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Abstract

Additive manufacturing has emerged as an integral part of modern manufacturing because of its unique capabilities in vari-
ous application domains. As efforts to effectively apply additive manufacturing, design for additive manufacturing (DfAM)
has risen to provide a set of guidelines based on a practical design framework or a methodology during the product design
process of additive manufacturing. However, most existing DfFAM methods do not effectively consider the capabilities of
extant additive manufacturing technologies in the early design stages, and therefore it is hard to map functional requirements
from customer needs onto a product design for additive manufacturing. Moreover, available DfFAM methods tend to rely
on the direct application of a specific decision method rather than a systematic approach with appropriate deployment and
transformation of available design decision methods considering the additive manufacturing environment. Consequently,
existing DFAM methods lack suitability for use by additive manufacturing novices. To tackle these issues, this study develops
a design framework for additive manufacturing through the integration of axiomatic design and theory of inventive problem-
solving (TRIZ). This integrated approach is effective because the axiomatic design approach can be used to systematically
define and analyze a design problem, while the TRIZ problem-solving approach combined with an additive manufacturing
database can be used as an idea generation tool to generate innovative solutions for the design problem. A case study for a
housing cover redesign is presented to apply and validate the proposed design framework.

Keywords Additive manufacturing - Design framework - Design for additive manufacturing - Axiomatic design theory -
TRIZ - Additive manufacturing database

1 Introduction Additive manufacturing has emerged as an integral part of

modern manufacturing because of its capabilities to fabri-

Additive manufacturing refers to a group of technologies for
building three-dimensional solid objects from their digital
models by selectively accumulating material layer-by-layer
[1]. The process of additive manufacturing takes information
from the computer aided design (CAD) model of an object
and converts it into thin ‘slices’ that contain information
of each layer to be printed. The CAD model is then built
by an additive manufacturing machine one slice at a time
with each subsequent slice built on the previous one [2, 3].
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cate complex shapes (i.e., design freedom), to consolidate
separated parts into one integral part, and to create sustain-
able products by reducing their environmental impact [4, 5].
The benefits of additive manufacturing led to new design
opportunities such as the fabrication of biomimetic scaffolds
and artificial organs [6] and advanced design customization
[71, that have not been achieved under traditional manufac-
turing systems.

It is necessary to have practical design frameworks or
methodologies that enable designers or engineers to gener-
ate effective product designs to exploit additive manufac-
turing capabilities [3]. In this regard, the concept of design
for additive manufacturing (DfAM) has risen to provide a
set of guidelines and tools that facilitate the evaluation of
constraints and additive manufacturing capabilities dur-
ing a product design process [8]. However, extant DfAM
approaches in the literature tend to rely on the direct
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application of existing methods for conventional manufac-
turing without their appropriate transition for additive manu-
facturing [S]. These DfFAM frameworks do not sufficiently
reflect the process capabilities and constraints of additive
manufacturing in the early design phases [9]. Another limi-
tation is that only a few DfAM methodologies make use
of design decision-making tools in order to systematically
analyze design problems for additive manufacturing [10].
Furthermore, there is a lack of methods that enable additive
manufacturing novices to generate creative design solutions
[11,12].

The above stated limitations necessitate a design frame-
work that can identify suitable additive manufacturing
capabilities to help users to systematically analyze design
problems for additive manufacturing. This study fulfills this
gap by developing an effective design framework for addi-
tive manufacturing through the integration of existing design
methods and a database for additive manufacturing capabili-
ties. In the proposed design for AM framework, two proven
design methods are synergistically used: (1) axiomatic
design theory [13] and (2) theory of inventive problem-
solving (TRIZ) [14]. In the framework, the axiomatic design
approach is used to systematically define a design problem in
terms of its functional requirements, design parameters, and
corresponding additive manufacturing capabilities. Then, the
inventive problem-solving approach based on TRIZ supports
the derivation of design parameters to satisfy the functional
requirements under the defined design problem structure
from the axiomatic design approach. Moreover, a database
system is developed to facilitate users to search appropriate
additive manufacturing capabilities corresponding to the
design parameters.

A design framework based on the above steps would
allow designers who are not familiar with additive manu-
facturing to leverage its potential by considering additive
manufacturing capabilities in the early design phases. In
addition, such a design framework can be used to redesign
existing products that were originally designed for con-
ventional manufacturing as well as to design new prod-
ucts to be manufactured using additive manufacturing
technologies.

The remainder of the paper proceeds as follows: Sect. 2
reviews the existing studies on DfFAM and additive manu-
facturing capabilities. Section 3 proposes a methodology
to develop a design framework for additive manufactur-
ing by integrating axiomatic design, TRIZ, and an addi-
tive manufacturing database system. Section 4 uses the
proposed DfAM framework for the redesign of two actual
parts to demonstrate the application and effectiveness of the
proposed framework. Finally, Sect. 5 discusses the results
and provides conclusions along with limitations and future
work.

2 Literature Review
2.1 Design for Additive Manufacturing

Design for additive manufacturing (DfAM) is a set of
rules, guidelines, tools, and knowledge that help design-
ers to consider additive manufacturing during the product
design stage [8, 15]. DfAM enables designers to exploit
the unique capabilities of additive manufacturing so as
to create an additional value for manufacturers and users
[16]. Kumke et al. [10] categorized DfAM approaches in
the literature into DfAM for design decisions and DfAM
for manufacturing decisions. DfAM for design decisions
comprises of guidelines, rules, and methodologies to sup-
port designers to utilize additive manufacturing capabili-
ties. On the other hand, DfAM for manufacturing deci-
sions includes upstream, downstream, and other generic
DfAM activities for new product development processes
such as activities concerning the manufacturing process
itself (e.g., process selection, selection of part candidates)
that are performed by manufacturing specialists instead of
design engineers.

Focusing on DfAM for design decisions, recent DfAM
approaches are summarized in Table 1. The design phases
included in Table 1 cover three main phases of a general
design methodology for additive manufacturing [9]: (1)
conceptual design phase, where basic solution princi-
ples for a design problem are identified to derive initial
design concepts, (2) embodiment design phase, where the
design is fleshed out by incorporating the solution prin-
ciples, and (3) detailed design phase, where the design is
refined to satisfy identified design parameters and require-
ments such as tolerance, loading conditions, and process
specifications.

Different design frameworks in the literature focus on
one or multiple general design phases by incorporating
extant design problem analysis tools or/and idea genera-
tion tools into design frameworks. Rodrigue and Rivette
[17] proposed a design methodology for additive manu-
facturing that combines the benefits of design for assem-
bly and design for manufacturing. The proposed design
methodology employs additive manufacturing capabilities
to consolidate and optimize a product design based on the
functions and characteristics of considered parts and the
design failure prevention solutions identified by TRIZ. Bin
Maidin et al. [18] developed an additive manufacturing
design feature database, which includes 113 additive man-
ufacturing-enabled design features, to support new product
development during the conceptual design phase. Vayre
et al. [19] proposed a general design methodology for
additive manufacturing, involving analysis of part speci-
fications, generation of initial shapes, analysis of these
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Table 1 A summary of DfAM approaches

Literature Design problem analysis Idea generation Design phase* AMC:s considered
in conceptual
phase?

C E D

Rodrigue and Rivette [17] | TRIZ O = O A

Bin Maidin et al. [18] O Design feature database [ | O O |

Vayre et al. [19] Parametric optimization O O = ® @O

Boyard et al. [20] 3D modular graph O B O O O

Klahn et al. [16] O | O O o o

Laverne et al. [9] O Brainstorming | | O O O

Salonitis and Zarban [21] Specification analysis O O = ® @O

Kumke et al. [10] DfAM based on VDI2221 Catalogues, feature database O O O

Rias et al. [12] O Forced association | O O O

Ko et al. [22] Finite state automata O O g o

Salonitis [3] Axiomatic design O m O o Aa

Bikas et al. [23] Topological optimization O O o g oo

Kamps et al. [24] TRIZ Biomimicry database B O O a

Sossou et al. [25] Functional analysis, additive O [ o N | O

manufacturing contextualiza-
tion

Zaman et al. [26] Multi-criteria decision making

Material process selection database B O

O

*C: conceptual phase; E: embodiment phase; D: detailed phase; O0: not covered; B¥: partially covered; B: covered in detail; AMC: additive

manufacturing capability

shapes based on geometric parameters, and optimizing
the shape by tuning these parameters. Boyard et al. [20]
proposed a five-step design methodology including iden-
tification of functional specifications, conceptual design,
architectural design, detailed design, and implementation.
They performed loops of design for manufacturing (DFM)
and design for assembly (DFA), in parallel, during the
architectural design and detailed design stages based on
a 3D modular graph to represent a product architecture.
Klahn et al. [16] presented two design strategies (i.e.,
manufacturing-driven and function-driven) for additive
manufacturing that should be selectively applied to prod-
uct development depending on the operational purpose
of additive manufacturing for selected parts in product
development. Laverne et al. [9] developed an assembly
based DfFAM method to enables designers to consider
additive manufacturing knowledge and constraints in
early design activities for additive manufacturing, which
processes development of concepts, working principles,
working structures, and synthesis and conversion of data
into design features. Salonitis and Zarban [21] proposed
a methodology to redesign an existing part for additive
manufacturing, evaluating additive manufacturing process
specifications and functional requirements of the part.
Focusing on the embodiment and detailed design phases,
the proposed methodology performs topological optimiza-
tion to derive initial concepts and multi-criteria decision

analysis to evaluate design alternatives. Paying attention to
the systematic utilization of additive manufacturing capa-
bilities in the early design phase, Kumke et al. [10] devel-
oped a modular framework for DFAM that provides guide-
lines to integrate existing methods and tools for DfAM
and general design methodologies into a design problem
based on novelty in product design, user experience with
additive manufacturing, and design goal. Rias et al. [12]
proposed a design methodology to generate creative design
concepts for additive manufacturing in five steps, includ-
ing feature discovery, idea exploration, ideas evaluation,
concept generation, and concept evaluation. Ko et al. [22]
proposed a mathematical representation for customized
design for additive manufacturing (CDFAM) that employs
finite state automata (FSA) to reflect an additive manufac-
turing process and customer satisfaction in product design.
Salonitis [5] proposed a design framework for additive
manufacturing using the axiomatic design theory where
functional requirements are mapped to design parameters
and process variables through a zig-zag decomposition
method. Bikas et al. [23] focused on transformation of
structural component design for conventional manufac-
turing into that for additive manufacturing through three
design phases (i.e., part selection for additive manufac-
turing, finite element analysis and topological optimiza-
tion, and output analysis). Kamps et al. [24] proposed a
creative design methodology that incorporates biomimicry
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and TRIZ for part optimization, which includes part analy-
sis, functional analysis of the main and subfunctions of
the components using TRIZ, abstract biomimetic design
(i.e., database augmented analogy search for each func-
tion), and final part design. Sossou et al. [25] developed
a procedural approach that integrates functional require-
ments and additive manufacturing constrains to derive an
additively manufacturable functional architecture based
on parametric optimization. Zaman et al. [26] proposed
material and process selection for additive manufacturing
employing existing multi-criteria decision making meth-
ods based on a database system collecting material and
machine information.

Despite the benefits that can be provided by the exist-
ing DfAM frameworks and methodologies, how to enable
designers to better incorporate additive manufacturing capa-
bilities into product design has not been clearly addressed
in the existing DfAM framework. As seen in Table 1, a few
studies have considered AM capabilities in the early design
process, and only a few among those studies considered
AM capabilities in detail at the conceptual design phase.
The additive manufacturing knowledge should be prop-
erly integrated into design activities for successful DfAM
implementation. Although most approaches acknowledged
the importance of this knowledge transfer, only a few stud-
ies explicitly provided a decision-aid system that can easily
identify suitable additive manufacturing capabilities for a
specific design problem. The lack of design problem analysis
tools to systematically derive creative solutions for additive
manufacturing can adversely affect designers who would like
to effectively integrate additive manufacturing capabilities
during the conceptual design phase. To tackle the above
mentioned issues, it is necessarily to have a DfAM frame-
work that enables novice designers not only to logically
structure a design problem for additive manufacturing but
also to creatively derive solutions by considering relevant
additive manufacturing capabilities.

2.2 Additive Manufacturing Capabilities

Understanding additive manufacturing capabilities is essen-
tial for DfAM to fully exploit possible design opportunities
for a specific design problem. This section summarizes com-
mon additive manufacturing capabilities that were identified
from the existing literature.

e Freeform Shapes: Additive manufacturing, which can
eliminate many constraints of conventional manufactur-
ing processes (e.g., tooling clearances and undercuts),
has significantly broadened design freedom [27]. This
geometric freedom enabled by additive manufacturing
provides aesthetic, functional, economical, and ergo-
nomic benefits [8]. The capability of additive manufac-
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turing to produce parts with complex shapes has found
its applications in interior design, medicine, automotive,
and aerospace industries [28].

e Lattice Structures and Porous Objects: Additive manu-
facturing can incorporate complex structures such as lat-
tice and porous structures into the product design, and
this additive manufacturing capability has been realized
in various applications [29, 30]. Various types of lat-
tice structures can be achieved by changing the arrange-
ment of the struts. Material reduction [31], effective heat
transfer [32], and tissue in-growth [33] can be achieved
through additive manufacturing.

e Topology Optimization: Topology optimization for
additive manufacturing has been considered as a criti-
cal design activity to derive an optimal design for cer-
tain design performance criteria [34]. Optimized shapes
through material elimination for unstressed regions that
often form complex shapes are hard to be realized in
conventional manufacturing. However, additive manu-
facturing enables designers to produce complex shapes;
and finite element analysis (FEA) has been commonly
employed in many studies [17, 19, 21, 35-37] to perform
topology optimization for additively manufactured parts.

e Part Consolidation: Part consolidation reduces the num-
ber of parts in an assembly by joining multiple parts into
one integral part [38]. The additive manufacturing capa-
bility to produce parts with complex shapes is one of
the means for part consolidation. Consolidating parts is
advantageous not only as it reduces the number of indi-
vidual components making the assembly process easier
[31] but also as it eliminates potential leak points [39].

e Non-assembly Mechanisms: Non-assembly mechanisms
are operational mechanisms (with kinematic joints) that
do not require assembly. Additive manufacturing enables
the fabrication of non-assembly mechanisms by provid-
ing adequate clearances between kinematic joints [40].

e [Internal Channels: Complex internal features such as
conformal cooling channels, air ducts, and fluid chan-
nels that can improve the functionality and performance
of a part can be created using additive manufacturing
[41, 42]. For example, Gibbons and Hansell [41] created
injection mold inserts with complex flood-cooled cooling
channels through additive manufacturing and found that
the cooling efficiency was significantly higher than the
un-cooled and baffled cooled insert.

o Segmentation: Additive manufacturing technologies can
be used to print parts with interlocking features which
enable a large part to be partitioned into smaller parts that
can later be repeatedly disassembled and reassembled
[43, 44]. This process is called segmentation. Connect-
ing parts by interlocking features can be advantageous
because it facilitates a cost-effective way of maintenance
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in that the specific part only needs to be reprinted if a part
breaks rather than creating the whole object again.

e Embedded Components: Material is added layer by layer
when a part is produced using an additive manufacturing
technology, and this enables components to be embed-
ded within printed parts [45, 46]. Lopes et al. [45] used
stereolithography and direct print technologies to create
parts with embedded electronic circuits. Campbell et al.
[46] employed a direct metal deposition method to create
a mold die with conformal cooling channels.

e Thin and Small Features: The layer-by-layer fabrication
process of additive manufacturing enables creation of
small and thin features such as thin walls, small holes,
and pins, and the minimum feature size is primarily
determined by the x—y resolution of the 3D printer [47].
The additive manufacturing technologies that can fab-
ricate micro-scale structures allow integration of many
functions within a small volume [48, 49].

e Surface Features: Additive manufacturing processes can
create textured surfaces on objects and the precision of
the details is determined by the resolution of the additive
manufacturing machine [8, 50]. For example, Van Rom-
pay et al. [50] created 3D printed ice cream cups with
surface textures to study the influence of surface texture
on perception of the taste of ice-cream.

e Material Choices: Additive manufacturing technologies
are capable of processing a large variety of materials
such as polymers, metals, alloys, and ceramic materi-
als [8]. Users can select a material that is most suitable
for their application based on material properties [51].
Some of the additive manufacturing technologies are also
capable of producing parts in colors, which is usually
achieved by adding colors to a raw material, blending
multi-colored filaments, using different colored material
for different parts of the model, or implementing in-pro-
cess pigmentation [8, 52].

e  Multiple Materials: The ability to print multiple materi-
als at the same time is another important capability of
additive manufacturing [53]. The ability to print multiple
materials at the same time can create composite objects
that require dynamically tunable topographies [54].

e Infill Modifications: Additive manufacturing technologies
allow users to adjust the infill of a printed object, which
represents the interior structure of a 3D printed object
[55]. The infill density and pattern of a printed part can
not only affect its material usage, weight, and build time
but also determine the strength, porosity, and buoyancy
of the part [56, 57].

e Process Dependent Design Parameters: Design param-
eters such as surface finish, dimensional accuracy, and
size of parts are dependent on additive manufacturing
process parameters [58, 59].

3 Methodology

This paper proposes a design framework for additive
manufacturing, which integrates the axiomatic design
structure to the inventive problem-solving process based
on TRIZ, and utilizes an additive manufacturing database
to aid designers to effectively consider additive manufac-
turing capabilities in the early design stages. The design
process during which the proposed design framework can
be used comprises of three phases: (1) conceptual design
phase, (2) embodiment design phase, and (3) detailed
design phase. In the conceptual design phase, basic solu-
tion principles for a design problem are identified to derive
initial design concepts. Then, preliminary designs are cre-
ated in the embodiment design phase by elaborating the
recommended solution principles on the initial design
concepts. These preliminary designs are further refined in
the detailed design phase to satisfy more detailed design
parameters and requirements such as tolerance, loading
conditions, and process specifications. The design process
in the proposed framework is described in Fig. 1. The pri-
mary focus of this study is on the conceptual design phase.

3.1 Conceptual Design Phase

This phase defines a DfAM problem based on the axi-
omatic design approach to decompose the design problem
into a hierarchy of functional requirements (FRs), design
parameters (DPs), and additive manufacturing capabilities
(AMCs).

3.1.1 Design Problem Formulation through Axiomatic
Design

The axiomatic design theory forms a systematic basis to
solve design problems [13]. The primary focus of this
approach is to map design objectives in the functional
domain into the physical domain in terms of design
parameters, and then to map the physical domain into the
process domain in terms of process variables [60]. The
axiomatic design approach decomposes a design problem
into smaller sub problems until all design objectives are
independently represented [61]. The effectiveness of new
product design and development based on the axiomatic
design theory [62] has been also reported in its applica-
tions to the product design process of additive manufac-
turing [5, 63].

In the proposed design framework, the axiomatic design
approach is used as a basis to structure a design problem
for additive manufacturing into (1) functional requirements
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Fig.1 Overview of proposed
design framework for additive
manufacturing
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to satisfy customer requirements, (2) design parameters to
satisfy functional requirements, and (3) additive manu-
facturing capabilities to satisfy design parameters (see
Fig. 2).

It is recommended to create a supporting functional dia-
gram if a deeper understanding of the part with its environ-
ment and sub-systems is essential [64]. Functional require-
ments in Fig. 2 represent design objectives, which are
assumed to be known from customer requirements.

3.1.2 Design Parameter Derivation through Inventive
Problem Solving

Given functional requirements identified for a design prob-
lem for additive manufacturing, the inventive problem-solv-
ing method based on TRIZ [65] is used to derive innovative
solutions (i.e., design parameters) that satisfy the functional
requirements of the problem. TRIZ is a systematic approach
to generate innovative design solutions from general inven-
tive principles [64]. Axiomatic design and TRIZ can be
synergistically used to amplify their advantages. TRIZ can
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Fig.2 Design problem structure based on axiomatic design
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gnerate innovative solutions based on a design problem
that is systemically structured by axiomatic design; pre-
vious studies have shown the effectiveness of the integra-
tion between the axiomatic design approach and TRIZ in
solving conventional design problems [61, 66]. TRIZ has
several steps to retrieve appropriate design principles for
a design problem described in technical and physical con-
tradictions between design parameters [61]. Similarly, the
inventive problem-solving approach within the proposed
framework has three steps: First, each functional require-
ment for the design problem is formulated to separate the
functional requirement into a design feature to improve and
its counterpart feature not to deteriorate. TRIZ is then used
to generate general principles to overcome the trade-off situ-
ation between the defined features [14]. Finally, the most
appropriate TRIZ principle is customized to obtain a specific
design parameter that can solve the initial problem.

The application of the inventive problem-solving
approach to identify a design parameter corresponding to
a functional requirement is demonstrated with an example
below. For a hammer design problem, let’s assume that the
functional requirement of the design is defined as “the ham-
mer should not slip from the user’s hand.” The formula-
tion of the above statement can be: “the hammer should not
slip easily from the user’s hand while maintaining original
force.” Then, a possible solution for the problem formula-
tion may be to “increase the coefficient of friction on the
handle.” This solution is obtained from the TRIZ principle
35: parameter changes, which is derived from improving the
TRIZ parameter /1: stress or pressure, while preserving the
TRIZ parameter 10: force (intensity). Thus, a possible solu-
tion for the actual functional requirement becomes “increas-
ing the coefficient of friction on the handle of hammer.”
In this example, the design parameter for the functional
requirement is identified as the coefficient of friction.
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Table 2 Identified additive manufacturing capabilities and related design parameters

Additive manufacturing capability = Associated design parameters

Freeform shape

Topology optimization
Internal channels

Infill modification

Lattice structure

Thin or small features
Segmentation

Part consolidation
Non-assembly mechanisms
Embedded components

Surface textures
Material choices

Multiple materials

Complex shape, customization, undercuts permissible, improve aesthetics, reduce tooling changes, avoid
tooling clearances, and reduce tooling

Reduce weight, remove material, and remove material from unstressed regions

Ease of assembly, improve heat transfer, reduce leaks, remove auxiliary channels, internal channels, confor-
mal cooling, increase surface area, reduce weight, improve flow efficiency, and improve aesthetics

Reduce weight, remove material, increase surface area, porous structure, acoustic insulation, and buoyancy

Reduce weight, remove material, improve heat transfer, acoustic insulation, high compressive strength,
porous structure, deployable structure, absorb energy, high strength to stiffness ratio, and increase surface
area

Reduce weight, improve heat transfer, increase surface area, internal channels, and thin or small features

Segmentation, interlocking features, ease of maintenance, ease of storing, ease of transportation, increase
number of parts, and split the part

Reduce leaks, ease of assembly, reduce of number of parts, merge parts, reduce number of joints, reduce
assembly error, ease of maintenance, remove material, and reduce weight

Ease of assembly, movable parts, relative movement between parts, reduce assembly error, and kinematic
joints

Ease of assembly, reduce number of parts, reduce number of joints, reduce assembly error, improve Rug-
gedness, conformal cooling, temperature resistance, impact resistance, corrosion resistance, and durability

Emboss features, surface patterns, improve grip, improve friction, and improve aesthetics

Reduce weight, tensile strength, transparency, water resistance, durability, impact resistance, temperature
resistance, color, corrosion resistance, material properties, and density

Multi-colored parts, multi-material parts, improve aesthetics, composite materials, transparency, tensile

strength, emboss features, surface patterns, improve grip, and improve friction

AM process parameter dependent

Surface finish, thin or small features, low tolerance, and large sized parts

3.1.3 Identification of Additive Manufacturing Capabilities
for Design Parameters

After the parameters of a design problem are identified using
the inventive problem-solving approach, additive manufac-
turing capabilities that can satisfy the design parameters are
searched using the developed additive manufacturing data-
base. The database organizes general additive manufactur-
ing capabilities and their associated design parameters from
the extant literature for easy retrieval. From the literature
review performed in Sect. 2.2, general additive manufac-
turing capabilities and their associated design parameters
were identified as summarized in Table 2. It is noted that in
the curation of material for the database research publica-
tions were carefully reviewed with specific attention given
to additive manufacturing capabilities. This information was
used to deduce the design parameters corresponding to each
additive manufacturing capability.

In total, 14 general additive manufacturing capabilities
identified from the literature were converted into a tabular
form in Microsoft Access to create an additive manufac-
turing database (see Fig. 3). Each capability is associated
with an identification number (amc_id), a short descrip-
tion (amc_description), a detailed description, case studies
related to the capability, a set of images related to the appli-
cation of the capability, design parameters associated with

the capability, and links to webpages containing additional
information related to the capability.

Users are required to directly input a keyword or to select
a design parameter from the drop-down box of the data-
base home page shown in Fig. 4. If associated manufactur-
ing capabilities in the database are found for the keyword,
resultant capabilities are displayed. If the search yields
more than one result, then the user is expected to select the
most suitable capability for the product design based on the
description of the capability displayed from the database. If
the database could not find a capability associated with the
keyword entered, it will display all the capabilities stored in
the database so that the user can go through each capability
to find the most appropriate one for the product design. An
example of the keyword search is described as follows. If the
design parameter “remove material” is selected by the user
from the drop-down menu on the database home page as
seen in Fig. 4, the search results of the keyword is displayed
as shown in Fig. 5. There are three additive manufacturing
capabilities associated with the design parameter “remove
material.” The user can click on the “GO TO > Database”
button at the top of the search results and view each of the
capabilities in detail. For example, the detailed information
screen for “Topology optimization” is displayed in Fig. 6.

The screenshot shown in Fig. 6 has detailed informa-
tion about the capability including a description of how to
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AM capabilities table

ame_id ~ amc_description - 0 0 0 [0] 0 Design parameters -
1 Freeform shapes Oy 0 02 O o) plex shape. izati d permissibl
improve aesthetics, reduce weight, reduce tooling
changes. avoid tooling clearances. reduce tooling
2 Topology optimization 01 O 0n) 0a) 0(0) reduce weight. remove material, remove material from
unstressed regions
3 Internal channels 0  Oa) 0a) 0@) 0(0) ease of assembly. improve heat transfer. reduce leaks,
remove auxiliary channels. internal channels, conformal
cooling. increase surface area. reduce weight. improve
4 Infill modifications 0a) O 0@ 0@) 0(0) reduce weight. remove material, increase surface area,
porous internal structure, acoustic insulation
3 Lattice structures 0  Oa) Oa) 0@) 0(0) reduce weight. remove material, improve heat transfer.
acoustic insulation. high compressive strength. porous
structure. deplovable structure. absorb enerey. hich
6 Thin or small features 01 0a) 0@ 0a) 0(0) improve heat transfer, increase surface area. internal
channels
7 Segmentation 0a) Oa) 0@ 0@) 0(0) segmentation. interlocking features, ease of maintenance,
case of storing, ease of transportation. increase number
of parts. split the part
8 Part consolidation 0 0a) Oa) 0(1) 0(0) reduce leaks, ease of assembly, reduce number of parts.
merge parts. reduce number of joints, reduce assembly
error. ease of maintenance. reduce volume, reduce
9 Non-assembly mechanisms (1)  0(1) 0(1) 0@) 0(0) ease of assembly. movable parts, relative movement
between parts, reduce assembly error
10 Embedded components 0 O 0w 0) 0(0) ease of assembly. reduce number of parts, reduce
number of joints, reduce assembly error. improve
ruggedness. conformal cooling. water resistance.
11 Surface features 0w O 0a) 02 0(0) emboss features, surface patterns, improve grip. improve
friction, improve aesthetics
12 Material choices 0 Oa) Oa) 0(1) 0(0) reduce weight, tensile strength, transparency. water
resistance, durability, impact resistance, temperature
resistance. color. corrosion resistance. material properties
13 Multiple materials 0a) O 0@ 0a) 0(0) multi-colored parts, multi-material parts. improve
heti ite materials, p y. tensile
streneth. emboss features. surface patterns. improve
14 AM process parameter 01 O 0@ 0(1) 0(0) surface roughness, strength, small features, thin features.
dependent high tolerance. large sized parts
d: W 10f 14 LI No Search Al
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segmentation
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surface finish
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All AM Capabilities I

apply the capability on a design, case studies and images
of the capability from the literature, and links to webpages
with additional information (e.g., tutorials and case stud-
ies) about the capability. This approach is expected to ben-
efit designers who are additive manufacturing novices in
identifying additive manufacturing capabilities that would
satisfy the corresponding design parameter. The database
structure is advantageous since the capabilities and associ-
ated design parameters can be updated easily to keep up with
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the advancements taking place in the additive manufacturing
domain.

3.2 Embodiment Design Phase

This phase incorporates the additive manufacturing capa-
bilities identified in the previous phase to preliminary
designs. The additive manufacturing database can be used
to obtain more information about these additive manu-
facturing capabilities if needed. This study assumes that
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Fig.5 Search results for “remove material” in additive manufacturing database

the user of this framework has basic engineering design
knowledge and hence would be able to apply the infor-
mation relevant to an additive manufacturing capability
retrieved from the database to the design under considera-
tion. For example, the database search results of “topology
optimization” in Fig. 6 provide information about what
topology optimization is and how it can be applied to prod-
uct design. The designer then performs topology optimiza-
tion using a finite element analysis software by referencing
examples available in the database.

3.3 Detailed Design Phase

The preliminary designs created in the previous phase are
refined by considering additive manufacturing process con-
straints and specifications (e.g., tolerances, minimum fea-
ture size that can be produced, and layer thickness). This
information can be collected from machine manufacturers
or from existing literature. The refined designs can also be
evaluated using a finite element analysis (FEA) software to
ensure that they would be able to withstand the mechanical
forces [10, 21]. FEA is a computerized method for predict-
ing how an object will react when it is being subjected to

physical forces (i.e., force, pressure, heat etc.) [67]. The soft-
ware simulates physical conditions on the computer aided
design (CAD) model of an object and shows whether the
object will break or work the way it was designed. If the
FEA analysis reveals that the loading requirements are not
satisfied, the designer should redesign the refined design and
re-evaluate it using the FEA software.

4 Results

Based on the proposed design framework for additive manu-
facturing, a design case to redesign a housing cover for tradi-
tional manufacturing is presented to illustrate the proposed
methodology.

4.1 Case Study: Hosing Cover Redesign

A housing cover in Fig. 7 was redesigned using the proposed
methodology. The functional analysis (i.e., functional dia-
gram) of the housing cover of a motor system is shown in
Fig. 8. The main parts of the housing cover are cover, gasket,
and threaded socket. The components that directly interact
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2 Topology optimization

Fig.6 Example of detailed information for an additive manufacturing
capability

Fig. 7 Initial design (left: isometric view, right: cross-sectional view)
of a housing cover

Fig.8 Functional diagram of a

with the housing cover assembly are housing, shaft bear-
ing, and shaft. They are considered as a super-system of the
housing cover system.

In Fig. 8, the solid arrow line indicates a useful interac-
tion, and a dashed arrow line indicates a negative interac-
tion. The customer requires the weight of the housing cover
to be reduced and the leakage to be prevented. In addition,
the heat generated inside the housing needs to be effectively
removed to the environment. This requires the redesign pro-
cess of the part using the proposed design framework as
described below.

4.1.1 Conceptual Design Phase

The main functional requirements of the part are: (1) pre-
venting the leakage, (2) facilitating heat removal, and (3)
reducing the weight of the part without compromising its
original volume. Each functional requirement was first
transformed to corresponding design parameters, which are
derived by the inventive problem-solving through TRIZ.
Then, each identified design parameter was entered using the
keyword list of the additive manufacturing database, which
in turn displays relevant additive manufacturing capabili-
ties. The process of mapping these functional requirements
to corresponding design parameters and design parameters
to additive manufacturing process capabilities is explained
below.

e Functional Requirement I (Preventing Leakage): The
functional analysis diagram (see Fig. 8) shows that
there can be leaks between the housing cover and the
threaded socket. The first functional requirement is to
prevent this leakage. The problem formulation of the
functional requirement is to “avoid the leakage while
maintaining the stability of the part,” and this design
problem is expressed as a contradiction between the
TRIZ parameters 23: Loss of substance and 13: Stability
of the object. Herein, the TRIZ principle 2: Taking out,
defined as “separate an interfering part or property from
an object, or single out the only necessary part prop-
erty of an object” [68], of all possible solutions is found
applicable to the design problem. Hence, a solution for
the functional requirement inferred from the TRIZ solu-

Elements Actions

hOllSil’lg system — »  Useful normal interation
W [ Compomet ] :
Contain Contain »  Harmful action
Oil
- Seal Seal Support Support
. Support Housing Threaded Shaft
Housing Gasket .
Heat cover socket bearing
,,,,,,,,,,,,,,,,, x
Oil leakage |
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a Additive manufacturing database

Please enter the keyword in the search box below or select from the drop-down box (o see
the additive manufacturing capabilities associated with it. If the database could not find 2
capability associated with the keyword, it will display all the additive manufacturing
capabilities in the database.

Please enter the keyword Spmmspmyes L_]
O

ARAM Capablities

AM Copablnes e maier

. Search Results

| b

Ly—wcarch Results

8 Part consolidation

tion can be to “avoid the gap between the parts or join-
ing the parts altogether,” and this can be further simpli-
fied as “reducing the number of joints.” The database
search recommends two possible additive manufacturing
capabilities (i.e., part consolidation and embedded com-
ponents); “part consolidation” is finally selected as the
design parameter that is directly related to the functional
requirement (see Fig. 9).

Functional Requirement 2 (Removing Heat): The opera-
tion of the motor generates heat within the housing, and
this heat needs to be dissipated to the environment. The
formulation of the second functional requirement is to
“increase the heat transfer to surrounding area while
maintaining the stability of the part.” Then, its solution
can be to “increase surface area or reduce temperature
gradient” inferred from the TRIZ principle 35: Param-
eter changes, defined as “change an object’s physical
state, and change the temperature” [68]. This TRIZ
principle is obtained as a solution for the contradiction
between the TRIZ parameters /7: Temperature and 13:
Stability of the object. By increasing the surface area on
the housing cover, the convective heat transfer can be
improved. Therefore, its relevant design parameter can
be to “increase surface area.” The most related additive
manufacturing capability associated with this parameter
is “thin or small features” among four possible capabili-

Fig.9 Derived additive manufacturing capability (reduce number of joints—part consolidation)

ties (i.e., internal channels, infill modifications, lattice
structures, and thin or small features) identified from the
additive manufacturing database. Additive manufactur-
ing technologies can create features such as thin walls
(heat fins) and blades that can increase the surface area
of an object. Hence, “thin or small features” is selected
as the additive manufacturing capability corresponding
to the design parameter as shown in Fig. 10.

Functional Requirement 3 (Reducing Weight): The
formulation of the third functional requirement is to
“decrease the weight of the object while maintain-
ing the original volume of the part,” and its solution is
to “decrease the quantity of material or density of the
material” inferred from the TRIZ principle 35: Param-
eter changes (i.e., “change an object’s physical state”
[68]) for the contradiction between 2: Weight of station-
ary and 13: Stability of the object. Hence, the solution
for the functional requirement can be to “decrease the
quantity of material or decrease the density of the mate-
rial,” and the related design parameter becomes “material
removal.” Three additive manufacturing capabilities (i.e.,
topological optimization, lattice structure, and compos-
ite materials) are identified from the database, and “lat-
tice structure” is selected as the additive manufacturing
capability (see Fig. 11). Topological optimization and
composite material are not suitable for this case since
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Fig. 11 Derived additive manufacturing capability (material removal—Ilattice structure)

the shape of the cover cannot be changed. In addition, The resultant functional requirements, corresponding
composite material is not suitable due to the material ~ design parameters, additive manufacturing process capabili-
property requirements of the part. ties demonstrated are summarized in Fig. 12.
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Design Problem Functional Requirement (FR

Design Parameter (DP

Additive Manufacturing Capability (AMC)

Housing cover redesign » FRI1: Prevent leakage —>

DP1: Reduce the number ofjoints |—» AMC1: Part consolidation

FR2: Heat removal —>

DP2: Increase surface area —»{ AMC?2: Thin or small features

FR3: Weight reduction —»

DP3: Material removal —» AMC3: Lattice structure

Fig. 12 Summary of derived design considerations for hosing cover redesign

LRI |
'1

@

Fig. 13 [Initial design (left) and consolidated design (right)

4.1.2 Embodiment Design Phase

Three additive manufacturing capabilities were identified
in the conceptual design phase: part consolidation, thin or
small features, and lattice structure. These capabilities were
incorporated consecutively into the product design to create
a preliminary design.

The first step in this phase was to incorporate the “part
consolidation” capability into the product design. The addi-
tive manufacturing database has information regarding the
process of identifying components that can be consolidated
(see Fig. 9). According to the database, parts that do not
need to be separated for maintenance or assembly are can-
didates for part consolidation. Based on this information,
housing cover and threaded socket are decided to be com-
bined as a single part. The initial design and the consolidated
design of the housing cover are shown in Fig. 13.

The second additive manufacturing capability identified
was “thin or small features.” According to the database, AM
technologies can create small and thin features such as thin
walls, small holes, and pins. The minimum feature size is
primarily determined by the x—y resolution of the 3D printer.
This capability was used to create thin fins on the housing
cover. These fins can increase the surface area, and thereby
promote the convective heat transfer between the housing
cover and the surroundings. The consolidated part design
from the previous step and the modified design with thin fins
on the housing cover are shown in Fig. 14.

QO

Fig. 14 Consolidated design (left) and modified design with thin fins
(right)

Fig. 15 Modified internal structure by adding a lattice structure

The third additive manufacturing capability identified
was “lattice structure.” The additive manufacturing data-
base shows that a lattice structure is a network of struts
with high strength to stiffness ratios. The database also
provides software information that can incorporate lattice
structure into a CAD model. The design created in the
previous step (with fins) was modified by incorporating
a lattice structure to the internal structure of the housing
cover (see Fig. 15). The lattice structure was generated
using nTopology Element [69].

4.1.3 Detailed Design Phase

The final preliminary design was refined by considering the
process constraints and specifications for tolerance, mini-
mum feasible feature size, and support structure. Fillets
were added to the edges to avoid stress concentration. The
refined design was analyzed using finite element analysis
(FEA) software [67] to compare the thermal loads on the
original part and the redesigned part (see Fig. 16). Figure 16
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Fig. 16 Thermal analysis between original design (left) and new design (right)

Table 3 Comparison between original design and redesign

Properties Original design Redesigned part
Design ALt Ay

Number of parts 10 1

Surface area (mm2) 276,412 278,939

Mass (g) 360.8 237

shows that the steady-state temperature distribution is more
uniform in the new design.

Table 3 shows changes in design properties between the
original part and the redesigned part. The redesigned part is
less susceptible to a leakage between the housing cover and
the threaded socket since these parts have been combined as
a single part in the new design. Furthermore, the number of
individual components is reduced from 10 components in
the initial design to one part in the final design. The surface
area on the outer surface of the cover increases in the rede-
signed part which has better convective heat exchange with
the surroundings and a uniform temperature distribution.
The weight of the redesigned part is also less compared to
the original part (i.e., 34% reduction).

5 Discussion and Conclusions

Additive manufacturing has emerged as an integral part of
modern manufacturing because of its unique capabilities.
In order to take full advantage of the capabilities offered
by additive manufacturing technologies, DFAM has risen
to provide tools and guidelines during the product design
process. However, there is a lack of design frameworks in
the existing DfAM approaches to effectively infuse additive
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manufacturing capabilities into product design during the
early design process. To address this issue, this study pre-
sents a design framework for additive manufacturing based
on the synergetic use of axiomatic design and TRIZ sup-
ported with an additive manufacturing database. Under the
proposed framework, a design problem is systematically
defined in terms of functional requirements, design parame-
ters, and additive manufacturing capabilities in an axiomatic
design structure. The inventive problem-solving approach of
TRIZ is used to identify the design parameter corresponding
to each functional requirement, and an additive manufactur-
ing database that contains information about general additive
manufacturing capabilities is used to identify the specific
additive manufacturing capabilities corresponding to the
design parameters.

A case study for housing-cover redesign was presented
to demonstrate the proposed design framework. The func-
tional requirements of the housing-cover were leakage
prevention, improved heat removal, and weight reduction.
The design problem was systematically decomposed into
functional requirements, design parameters, and additive
manufacturing capabilities in the conceptual design phase.
The design parameter for each functional requirement was
identified using TRIZ, and the additive manufacturing
capabilities corresponding to the design parameters were
identified using the additive manufacturing database. The
original part was then redesigned by applying the additive
manufacturing capabilities in the embodiment and detailed
design phases. The results showed that the redesigned part
has improvements in structural properties, and the proposed
design framework can be effectively used to transform an
original product design for traditional manufacturing into
a new design suitable for additive manufacturing by incor-
porating the additive manufacturing capabilities into the
product design. Furthermore, the additive manufacturing
database with its search interface is beneficial for additive
manufacturing novices.
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Additive manufacturing technologies are evolving at a
fast pace with the development of 3D printers having bet-
ter capabilities. Hence, the additive manufacturing database
needs to be constantly updated with new capabilities. Even
though additive manufacturing technologies offer certain
unique capabilities, the cost of producing parts through
additive manufacturing technologies tends to be higher in
comparison to most conventional manufacturing methods.
This is primarily due to the higher cost of raw materials
and the relatively low machine productivity in 3D print-
ing [70]. However, the technological advancements in the
field of additive manufacturing technologies are expected
to lower the prices and to improve the productivity of addi-
tive manufacturing machines [71]. Additive manufacturing
is still maturing, and thus this study has not considered cost-
reduction as a primary functional requirement. The current
study is aimed at improving the design of a part under con-
sideration by leveraging the capabilities offered by AM tech-
nologies. This study focuses on the conceptual design phase,
and its primary objective is to support a designer by facili-
tating the consideration of additive manufacturing capabili-
ties in the conceptual design phase. The DfAM approaches
reviewed in the literature have not widely discussed a direct
method to map functional requirements to additive manu-
facturing capabilities.

For future work, this study could be extended to consider
various additive manufacturing conditions such as process
selection and optimal design selection if there are more than
one design that satisfies the functional requirements. Since
the current study focuses on the conceptual design phase,
the embodiment design and detailed design phases should
be further improved to provide more effective guidelines
for users to refine initial concepts from the proposed design
framework. Although possible trade-offs between additive
manufacturing capabilities are not addressed in the current
study, another additive manufacturing database with infor-
mation about the design rules and process specific con-
straints could be created to support users during the embodi-
ment and detailed design phases. For example, a new TRIZ
database system that can generate design solutions from a
contradiction matrix of additive manufacturing capabilities
may be very helpful for the selection of specific additive
manufacturing capabilities.

Acknowledgements This work was partially supported by the National
Research Foundation of Korea (NRF) Grant funded by the Korea gov-
ernment (MIST) (No. 2018R1C1B5040256) for Kijung Park. The Pro-
ject was also supported by a Grant from US National Science Founda-
tion (#1723736) to Giil E. Okudan Kremer.

References

1. SME. (2019). Additive manufacturing glossary. https://www.sme.
org/additive-manufacturing-glossary. Accessed 03 April 2019.

2. Wong, K. V., & Hernandez, A. (2012). A review of additive manu-
facturing. ISRN Mechanical Engineering, 2012, 1-10.

3. Diegel, O., Singamneni, S., Reay, S., & Withell, A. (2010). Tools
for sustainable product design: Additive manufacturing. Journal
of Sustainable Development, 3(3), 68-75.

4. Rosen, D. (2014). Design for additive manufacturing: Past, pre-
sent, and future directions. Journal of Mechanical Design, 136(9),
090301.

5. Salonitis, K. (2016). Design for additive manufacturing based
on the axiomatic design method. The International Journal of
Advanced Manufacturing Technology, 87(1-4), 989-996.

6. Yoo, D.-J. (2014). Recent trends and challenges in computer-aided
design of additive manufacturing-based biomimetic scaffolds and
bioartificial organs. International Journal of Precision Engineer-
ing and Manufacturing, 15(10), 2205-2217.

7. Park, J.-H., Goo, B., & Park, K. (2019). Topology optimization
and additive manufacturing of customized sports item considering
orthotropic anisotropy. International Journal of Precision Engi-
neering and Manufacturing, 20(8), 1443—-1450.

8. Thompson, M. K., Moroni, G., Vaneker, T., Fadel, G., Campbell,
R. I, Gibson, I, et al. (2016). Design for additive manufactur-
ing: Trends, opportunities, considerations, and constraints. CIRP
Annals, 65(2), 737-760.

9. Laverne, F., Segonds, F., Anwer, N., & Le Coq, M. (2015).
Assembly based methods to support product innovation in design
for additive manufacturing: An exploratory case study. Journal of
Mechanical Design, 137(12), 121701.

10. Kumke, M., Watschke, H., & Vietor, T. (2016). A new methodo-
logical framework for design for additive manufacturing. Virtual
and Physical Prototyping, 11(1), 3-19.

11. Booth, J. W., Alperovich, J., Chawla, P., Ma, J., Reid, T. N., &
Ramani, K. (2017). The design for additive manufacturing work-
sheet. Journal of Mechanical Design, 139(10), 100904.

12. Rias, A.-L., Segonds, F., Bouchard, C., & Abed, S. (2016). Design
for additive manufacturing: A creative approach. In DESIGN 2016
conference, Dubrovnik, Croatia, May 16—19 2016 (pp. 411-420).

13. Suh, N. P. (1984). Development of the science base for the man-
ufacturing field through the axiomatic approach. Robotics and
Computer-Integrated Manufacturing, 1(3—4), 397-415.

14. Altshuller, G. (1999). The innovation algorithm: TRIZ, systematic
innovation and technical creativity. Worcester, MA: Technical
Innovation Center Inc.

15. Adam, G. A. O., & Zimmer, D. (2014). Design for additive manu-
facturing—Element transitions and aggregated structures. CIRP
Journal of Manufacturing Science and Technology, 7(1), 20-28.

16. Klahn, C., Leutenecker, B., & Meboldt, M. (2015). Design strate-
gies for the process of additive manufacturing. Procedia CIRP, 36,
230-235.

17. Rodrigue, H., & Rivette, M. (2010). An assembly-level design for
additive manufacturing methodology. In IDMME-virtual concept,
Bordeaux, France, October 20-22 2010 (pp. 1-9).

18. Bin Maidin, S., Campbell, I., & Pei, E. (2012). Development of a
design feature database to support design for additive manufactur-
ing. Assembly Automation, 32(3), 235-244.

19. Vayre, B., Vignat, F., & Villeneuve, F. (2012). Designing for addi-
tive manufacturing. Procedia CIRP, 3, 632-637.

20. Boyard, N., Rivette, M., Christmann, O., & Richir, S. (2013).
A design methodology for parts using additive manufacturing.
In 6th international conference on advanced research in virtual
and rapid prototyping, Leiria, Portuga, October 1-5 2013 (pp.
399-404).

@ Springer KE;E


https://www.sme.org/additive-manufacturing-glossary
https://www.sme.org/additive-manufacturing-glossary

344

International Journal of Precision Engineering and Manufacturing (2020) 21:329-345

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Salonitis, K., & Zarban, S. A. (2015). Redesign optimization for
manufacturing using additive layer techniques. Procedia CIRP,
36, 193-198.

Ko, H., Moon, S. K., & Hwang, J. (2015). Design for additive
manufacturing in customized products. International Journal of
Precision Engineering and Manufacturing, 16(11), 2369-2375.
Bikas, H., Stavridis, J., Stavropoulos, P., & Chryssolouris, G.
(2016). A design framework to replace conventional manufactur-
ing processes with additive manufacturing for structural compo-
nents: A formula student case study. Procedia CIRP, 57, 710-715.
Kamps, T., Gralow, M., Schlick, G., & Reinhart, G. (2017). Sys-
tematic biomimetic part design for additive manufacturing. Pro-
cedia CIRP, 65, 259-266.

Sossou, G., Demoly, F., Montavon, G., & Gomes, S. (2018). An
additive manufacturing oriented design approach to mechanical
assemblies. Journal of Computational Design and Engineering,
5(1), 3-18.

Zaman, U. K. U., Rivette, M., Siadat, A., & Mousavi, S. M.
(2018). Integrated product-process design: Material and manu-
facturing process selection for additive manufacturing using
multi-criteria decision making. Robotics and Computer-Integrated
Manufacturing, 51, 169—-180.

Yang, S., & Zhao, Y. F. (2015). Additive manufacturing-enabled
design theory and methodology: A critical review. The Interna-
tional Journal of Advanced Manufacturing Technology, 80(1-4),
327-342.

Stratasys. (2017). Leveraging the accuracy of dental 3D printing
for business success. Accessed 22 April 2019.

Petrovic, V., Vicente Haro Gonzalez, J., Jorda Ferrando, O., Del-
gado Gordillo, J., Ramén Blasco Puchades, J., & Portolés Grifian,
L. (2011). Additive layered manufacturing: Sectors of industrial
application shown through case studies. International Journal of
Production Research, 49(4), 1061-1079.

Iyibilgin, O., Yigit, C., & Leu, M. C. (2013). Experimental investi-
gation of different cellular lattice structures manufactured by fused
deposition modeling. In Solid freeform fabrication symposium,
Austin, TX, 2013 (pp. 895-907).

Gibson, I., Rosen, D. W., & Stucker, B. (2014). Additive manu-
facturing technologies. New York, NY: Springer.

Wadley, H. N. (2005). Multifunctional periodic cellular metals.
Philosophical Transactions of the Royal Society A: Mathematical,
Physical and Engineering Sciences, 364(1838), 31-68.

Sing, S. L., An, J., Yeong, W. Y., & Wiria, F. E. (2016). Laser
and electron-beam powder-bed additive manufacturing of metallic
implants: A review on processes, materials and designs. Journal
of Orthopaedic Research, 34(3), 369-385.

Langelaar, M. (2016). Topology optimization of 3D self-support-
ing structures for additive manufacturing. Additive Manufactur-
ing, 12, 60-70.

Zegard, T., & Paulino, G. H. (2016). Bridging topology optimiza-
tion and additive manufacturing. Structural and Multidisciplinary
Optimization, 53(1), 175-192.

Langelaar, M. (2017). An additive manufacturing filter for topol-
ogy optimization of print-ready designs. Structural and Multidis-
ciplinary Optimization, 55(3), 871-883.

Guo, X., Zhou, J., Zhang, W., Du, Z., Liu, C., & Liu, Y. (2017).
Self-supporting structure design in additive manufacturing
through explicit topology optimization. Computer Methods in
Applied Mechanics and Engineering, 323, 27-63.

Yang, S., Tang, Y., & Zhao, Y. F. (2015). A new part consolidation
method to embrace the design freedom of additive manufacturing.
Journal of Manufacturing Processes, 20, 444—-449.

Schmelzle, J., Kline, E. V., Dickman, C. J., Reutzel, E. W.,
Jones, G., & Simpson, T. W. (2015). (Re) Designing for part

@ Springer KE;E

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

consolidation: Understanding the challenges of metal additive
manufacturing. Journal of Mechanical Design, 137(11), 111404.
Calignano, F., Manfredi, D., Ambrosio, E., Biamino, S., Pavese,
M., & Fino, P. (2014). Direct fabrication of joints based on direct
metal laser sintering in aluminum and titanium alloys. Procedia
CIRP, 21, 129-132.

Gibbons, G. J., & Hansell, R. G. (2005). Direct tool steel injec-
tion mould inserts through the Arcam EBM free-form fabrication
process. Assembly Automation, 25(4), 300-305.

Klahn, C., Leutenecker, B., & Meboldt, M. (2014). Design for
additive manufacturing—Supporting the substitution of compo-
nents in series products. Procedia CIRP, 21, 138-143.

Song, P., Fu, Z., Liu, L., & Fu, C.-W. (2015). Printing 3D objects
with interlocking parts. Computer Aided Geometric Design, 35,
137-148.

Luo, L., Baran, ., Rusinkiewicz, S., & Matusik., W. (2012). Chop-
per: Partitioning models into 3D-printable parts. ACM Transac-
tions on Graphics, 31(6), 1-9.

Lopes, A. J., MacDonald, E., & Wicker, R. B. (2012). Integrat-
ing stereolithography and direct print technologies for 3D struc-
tural electronics fabrication. Rapid Prototyping Journal, 18(2),
129-143.

Campbell, R. L., Jee, H., & Kim, Y. S. (2013). Adding product
value through additive manufacturing. In 19th international con-
ference on engineering design, Seoul, Korea, August 19-22 2013
(pp. 259-268).

Fabforma. (2016). 3D printing thin walls and small features.
http://www.fabforma.com/support/guide-for-designing-for-3d-
printing. Accessed 23 April 2019.

Bertsch, A., Bernhard, P., Vogt, C., & Renaud, P. (2000). Rapid
prototyping of small size objects. Rapid Prototyping Journal,
6(4), 259-266.

Cohen, A., Chen, R., Frodis, U., Wu, M.-T., & Folk, C. (2010).
Microscale metal additive manufacturing of multi-component
medical devices. Rapid Prototyping Journal, 16(3), 209-215.
Van Rompay, T. J., Kramer, L.-M., & Saakes, D. (2018). The
sweetest punch: Effects of 3D-printed surface textures and graphic
design on ice-cream evaluation. Food Quality and Preference, 68,
198-204.

Senvol. (2019). Materials search. http://senvol.com/material-searc
h/. Accessed 24 April 2019.

Wittbrodt, B., & Pearce, J. M. (2015). The effects of PLA color on
material properties of 3-D printed components. Additive Manu-
facturing, 8, 110-116.

Vaezi, M., Chianrabutra, S., Mellor, B., & Yang, S. (2013). Mul-
tiple material additive manufacturing—Part 1: A review. Virtual
and Physical Prototyping, 8(1), 19-50.

Guttag, M., & Boyce, M. C. (2015). Locally and dynamically
controllable surface topography through the use of particle-
enhanced soft composites. Advanced Functional Materials,
25(24), 3641-3647.

Baich, L., Manogharan, G., & Marie, H. (2015). Study of infill
print design on production cost-time of 3D printed ABS parts.
International Journal of Rapid Manufacturing, 5(3-4), 308-319.
Patel, D. M. (2017). Effects of infill patterns on time, surface
roughness and tensile strength in 3D printing. International Jour-
nal of Engineering Development and Research, 5, 566-569.
Holman, J. M., & Serdar, T. (2018). Analyzing the composite 3-D
printer frame for rigidity. In 2018 ASEE annual conference and
exposition, Salt Lake City, UT, June 24-27 2018 (pp. 1-10).
Velineni, A., Giinay, E. E., Park, K., Okudan Kremer, G. E.,
Schnieders, T. M., & Stone, R. T. (2018). An investigation on
selected factors that cause variability in additive manufacturing.
In 2018 IISE annual conference, Orlando, FL, May 19-22 2018
(pp. 983-988).



http://www.fabforma.com/support/guide-for-designing-for-3d-printing
http://www.fabforma.com/support/guide-for-designing-for-3d-printing
http://senvol.com/material-search/
http://senvol.com/material-search/

International Journal of Precision Engineering and Manufacturing (2020) 21:329-345 345

59. Turner, B. N., & Gold, S. A. (2015). A review of melt extru-
sion additive manufacturing processes: 1I. Materials, dimensional
accuracy, and surface roughness. Rapid Prototyping Journal,
21(3), 250-261.

60. Suh, N. P. (1999). A theory of complexity, periodicity and the
design axioms. Research in Engineering Design, 11(2), 116-132.

61. Shirwaiker, R. A., & Okudan, G. E. (2008). Triz and axiomatic
design: A review of case-studies and a proposed synergistic use.
Journal of Intelligent Manufacturing, 19(1), 33-47.

62. Kulak, O., Cebi, S., & Kahraman, C. (2010). Applications of axi-
omatic design principles: A literature review. Expert Systems with
Applications, 37(9), 6705-6717.

63. Oh, Y., & Behdad, S. (2017). Assembly design framework for
additive manufacturing (AM) based on axiomatic design (AD). In
2017 IISE Annual Conference (pp. 1024-1029). Pittsburgh, PA,
20-23 May 2017.

64. Cascini, G., & Rissone, P. (2004). Plastics design: Integrating
TRIZ creativity and semantic knowledge portals. Journal of Engi-
neering Design, 15(4), 405-424.

65. Souder, W. E., & Ziegler, R. W. (1977). A review of creativity and
problem solving techniques. Research Management, 20(4), 34—42.

66. Kremer, G. O., Chiu, M.-C., Lin, C.-Y., Gupta, S., Claudio, D.,
& Thevenot, H. (2012). Application of axiomatic design, TRIZ,
and mixed integer programming to develop innovative designs:
A locomotive ballast arrangement case study. The International
Journal of Advanced Manufacturing Technology, 61(5-8),
827-842.

67. Autocast. (2019). Finite element analysis software. https://www.
autodesk.com/solutions/finite-element-analysis. Accessed 05 May
2019.

68. SolidCreativity. (2019). The 40 TRIZ principles. http://www.triz4
0.com/aff_Principles_TRIZ.php. Accessed 02 August 2019.

69. nTopology. (2019). nTopology element. https://ntopology.com/
element/. Accessed 14 May 2019.

70. Thomas, D. S., & Gilbert, S. W. (2014). Costs and cost effective-
ness of additive manufacturing. In NIST special publication (Vol.
1176, p. 12). Gaithersburg: National Institute of Standards and
Technology.

71. Baumers, M., Dickens, P., Tuck, C., & Hague, R. (2016). The cost
of additive manufacturing: Machine productivity, economies of
scale and technology-push. Technological Forecasting and Social
Change, 102, 193-201.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Sarath C. Renjith is a quality
engineer at Danfoss Power Solu-
tions, USA. He received his
B.Tech. degree from the Depart-
ment of Mechanical Engineering
at Vellore Institute of Technol-
ogy in India. He received an
M.S. degree from the Depart-
ment of Industrial and Manufac-
turing Systems Engineering at
Towa State University in USA.

Kijung Park is an assistant profes-
sor in the Department of Indus-
trial and Management Engineer-
ing at Incheon National
University, Korea. He received
B.S. in Industrial and Informa-
tion Engineering at Yonsei Uni-
versity, Seoul, Korea in 2010. He
received his M.Eng. and Ph.D. in
Industrial and Manufacturing
Engineering at The Pennsylvania
State University. He worked in
the Department of Industrial and
Manufacturing Systems Engi-
neering at [owa State University
as a post-doctoral research asso-
ciate in 2017. His research at Incheon National University regarding
the development of an innovative design framework for additive manu-
facturing is being supported by the National Research Foundation of
Korea (NRF) grant funded by the Korea Government (MIST) (No.
2018R1C1B5040256). His primary research interests include data-
driven analytics for engineering and systems design, design for additive
manufacturing, dynamics of complexity in product design and manu-
facturing, and product family evolution.

Giil E. Okudan Kremer is a Profes-
sor and C.G. “Turk” and Joyce
A. Therkildsen Department
Chair of Department of Indus-
trial and Manufacturing Systems
Engineering at Iowa State Uni-
versity, USA. Dr. Kremer has
degrees in industrial engineering
from Yildiz Technical Univer-
sity, an MBA from Istanbul Uni-
versity and a Ph.D. in Engineer-
ing Management from Missouri
University of Science and Tech-
nology. Her research interests
include applied decision analysis
to improve complex products
and systems, and engineering education. The results of her research
efforts have been presented in 3 books and 310 refereed publications.
Nine of her papers have been recognized with Best Paper awards. She
has been a National Research Council-US AFRL Summer Faculty Fel-
low in the Human Effectiveness Directorate from 2002 to 2004, and a
Fulbright Scholar (2010-2011). She served as a Program Director in
the National Science Foundation’s Division of Under-graduate Educa-
tion between August 2013 and August 2016. She is a Fellow of the
American Society for Mechanical Engineers (ASME), and a senior
member of the Institute of Industrial Systems Engineers (IISE).

@ Springer KEF]E


https://www.autodesk.com/solutions/finite-element-analysis
https://www.autodesk.com/solutions/finite-element-analysis
http://www.triz40.com/aff_Principles_TRIZ.php
http://www.triz40.com/aff_Principles_TRIZ.php
https://ntopology.com/element/
https://ntopology.com/element/

	A Design Framework for Additive Manufacturing: Integration of Additive Manufacturing Capabilities in the Early Design Process
	Abstract
	1 Introduction
	2 Literature Review
	2.1 Design for Additive Manufacturing
	2.2 Additive Manufacturing Capabilities

	3 Methodology
	3.1 Conceptual Design Phase
	3.1.1 Design Problem Formulation through Axiomatic Design
	3.1.2 Design Parameter Derivation through Inventive Problem Solving
	3.1.3 Identification of Additive Manufacturing Capabilities for Design Parameters

	3.2 Embodiment Design Phase
	3.3 Detailed Design Phase

	4 Results
	4.1 Case Study: Hosing Cover Redesign
	4.1.1 Conceptual Design Phase
	4.1.2 Embodiment Design Phase
	4.1.3 Detailed Design Phase


	5 Discussion and Conclusions
	Acknowledgements 
	References




