one way to get insight
how new technologies are entering the mainstream and what technologies and
trends are currently emphasized in the media. The most recent publicly avail-
able hype cycle for 3D printing is presented in Figure 7.1. As of 2015, 3D
printing for prototyping, hearing devices, and 3D printing service providers,
among the others, were advancing into mainstream adoption. 3D printing in
manufacturing, consumer 3D printing, and industrial 3D printing were still
labeled as 5 to 10 years from mainstream adoption.

As of 2016, the additive manufacturing field was valued at 5.165 billion
dollars with a growth rate of 25.9 percent [33] yearly. Both, the techno-
logical and the economic development of additive manufacturing have made
it an attractive alternative to, or a companion with, traditional manufac-
turing methods. Cost of AM production will be reduced every year due to
increased demand, supply, and competition. At the moment many materi-
als are machine-specific and thus material prices can be freely adjusted by
their providers. This will likely change as the number of third-party material
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Figure 7.1: Gartner’s hype cycle for 3D printing from 2015 [26].

providers is growing, as is the customer demand for more tailored materials.

Figure 7.2 categorizes the different areas that affect and are affected by
the AM implementation in companies. The thesis focused mainly on AM
technologies and Design for AM. To study the AM supply chain- and sys-
tems of operation- categories further, a larger case study, possibly with a
pilot product, would be beneficial. Finally, the AM strategy- and organiza-
tional change- categories are goals to be set on a higher level. If AM is agreed
upon as an implementation area, changes in the strategy, budgeting, and or-
ganizational structure might be necessary. This can be achieved with small
steps. For example by incorporating a small and flexible AM task force inside
the company to identify AM applications together with different teams, help
with the design process and to provide information related to AM. It is left
decided on the higher level what competencies are relevant to keep inside the
company and what can be outsourced.

Some companies have chosen a more aggressive and active approach with
their AM strategy. The American multi-industry company GE has invested
billions of dollars in AM. In addition, they have acquired two AM machine
manufacturers, Arcam and Concept Laser. This is an ambitious endeavor to
set up an in-house AM manufacturing environment to support the produc-
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Figure 7.2: Different areas that affect and are to be taken into account in
the implementation of AM [22].

tion of airplane components in higher volumes [11].

The results of this brief case study and the movement in the manufactur-
ing sector support the argument that AM will have to be taken seriously as
a direct manufacturing method, even with low-cost plastic products. How-
ever, the product suitability for an AM redesign has to be evaluated case by
case based on product volumes, AM opportunities, and interpolated business
benefits.

Companies, at this point, should act accordingly and start the prepara-
tions to adapt their company structure and internal competencies to support
AM. Insufficient understanding of AM and design principles is said to limit
the penetration of the whole field and preventing the use of AM for end-use
parts [29]. Possibilities are not only linked to new products. A countless
number of potential AM business cases can be found in the legacy products,
maintenance, and spare parts businesses.
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A 99 line topology optimization code written in Matlab

0. Sigmund

Abstract The paper presents a compact Matlab im-
plementation of a topology optimization code for com-
pliance minimization of statically loaded structures. The
total number of Matlab input lines is 99 including opti-
mizer and Finite Element subroutine. The 99 lines are
divided into 36 lines for the main program, 12 lines for the
Optimality Criteria based optimizer, 16 lines for a mesh-
independency filter and 35 lines for the finite element
code. In fact, excluding comment lines and lines associ-
ated with output and finite element analysis, it is shown
that only 49 Matlab input lines are required for solving
a well-posed topology optimization problem. By adding
three additional lines, the program can solve problems
with multiple load cases. The code is intended for edu-
cational purposes. The complete Matlab code is given in
the Appendix and can be down-loaded from the web-site
http://www.topopt.dtu.dk.

Key words topology optimization, education, optimal-
ity criteria, world-wide web, Matlab code

1
Introduction

The Matlab code presented in this paper is intended
for engineering education. Students and newcomers to
the field of topology optimization can down-load the
code from the web-page http://www.topopt.dtu.dk.
The code may be used in courses in structural optimiza-
tion where students may be assigned to do extensions
such as multiple load-cases, alternative mesh-independ-
ency schemes, passive areas, etc. Another possibility is to
use the program to develop students’ intuition for optimal
design. Advanced students may be asked to guess the op-
timal topology for given boundary condition and volume

Received October 22, 1999
O. Sigmund

Department of Solid Mechanics, Building 404, Technical Uni-
versity of Denmark, DK-2800 Lyngby, Denmark
e-mail: sigmund@fam.dtu.dk

fraction and then the program shows the correct optimal
topology for comparison.

In theliterature, one can find a multitude of approaches
for the solving of topology optimization problems. In the
original paper Bendsge and Kikuchi (1988) a so-called
microstructure or homogenization based approach was
used, based on studies of existence of solutions.

The homogenization based approach has been adopted
in many papers but has the disadvantage that the deter-
mination and evaluation of optimal microstructures and
their orientations is cumbersome if not unresolved (for
noncompliance problems) and furthermore, the resulting
structures cannot be built since no definite length-scale
is associated with the microstructures. However, the ho-
mogenization approach to topology optimization is still
important in the sense that it can provide bounds on the
theoretical performance of structures.

An alternative approach to topology optimization is
the so-called “power-law approach” or SIMP approach
(Solid Isotropic Material with Penalization) (Bendsge
1989; Zhou and Rozvany 1991; Mlejnek 1992). Here, ma-
terial properties are assumed constant within each elem-
ent used to discretize the design domain and the variables
are the element relative densities. The material proper-
ties are modelled as the relative material density raised
to some power times the material properties of solid ma-
terial. This approach has been criticized since it was ar-
gued that no physical material exists with properties de-
scribed by the power-law interpolation. However, a recent
paper by Bendsge and Sigmund (1999) proved that the
power-law approach is physically permissible as long as
simple conditions on the power are satisfied (e.g. p >3
for Poisson’s ratio equal to %) To ensure existence of so-
lutions, the power-law approach must be combined with
a perimeter constraint, a gradient constraint or with fil-
tering techniques (see Sigmund and Petersson 1998, for
an overview). The power-law approach to topology op-
timization has been applied to problems with multiple
constraints, multiple physics and multiple materials.

Whereas the solution of the above mentioned ap-
proaches is based on mathematical programming tech-
niques and continuous design variables, a number of pa-
pers have appeared on solving the topology optimization
problem as an integer problem. Beckers (1999) success-
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fully solved large-scale compliance minimization prob-
lems using a dual-approach but other approaches based
on genetic algorithms or other semi-random approaches
require thousands of function evaluations even for small
number of elements and must be considered impractical.

Apart from above mentioned approaches, which all
solve well defined problems (e.g. minimization of com-
pliance) a number of heuristic or intuition based ap-
proaches have been shown to decrease compliance or
other objective functions. Among these methods are so-
called evolutionary design methods (see e.g. Xie and
Steven 1997; Baumgartner et al. 1992). Apart from be-
ing very easy to understand and implement (at least
for the compliance minimization case), the main moti-
vation for the evolutionary approaches seems to be that
mathematically based or continuous variable approaches
“involve some complex calculus operations and mathe-
matical programming” (citation from Li et al. 1999) and
they contain “mathematical methods of some complex-
ity” (citation from Zhao et al. 1998) whereas the evo-
lutionary approach “takes advantage of powerful com-
puting technology and intuitive concepts of evolution
processes in nature” (citation from Li et al. 1999). Two
things can be argued against this. First, the evolutionary
approaches become complicated themselves, once more
complex objectives than compliance minimization are
considered and second, as shown in this paper, the “math-
ematically based” approaches for compliance minimiza-
tion are simple to implement as well and are compu-
tationally equally efficient. Furthermore, mathematical
programming based methods can easily be extended to
other non-compliance objectives such as non-self-adjoint
and multiphysics problems and to problems with multiple
constraints (e.g. Sigmund 1999). Extensions of the evolu-
tionary approach to such cases seem more questionable.

The complete Matlab code is given in the Appendix.
The remainder of the paper consists of definition and
discussion of the optimization problem (Sect.2), com-
ments about the Matlab implementation (Sect. 3) fol-
lowed by a discussion of extensions (Sect. 4) and a conclu-
sion (Sect. 5).

2

The topology optimization problem

A number of simplifications are introduced to simplify the
Matlab code. First, the design domain is assumed to be
rectangular and discretized by square finite elements. In
this way, the numbering of elements and nodes is simple
(column by column starting in the upper left corner) and
the aspect ratio of the structure is given by the ratio of
elements in the horizontal (nelx) and the vertical direc-
tion (nely).!

! Names in type-writer style refer to Matlab variable names
that differ from the obvious (see the Matlab code in the
Appendix)
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A topology optimization problem based on the power-
law approach, where the objective is to minimize compli-
ance can be written as

N
min: c(x) = UTKU = Z(xe)p ul ko u,
V(x)

subject to: Vo = f

e=1

KU=F

0<Xmin§x§1
1)

where U and F are the global displacement and force
vectors, respectively, K is the global stiffness matrix, u.
and k. are the element displacement vector and stiffness
matrix, respectively, x is the vector of design variables,
Xmin 18 & vector of minimum relative densities (non-zero
to avoid singularity), N (= nelx x nely) is the number
of elements used to discretize the design domain, p is the
penalization power (typically p = 3), V(x) and V} is the
material volume and design domain volume, respectively
and f (volfrac) is the prescribed volume fraction.

The optimization problem (1) could be solved using
several different approaches such as Optimality Criteria
(OC) methods, Sequential Linear Programming (SLP)
methods or the Method of Moving Asymptotes (MMA by
Svanberg 1987) and others. For simplicity, we will here
use a standard OC-method.

Following Bendsge (1995) a heuristic updating scheme
for the design variables can be formulated as

new —
€
max(:rmin, Te — m)

if meBg S max(xmina Te — m) )

z.B]

if  max(zmin, Te —m) < BT <min(1l,z. + m),

min(1l,z. + m)
if min(1,z. + m) <z.BY,

2)
where m (move) is a positive move-limit, n (=1/2) is
a numerical damping coefficient and B, is found from the
optimality condition as

dc
Oz,
A@V ’
Oz,

B, =

®3)

where ) is a Lagrangian multiplier that can be found by
a bi-sectioning algorithm.
The sensitivity of the objective function is found as
Jc
0re

—p(z)P tul ko u, . (4)
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For more details on the derivation and implementation of
the optimality criteria method, the reader is referred to
the literature (e.g. Bendsge 1995).

In order to ensure existence of solutions to the top-
ology optimization problem (1), some sort of restriction
on the resulting design must be introduced (see Sigmund
and Petersson 1998, for an overview). Here we use a fil-
tering technique (Sigmund 1994, 1997). It must be em-
phasized that this filter has not yet been proven to en-
sure existence of solutions, but numerous applications
by the author have proven the the filter produces mesh-
independent designs in practice.

The mesh-independency filter works by modifying the
element sensitivities as follows:

e 1 S Oc
v Hy
f=1

The convolution operator (weight factor) Hy is written as

ﬁf = Tin — dist(e, f),

{f € N |dist(e, f) < rmin}, e=1,...,N, (6)
where the operator dist(e, f) is defined as the distance be-
tween centre of element e and centre of element f. The
convolution operator H ¢ is zero outside the filter area.
The convolution operator decays linearly with the dis-
tance from element f. Instead of the original sensitivities
(4), the modified sensitivities (5) are used in the Optimal-
ity Criteria update (3).

3
Matlab implementation

The Matlab code (see the Appendix), is built up as a stan-
dard topology optimization code. The main program is
called from the Matlab prompt by the line

top(nelx,nely,volfrac,penal,rmin)

where nelx and nely are the number of elements in the
horizontal and vertical directions, respectively, volfrac
is the volume fraction, penal is the penalization power
and rmin is the filter size (divided by element size). Other
variables as well as boundary conditions are defined in
the Matlab code itself and can be edited if needed. For
each iteration in the topology optimization loop, the code
generates a picture of the current density distribution.
Figure 1 shows the resulting density distribution obtained
by the code given in the Appendix called with the input
line

top(60,20,0.5,3.0,1.5)
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Fig. 1 Topology optimization of the MBB-beam. Top: full
design domain, middle: half design domain with symmetry
boundary conditions and bottom: resulting topology opti-
mized beam (both halves)

The default boundary conditions correspond to half of the
“MBB-beam” (Fig. 1). The load is applied vertically in
the upper left corner and there is symmetric boundary
conditions along the left edge and the structure is sup-
ported horizontally in the lower right corner.

Important details of the Matlab code are discussed in
the following subsections.

31
Main program (lines 1-36)

The main program (lines 1-36) starts by distributing the
material evenly in the design domain (line 4). After some
other initializations, the main loop starts with a call to
the Finite Element subroutine (line 12) which returns the
displacement vector U. Since the element stiffness matrix
for solid material is the same for all elements, the elem-
ent stiffness matrix subroutine is called only once (line
14). Following this, a loop over all elements (lines 16—
24) determines objective function and sensitivities (4).
The variables n1 and n2 denote upper left and right
element node numbers in global node numbers and are
used to extract the element displacement vector Ue from
the global displacement vector U. The sensitivity analy-
sis is followed by a call to the mesh-independency filter
(line 26) and the Optimality Criteria optimizer (line 28).
The current compliance as well as other parameters are
printed by lines 30-33 and the resulting density distri-
bution is plotted (line 35). The main loop is terminated
if the change in design variables (change determined in
line 30) is less than 1 percent?. Otherwise above steps are
repeated.

2 this is a rather “sloppy” convergence criterion and could
be decreased if needed
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3.2
Optimality criteria based optimizer (lines 37-48)

The updated design variables are found by the opti-
mizer (lines 37-48). Knowing that the material volume
(sum(sum(xnew))) is a monotonously decreasing func-
tion of the Lagrange multiplier (1ag), the value of the
Lagrangian multiplier that satisfies the volume constraint
can be found by a bi-sectioning algorithm (lines 40-48).
The bi-sectioning algorithm is initialized by guessing
a lower 11 and an upper 12 bound for the Lagrangian
multiplier (line 39). The interval which bounds the La-
grangian multiplier is repeatedly halved until its size is
less than the convergence criteria (line 40).

3.3
Mesh-independency filtering (lines 49-64)

Lines 49-64 represent the Matlab implementation of (5).
Note that not all elements in the design domain are
searched in order to find the elements that lie within
the radius rmin but only those within a square with side
lengths two times round(rmin) around the considered
element. By selecting rmin less than one in the call of the
routine, the filtered sensitivities will be equal to the ori-
ginal sensitivities making the filter inactive.

3.4
Finite element code (lines 65-99)

The finite element code is written in lines 65-99. Note
that the solver makes use of the sparse option in Mat-
lab. The global stiffness matrix is formed by a loop over
all elements (lines 70-77). As was the case in the main
program, variables n1 and n2 denote upper left and right
element node numbers in global node numbers and are
used to insert the element stiffness matrix at the right
places in the global stiffness matrix.

As mentioned before, both nodes and elements are
numbered column wise from left to right. Furthermore,
each node has two degrees of freedom (horizontal and ver-
tical), thus the command F(2,1)=-1. (line 79) applies
a vertical unit force force in the upper left corner.

Supports are implemented by eliminating fixed de-
grees of freedom from the linear equations. Matlab can do
this very elegantly with the line

84 U(freedofs,:) = K(freedofs,freedofs) \
F(freedofs,:);

where freedofs indicate the degrees of freedom which
are unconstrained. Mostly, it is easier to define the de-
grees of freedom that are fixed (fixeddofs) thereafter the
freedofs are found automatically using the Matlab oper-
ator setdiff which finds the free degrees of freedoms as
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Fig. 2 Topology optimization of a cantilever beam. Left: de-
sign domain and right: topology optimized beam

the difference between all degrees of freedom and the fixed
degrees of freedom (line 82).

The element stiffness matrix is calculated in lines 86—
99. The 8 by 8 matrix for a square bi-linear 4-node elem-
ent was determined analytically using a symbolic manip-
ulation software. The Young’s modulus E and the Pois-
son’s ratio nu can be altered in lines 88 and 89.

4
Extensions

The Matlab code given in the Appendix solves the prob-
lem of optimizing the material distribution in the MBB-
beam (Fig. 1) such that its compliance is minimized.
A number of extensions and changes in the algorithm
can be thought of, a few of which are mentioned in the
following.

4.1
Other boundary conditions

It is very simple to change boundary conditions and sup-
port conditions in order to solve other optimization prob-
lems. In order to solve the short cantilever example shown
in Fig. 2, only lines 79 and 80 must be changed to

79 F(2*(nelx+1)*(nely+1),1) = -1;
80 fixeddofs = [1:2*(nely+1)];

With these changes, the input line for the case shown
in Fig. 2 is

top(32,20,0.4,3.0,1.2)

4.2
Multiple load cases

It is also very simple to extend the algorithm to account
for multiple load cases. In fact, this can be done by adding
only three additional lines and making minor changes to
another 4 lines.
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In the case of two load cases, force and displacement
vectors must be defined as two-column vectors which
means that line 69 is changed to

69 F = sparse(2*(nely+1)*(nelx+1),2);
U = sparse(2*(nely+1)*(nelx+1),2);

The objective function is now the sum of two compli-
ances, i.e.

2
o(x) =Y U/KU; (7)
i=1
thus lines 20-22 are substituted with the lines

19b  dc(ely,elx) = 0.;
19c for i = 1:2

20 Ue = U([2%n1-1;2%n1; 2%n2-1;2*n2;

2%n2+1;2%n2+2;2*n1+1;2*n1+2] ,i);
21 c = ¢ + x(ely,elx) penal*Ue’*KE*Ue;
22 dc(ely,elx) = dc(ely,elx) -

penal*x(ely,elx) " (penal-1)*Ue’*KE*Ue;
22b end

To solve the two-load problem indicated in Fig. 3, a unit
upward load in the top-right corner is added to line 79,
which then becomes

79 F(2*(nelx+1)*(nely+1),1) = -1.;
F(2%(nelx)*(nely+1)+2,2) = 1.;

The input line for Fig. 3 is

top(30,30,0.4,3.0,1.2).

4.3
Passive elements

In some cases, some of the elements may be required to
take the minimum density value (e.g. a hole for a pipe).

An nely x nelx array passive with zeros at elements
free to change and ones at elements fixed to be zero can
be defined in the main program and transferred to the OC
subroutine (adding passive to the call in lines 28 and 38).
The added line

42b  xnew(find(passive)) = 0.001;

in the OC subroutine looks for passive elements and sets
their density equal to the minimum density (0.001).
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Fig. 3 Topology optimization of a cantilever beam with two
load-cases. Left: design domain, middle: topology optimized
beam using one load case and right: topology optimized beam
using two load cases

Fig. 4 Topology optimization of a cantilever beam with
a fixed hole. Left: design domain and right: topology opti-
mized beam

Figure 4 shows the resulting structure obtained with
the input

top(45,30,0.5,3.0,1.5),

when the following 10 lines were added to the main
program (after line 4) in order to find passive elem-
ents within a circle with radius nely/3. and center
(nely/2.,nelx/3.)

for ely = 1:nely
for elx = 1l:nelx
if sqrt((ely-nely/2.) 2+(elx-nelx/3.)"2) <
nely/3.
passive(ely,elx) = 1;
x(ely,elx) = 0.001;
else
passive(ely,elx) = 0;
end
end
end

4.4
Alternative optimizer

Admittedly, the optimality criteria based optimizer im-
plemented here is only good for a single constraint and it
is based on a heuristic fixed point type updating scheme.
In order to install a better optimizer, one can obtain (free
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of charge for academic purposes) the Matlab version of
the MMA-algorithm (Svanberg 1987) from Krister Svan-
berg, KTH, Sweden. The MMA code is called with the
following input line

mmasub (INPUT-variables, ... ,
OUTPUT-variables)

where the total number of input/output variables is 20,
including objective function, constraints, old and new
densities, etc. Implementing the MM A-optimizer is fairly
simple, but requires the definition of several auxiliary
variables. However, it allows for the solving of more com-
plex design problems with more than one constraint. The
Matlab optimizer will solve the standard topology op-
timization problem using less iterations at the cost of
a slightly increased CPU-time per iteration.

4.5
Other extensions

Extensions to three dimensions should be straight for-
ward whereas more complex problems such as compliant
mechanism design (Sigmund 1997) requires the imple-
mentation of the MMA optimizer and the definition of ex-
tra constraints. The simplicity of the Matlab commands
allow for easy extensions of the graphical output, interac-
tive input etc.

5
Conclusions

This paper has presented a very simple implementation
of a mathematical programming base topology optimiza-
tion algorithm. The code is implemented using only 99
Matlab input lines and includes optimizer, mesh-indepe-
ndency filtering and Finite Element code.

The Matlab code can be down-loaded from the web-
pagehttp://www.topopt.dtu.dkand is intended for ed-
ucational purposes. The code can easily be extended to
include multi load problems and the definition of passive
areas.

Running the code in Matlab is rather slow compared
to a Fortran implementation of the same code which can
be tested at the web-site http://www.topopt.dtu.dk.
However, an add-on package to Matlab (MATLAB Com-
piler) allows for the generation of more efficient C-code
that can be optimized for run-time (this option, how-
ever, has not been tested by the author). It should be
noted that speed can be gained by modifying the Mat-
lab code itself, however the speed is gained on the cost of
simplicity of the program. The modification is suggested
by Andreas Rietz from Linkoping University who uses
sparsity options in the assembly of the global stiffness ma-
trix. The reader may down-load his code at the web-page:
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http: //www.mekanik.ikp.liu.se/andridiv/matlab/
theory.html.

The code was intentionally kept compact in order
to keep the total number of lines below 100. If users
of the code should find ways to further compactify or
simplify the code, the author would be happy to re-
ceive suggested modifications that can be implemented
in the public domain code (the author’s e-mail address is
sigmund@fam.dtu.dk).

Since its first publication on the World Wide Web in
October 1999, the Matlab code has been down-loaded
more than 500 times by different users (as of August
2000). Among other positive feedbacks, several profes-
sors reported that they have used the code in courses on
structural optimization and have let their students imple-
ment alternative boundary conditions and multiple load
cases.
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6
Appendix — Matlab code

1 %%%% A 99 LINE TOPOLOGY OPTIMIZATION CODE BY OLE
SIGMUND, OCTOBER 1999 %%%
function top(nelx,nely,volfrac,penal,rmin);
% INITIALIZE
x(1:nely,1:nelx) = volfrac;
loop = 0;
change = 1.;
% START ITERATION
while change > 0.01
loop = loop + 1;
xo0ld = x;
FE-ANALYSIS
[U]=FE(nelx,nely,x,penal);
OBJECTIVE FUNCTION AND SENSITIVITY ANALYSIS
[KE] = 1k;
c=20.;
for ely = 1:nely
for elx = 1:nelx
nl = (nely+1)*(elx-1)+ely;
n2 = (nely+1)* elx +ely;
Ue U([2*n1-1;2%nl; 2%n2-1;2%n2; 2*n2+1;
2%n2+2; 2%nl+1;2%n1+2],1);
21 c = ¢ + x(ely,elx) “penal*Ue’*KExUe;
22 dc(ely,elx) = -penalxx(ely,elx)”(penal-1)*
Ue’*KEx*Ue;

o
B O OO0 N O WwN

[ e e e e
O WO ~NOO P WN
= =

23 end

24 end

25 FILTERING OF SENSITIVITIES

26 [dc] = check(nelx,nely,rmin,x,dc);

27 % DESIGN UPDATE BY THE OPTIMALITY CRITERIA METHOD
28 [x] = 0C(nelx,nely,x,volfrac,dc);

29 % PRINT RESULTS

30 change = max(max(abs(x-x0ld)));

31 disp([’ It.: ’ sprintf(’%4i’,loop) ’ Obj.: ’

=

32

33
34
35

36

37
38
39
40
41
42

43
44
45
46
47
48

50
51
52
53
54
55

56

57
58
59

60
61
62
63
64

65
66
67
68

69

70
71
72
73
74

75

76
77

78
79
80

81
82
83

94

sprintf (’%10.4£’,c)
> Vol.: ’ sprintf(’%6.3f’,sum(sum(x))/
(nelx*nely))
> ch.: ’ sprintf(’J6.3f’,change )])
% PLOT DENSITIES
colormap(gray); imagesc(-x); axis equal; axis
tight; axis off;pause(le-6);
end
Whhhdlihhly OPTIMALITY CRITERIA UPDATE %%%%hhhthls
function [xnew]=0C(nelx,nely,x,volfrac,dc)
11 = 0; 12 = 100000; move = 0.2;
while (12-11 > 1le-4)
Imid = 0.5%(12+11);
xnew = max(0.001,max(x-move,min(1.,min(x+move,x.
*xsqrt(-dc./Imid)))));
if sum(sum(xnew)) - volfrac*nelx*nely > O;

11 = 1mid;
else
12 = 1mid;
end
end
Yt tololshotsit’y MESH-INDEPENDENCY FILTER %%%%h%hhhshhst

function [dcn]=check(nelx,nely,rmin,x,dc)
dcn=zeros (nely,nelx) ;
for i = 1:nelx

for j = 1l:nely

for k = max(i-round(rmin),1):
min(i+round(rmin) ,nelx)
for 1 = max(j-round(rmin),1):
min(j+round(rmin), nely)
fac = rmin-sqrt((i-k)"2+(j-1)"2);
sum = sum+max(0,fac);
den(j,1i) = den(j,i) + max(0,fac)*x(1,k)
*dc(1,k);
end
end
den(j,1i) = den(j,i)/(x(j,1)*sum);
end
end
Kl totlotothts FE=ANALYSIS %%hthshhtotstlotots
function [U]=FE(nelx,nely,x,penal)

[KE] = 1k;

K = sparse(2*(nelx+1)*(nely+1), 2*(nelx+1)*
(nely+1));

F = sparse(2*(nely+1)*(nelx+1),1); U =

sparse (2% (nely+1) * (nelx+1),1);
for ely = 1:nely
for elx = 1:nelx
nl = (nely+1)*(elx-1)+ely;
n2 = (nely+1)* elx +ely;
edof = [2*nl1-1; 2*nl; 2*n2-1; 2*n2; 2*n2+1;
2%n2+2;2%nl1+1; 2%n1+2];
K(edof,edof) = K(edof,edof) +
x(ely,elx) “penal*KE;
end
end
% DEFINE LOADS AND SUPPORTS (HALF MBB-BEAM)
F(2,1) = -1;
fixeddofs = union([1:2:2%(nely+1)],
[2* (nelx+1) *(nely+1)1);

alldofs = [1:2%(nely+1)*(nelx+1)];
freedofs = setdiff(alldofs,fixeddofs);
% SOLVING



84

85
86
87
88
89

91
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U(freedofs,:) = K(freedofs,freedofs) \
F(freedofs,:);

U(fixeddofs,:)= 0;

St httohotehdsts ELEMENT STIFFNESS MATRIX %%%%hhhh

function [KE]=1k

E=1.;

nu = 0.3;

k=[ 1/2-nu/6 1/8+nu/8 -1/4-nu/12 -1/8+3%nu/8 ...

-1/4+nu/12 -1/8-nu/8 nu/6 1/8-3%nu/8];

92 KE = E/(1-nu~2)*

93
94
95
96
97
98
99

[ k(1)
k(2)
k(3)
k(4)
k(5)
k(6)
k(7)
k(8)

k(2)
k(1)
k(8)
k(7)
k(6)
k(5)
k(4)
k(3)

k(3)
k(8)
k(1)
k(6)
k(7)
k(4)
k(5)
k(2)

k(4)
k(7)
k(6)
k(1)
k(8)
k(3)
k(2)
k(5)

k(5)
k(6)
k(7)
k(8)
k(1)
k(2)
k(3)
k(4)

k(6)
k(5)
k(4)
k(3)
k(2)
k(1)
k(8)
k(7)

k(7)
k(4)
k(5)
k(2)
k(3)
k(8)
k(1)
k(6)

95

k(8)
k(3)
k(2)
k(5)
k(4)
k(7)
k(6)
k(1)];
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