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Table 1
Repeatedly used abbreviations.

AM Additive manufacturing

DED Directed Energy Deposition
DfAM Design for Additive Manufact
DfMA Design for Manufacturing an
DfX Design for X
E-PBF Electronbeam Powder Bed Fu
FDA Federal Food and Drug Admi
FGM Functionally Graded Materia
GD Generative Design
GD&T Geometric Dimensioning and
GPS Geometrical Product Specific
L-PBF Laser-Powder Bed Fusion
STL Standard Tessellation Langua
TO Topology Optimization
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In recent decades additive manufacturing (AM) has evolved from a prototyping to a production technology. It
is used to produce end-use-parts for medical, aerospace, automotive and other industrial applications from
small series up to 100,000 of commercially successful products. Metal additive manufacturing processes are
relatively slow, require complex preparation and post-processing treatment while using expensive machin-
ery, resulting in high production costs per product. Design for Additive Manufacturing (DfAM) aims at opti-
mizing the product design to deal with the complexity of the production processes, while also defining
decisive benefits of the AM based product in the usage stages of its life cycle. Recent investigations have
shown that the lack of knowledge on DfAM tools and techniques are seen as one of the barriers for the further
implementation of AM. This paper presents a framework for DfAM methods and tools, subdivided into three
distinct stages of product development: AM process selection, product redesign for functionality enhance-
ment, and product optimization for the AM process chosen. It will illustrate the applicability of the design
framework using examples from both research and industry.

© 2020 Published by Elsevier Ltd on behalf of CIRP.
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1. Introduction

Additive manufacturing (AM) was first developed in the late
1980’s [174] with increasing quality and market penetration ever
since. Starting as prototyping technology it has developed into a tech-
nology that allows for mass production of end use parts [69]. In 2018
BMW has reported on 3D printing of its one millionth component in
series production. Major AM markets [23] that include aerospace,
automotive, consumer products, medical, and general industries
report simular success stories. According to a study by Deloitte [46]
AM is implemented within industry to increase the perceived value
in any of three area’s: profit, risk and time. Next to that the tactical
path along which these industries have incorporated AM implemen-
tation can be characterized by product and/or supply chain change
(see Table 1, Fig. 1). Four different paths have been identified:

� Path 1 describes companies that do not seek radical modification
of their products and supply chain, but look at AM to improve their
value proposition to the customer. Typical examples of the use of
AM for path 1 are printed prototypes and tools and fixtures.

� Path 2 looks at AM as a means to define new business cases in
which the production of end user products can be realized benefi-
cially. Examples include for example the production of spare parts
and production on problematic production locations like space
[72], war zones [35] and the oil&gas industry [67].

� Path 3 describes strategies being enabled by AM based new prod-
uct performance. Examples are the fuel nozzle by GE [116],
embedded electronics [28] and lightweight structures.

� Path 4 describes companies that base their new business models
on changes in both the supply chains and the products. An exam-
ple for this path is the 3D scanning and printing of custom shoes
in retail stores [55].

All tactical development paths described above deal with product
design within an AM-based supply chain. It is required both for the
realization of AM-based enhanced product performance as well as
when printing more standard product designs; these designs also
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Fig. 1. Framework for understanding AM paths and value [46].
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have to be optimized for specific AM process opportunities and con-
straints so they are produced reliably, on time and cost efficiently.
Design for Additive Manufacturing (DfAM) describes methodologies
used to optimize the product design with the goal of improving per-
formance in all lifecycle stages.

The lack of (structured) knowledge on DfAM has been identified
as one of the barriers that holds back further adoption of AM in
industry [39,161,183]. This can be attributed to the attention given to
AM as a production technology, which only blossomed over the last
decade. Attention to design for AM trailed behind and only grew in
importance when interest in commercial production of end user
goods increased. Further reasons for the lack of structured knowledge
is that AM is not a single production method but an umbrella term for
many production methods, all with their own benefits and draw-
backs. Finally, it has been shown that education on AM and DfAM
needs more attention, both at applied and university level, see for
example [139].

The CIRP community has published papers related to AM pro-
cesses [56,80,96�98,108,147], AM materials [27], specific AM appli-
cation areas [17,95] and AM geometrical aspects [105]. The CIRP
keynote paper by Thompson et al. [162] focused on DfAM and dis-
closed the width and complexity of the DfAM theme, and addressed
many of the themes that should be considered as part of product
development for AM. These topics ranged from design strategies and
artefact design up to economic and strategic considerations on the
implementation of (design for) AM within industrial product devel-
opment processes. The paper focussed on design considerations that
should be addressed when deciding on the transition from classical
production processes to additive manufacturing. This keynote paper
focuses on the state of the art on methods and tools related to the
design of geometry or functional AM artefacts within an industrial
setting. Methods and tools, and the way they are presented, will focus
on the needs of AM product designers. A general introduction to AM
processes and process steps will be presented in Section 2. Section 3
will present a framework for the selection and application of DfAM
methods and tools. In Sections 4�8, the DfAM framework will be dis-
cussed in more detail; lightweighting, internal topology, surface top-
olgy, material complexity and part integration. Finally Section 9 will
discuss future DfAM related challenges. When required, methods and
examples of application will focus on AM based production of metal
parts in an industrial setting. The applicability of the design frame-
work is however not limited to the examples given but can, at a
generic level, be apllied to the majority of the known AM processes.
2. Additive manufacturing

AM is defined by the ISO/ASTM joint standard 52900:2018 [82] as
the process of joining materials to make parts from 3D model data,
usually layer upon layer, as opposed to subtractive manufacturing
and formative manufacturing methodologies. Note that this defini-
tion is very general and can be applied to a wide range of technolo-
gies. Although many of us have a common image of what an AM
machine looks like, it is clear for instance that there is no restriction
on how many materials we may join together or that we need to join
them in layers. Hybrid technologies that for example use additive
plus subtractive processes within a single machine may therefore not
be considered as AM machines in the strict definition of the term. For
the near future it is foreseen that fully automated manufacturing
lines, combining AM in tight and repetitive sequences alongside
other fully automated production and handling processes, will
become the standard for the modern factory.

2.1. AM processes

According to ISO/ASTM [82] there are currently seven AM process
categories that result in a 3D CAD model being formed into a solid,
integrated part:

� Binder jetting: droplet printing of a liquid used to bind powder
particles together;

� Directed energy deposition: material is simultaneously fed into a
moving focused energy region;

� Material extrusion: material is fed through a nozzle in a liquid
state after which solidifies;

� Material jetting: material is jetted in liquid droplet form after
which it solidifies;

� Powder bed fusion: powder material is selectively heated so that
the particles partially or fully melt to form a solid matrix;

� Sheet lamination: sheets of material are bonded together either
before or after the part outline is separated from the sheets;

� Vat photopolymerisation: a platform is dropped through or raised
above a vat of liquid resin where light is used to selectively solidify
it.

Most of these categories have so far resulted mainly in machines
that are designed for one-off prototypes or for production that
heavily employs manual work. Whilst the AM technology itself is
largely automated, the design process, machine setup and finishing
stages may require a significant amount of knowledge and skills to
perform. Furthermore, many of these activities are quite experimen-
tal and iterative in nature.

All the above processes were initially developed to create parts
from different polymeric materials, with the exception of sheet lami-
nation (paper). Some of these technologies have now been developed
to a level where they have been incorporated into large batch pro-
duction. Some of these batches can be considered to be part of a con-
tinuous production line. The most well-known of these would be AM
machines used in production of teeth aligners [82] and hearing aids
[159]. These examples show that when the additional complexity of
form and/or the individual part cost allows it, AM can be used for
final part production of (polymer) parts.

The impact of AM on process chain towards final production is
however most heavily felt when producing metal parts. All of the
above process categories have a means in which to arrive at a metal
part. There are in general four ways in which this can be achieved.

The first approach is by mixing metal particles with the material
joining mechanism. For example, metal particles can be added to
photopolymers in vat photopolymerisation or mixed with polymer
powder in powder bed fusion or with filament in material extrusion.
In general this will end in a blended part that exhibits some of the
properties of the metal like improved surface hardness or heat deflec-
tion.

The second approach is where the parts above are used in a sec-
ondary furnace cycle to burn off the polymer and cause the metal
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particles to sinter together. This process therefore requires an addi-
tional programmable furnace to achieve this effect. In addition to the
process categories mentioned in the previous paragraph, binder jet-
ting is also widely used in this manner. In fact, this process can
achieve very acceptable results. It should be noted in particular that
part shrinkage will occur using this approach. This shrinkage can be
minimised if an infiltrant is used to fill in voids prior to densification.
For example 420 stainless steel parts can be infiltrated with bronze at
1100 °C [58]. Many technologies have been refined to a level where
geometric tolerances are highly predictable and achieving up to 97%
final density values.

Conventional polymer AM materials can often be used in casting
processes to achieve metal parts. Some of the original processes were
developed around waxes as a means to integrate with conventional
investment casting. It was found later that other, stronger polymers
could be used in this way provided the casting shells were strength-
ened and the burnout conditions were modified.

Four of the above process categories can directly produce metal
parts; powder bed fusion, directed energy deposition, material jet-
ting, and sheet lamination. It is interesting to note that sheet lamina-
tion is largely a hybrid process. In sheet lamination there can be a
large amount of material, often much more than is used for the part
itself, that is separated from the part in a subtractive manner during
the AM process. These sheets can be metal and bonded together
using ultrasonic bonding. This is a low temperature welding process
for joining dissimular metals and can for example allow embedding
of electronics in the structure without damaging it [29]. It is a niche
AM route towards metal parts.

By far the most widely used AM approach for metal parts is pow-
der bed fusion. This is largely because of the basic simplicity of the
process combined with the fact that a range metals is readily avail-
able and suitable for mainstream applications. A beam of energy is
used to selectively melt the powders to form the solid part. Electron
beam melting is available but most systems use laser energy, nor-
mally in a sealed chamber, in an inert gas environment or a vacuum.
This sealed chamber may be at an elevated temperature but still con-
siderably below the melting point of the metal. Since this means very
large thermal gradients, it is normal to connect the parts to a solid
substrate in a similar way to processes that require support struc-
tures. These supports have a different purpose in that they anchor
the part to prevent internal stress warpage during build.

Directed energy deposition is a process that almost entirely
focuses on metal parts. A high energy source is used to melt metals
that are delivered in either powder or wire form. The energy focal
point is also where the material is delivered and so there is a periodic
melting followed by rapid solidification. Similar issues to powder bed
fusion exist regarding residual stresses with the additional complex-
ity of a significantly varying thermal environment. Since there is no
surrounding powder to help stabilise the heat transfer, the directed
energy deposition process will have differing cooling profiles depen-
dent on the mass of surrounding material at the energy delivery
point.

Material jetting for the production of metal parts is hampered by
the high temperatures needed to get the metals in the proper liquid
state. As a result this technology, when used to directly fabricate
metal parts, is still in the development stage.

2.2. AM process steps

The process of creating an additively manufactured product can
be subdevided into seven steps.

1 Model design. 3D CAD software can be used to create a solid or
surface model or (medical) scan data is used to create the 3D
geometry;

2 STL file creation. The 3D model is converted into a file format that
is understood by AM machines. The STL file format is widely used
and approximates the 3D model by a surface that is constructed
using triangles. Other file formats exist that are better suited to
advanced AM features like multi material parts [75];
3 Build preperation. The STL file is transferred to the build prepara-
tion software, where the location(s) and orientation of the part(s)
in the build envelope are defined. The software slices the geome-
try into individual layers. For each layer the geometric data of that
layer, in combination with the machine parameters, like laser
power, layer thickness and scan patterns, is translated into build
instructions for the AMmachine;

4 The build process. The build process itself takes place (depending
on the actual product and process; hours to days), is executed
autonomously and only requires occasional supervision;

5 Part removal and post-processing. After the build process the
part is removed from the build plate/envelope and excess material
(powder, support structures) is removed. Additional post-process-
ing steps might be needed to improve the functional characteris-
tics of the part.

6 Quality and inspection. Often quality and inspection methods are
applied that are based on other production technologies like cast-
ing and forging. But the complexity of the geometry can induce
unique inspection problems like inaccesable surfaces or the
absence of measuring datum planes [173];

7 Application. For most industrial parts produced by additive
manufacturing the expected benefits in the use phase are the rea-
son for designing parts to be created by additive manufacturing.
2.3. AM design stages

As mentioned in Thompson et al. [162], the AM design process has
to take into account a lot of aspects related to several key perfor-
mance indicators. Globally, as defined in the standard ISO/ASTM
52910:2018 [82] the AM design steps can be structured into three
global stages.

The first stage relates to go/no-go evaluations concerning the part,
tool or product to be considered. The main question is “is AM adapted
to this object or set of objects with respect to its/their require-
ments?”. Basically, the first challenge at this stage is to find a technol-
ogy, and more over a value chain that is candidate for the production
of this/these objects. Manufacturability issues will have to be checked
at this stage even before defining any geometry.

The second stage applies all the rules and constraints defined by
the requirements, taking into account several aspects (topological
optimization, material, mechanical properties, etc.). Before that, how-
ever, crucial decisions must be made with respect to functional
decomposition and functional integration. This initial decision
implies the necessary set of parts and initiates the definition of indi-
vidual objects in the system. Even for a unique part, it is necessary to
go through this functional decomposition phase, mostly based on fea-
tures in this case. One later decision will be to define the complete
manufacturing for each feature as well as the scheduling of the indi-
vidual manufacturing operations, with possible use of different
manufacturing technologies. The material and its characteristics will
also have to be defined for each voxel of the part. The definition of
the material characteristics (type, density, etc.) must be fixed as well
as the definition of transitions between different materials in differ-
ent regions of the objects. These possibilities are limited to AM tech-
nologies that allow assembly of different materials or grading
material characteristics in a given part. Simulation tools are currently
not sufficiently mature to assist designers for this purpose.

The third stage corresponds to the final check and optimization of
process characteristics with respect to the best possible properties of
the manufactured objects. For example, the number of parts pro-
duced is dependent on the choice of orientation of the part and con-
sequently on the support structures that are minimized with respect
to an optimum part geometry.

These three global design stages serve to minimize the technical
and economic risks before going to manufacturing. Design does not
therefore just rely on a simple set of design guidelines. This is much
more complicated and DfAM is in fact “Design for an AM-based value
chain” including post-processes and quality control. A global and
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Fig. 3. Enablers and objectives for early identification of AM applicability [149].
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systemic vision of the complete value chain has to be considered with
respect to global indicators like in particular lead time, cost and qual-
ity, in order to evaluate feasibility, suitability and stability of AM-
based value chain performances [114].

3. A DfAM framework

Design for manufacturing and assembly [25] has been around for
many years and deals with the design of products while focussing on
both the manufacturing and assembly process. The goal of DfMA is to
include manufacturing and assembly knowledge early in the design
proces to increase chances of success and shorten the development
cycle [22]. Many variants exist, focussed for example on specific pro-
duction technologies like injection molding or casting. DfAM focusses
on AM processes but differs from other DfX processes. It deals with
many different AM process variants and needs to take the whole pro-
cess chain into account to be successful while research has shown
that the number of interacting aspects that define successful produc-
tion is large [147]. Finally, AM is a new group of processes that pro-
vides other opportunities and constraints to traditional forming and
subtractive processes which implies non-traditional approaches to
product design are required.

Many papers exist on individual aspects of the design process
while for a succesful design process all relevant aspects should be
taken into account. A framework (Fig. 2) that links many DfAM
aspects together has been developed, based on that presented in [83]
and compiled based on the insights of the authors. The framework
defines a structured method to link design challenges to specific
design goals and focusses on the 3 stages presented in Section 2.3. In
the next chapters and sections these stages will be discussed in more
detail. Examples used will focus on AM-based manufacturing of metal
products although the framework is generic in nature and can also be
applied for other material/process combinations.
Fig. 2. Design framework linking DfAM stages, actions and goals.
3.1. AM suitability

Additive manufacturing is a relatively new group of production
processes, of which integration in industry is just starting to gain
momentum. This momentum might be attributed to the claims of a
future where AM will realize low cost efficient production of any
shape in any material [113]. Current industrial additive manufactur-
ing practice shows that this bright future is yet to be [149]. Timely
identification of the match between design task, product require-
ments and AM capabilities is needed.

[83] proposes to base this evaluation on the following criteria:

� Do available AMmaterials match the product application?
� Does the product design fit the build envelope of AM hardware?
� Can the product functionality improve when applying the follow-
ing product design modifications or product opportunities?

- Part customization
- Lightweighting
- Use of internal channels or structures
- Functional integration
- The use of designed surface structures
- The use of multi-material or gradient material parts.

[149] takes a more holistic view and recognizes four implementa-
tion levels, ten product objectives and eleven AM enablers to obtain
those objectives (see Fig. 3). For example [10,24] propose to also add
concept based economic considerations, both at the functional and
the manufacturing levels. This is to evaluate the balance between the
expected economic benefits of product design opportunities against,
in most cases, the increased manufacturing costs. Finally [24] pro-
poses to add the sustainability objective, although [113] showed that
this objective is of relative low importance in industry (less than 1%
of use cases investigated). The dominant objectives established in
that last paper are improved part performance (65.6%), manufactur-
ing (57.8%) and reduction of lead time (29.7%).

3.2. AM material, process and machine selection

If AM potential has been established then AM resources should be
identified, as these affect downstream design choices. This includes
the decision between direct AM-based production, indirect AM-
based production (printing of dies, moulds, tools etc.) or hybrid



Fig. 4. Process chain selection [86].

Fig. 5. Cost price per cm3 in a buy scenario, depending on total order volume. Stainless
steel (left), Aluminium (Right) [15].

Fig. 6. Effect of order quantity on production price per cm3. Values displayed for PA12.
[15].
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approaches. Also post-processing steps, needed to reach the required
product characteristics, could be identified in this stage. For reasons
of process chain selection, hybrid production processes can be subdi-
vided based on the method used to generate the bulk of the geome-
try. From an industrial perspective some hybrid technologies use
conventional technologies to create the bulk of the part and use AM
as a subsequent production method to add detailing features. This
sequencing of processes can have economic benefits or can result in
parts that exceed the standard build chamber dimensions. An AM
process that produces the bulk of the part using AM technologies and
integrates subtractive technologies during the build process can be
seen as the second group of hybrid processes. For metal parts this
sub-group typically consists of DED-based metal additive
manufacturing technologies and with milling to post-process func-
tional, internal or hard to reach surfaces.

Jacob [86] (Fig. 4) subdivides parts into modules where, for each
module, different conventional and additive production technologies
are available. Based on interdependencies and sequencing of process
steps, alternative processing chains can be generated and evaluated.
Based on the design requirements and selections already made (e.g.
material type), Bikas [24] proposes to use screening and selection for
AM processes based on criteria related to machine, material, process
and part constraints. This method however ignores hybrid produc-
tion technologies and remains unclear on the details of the con-
straints used. The Senvol database [150] links AM processes to
available materials and build envelops of industrial AM machines.
Also the (software supported) screening and ranking method pro-
posed by Ashby can be applied for AM material and process selection
[9,166].

3.3. Initial cost estimation

The decision to apply additive manufacturing for functional parts
involves balancing the cost of additive manufacturing against the
expected benefits during the design, production and use phase.
Although the cost/benefits analysis during the early design stage is
important, information required for detailed cost estimation is often
missing. Knowledge on the expected product volume, production
technology and required post-processing steps can give insight into
the expected costs. For the early cost estimation of the production of
the part, the costs are often expressed as cost per cm3 of the printed
part. Most cost estimations found in literature only take the process
related post-processing steps (e.g. support removal) into consider-
ation and additional costs must be taken into account when the func-
tionality (dimensions, tolerances, mechanical properties etc.) of the
printed part has to be improved also.

Most cost estimation calculations are based on the assumption of
in-house production and an idealized representation of the AM pro-
cess investigated. It is assumed that one AM machine is used for one
product the whole life time of the machine, resulting in a high
machine load (%). For example, Baumers [18] presents a cost break-
down for metal powder bed based production of a stainless steel
304L product with wire erosion support removal and de-powdering
as post processing steps. Based on that analysis four major cost
aspects were identified: Indirect cost (machine cost, wire erosion
costs etc), material costs, labor costs, and risk associated costs. Risk
related costs include build failures and accounts for 26% of the AM
unit cost. Based on 5000 production hours per year, and an average
of nineteen production hours per workable day, a cost of €8.25 / cm3

of the printed product was found. In [19] the production of laser
based powder bed fusion (L-PBF) system was compared to an elec-
tron beam variant (E-PBF). The AM deposition rates are relatively
slow (L-PBF 37.58 g/h, E-PBF 69.24 g/h) and are identified as the
major driver for the manufacturing costs.

An alternative cost estimation study was presented by Baldinger
[15] and focusses on buy scenarios for AM parts. The cost estimations
are based on reviews of the cost price for obtaining an AM part
through commercial service providers and focused on both plastic
(PA12) and metallic parts (stainless steel and aluminum). This
research compared twenty-one AM service providers worldwide and
found that the main cost drivers for this scenario are total volume of
the order, packing density in the build envelope and the number of
parts ordered. For small orders (total volume below 25 cm3) the cost
price per cm3 is highest, while cost drops considerably for higher vol-
ume orders (>100 cm3) and then ends-up in the range of the make
scenario’s (see Fig. 5).

The effect of number of parts ordered was also investigated (See
Fig. 6). It seems that two strategies are applied by the companies;
group A and B. Companies in group A use cost estimation strategies
where part cost is almost independent of the number of parts
ordered. These companies focus on optimizing the utilization of the
build volume and have a slightly longer lead time (6.88 days). Com-
panies in group B estimate cost for each order separately, have a large
difference in cost per cm3 for order sizes one and one-hundred, but
have a slightly shorter lead time. Furthermore, estimations may vary
significantly between service providers; a factor of 28 was found
between the cheapest and the most expensive quotation for the
same artefact. Table 2

Post-processing can add considerably to the cost of AM parts.
Proper analysis on the cost of all post processing steps, until the func-
tional part is realized, are scarce, as these functional requirements
depend on specific use cases. In many cost models only the costs of



Table 2
Cost price per cm3 for different materials and processes, based on the
assumption of an optimal utilization of the build envelope and in house
production. Sources used can be found in the table. The values presented
are indicative only, as the calculation method and constants used have a
large impact on the price per cm3 presented.

Process Material Post Proc. €/cmc Source

L-PBF SS 304L WE, SR, PR 8.25a [18]
17-4 PH WE, SR, PR 6.62�8.63 [21]
17-4 PH WE 7.17 [19]
316L WE 7.03 [20]
AlSi10Mg HT 7.97 [11],b

Titanium Undefinedc 5.68 [53]
E-PBF Ti-6Al-4V None 2.77 [19]

Titanium Undefined 4.54 [53]
DED � powder Titanium Undefined 2.11 [53]
DED - wire Titanium Undefined 2.11 [53]
Binder Jetting Titanium Undefined 1.96 [53]
a Conversion rate £ to € 1.16. Conversion rate $ to € 0.90. Used for all

entries in this column (if applicable).
b Assuming a density of 2.68 g/cm3 and not 2.68 g/mm3 as stated in the

[11].
c In this research 10% was added to the cost price per cm3 to account

for post processing costs.

Table 3
Cost of post-processing operations [153].

Technique Improvement goal Cost indication

Stress relieve Reduction/removal of
thermal residual stresses

$500�600 per build plate

Part Removal Remove part from the
build plate �w-EDM

$200-300 per build plate

Remove part from the
build plate - Band saw

Low cost

Heat treatment To improve microstructure
& mechanical properties

$500 to $2,000 per batch

Hot isostatic pressing To reduce porosity and
improves fatigue live

$500 to $2,000 per batch

Machining To improve accuracy of
mating interfaces and sur-
faces. To add threads and
remove supports.

Cost depends on geometry
& material and fixture
needs.

Surface treatments Improve surface finish/
quality/surface roughness

$200 to $2,000 per batch

Inspection & Testing Process qualification and
part validation &
certification

10�20% of total cost per
part [148]
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the post-processing steps directly related to the AM process are con-
sidered (for example de-powdering and support removal). The rea-
sons that post-processing steps have a larger effect on the cost are
their labor intensity. For example, Lindeman [112] calculated the
post-processing costs (de-powdering, heat treatment and support
removal) for metal parts produced by L-PBF to be between 4 and 14%.
Simpson [153] gives a more generic overview of post-processing cost
for metal AM (see Table 3).

3.4. Build job considerations

Build jobs are usually considered during the phase of process
planning. Process planning is one of the most important activities in
manufacturing planning and is a pivotal link between design and
manufacturing. It deals with the selection of manufacturing opera-
tions and determination of their sequences based on economic and
competitive criteria [178]. Compared to traditional processing, the
context changes for Additive Manufacturing, but it is still within the
manufacturing scope.

Although AM machines are highly integrated and automatic,
before enabling the building process for a machine, there are also
some preparation tasks that should be done after receiving a design
model and its related production requirements. These tasks are
tightly connected with the processing chain of AM. In this chain, opti-
mization of the number of parts and their relative positioning in 2D
(nesting) or in 3D (packing), is required when building multiple parts
[194,195,198,199]. Support generation (when necessary) could be
achieved before or after the nesting stage. Layer building can then be
normally achieved by slicing the 3D set of nested or packed parts
with their support structures. In some cases this stage is very differ-
ent because the orientation of the part during the process changes (in
DED for example). In such cases, the generation of the material depo-
sition trajectory has to be achieved by taking into account non-planar
layers. Alternative operations of adding and subtracting material and
functions are sometimes considered to improve manufacturing effi-
ciency, as an alternative solution to conventional methods like weld-
ing and machining. This approach, usually named hybrid
manufacturing, needs specific AM process planning solutions in order
to process from feature decomposition to a complete part recomposi-
tion, taking into account sequencing aspects and material excess
regions for machining depending on expected dimensional and sur-
face qualities.

However, orientation and placement have to be validated with
respect to global thermal conditions of manufacturing. As material
and geometry are obtained at the same time, it is mandatory to vali-
date the material quality induced by the input of energy during the
material transformation and the consequences on the metallurgical
properties of the part. Consequently, potential deformations are
also calculated and some modifications of strategy are also possible
in order to compromise between production performance parame-
ters and part material properties. Some simulation tools exist start-
ing from the nested or packed global model integrating support
structures. Progress is necessary in order to handle some particular
difficulties related to the size of models, especially with lattice
structures.

For some specific applications, process planning for AM may also
generate assembly instructions. This occurs when a part’s size
exceeds the build volume of a machine and it can be decomposed
into several small sections to be made separately.

3.5. AM process constraints

Like with all technologies, there are many constraints to AM. This
section will focus on four primary constraints that are common to all
AM process categories and particularly relevant to the AM of metals:
Speed of build, materials, build envelope, and accuracy.

Although AM used to be called Rapid Prototyping, one is now
quite accustomed to having prototypes built quickly, but this is diffi-
cult to scale up. Furthermore, there is increasing demand for AM to
be used in mainstream production, which requires much faster
throughput. AM has the benefits of geometric freedom, no minimum
batch constraint and rapid change between batches, which meets
many of the demands of modern manufacturing industry. The hunt is
therefore on for faster AM technology.

Many metal AM systems use lasers due to the demand for large
amounts of focussed energy. The ideal situation would be to provide
the required energy over an entire layer simultaneously but so far
this has not been demonstrated to be possible. A compromise is the
supply of multiple laser beams controlled simultaneously [59]. Dif-
ferent lasers can be used to process different regions with finer
spots being used for more detailed parts and wider beams to process
bulk regions. Careful attention must be given to beam control so
that they don’t affect each other, including the vapour trails from
the molten metal regions. A contrasting approach to increasing
throughput for batch production of metal parts is the use of binder
jetting methods [169] or material extrusion with metal-filled binder
materials [51]. Such methods can achieve faster AM throughput and
can be more easily scaled to create larger parts. The downsides
relate to increases in post-processing times during heat treatment
and during machine finishing, if required. These requirements are
also driving the development of open-architecture, robot-based
metal AM systems, like Wire Arc AM (WAAM) and Laser Metal
Deposition (LMD).

There is a huge and increasing number of metals and other mate-
rials used to make products. Most of these metals are carefully chosen
to suit product requirements in strength, chemical resistance,
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thermal properties, processability, cost, etc. In comparison, there are
a very few materials available in AM. There are a number of reasons
for this. All AM processes are suited to a subset of materials, the
requirements for which can be very specific, like the need for photo-
curable resins. Many materials can be formed by AM using thermal
energy, but the amounts of energy vary considerably. It is not easy to
melt metals in an AM process chamber specifically built for polymers
for example. In addition, raw materials often need to be presented
with well-defined morphology, like in filament or carefully-graded
powder distributions.

However, even within a smaller range of materials the processing
requirements can still be difficult to specify. Metals within L-PBF sys-
tems for example will absorb laser energy in different proportions.
The physics around phase change behaviour and effects in the molten
state can all be quite different, significantly affecting the final mate-
rial microstructure. Furthermore, much of this is significantly differ-
ent from other manufacturing processes like casting and forging. All
these need to be carefully studied before AM materials can be
released to the market. As, AM becomes more widespread, one can
expect more materials to become available but it is widely accepted
that range of materials needs to be increased. Having said that, cur-
rent AM materials like Ti-6Al-4V, 316 stainless steel and CoCr alloys,
etc. are all very popular and useful for many industrial applications.

Many products are made from metals because of the needs for
strength and accuracy. In AM, part strength is often acceptable but
part accuracy is very often not. Metal parts are often mated with
others and so the joining surfaces must align with each other. Most
metal AM processes create parts with poor surface finish, usually no
better than 15 µm Rz and very often considerably worse. Machine fin-
ishing is therefore a common requirement as a post-process. This
itself may present problems through difficulty in determining refer-
ence and registration points. Thermally induced distortion due to
large temperature gradients during builds and corresponding resid-
ual stresses is also a common phenomenon for metal AM. Features
may therefore be imprecisely located and it may be better to provide
a machining allowance in the initial AM part design. The introduction
of hybrid machines [103] that combine AM with subtractive and
other manufacturing processes that operate in a sequential manner
aim to overcome issues around part accuracy. This is particularly use-
ful where the requirement is internal to the part geometry and diffi-
cult to achieve as a post-process.

3.6. AM post-processing constraints

For much of the time that AM technology has been under devel-
opment, post-processing has been something that you would rather
not do and eliminate if possible. Although this is logical, the emphasis
has changed into something that you need to endure and therefore
plan for, specifically if you are considering use in industry. AM is now
considered as something that can shorten process chains, not elimi-
nate them entirely. With that in mind this may also change the way
to think about designing products. Sometimes it may be appropriate
to include a design feature in the post-process rather than in the AM
build itself.

Post-processing tasks can be broadly divided in terms of those
that can require significant manual intervention and those that can
be carried out in a largely automated fashion. Of course this depends
on the available technology to achieve these tasks as well as the level
of investment, quality issues, volume of production, etc.

Post-processing can also be considered in terms of those that need
to be carried out due to the characteristics of the AM process used
and those that are more aimed at enhancement of the AM parts. Like
with the previous classification, there are overlaps or grey areas,
around where exactly surface finish fits for example. This can also
form part of the decision making in the process design

The AM technology specific processes mainly refer to the chosen
build process and are aimed at providing a consistent quality of out-
put suited to the general application. Many processes use support
structures which have to be removed somehow, often requiring fur-
ther finishing of regions where the supports connected with the part.
Build strategies often revolve around minimising the amount of sup-
ports or avoiding key surfaces for aesthetic or accuracy reasons. For
many machines, flat and curved surfaces can appear different due to
the stair-stepping phenomena. Abrasive or chemical finishing can be
used to make these surfaces appear more uniform. A further post-
processing task can revolve around excess material that may be
adhering to the part surfaces. This may be a surrounding material
that protects these surfaces or they may be residual material due to
inconsistencies in the process, similar to flash in moulding opera-
tions. Although specific to powder-based AM technology, pore-filling
and densification can also be application specific in terms of the
material chosen to create a fully dense part. Densification can also be
in the form of a furnace cycle, perhaps using hot isostatic pressing
(HIP). Since some processes can be slightly heterogeneous in nature,
accounting for shrinkage may require careful preparation and diffi-
cult to precisely control.

Metal AM parts in particular are commonly used as fully func-
tional parts. Choice of metal as a part material often relates to part
strength and while precision can represent a problem. Finish machin-
ing of key surfaces is often required, much in the same way as we
would treat a casting. In these specific regions it may be appropriate
to grow some of these surfaces in the design phase to provide suffi-
cient machining allowance to ensure high quality, accurate results. It
can be argued that there will be fewer of these surfaces to finish since
it is common thinking that AM allows for part consolidation due to
the ability to create internalised features.

Although it is quite possible to print features like holes and screw-
threads using AM, the precision demands on such features can be
very stringent and beyond the capacity of the AM technology used. It
may be possible to save material by printing a hole but the time taken
to finish a partially-made hole may be the same, or even longer, than
to drill a complete hole in a blank space. This may be even more rele-
vant if the hole contained a screw thread. Again, it can be argued that
this adds complexity to the process decision-making, but it is perti-
nent when relating to heavily industrial applications.

Coatings can go from simple paint jobs to improve aesthetics and
seal against corrosive atmospheres through to providing significant
functional properties, including bioactive features. Often, coatings
are applied using a series of steps, requiring significant atmospheric
management and control. These tasks may require significantly spe-
cialised facilities to those used in other production steps and as such
may be outsourced. The nature of the coating is often very specific to
the application environment and as such may vary from part to part.
This could also be the case with other forms of chemical and heat
treatment.

Many AM parts can include complex internal or difficult to reach
features (e.g. the inside of a lattice). Should these features require fin-
ishing, it may be somewhat difficult to achieve a stable quality, even
when using automated techniques. Some methods are under devel-
opment to address these issues but more effort could be made and in
fact most methods for surface finishing are highly manual in nature
[99,171].

3.7. AM quality, inspection and certification

Many AM applications can be found in highly regulated industries,
like aerospace and medicine. At this time, a large proportion of these
applications are for series production, where the parts produced
within the series are expected to be identical. This is even the case
within the medical industry where one might expect such parts to be
customised to suit a patient’s needs and anatomy. The benefits are, in
these cases, mostly related to geometric complexity (e.g. use of
porous or lattice structures, part consolidation, etc.). Quality control,
inspection and certification would therefore be conducted in a similar
fashion to conventionally manufactured parts. Validation in these
cases is as much about ensuring consistency in the manufacturing
process and traceability of the supply chain as it is about the func-
tionality of the part.

The US Federal Food and Drug Administration (FDA) is widely
regarded as a key standards organisation around the world and many
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other countries base their ownmedical standards on the FDA. In 2017
the FDA published guidelines related to technical use of AM in medi-
cal devices [60]. These guidelines cover aspects related to AM-based
design of medical devices as well as how they are manufactured and
validated. Certification of medical devices is required if there is a
medium to high risk potential to the user. All implantable devices
would be Class II or Class III (medium to high risk), whilst AM pro-
duced foot orthotics are class I, requiring no premarket notification
to prove they have been clinically tested (i.e. no need for an FDA 510
(k) certification). It is therefore interesting to note that customisation
is not explicitly connected to FDA certification.

The medical device manufacturer Stryker released their Spine Tri-
tanium � PL Cage around 2016. AM is used to create a complex
porous geometry of titanium that aims to promote bone ingrowth in
a lumbar spine fusion process. This device originally received FDA
Class II certification but in Jan. 2019 a temporary product recall was
announced based on some of the devices exhibiting fractures intrao-
peratively and postoperatively [100]. It is possible that introduction
of this device may have been premature as it is believed that more
experimental work is needed to establish the boundaries for fatigue
in AM lattice structures [187]. It should be noted that similar porous
and irregular lattice structures have been used in 100,000s of suc-
cessful acetabular hip implant cases [68].

The above cases refer primarily to what the FDA calls Patient-
matched Devices. This issue of possible failure will be even more
important should the device have a customisable geometry. The FDA
refers to these as Customised or Humanitarian-use devices. The limi-
tation of use for these devices is that there is considered to be no sub-
stitute in the USA. These must also be limited in number and subject
to significant medical board scrutiny. Medical authorities are cur-
rently at a significant cross-road as to how to provide custom
implants for more widespread use [73].

Aerospace certification, through the Federal Aviation Authority,
also appears to be at a similar cross-road. One major difference is
that aerospace companies have the time benefit to carry out sufficient
tests on prototypes prior to product launch. However, it is noted that
many parts already in use could be repaired when damaged using
AM techniques, most specifically using Directed Energy Deposition
(DED). Many safety critical parts, like turbine blades, could be
repaired in this way. Emphasis must therefore be on the AM process
to ensure that functionality is maintained to a suitable standard [16].
Interior furnishings of commercial aircraft for example are however
much less constrained and the onus is usually on the material in such
cases. For example Air New Zealand are saving significant repair costs
by making their own replacement seat tray-tables using materials
like the flame-retardant ULTEM 9085 polymer material from Stra-
tasys. This is just part of a much wider push to demonstrate a sustain-
able industry for AM in aerospace [92].

Many of the above issues for medical and aerospace are reflected
in a more general form within the standards under development by
ISO Technical Committee 261 in conjunction with the ASTM F42
Group. Numerous techniques, like the printing of test coupons along-
side critical components, machine calibration and material storage,
etc. are covered in detail under the auspices of these groups. This has
led to significant improvements in process monitoring within indus-
trial scale AM machines. Many polymer-based systems have camera
monitoring that allow determining the build status and remote inter-
vention if problems can be seen. Many metal L-PBF systems also have
optional laser power and melt-pool sensing to determine the state of
part with the possibility of detecting a failure before it damages the
machine [6].

4. Tools and methods for designing lightweight parts

Lightweight design always has been a hot topic in structural engi-
neering. AM processes can produce highly complex structures, con-
structed using both internally and externally very complex surfaces.
More importantly, there is no clear relationship between the com-
plexity of the part and the associated production cost [197], provid-
ing more freedom to explore the design space to its full extent. As a
result, not only conventional lightweighting design tools are used for
AM, but also some new methods have emerged to fully grasp the
benefits of AM. In relation to lightweight design for AM, four groups
of methods and tools can be identified: topology optimization (TO),
generative design (GD), lattice structure filling, and bio-inspired
design.

4.1. Topology optimization

Topology optimization was originally used for mechanical design
problems to answer a layout optimization question: how to put the
right material in the right place of a pre-defined design space? The
objective was to obtain the expected mechanical properties at mini-
mum material use. The method uses numerical analysis and design
solution update steps in an iterative way, mostly guided by gradient
computation or non-gradient discrete approaches [123].

Traditionally, TO is driven by an objective function, minimizing or
maximizing while being subjected to a set of predefined constraints,
such as mass, deformation, vibration frequency, etc. Usually, continu-
ous design variables are used to solve the TO problem in a discretized
way. During this optimization iteration process, segments of the pre-
defined initial design space are step by step removed so as to arrive
at the minimal part volume/mass. However, to obtain the optimal
solution efficiently has been a challenge. To tackle this, density based
methods (e.g. One-filed simplified isotropic material with penaliza-
tion), topological derivatives (e.g. bubble method), level set methods
and phased field methods have been developed. These methods all
have specific pros and cons. More details, comparisons and com-
ments on these methods can be found in [140]. The main difficulty is
the complexity of mathematics, which forms an application barrier
for mechanical or product designers.

Alternatively, people have tried to treat the TO problem directly
using discrete approaches, e.g. using evolutionary approaches. Initial
methods developed remove materials bit by bit using a strain energy
distribution and a preset threshold value [43,177]. More advanced
methods use genetic algorithms that both add and remove materials.
This is called a bi-directional TO scheme [167]. Both types of methods
show great potential for application in DfAM practice due to their
ease of use and great applicabilty to generate beneficial complex
structures e.g. porous structures and lattice structures, but with
relaxed mathematical constraints.

As stated in [123], even current pure TO studies still face prob-
lems, such as efficiency, general applicability, ease of use, etc. Many
of them only use relatively simple boundary conditions with limited
constraints, e.g. mass. When introducing extra AM related constraints
such as support structures/overhangs, minimum printable features,
anisotropic material properties, heat-transfer, thermal strain/stress
into TO, this would result in more complex constraints or boundary
conditions. This again would result in more difficulties for the TO pro-
cess to find the ‘optimal solution’ with an effective and fast converg-
ing simulation process. Attracted by the great potential of AM,
researchers investigated TO with AM constraints, focussing on gener-
ating an optimal topologically lightweight material layout, to be
printed without any manufacturing problems. Therefore, recent
researches on TO for DfAM are geared towards print-ready designs
bridging challenges in design and printing [140]. In general, there are
two categories of methods proposed to deal with constraints in TO
for AM. One is to represent AM constraints with mathematical mod-
els and embed them into the TO iteration process. The other is to use
TO to generate one or a set of finite reference design solutions and
apply design rules or experience to adapt these solutions manually or
automatically to the AM constraints. This last category thus applies
AM constraints in the post-processing stage of a given TO result.

For ease of practice, most of the earliest works directly tried to use
existing traditional TO, or other similar structure optimization meth-
ods, for lightweight design in DfAM, without considering any AM
constraints. The main reason for this was the assumption that AM
can overcome manufacturing problems of TO generated structure as
these structures would encounter in conventional manufacturing
processes [188,189]. Although the 2D or 3D TO produced structures
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ig. 7. Post-treatment of traditional TO result to avoid support structure for AM design
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586 T. Vaneker et al. / CIRP Annals - Manufacturing Technology 69 (2020) 578�599
F
[1
Fig. 8. 2D based 3D TO for AM design method via boundary decomposition: a. decom-
position and filling method; b and c are alternative topology solutions [111].

ig. 9. (support volume) Unconstrained and constrained Pareto curves for three-hole
racket optimization [127].

Fig. 10. Comparison between unconstrained and constrained 3D TO for AM [102].
could be printed by polymer AM processes, the direct application of
the existing non-tailored TO may have difficulty using metallic AM.
This is more complicated due to the multi-physical phenomena
which cannot be handled by relatively simple macro mechanic and
geometric based calculations. A large number of researchers began to
associate specific AM constraints with their TO process, either as a TO
process driver or a TO post-processor. However, their efforts are
mainly focusing at 2D problems with consideration of only one sim-
ple or limited subset of AM constraints, e.g. support volume or over-
hang area. For example Leary et al. [106], describes a variant where
traditional TO is conducted and a boundary decomposition algorithm
is applied to detect and decompose the internal or external boundary
areas needing support structures. Then, the detected and decom-
posed relatively large cavities are filled with a set of smaller gener-
ated boundaries so as to avoid the appearance of overhang as shown
in Fig. 7.

In that example even though a sophisticated decomposition algo-
rithm was designed and the use of support structure in printing was
mostly avoided, the result is still far from optimal. 2D results some-
times are quite useless in practice since the broadened design free-
dom exists in 3D, not 2D. Taking the TO example in Fig. 7, we can
easily rotate the 2D result around the X-axis in the 3D (simply make
the vertical structure lay on the ground direction to print) and then
we will find that there is no need of support structures. This means
all the optimization steps are useless if we simply change the build
orientation [202,203]. The dilemma may be caused by two factors:
the TO researcher has a lack of knowledge on the AM processes or
the direct embedding of AM constraints with mathematical models
in the 2D or 3D TO processes is quite tough. Readers may find more
representative research on 2D TO for AM lightweight design in
[30,42,65,66,117,127,191]. To extend beyond 2D, researchers [111]
adopted the decomposition method as proposed in [106] and tried to
extend it to 3D TO for AM (Fig. 8). However, like the 2D cases pre-
sented above, reducing support structures is based on the compro-
mise of adding more volume in the structure itself, which will
F
b

decrease the global optimality. In addition, it is still not a real 3D TO
for AM design since the decomposition and overhang angle control
with volume filling still uses 2D operations.

`For these investigations discussed above, the 2D TO process is rel-
atively easy to realize when only considering overhang or support
structure AM constraint. However, complexity in AM is generally
manifested in 3D. Hence, a lot of recent research is directed towards
the development of tailored 3D TO methods for AM design. As is the
case with the 2D variants, these 3D TO practices mainly focus on how
to minimize overhang area or support volumes, as these constraints
are relatively easy to integrate in the TO process. In [127], intensive
discussions and experimental computations were conducted for the
support volume constrained 3D TO for AM design. Level set based
Pareto is adopted to control and alter the shape boundary where sup-
port structure may be required. It is hard to find a unique optimal
solution, as each solution is a compromise between the constraints
added. A set of Pareto solutions are provided, as seen in Fig. 9. It will
be the designer’s task to choose among these solutions, using the
requirements and preferences from the application context. As stated
in [127], the elimination of support volume may be possible but will
hardly work for real 3D TO problems in AM design.

Even though it is hard to totally avoid the use of support struc-
tures, researchers in [102] still tried to obtain optimal 3D TO struc-
tures without supports for several relative simple demonstration
cases (Fig. 10). To avoid the use of supports this study includes a sim-
plified AM fabrication model, implemented as a layerwise filtering
procedure into a topology optimization formulation. In this way,
unprintable geometries (as overhang area) are excluded from the
design space, resulting in fully self-supporting optimized designs.
Similar ideas can be found in [2,122] where support constraint is
applied. However, this as a compromise between the structural per-
formance and global volume. The author of [102] also understands
that it would be hard to avoid the use of support structure, and pro-
posed to optimize the 3D structure with necessary support structure
in parallel so as to obtain a better compromise [101]. In this study,
two separate density fields were proposed to describe the component
and support structure layouts respectively. A simple critical overhang
angle was imposed into the TO process as a constraint. The examples
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presented in Fig. 10 and Fig. 11 show that more volume used for sup-
ports, which can be seen as waste material, results in more material
saved for the main structure. Finding a suitable compromise here
could result in added value. Actually, optimizing the functionality of
supports for 3D structures to be printed by metallic AM processes
would be a more important goal than optimizing material savings,
since the support structures in metallic AM processes have a pro-
found impact on the final printing quality [87]. This implies that
when doing TO for AM design, we need to consider more constraints
or embed more objective functions (for example take thermal distor-
tion into account).

Another advancement in this direction is that researchers began to
notice that the TO result has a critical link to the AM preprocessing
steps, called micro AM CAPP (Computer-aided process planning) tasks
in [196]. For example, the build orientation has a direct impact on the
TO process since it determines the TO solution space. In [100], the
combined optimization of part topology, support structure and build
orientation is investigated. The research into these complex interrela-
tionships (Fig. 12) are limited to 2D simple cases, where the impact of
build orientation to TO and support optimization is clear. This implies
that more work should be done in this direction for real 3D industrial
cases. If we take the slicing and toolpath planning as additional consid-
erations into the 3D TO process, the complexity would be increased
even further. Finally, there are researchers working on level set TO
methods to include AM material deposition path/toolpath as con-
straints to control sharp angles, deposition gaps, minimum inner hole
size and minimum strut size in the topology formation process
[114,115,176,193].
Fig. 12. TO for AM with AM build orientation constraints [100].
If the manufacturability of an AM TO solution could not be guaran-
teed, any kind of optimal design may bring no application value. In [3],
manufacturability of the AM components and the cooling rate are con-
sidered as constraints and a shape based TO method is proposed. The
manufacturability is checked for each layer. More recently, a new con-
straint function of the domain which controls the negative impact of
porosity on elastic structures in the framework of shape and topology
optimization is defined as a special shape derivative and proposed to
embed into a level set TO process for AM lightweight design [121].
Even these methods can obtain a manufacturable TO layout, the ‘rough
boundary’ problems brought by a density based TO method still pose
challenges for AM processes. Therefore, level set based methods or
boundary decomposition with spline interpolation are usually used to
do post-processing of the TO results [123].

From the discussion of existing research presented above, there are
still a lot of difficulties for the development of tailored TO methods
and tools for AM lightweight design. The work discussed is all based
on a single material showing isotropic properties. However, with digi-
tal controlled deposition, theoretically AM can print different materials
with different gradients for multi-functional structures. For example,
jetting-based AM processes can print smart structures with multiple
polymers. Hence, TO methods and tools to help designers to allocate
different material to different regions with optimal quantities for an
expectedmulti-functional structure become critical. In [64,125], a mul-
tivariate SIMP (Solid Isotropic Material with Penalisation) method is
proposed to optimize an application dependent multi-material layout.
The inclusion of multiple materials in the topology optimization pro-
cess has the potential to eliminate the narrow, weak, hinge-like sec-
tions that are often present in single-material compliant mechanisms.
The demonstration example is the realization of a 3-phase, multi-
material 2D compliant mechanism (Fig. 13). One can foresee that if
some work in the future can help realize multi-material topology opti-
mization for 3Dmetal structures, then the complexity capability of AM
can be further explored not only for lightweight design but also for a
combined multi-function design. Currently, metallic FDM process with
metallurgical solidification as a post-process can theoretically realize
the joining of multiple metals. Hence, this type of TO should develop
to reach this future potential.

Although there still exists a lot of problems using current TO
methods for AM in the academic community, the industrial side
already shows big interest. There has been extensive exploration of
TO for AM in diverse application examples either via standard TO
tools or AM oriented tools. Reports have presented industrial design
cases to show the great potential of TO tools for AM lightweight
Fig. 13. Multi-material TO results for AM and a compliance mechanism case for test-
ing. [64].

Fig. 14. Optimised Hinge. [81].



Fig. 15. The heat sink designs generated by parametric (left) and topology (right) opti-
mization. [45].

Fig. 16. Demonstration example of the generative design function [4].
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design. EADS (European Aeronautic Defence and Space) presented a
component for Airbus (Fig. 14). However, there are no details about
how to embed the AM constraints in the design process of the exam-
ple. In the second example, a minimum AM feature size is embedded
into the density based TO process (pre-define a filter radius for the
selective laser melting process) and allows to define arbitrary objec-
tive functions for multi-physic fields, which is crucial for gradient-
based, and thus all topology optimization. An example on the com-
parison study of designing a heat sink between traditional parametric
optimization and AM oriented TO is presented in Fig. 15.

Apart from density-based methods or level set methods, evolu-
tionary TO methods were also investigated for AM design. In [1], a
recently developed topology optimization method called Iso-XFEM
(eXtended Finite Element Method) is used. This method is capable of
generating high resolution topology optimized solutions using iso-
lines/isosurfaces of a structural performance criterion. XFEM is simi-
lar to the BESO (bi-directional evolutionary structural optimization)
method, but removes or adds materials within elements. However,
there is no description how the TO process is tailored for AM. It is
demonstrated that the TO result is applicable for L-PBF processes. It is
not difficult to image that embedding AM constraints into an evolu-
tionary TO process would be more difficult than that of density or
level set based methods since the process uses discrete optimization.
In addition, evolutionary based methods still have more difficulties in
selection of stopping criteria or convergence analysis. The optimal
design is usually hard to obtain due to the infinite solution space and
the combinatory searching scheme.

As shown and discussed above, though some commercial tools are
ready for use, very little AM constraints are considered. The current
TO methods and commercialized tools still stay very close to the tra-
ditional TO tools. In addition, including both academic and industrial
examples, those studies commonly lack experimental verification
and there is no explicit agreement by the scientific community on
their aspect ratio [140], which sets barriers for comparison and TO
performance benchmarking. Therefore, there is still slot of work to be
done for developing standard testing and experimental benchmark-
ing examples. This holds also true for including more AM constraints
so that TO results in optimal and qualified DfAM lightweight solu-
tions.

4.2. Generative design

For the TO methods discussed above, people are trying to develop
a fully automatic way to define a unique optimal lightweight struc-
ture design. However, it is difficult to converge to the optimal solu-
tion, especially when multiple objectives are set [200]. As
investigated in [127], even when using only two objective functions,
it is not easy to find all the Pareto solutions in evolutionary TO.
Hence, a compromise should be made to sample the solution space
when the theoretical global optimal could not be located. This intro-
duces another design method for AM, generative design (GD). GD is a
set of methods that apply a generative system, rule-based or algo-
rithm-based, to explore the design space and generate candidate
solutions for designers. It is usually practiced for architectural design
[152]. Generally, three types of methodologies can be recognized: 1.
self-organization and self-assembly; consisting of large numbers of
relatively simple, autonomous components that combine to construct
large-scale artefacts or interact with one another to solve problems
collectively; 2. evolutionary systems; based on simulating the process
of natural selection and reproduction and 3. generative grammars;
involving the specification of a mapping between a string of charac-
ters and the artefact to be designed (or its components) [124]. In
structure design, we usually use the second method, applying evolu-
tionary algorithms to sample and generate design solutions that are
close to predefined objectives and criteria. Since TO also has evolu-
tionary methods and is already adopted for AM design, e.g. in [1], it is
easy to adapt to evolutionary generative design for AM. In current
DfAM practice, multi-objective TO is used to populate a set of candi-
date solutions, usually non-dominated solutions, and then users/
designers apply knowledge and KPIs to rank them for a final decision.
Based on traditional TO methods, discretized version of the density
based SIMP (Solid Isotropic Material with Penalisation) method
[123], commercial software providers announced new functions of
generative design for AM in their structure design tools and pre-
sented a couple of industrial design cases with numerical results
[4,12]. For example, Fig. 16 gives one design example with a set of fil-
tered candidate solutions.

Similarly, as TO, GD is not new, but introducing AM constraints in
traditional GD is still difficult. Populating a set of finite candidate sol-
utions for designers to select via predefined criteria is easy, but to
ensure the validity of each populated candidate solution is compli-
cated. To solve this problem, recently, researchers developed a new
evolutionary generative design method for AM lightweight design to
mimic termite behavior for volume construction [52,57]. The pro-
posed methodology uses multi-agent algorithms that simultaneously
design, structurally optimize and appraise the manufacturability of
parts produced by additive manufacturing. Voxels are used to carry
the design rules and manufacturing constraints for reasoning and
combination during the geometry evolution process. In this way,
very complex organic shapes can be populated (as shown in Fig. 17).
However, this method considers support structures as the only AM
constraint and has difficulty to include more.

For generative design for AM, there is still a lot of work to do to
include more AM constraints and develop more efficient decision



Fig. 17. A plot of the Hausdorff distance between consecutive design iterations and a
value for each iteration. [53].

Fig. 18. Lattice configuration options for structure design. [107].

Fig. 19. Application of HMTO method to optimize the design of a pillow bracket with
Ti64. [42].

Fig. 20. Structures used for FEA: a) Solid (SIMP solution), b) Intersected Lattice of D-P,
c) Intersected Lattice of BCC, d) Graded Lattice of D-P, e) Scaled Lattice of D-P, and f)
Uniform Lattice of D-P. [135].
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making tools to help designers define optimization criteria and candi-
date solution ranking schemes. Some commercial tools are now avail-
able however. On the other hand, when doing structure design via
generative design methods, the global optimum and computational
cost should be given attention. Recently, researchers began to com-
bine TO with generative models, e.g., generative adversarial networks
(GANs), and proposed a new concept, deep generative design, which
owns the learning capability from the iteration process and existing
design data [132]. These concepts hold the potential to better inte-
grate existing AM processing knowledge (e.g. constraints, design
rules and manufacturability) into the generative design procedure to
populate and explore more qualified AM design solutions. However,
it is still difficult for designers to evaluate candidate solutions with
very little difference, especially for TO populated candidates with
irregular shapes. Certainly, generative design is not only used for
topology optimization but also can be applied to form synthesis, lat-
tice and surface structure optimization and trabecular structures as a
way to explore more design freedom using AM.

4.3. Lattice structure filling

Directly removing or adding material in the design space to search
for the global optimal material topology solution is common to TO
and generative design methods and, as stated above, there are many
difficulties. As a compromise, generative design can include human
knowledge to interactively select the candidate solutions so as to
reduce the problem complexity. Another way of compromising is to
approximate the optimal design solution with the filling of pre-
defined unit structures, lattices or unit porous structures to replace
solid volumes in an equivalent way. Therefore, this is an indirect
lightweight design method for AM, which is also called lattice config-
uration [107], Fig. 18.

To obtain lattice structures, generally we have two approaches: 1.
Homogenization and 2. Density based mapping. The former homoge-
nizes the lattice structure as representative volume elements, like
solid material. The lattice structures are similar to the micro porous
for the traditional solid structure in homogenized volumes. In this
way, special properties should be assigned to the representative vol-
umes and then we can apply traditional TO or other structure optimi-
zation methods to operate the special volumes. Representative
researches that apply this method can be found in [32,40,42,71,126]
and Fig. 19 illustrates the general workflow.

The second approach maps the density values obtained from non-
penalized TO results onto the explicit predefined lattice structures
with optional adaptation to improve the approximation accuracy of
mechanical response. Based on this approach, uniform or graded lat-
tice structures can be obtained. Example studies can be found in
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[89,135,192]. Fig. 20 shows an example where different predefined
lattice structures are used to map the solid volume TO contours.

Although the two appraoches are not hard to understand, the
operation and optimization of lattice structures is quite compli-
cated, especially for large size structure design [107]. The first prob-
lem is the representation/digitalization of lattice structures. Usually,
solid representation or surface representation can be used for indi-
vidual lattice units. But when filled into solid hulls, the number of
lattice units is very big, which makes the CAD file difficult to oper-
ate, including sweeping, meshing/mapping and tessellation. Sec-
ondly, when doing numerical simulation, the computation cost is
much higher (a homogenization method may be better) since many
more finite element units are required. Thirdly, when filling lattice
structures into solid hulls, one needs to use uniform lattice in trim-
ming or non-uniform lattice with conformal interface, which
depends on specific design cases. Some researchers stated that con-
formal lattice structures have better structural performance than
that of uniformed [89,170]. However, the operation of conformal
lattice is more complicated and more difficult to control the manu-
facturability since they are not, like uniform lattices usually are,
derived from benchmarking results. After that, the computation
cost is a big issue, not only for the representation, but also for simu-
lation and manufacturing [140]. That is why some researchers pro-
posed to use kernel or symbolic representations for lattice units
[13,158]. Finally, the most important challenge is how to obtain the
global optimum when using lattice structures. As discussed above,
using a lattice is already a compromise to the challenge of finding
the global optimum. The approximation process further reduces the
original design space and introduces more errors. Predefined and
benchmarked limited lattice structures with fixed parameters are
just a subset of the design variants. Actually, even for predefined lat-
tice units, there are more parameters that can be modified and
adjusted to specific design cases. Currently, many optimization
studies for lattice structures are only limited to density, represented
by strut diameter, and very little work focuses on parameter optimi-
zation and computation benchmarking for large lattice structure
design cases [108]. Therefore, to be practical, current methods and
tools from academic codes or commercial software tools all adopt
knowledge based methods with TO methods for lattice filling. Usu-
ally, a lattice library is built to store predefined lattice units, bench-
marked with numerical simulation or manufacturability analysis,
and then a limited set of control options, concerning the lattice unit
size, strut diameter, layout orientation, etc., are available for the fill-
ing operation. This is the main workflow of current (commercial)
tools [48,104,131]. Fig. 21 gives a filling example.

As said before, although relatively small or medium sized lattice
structures can be obtained, one not only sacrifices the stiffness but
also it may be more difficult to search for the original global optimal
lightweight design solution. If one only considers the lightweight
effect in the design, lattice filling may not be the optimal choice.
However, lattice structures can bring other benefits, e.g. energy
absorption [141,157] and heat conduction [41] that solid structures
Fig. 21. Hull filled with lattice structure [131].
may not have. This would be an important factor to encourage
research and practice in the lattice domain.
5. Tools and methods for optimizing surface structure

As discussed above, the global optimal for structure design is usu-
ally hard to obtain. In those cases one may hope to find some solution
existing in nature. Similar to lattice structures, which are made artifi-
cially, natural porous structures become a set of special elements to
deal with specific design requirements. Examples include among
others lightweight infill, porous scaffolds, energy absorbers, micro-
reactors, heat conductors, or self-adaptating structures. These struc-
tures/functionalities have been known for some time, but due to the
ability of AM to produce these complex structures, they now become
part of the solution principles that can be applied by the product
designer. Hence, the mimicking and post-processing of natural
inspired or randomly generated complex topologies become a new
design practice, which is called bio-inspired or biomimetic design. Its
goal is to generate either lightweight structures with unexpected
mechanical properties, similar to the lightweight design methods
mentioned in the last section, or multi-functional surface structures
as addressed here. This type of design is more difficult than that of
relatively regular or conformal periodic lattice structures. Hence, the
design and simulation focuses more on the form and shape of the sur-
faces while the mechanical properties and AM constraints are hard to
consider due to their extreme complexity [62]. Generally, two design
approaches, direct/indirect reproduction of natural topologies via
reverse engineering and generic bio-inspiration using design rules or
guidelines [54], are conducted in this domain. Both of the two need
advanced geometric processing skills for topology representation
and operation, which is either based on the approximation of numer-
ous mesh units or the convergence of large numbers of unit shape
functions.

Driven by the wide application in the medical domain, scaffolds
and implants usually require similar internal surface topologies to
the natural structures they are mimicing. This is in order to obtain
optimal properties, e.g. cell spreading, strength distribution [110].
The main methods to generate irregular porous structures with com-
plex internal surface topologies are either filling or hollowing materi-
als from an initial design via specific algorithms. A representative
filling method is Triply Periodic Minimal Surface (TPMS), which is an
implicit surface with intricate structures. Researchers add different
operation algorithms to do the filling with these surface units so as to
approximate the original CAD model’s skin [61,175,184,185]. A dis-
tance field controlled filling algorithm is presented in Fig. 22.

For the hollowing process, sub-volumes are generated via a set of
specific algorithms within the original 3D CAD model and used to do
Boolean operations. A shape function is applied in [36] to design a
pore model and then a subtractive Boolean operation is conducted
between the pore and the original solid CAD models to obtain the
final scaffold model. The process is illustrated in Fig. 23. Similarly, a
Fig. 22. Porous scaffold design by the distance field and surface models [184].



Fig. 23. Scaffold design method based on shape function and sphere pores [36]..

Fig. 24. A visual representation of the generative method. (a) a set of planes is gener-
ated as the underlying framework for all subsequent operations; (b) a user-guided
input mesh is generated; (c) based on (b), a symmetrical mesh is generated; (d) the
method is recursively applied and the result, following 21 iterations, is shown; (e)
smaller sub-meshes are deleted and the subdivision surface is generated to produce
the final artefact [14].

Fig. 26. (a) For an input face model, (b) a Centroidal Voronoi Diagram (CVD) [34] is
computed, and the partition boundaries can be converted into styling curves. The gen-
erated curves are straightened [29] for better aesthetics. (c) Widening and thickening
are applied, and (d) the result 3D printed [201].

Fig. 27. functional surface structure a medical component for L-PBF process [204].
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Voronoi tessellation method is adopted in [70] to do the material hol-
lowing.

Apart from the internal surface structure generation, external sur-
face structure design also attracts attention since using AM to print
complex shapes for art or customized shapes has become popular. In
artistic design, T-splines and Voronoi tessellation or predefined pat-
tern bases are commonly used for defining complex surface topolo-
gies. In [14], a generative design method is applied to populate
complex surface topologies via the use of predefined patterns. A
recursive grammar is set for the generation of solid boundary surface
models, suitable for a variety of design domains. Freeform 3D surface
topologies can be formed by a set of 2-manifold polygonal sub
meshes as shown in Fig. 24. More details about similar practices can
be found in [182]. However, the optimization for artistic design is not
so obvious.

To develop special surface structures for personalized casts/
braces, a new topology optimization method is proposed in [186].
Fig. 25. A workflow for designing a custom compression cast/brace with custom-fit,
lightweight and good ventilation [186].
The novel TO method is based on thin plate elements on the two-
dimensional manifold surfaces instead of 3D solid elements so as to
reduce the computation cost for shape optimization. Fig. 25 gives an
example of the proposed full method.

To decrease the threshold of customization of surface structure for
the public when using AM, in [201], an interactive CAD design tool is
proposed. This tool uses predefined reference unit models with the
inputs of user’s stylings to automatically generate customized hol-
lowed surface topologies for fashion. Similar to other existing 3D
porous structure design methods, this tool is mainly based on Voro-
noi tessellation and curve fitting methods. Fig. 26 shows the surface
topology generation process.

The main advantage of this tool is that its predefined reference
models can be benchmarked and tested to ensure manufacturability,
which will avoid problems during AM. Similar to structure topology
optimization, surface structure design and optimization face more
difficulties in the modelling, simulation and embracing of AM con-
straints. Furthermore, irregular shapes pose more challenges for the
computation cost of complicated geometric operations. This requires
more work on the data structure, simulation driven analysis and opti-
mization. A lightweight and convenient analysis platform should be
developed to efficiently acquire the calculation results [62] for valid
surface structure design and optimization. Currently, there is very lit-
tle research invesigating the design guidelines of surface structure in
AM. Most of the design pratices are limited at non-metallic AM pro-
cesses. However, there is an ugent need in the medical application
domain where special functional surface structures are critical. Fig.
27 presents a dental component where a bio-insipred surface struc-
ture with a special treatment function is printed using L-PBF. Reverse
engineering is used to generate the surface structure. However, the
modelling and function validation of such surface structure has not
yet been studied. Hence, design methods and modelling tools should
be developed to support the medical fabrication application for metal
AM processes.

6. Manual optimization of internal part topology

One of the enablers within AM is the ability to optimize the inter-
nal part topology. In the previous sections automated topology opti-
mization procedures for internal and surface part geometry were
discussed. In many cases these automated methods are not required
or applicable and other ways of defining the internal part topology
are used.



Fig. 30. Two stage manifold design process proposed by Renishaw. (a) Original design
(b) Flow paths, wall thickness reduction and support geometry generation. (c) flow
path extraction (d) CFD analysis of the flow paths (e) Optimized flow paths. (f) final
manifold design [143].
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With subtractive methods, structuring the product internal surfa-
ces is hard or limited to very basic geometric features and production
steps. Many of the commercially successful AM applications relate to
internal transport of media (water, air, oil etc.) through the AM prod-
uct. In relation to the additive manufacturing challenges, three sub-
sets of AM features for internal transport of media can be identified;
macro channel geometry, mini/micro channels and printed perme-
ability. For macro channel geometry, down-facing surfaces of the
channel may experience stability problems during printing. For mini/
micro channels, the feature size may be close to the limitations of the
printing device which may result in walls failing to print, channels
being blocked and cumbersome removal of excess print material.
Finally, AM permeable structures are created by ensuring process-
induced porosity. Here the main challenge is finding stable process
settings that allow for both the production of permeable and solid
structures.

6.1. Internal geometry at macro level

In classical part production, channels for the transportation of vis-
cous media are manufactured using conventional subtractive produc-
tion methods like drilling, thus resulting in straight channels with
round cross section and sharp corners. With the use of AM the loca-
tion and shape of these channels can be optimized. In L-PBF and at
macro level, the top surfaces of the round holes have the tendency to
sag or collapse, and the cross section of the channel has to be opti-
mized. Thomas [160] investigated the quality of produced channels
and found that round holes up to a diameter of 7mm could be printed
with minimal problems. Above that, sagging of the overhanging sur-
face is noticed (Fig. 28, middle), as well as possible curl (Fig. 28, left),
leading to recoater collisions. Other channel designs have been pro-
posed (Fig. 28, right).

With the use of AM, cooling channels in injection molding (IM)
inserts can be made conformal to the mold’s product surface (confor-
mal cooling channels) and located in areas critical to the quality of
the die’s function (see Fig. 29). Conformal cooling channels have been
used to reduce cycle time and product warpage. Kitayama et al. [93]
compared the effect of conformal cooling channels and conventional
cooling channels for injection molding. Results showed an improve-
ment of the cycle time of 53% and a reduction of product warpage by
46% compared to conventional cooling channels [91,93,137].
Although conformal cooling for IM is widely researched and benefits
have been proven, actual application in industry lags behind. It is
Fig. 28. Channel distortion (left, middle) and optimized channel design for channels of
diameter 7mm and above [160].

Fig. 29. Traditional (left) and conformal (right) cooling channel layouts for the produc-
tion of plastic casings. [91].
considered beneficial only for complex plastic geometries (thin walls
and intricate features), that are difficult to cool quickly and uniformly
and for very high production volumes [137]. H€olker [77] researched
using conformal cooling channels in hot metal extrusion and also
found significant production efficiency improvements.

Current research into manifold design has two main themes; mass
reduction and flow optimization (see Fig. 30). Conventional methods
create straight cooling channels, where connections result in pres-
sure loss, increase the temperature and noise, which influences the
reliability and lifetime of the system. Ma et al. [119] investigated mul-
tiple geometry adjustments which can be made when using AM. AM
enables the design of fluent corners, smooth transitions between
cooling channel diameters and the removal of unwanted drilling cav-
ities, resulting in decrease in pressure loss by up to a factor of 3.

6.2. Mini and Micro internal geometry in AM

For mini and micro levels of geometry, used for transport of fluidic
media, the minimal feature size of the AM technology chosen is often
the limiting factor. Thomas [160] investigated some of these limits,
for example as shown in Fig. 31. Printing of free standing walls and
pilars is also a limiting factor as both the achievable minimal cross
sectional area and maximal aspect ratio are limited [142].

In sectors like heating, ventilation, and air conditioning (HVAC),
automotive, aero and electro-cooling, heat exchangers play a vital
role in the energy efficiency. The heat transfer performance is depen-
dent on the surface area to volume ratio.

Using mini and micro channels, this ratio can be increased, thus
increasing the performance/mass ratio of the heat exchanger [163].
Arie et al. [7,8] investigated the performance of Ti64 (Fig. 32) air-
water manifold-microchannel heat exchangers. Key to the intended
efficiency increase was the production of thin fins (< 300 mm) with
high aspect ratio’s (>10). Non AM-based production alternatives
were considered slow, costly, not able to meet the aspect ratios or
not possible to produce in the desired material. Compared to classical
designs the manifold micro-channel show respectively 30�40%
Fig. 31. Investigating the quality of the gap, for gap sizes of 0.1�1.0 mm, for printed
cylinders and cubes. The right side shows a shadow image of the results (top image
presents the cube structures, bottom the cylinders) [160].



Fig. 32. Manifold/micro-channel structure from Arie et al [7,8].
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performance increase in gravimetric heat transfer density. It was
argued that inaccuracy of the production process reduced the mani-
fold performance as some of the channels were blocked and the ideal
fin thickness of 150 mm could not be realized. Meißner et al. [126]
put the use of AM to a case study where they produced a highly inte-
grated catalytic burner for auxiliary power units based on PEM-fuel
cells. They used AM to produce the top and bottom manifolds which
enabled them to integrate multiple functions into one device. This
resulted in a volume reduction of 70% from 41L to 11L and a weight
reduction of 60% from 30 kg to 12 kg.

6.3. Printed permeability

Calignano et al. [37] (Fig. 33) investigated the relation between
material and process properties to fabricate both stochastic and non-
Fig. 33. Resulting foam like structures by varying scanning strategies and process set-
tings. (a) AlSi10Mg (b) Ti6Al4V (c) resulting pore types.

Fig. 34. Micro channel design with permeable layers (a), test geometry to find process
settings to realize bulk and fin porosity (b) and resulting permeable wall with 23% bulk
porosity (c) [44].
stochastic porous structures. Parts were created using three different
scanning strategies (x and y scanning lines, only x (or y) scanning
lines, and rotating scanning patterns for each new layer) and by mod-
ifying the hatch distance hd. It was found that hatch distances in
excess of 0.20 mm were needed to be able to create distinct walls.
Below that, wall formation was hampered by agglomeration of pow-
der particles. Printing success was increased when lowering wall
aspect ratios and not positioning walls parallel to the recoater move-
ment direction. The rotating scanning strategy using hd of 0.5 mm
resulted in stochastic, foam-like structures, both with open and
closed pores and porosity values of 43�45%.

Collins et al. [44] investigated the use and production of a perme-
able membrane heatsink produced by AM (Fig. 34). In order to find
the process settings that will result in permeable walls, test cubes
were printed with fins on top with a height of 1 mm and wall thick-
nesses varying from 150 to 500 µm. The core of the cubes was used
to determine bulk porosity (12�23%). All fins below 300 µm failed to
print while 300 µm fins were successfully printed only for process
settings resulting in low bulk porosity (<16%). The 400 and 500 µm
fins printed successfully for all process settings used.

7. Functional material complexity

The design process can also consider that to solve some techno-
logical problems (like magnetic and non-magnetic materials) or to
optimise some local properties (mechanical properties, surface prop-
erties for some joints), some processes allow building up multi-mate-
rial objects or objects with material gradients. In some cases there
has been significant progress although it increases the complexity of
simulation and of process planning of AM-based value chains. In
addition, there are no standard functionalities in the commercial soft-
ware that could support such definitions, which must be managed
manually or directly defined on the legacy software associated to
specific processes. One basic functionality relates to material gradient
of polymers and elastomer parts manufactured with voxel-based
technologies. The design process criticaly addresses the local charac-
teristics of the material for each voxel of the object. Another feature
that is mostly used for metallic parts is lattice structure that could
help in designing internal structures used to support the parts but
also to minimize weight with respect to given functionalities.

In highly developed sectors for metal fabrication, in particular
aeronautic and medical applications, AM processes use many metals
like stainless steel, titanium, aluminum, cobalt chrome and nickel
alloys [33,38,165]. An important feature of metal is its microstruc-
ture. For a given metal, there can be a variety of microstructural fea-
tures that affect its mechanical properties [90]. The size of grains,
micro-segregation of alloying elements, phases within the metal and
size of dendrites relates to the tensile strength and ductility
[118,172]. During the AM process, the microstructure is formed in-
situ and would depend obviously on the process parameters and
material used. The microstructure of metals determines the mechani-
cal properties of the part such as yield strength, ductility and hard-
ness [74,138,151,205]. Varying the process parameters like the
energy sources and fill patterns can lead to differences in grain struc-
ture [63]. Such issues are both a very important potential advantage
but also an additional complexity when considering the AM design
process.

Functionally Graded Materials (FGMs) are defined as a class of
advanced materials characterised by spatial variation in material
composition across the volume, contributing to corresponding
changes in material properties in line with the functional require-
ments [134]. The multi-functional status of a component is tailored
through the material allocation at microstructure to meet an
intended performance requirement. Microstructural gradation con-
tributes to a smooth transition between properties of the material
[120]. Another approach is based on Young’s modulus variation for
the determination of the mechanical properties’ gradients, and con-
sequently material microstructure or composition variations
[136,145,170]. Another interesting proposition comes from [168]
who proposes an interpretation of the material with intermediary



Fig. 35. Flexible metallic joint with 1-DoF bending and single-port surgical robot sys-
tem design [79].

Fig. 36. Assembly features design and manufactured 1U CubeSat by SLM (AlSi10Mg)
[26].
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density as a lattice cellular structure that could be composed by sev-
eral materials.

Homogeneous FGM composition creates porosity or density gra-
dients by modulating the spatial microstructure or morphology of
lattice structures across the volume of material through a voxel
approach [5,78]. This method can be called “varied densification
FGM”. The directionality, magnitude and density concentration of the
material substance in a monolithic anisotropic composite structure
contributes to functional deviations such as stiffness and elasticity.
The gradual transition from a solid exterior to a porous core leads to
an excellent strength-to-weight ratio. Such representations are diffi-
cult to use when designing products with CAD software because of a
lack of adapted representations. Even if new standards are partly
addressing such models, the development of mathematical represen-
tations useful for both design and simulation is still in progress.

FGM can also address the aspect of multi-materiality through an
approach of dynamically composed gradients or complex morphol-
ogy [79]. The geometric and material arrangement of the phases con-
trols the overall functions and properties of the FGM component.
Multi-material FGM seeks to improve the interfacial bond between
dissimilar or incompatible materials. Distinct boundaries can be
removed through a heterogeneous compositional transition from a
dispersed to an interconnected second phase structure, graded layers
with discrete compositional parameters or smooth concentration
gradients. Once again, material models are too complicated to be
used for simulation. Demonstration and validation during the design
phase of expected characteristics is still to be expected in a general
manner.

But this is an interesting issue to be expected because, by fusing
one material to another three-dimensionally using a dynamic gradi-
ent, the printed component can have the optimum properties of both
materials. It can be transitional in weight, yet retaining its toughness,
wear resistance, impact resistance or its physical, chemical, biochem-
ical or mechanical properties [92]. Multi-material FGM can also pro-
vide location-specific properties tailored at small sections or strategic
locations around pre-determined parts [164]. Some AM technologies
are providing such opportunities. Construction of such parts could be
of interest to solve design issues in order to avoid multi-part assem-
blies or complex joints for example.

Simulation models are still to be implemented and validated
mostly because the design of heterogeneous compositional gradients
are very complex. They can be divided into four types: a transition
between two materials, three materials or above, switched composi-
tion between different locations or a combination of density and
compositional gradation.

The key design parameters of FGM include the dimension of the
gradient vector, the geometric shape and the repartition of the equi-
potential surfaces. The features and functionality of the component
are further determined by the direction of the gradient within the
material composition [47]. The design and types of the volumetric
gradient can be classified according to 1D, 2D and 3D, and distribu-
tion of materials uniformly or through special patterns.

Defining the optimum material distribution function requires
extensive knowledge of material data that includes the chemical
composition, its characteristics and the manufacturing constraints
[190]. At present, there are no design guidelines on material compati-
bility, mixing range for materials with variable and non-uniform
properties and a framework for optimal property distribution such as
choice of spatial, gradient distribution and the arrangement of transi-
tion phases is also lacking [156].

When generating graded components of high to low strength, the
changing material properties brought about by modifications to the
microstructure have to be carefully measured and quantified. Tamas-
Williams [156] suggested two useful approaches to model the
response of functionally graded components using the exponential
law idealisation and material elements “Maxels”. Finite Element
Method (FEM) analysis can also be used to show and suggest an opti-
mised set of elements under pre-determined circumstances to pro-
vide a better understanding of how the material properties will
behave.
In order to generalise the use of FGM, it is crucial to understand
the resulting differences between the predicted and real components.
By knowing the required mix of properties, the required arrangement
of phases, and compatibility of materials design rules and methods
have to be established to avoid undesirable results. Knowledge of the
“processing-structure-property” relationship can be gained through
shared databases as a catalogue of material performance information
[120].

Richards [144] first proposed a computational approach of using
CPPN (Compositional Pattern Producing Network) encodings and a
scalable algorithm using NEAT (Neuro Evolution of Augmented
Topologies) to embed functional morphologies and macro-properties
of physical features using multi-material FGM through voxel-based
descriptions by a function of its Cartesian coordinates [155]. Some
progresses are still expected but FGM or multi-material parts in gen-
eral are being seriously considered as solutions for design evolution
of products in the future. This is already used for polymers and elas-
tomers and this is in progress for metallic products.

8. Assembly and part integration considerations

It is well recognized that it is possible to exploit the potential of addi-
tive manufacturing at product level. As one may infer by the existing
standards [83�85], AM technologies already play a significant role not
only for single parts but also at product level. Therefore, the classical
Design for Assembly (DfA) approaches [25,31] have to be reconsidered
in order to take advantage of these AM opportunities. An n-part product
may be classified as static, movable, or compliant assembly and it may
have components of the same or different materials. AM technologies
enable the possibility to produce not only a single part of an assembly,
but directly the assembled product. A full review of the direct fabrica-
tion of movable and compliant assemblies, also referred to as “non-
assembly mechanisms”, is given in [49]. This review shows many possi-
ble joints directly fabricated either using polymers or metals. Further-
more a deep discussion of polymer-based non-assembly mechanisms
may be found in [50,109], proving that the polymer-based AM technolo-
gies are close to maturity for this kind of application.

Even though it is in its infancy, metal-based direct fabrication of
assemblies is becoming relevant as shown in [26,37,49,79]. Fig. 35



Fig. 38. Proposed (re)design approach for part consolidation [146].
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[79] shows a metallic compliant joint for a snake-like surgical robot,
produced by PBF. In Fig. 36 [26], the detail design of a rotational joint
and a snap-fit feature are shown for a nanosatellite metallic cubic
structure fabricated by L-PBF.

But what about the design rules to fully exploit the AM technolo-
gies in assembly manufacturing? In the following, a brief analysis of
the design rules and in particular of the part consolidation steps in
designing a product will be considered.

8.1. Assembly design rules

As deeply discussed in [129,130], when dealing with assemblies
and AM technologies, one main issue still to be adequately addressed
is the geometrical product specification. In fact, no specific ISO-GPS
or ASME-GD&T standard dedicated to AM processes exists, leaving
design as a cumbersome process of defining geometrical require-
ments of assembly features or of single parts using a language dedi-
cated to conventionally manufactured products.

Referring to an assembly with fixed connection type, general rules
to design fasteners/connectors, in particular snap-fit features, are
presented with respect to polymer-based AM processes in [85,94],
and to metal-based ones in [26]. These general rules address issues
on fastener/connector shape, wall thickness, gap width, staircase
effect on sloped surfaces, and on the influence of anisotropy on the
assembly product mechanical behavior.

Dealing with non-assembly mechanisms, design rules are dis-
cussed mainly referring to polymer-based AM processes like extru-
sion-based [76,128], material jetting [181], and vat
photopolymerization processes [109]. The design rules refer to the
minimization and the removal of the supports used during the non-
assembly product fabrication, the effect of build orientation on the
smoothness of the mechanism, and the selection of the clearance
between assembled parts. Considering the latter issue, in [181] a
benchmark is proposed to assess the lowest clearance limits for non-
assembly mechanisms.
8.2. Part consolidation

Part consolidation is the first and most relevant step in (re)design
for assembly. In a classical DfA approach [25] the designer should
consider the following questions: Must parts move relative to each
other? Must parts be of different materials? Must parts remain sepa-
rate to enable/easy assembly/disassembly? If all the answers are no,
the considered part could be combined with other parts in the assem-
bly. But this is not the case when exploiting AM processes since they
enable non-assembly mechanisms, multi-material printing, and eas-
ier functional integration. A significant example of AM part consoli-
dation is the one reported in [146] (Fig. 37).

The original portable hydraulic manifold was used for in-situ test-
ing of aircraft components, a 17-part assembly, and was completely
redesigned as a single-part product, with 60% less weight, the same
footprint, a 53% shorter height, and with a more reliable and robust
design with respect to the original one, deeply exploiting a metal
powder bed fusion technology. Nevertheless, the main outcome of
the reported experience is the proposed redesign approach for part
Fig. 37. Original (left) and redesigned (right) hydraulic manifold [146].
consolidation using metal AM (Fig. 38). The proposed approach is
general, well structured, and detailed enough to be immedialtely
applicable at industrial level, but it needs further testing on different
case studies to prove the benefits.

An interesting framework to part consolidation and functional
integration exploiting AM technologies is presented and validated in
[180] (Fig. 39). In a further development of their approach, the
authors have recently addressed the relevant problem of detecting
the possible candidates for part consolidation, as reported in [179].

Potentially, when dealing with part consolidation, the designer
may consider the need of part decomposition. The need to increase
the number of parts in a product fabricated by AM may be due to
many reasons: printability, productivity, functionality, artistry, and
interchangeability. Printability is actually the main reason being
related to the limited working envelope of AM machines. In [133] the
Fig. 39. Proposed part consolidation approach [180].
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part decomposition problem in AM is addressed, but it is the first and
unique example of research on this topic.

9. Conclusion and future challenges

DfAM is about design for the whole AM product life cycle. This
paper has presented a framework of tools and methods for DfAM
and has shown the strong interaction between these life cycle stages
and AM product design. The state of the art was presented on many
of these design tools and their applicability was illustrated using
many of the latest examples from research and industry. But AM
and DfAM is a field that is rapidly evolving, and many challenges
still remain.

9.1. AM suitability exploration

A growing number of companies are exploring the commercial
use of AM within their supply chain. For that, better methods and
tools are needed to help the designer obtain an overview that identi-
fies the (mis)match between functional and economical demands of
the intended product and all stages of AM in product development.
Methods for early cost estimation are lacking, while current figures
for production cost per cm3 are not based on established calculation
methods and lack experimental and industrial verification. Late life
cycle stages of postprocessing, inspection and certification have a sig-
nificant impact on production cost and general applicability of AM,
but these stages are underrepresented in current DfAM approaches.
Finally, more education on (design for) Additive Manufacturing is
needed, as the majority of product designers and engineers are still
trained to think subtractive.

9.2. Product (Re)design for AM goals

Topology optimization enables strategies that go beyond light-
weight design to include minimizing support usage and thermal
deformation, optimizing local heat input, and with that the local
material properties, porosity and strength. Much research is con-
ducted in these areas, although most results have not reached matu-
rity and are not yet available to the product designer. TO methods
need further enhancement to tackle optimization as a 3D problem
while taking all later product development stages into account. Gen-
erative design strategies have the benefit that they generate many
possible design solutions, but as is the case with TO, few production
and inspection constraints are currently integrated. Furthermore,
methods and strategies should be developed to help the designer
choose from the many, often very similar, design variants. Lattice
structures show explicit benefits, especially in application fields
involving energy absorption and heat conduction. They are however
computationally intensive, which limits the optimization possibilities
for large lattices to a limited set of parameters.

When looking at the part interior, specially designed porosity is
seen as a promising new feature for internal transport of gasses and
fluids. Both the optimal process settings as well as models for their
application need further research to be applicable in everyday prod-
uct design. To fully exploit the benefits of functional material com-
plexity, further research must be conducted on rules and CAD
representations of FGM related design intent.

During the last decade many efforts in proving the potential of AM
technologies from the point of view of the product and not only of the
single part/component. However, the development of design tools
and methods is still a matter of basic research and far from industrial
application. There is need for GPS/GD&T standards to define Product
and Manufacturing Information in this selection, of general rules to
define assembly features, and of approaches to integrate and consoli-
date parts of a product. The future of additive manufacturing is also
looking towards 4D applications [88,154] where those challenges
will be even more relevant.

For the final optimization of geometry so that it combines AM
benefits with efficient production and inspection, a lot of research
has been conducted. At an individual process level design knowledge
is available and constantly being extended or refined. Further
research is needed to enable improved integration in upstream prod-
uct design steps like TO and generative design.

9.3. Further challenges

Regarding development of processing simulation models and
methods. In future, it may be possible to directly embed these models
into the geometry/topology definition procedure in DfAM if the com-
putation cost is acceptable. Integrating processing and manufacturing
with design in AM is feasible since the full digital chain is there. How-
ever, currently, this is still an open issue due to computational cost.

In current AM practice only a few zones in a product are defined
where process settings can be defined, for example for the top and
bottom facing surfaces and the bulk of the product in L-PBF. If
machine learning and closed loop control can be used to define the
optimal settings for each deposition area (e.g. laser pulse), the need
for support structures as well as the effects of thermal stresses and
deformations are expected to reduce/diminish. This will have large
impact on the AM products and the way they are designed.

A combination of computational and knowledge-based methods
(processing simulation case results, experimental benchmarking
results, existing validated design solutions, etc.) would be an optimal
solution for DfAM in the future to define qualified AM design solu-
tions. Data analytic methods could be used to explore and discover
knowledge from existing validated designs or dig out implicit knowl-
edge from large industrial practice and experimental data sets.

A collaborative cloud-based DfAM platform would be more sus-
tainable for the world if people could share their designs and design
knowledge as well as other AM processing related data sets. This
would enable and advance wide KBE in DfAM, save a lot of cost and
time and improve quality over the trial and error practice in current
DfAM.

Finally, developments in the processing field must have an effect
on DfAM methods and tools. Further reduction of price per cm3 of
parts produced are expected. This is due to newer and faster produc-
tion technologies. This will result in new application areas, new pro-
cess constraints and new AM features.
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