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Università degli Studi Roma Tre (Roma Tre), Department of Industrial, Electronic and Mechanical

Engineering. In 2011, he obtained a Ph.D. in Mechanical Engineering at Università Politecnica delle
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Preface to ”Design for Additive Manufacturing:

Methods and Tools”

Additive manufacturing (AM), one of the nine enabling technologies of Industry 4.0, is

experiencing rapid growth. Nowadays, there are no industrial sectors that have not employed AM

(e.g., automotive, energy, medicine, electronics, cultural heritage). Nevertheless, the implementation

of technologies by industries is still limited compared with their intrinsic potential. The main

challenges that limit the adoption of such technologies are as follows: the lack of skills—it is important

to train those engineers who are capable of designing and managing these new technologies; the

sustainability of new processes—we must develop cost models and environmental models which

are capable of considering the economic and environmental sustainability of AM processes and

their related supply chains; design—there is a need for innovative design paradigms and design

for additive manufacturing (DfAM) software tools.

ASTM ISO/ASTM52910 gives requirements, guidelines, and recommendations for using AM

in product design. This regulation helps determine which design considerations can be utilised in

a design project and permits practitioners take advantage of the capabilities an AM processes. The

overall DfAM strategy presented in ASTM ISO/ASTM52910 acts as a lighthouse for other methods

which can be conceived for specific problems and products.

In recent years, DfAM software tools have advanced quickly, allowing for the prediction and

thus optimization of designs for manufacture. In addition to traditional CAD tools, design freedoms

have pushed software houses toward the development of systems which are able to model organic

shapes (a result of topology optimisation and generative design approaches). Simulation systems

increasingly support designers and production technologists in identifying problems prior to 3D

printing (e.g., deformation, accumulation of tension, and porosity).

This Special Issue book highlights the current design methodologies, methods, and tools

conceived for supporting product development (from conceptualisation to detail design). The text

refers to the Special Issue “Design for Additive Manufacturing: Methods and Tools” of Applied

Sciences (MDPI). This Special Issue book presents tools for better evaluating the benefits of the

technologies and developments which are available in the scientific literature.

Marco Mandolini, Patrick Pradel, and Paolo Cicconi

Editors
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1. Introduction

Additive Manufacturing (AM), one of the nine enabling technologies of Industry
4.0, is experiencing rapid growth. Nowadays, there are no industrial sectors that have
not employed AM (e.g., automotive [1], energy [2], medicine [3,4], electronics [5], cul-
tural heritage [6]). Nevertheless, the implementation of technologies by industries is
still limited compared to their intrinsic potential. The main challenges that limit the
adoption of such technologies are lack of skills (need to train engineers capable of design-
ing and managing these new technologies), sustainability of new processes (need to de-
velop cost and environmental models capable of considering economic and environmental
sustainability of AM processes and related supply chain) and design (need of innovative
design paradigms and Design for Additive Manufacturing–DfAM–software tools).

ASTM ISO/ASTM52910 [7] gives requirements, guidelines, and recommendations for
using AM in product design. This regulation helps determine which design considerations
can be utilised in a design project or to take advantage of the capabilities of an AM process.
The overall DfAM strategy presented in Figure ?? is the lighthouse for other methods
conceived for specific problems and products [1,7–11].

In recent years, DfAM software tools quickly advanced, allowing for the prediction
and thus optimising designs for manufacture [12]. In addition to the traditional CAD
tools, the design freedom pushed software houses toward developing systems able to
model organic shapes (a result of topology optimisation or generative design approaches).
Simulation systems are increasingly supporting designers and production technologists
in identifying problems before 3D printing (e.g., deformation, accumulation of tension,
porosity) [13–15].

This editorial aims to highlight the current design methods and tools conceived
for supporting the product development (from conceptualisation to detail design). The
editorial refers to the Special Issue “Design for Additive Manufacturing: Methods and
Tools” of Applied Sciences (MDPI). The paper presents some applications to evaluate better
the benefits of what is available in the scientific literature. Future trends on DfAM methods
and tools conclude the editorial.

2. DfAM Methodologies and Methods

The special issue covers different studies on DfAM methodologies and methods, with
the majority focusing on developing and implementing Topology Optimisation (TO) for
capitalising on AM opportunities. Ahmad, Bici and Campana [6] investigated how TO
can be implemented as a concept design tool to conceive the inner supporting frame of
an ancient statue. In this application, TO can close the gap between experts and young
designers, supporting preliminary target evaluations and topology conception. Dalpadulo
et al. [1] proposed a design methodology to optimise components by integrating TO into the

Appl. Sci. 2022, 12, 6548. https://doi.org/10.3390/app12136548 https://www.mdpi.com/journal/applsci1
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redesign process for an AM Assistive Device. Their paper shows how TO can be integrated
into a redesign process to achieve mechanical and AM Key Performance Indicators. The
DfAM workflow proposed by Sotomayor, Caiazzo and Alfieri [10] integrates optimisation,
design, and simulation tools to minimise the number of iterative design evaluations. The
authors proposed introducing TO, lattice infill optimisation, and generative design in
earlier phases of the design process to maximise AM capabilities. Rosso et al. [9] presented
a DfAM workflow for embodiment design that combines Computer-Aided Design tools
for the geometric modelling of the part and Computer-Aided Engineering tools for the
optimisation and simulation phases. Their workflow considers the possibility of using
size optimisation to obtain lattice structures with optimised beams and TO to obtain
optimised organic shapes. Fu et al. [16] proposed a new element-based TO method based
on Langelaar’s AM filter to generate mechanically optimised and self-supporting designs
for AM. The approach integrates restrictive DfAM constraints such as overhang angle and
length to create support free designs and reduce post-processing costs. Finally, in their
review of TO in the design of steel structures and components for AM, Ribeiro et al. [17]
examined the methods, applications and research trends of TO in civil and structural
engineering over the past five years.

Alongside TO, the remaining authors studied a range of DfAM methodologies and
methods. Raffaeli et al. [8] proposed a systematic approach to support designers in
understanding the opportunities offered by AM in the design of machined parts. The
approach implements multi-criteria decision making to systematically assess the suitability
of AM for a given set of design requirements. The study demonstrates that this approach
can be advantageous, especially in the early stages of the design process. Rolinck et al. [11]
presented a holistic design and development methodology for hydraulic manifolds and
fluid components with improved product performance and optimised for Laser Powder
Bed Fusion (LPBF). Lastly, in a comparative study, Ikeuchi et al. [14] developed a new artifi-
cial neural network model to create a data-efficient modelling approach for simulating cold
spray additive manufacturing. The model can predict an as-fabricated product allowing
designers to understand the economic and environmental impact of design decisions on
material waste after post-processing.

3. DfAM Tools

AM process allows realising parts with highly complex shapes that are impossible to
produce by any other technologies. The complexity and variability of the additive processes
require advanced design tools to optimise the product geometry and the settings of the
machine parameters.

The completed design workflow of AM parts requires different kinds of software
and the employment of highly skilled users. The specific design tools concern the CAD
modelling of the geometrical details, the Finite Element Method (FEM) analysis to simulate
the mechanical behaviour of the part after printing, and the FEM simulation of the phases
of the 3D printing process, etc. The literature already shows several DfAM tools; how-
ever, the 3D printing process’s complexity and variability limit the widespread of general
purposes tools.

A completed review of Computer-Aided Engineering (CAE) tools for AM is proposed
by Nieto and Sanchez [12]. Their work aims to maximise the vantages of AM technology
by presenting the use of specific tools for product development. They analysed engineering
and CAD platform tools such as mesostructured design, optimisation software, process
management, and simulation solutions. Here, the DfAM tools are classified into seven
categories: Design, Topology Optimisation, 3D mesh, Process Simulation, In-service Sim-
ulation, and Preprinting Slicing. These seven design tools are employed in five design
AM phases: Design, Verification, Slicing, Printing, and Finishing. The most ambitious
category concerns the simulation of the 3D printing phases because of the novelty of this
manufacturing process. These simulations mostly regard the powder bed fusion processes,
allowing geometrical deformations and residual stresses to be calculated. Therefore, the

2



Appl. Sci. 2022, 12, 6548

process simulations allow optimising the process parameters to minimise the accumulated
tensions and the deformations of the pieces during and after printing. The designer can
also use the simulation report to analyse the printing position, select the material, and
optimise the support structures.

While some DfAM tools are well known in the scientific literature and community,
others are new and exclusive for specific additive manufacturing phases and processes.
For example, Kim and Kang developed a specific DfAM tool for Carbon-Fibers-Reinforced
Polymer filament in Fusion Deposition Modeling (FDM) [13]. They implemented a
tool-path algorithm to optimise the orientation of the fibres in the FDM process. The
main idea was to reinforce fibres aligned with the profile of the high-stress region, which
was previously calculated by FEM analysis. This DfAM tool can be classified in Preprinting
Slicing, according to the classification described in [12]. Moreover, it can be employed in
the phases of Design and Slicing.

Zouaoui et al. [15] described an example of a design tool for In-service Simulation.
They developed a simplified Finite Element Method (FEM) to predict the mechanical
behaviour of parts manufactured by fused filament fabrication (FFF) of polymeric
pre-structured materials. This paper considers the filament orientation along with the
principal stress directions. They also considered the anisotropy of the material related to
complex deposition trajectories by introducing specific constants. The simulation confirms
that the longitudinal loading direction has the highest yield strength than the transversal
one for the FFF process.

The study of DfAM tools is still an open topic in research. They can be classified by
objectives, design phase, materials, or processes; however, they are still so specific that
they cannot be applied as general-purpose solutions in AM design. In this context, the
literature shows relevant cases of these tools for enhancing their replicability in different
applications.

4. Applications of Methods and Tools for Additive Manufacturing

AM, intended to integrate design software and 3D printing machines to complete the
product’s manufacturing [18], guarantees multiple benefits in Industry 4.0. The most signif-
icant are: customisation, design and development, prototyping, virtual inventory, reduced
wastages, speed, flexibility, risk reduction, customer satisfaction, accuracy, productivity,
improved profitability, improved supply chain performance, and cost reduction [18].

The variety of materials employed in AM processes (i.e., metals and alloys, polymers,
composites, ceramics, and concrete) makes this technology applicable to several industrial
sectors. The most trending could be summarised as follows [19]:

• Biomedical and Biofabrication: the biomedical market represents around 16% of the total
AM market share (Wohlers’ report). AM can guarantee the realisation of high-complex
shapes [4,20] for innovative biomedical implants, organs, and controlled drug delivery
systems. Open-source design methodologies can be used to quickly share 3D AM
CAD files among researchers [3].

• Aerospace: this sector represents around 18% of the total AM market share. AM
may allow the production of complex geometries resulting from parts consolidation,
fluidodynamics simulation (to maximise efficiency [2]), and topology optimisation (to
maximise the performance to weight ratio). Furthermore, functional electronics (e.g.,
resistive sensors) can be easily 3D printed [5].

• Buildings, architecture, and cultural heritage: this is an infancy sector expected to grow.
AM can reduce construction time, increase geometry complexity, and reduce the
consumption of heart resources. Reconstruction, documentation, and preservation are
the typical AM purposes for cultural heritage [6].

• Transport and automotive: AM can produce lightweight components in this sector, which
are increasingly requested to comply with energy consumption regulations. AM can
also speed up the product development phase. For example, AM is currently adopted
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to realise soft assembly tools to increase productivity and manage customised parts
without increasing production complexity and cost [21].

5. Future Trends in DfAM Methods and Tools

DfAM methods and tools continuously evolve to manage new production technologies
and materials and support design engineers adopting AM. Among the future trends for
this topic, hereunder are the most relevant to be addressed in future and specific research:

• Methodologies to support designers in disruptive/innovative rather than incremental
design [22].

• AM for improving environmental sustainability. Methods to evaluate the environ-
mental sustainability for multi-criteria decision making, product remanufacturing,
etc. [22].

• Adopt Life Cycle Costing approaches to evaluate the sustainability of AM [22].
• Extend and update DfAM rules related to the emerging manufacturing technologies.
• Characterisation of complex lattice structures [23].
• Improved simulation software tools for accurately predicting product performances [23].
• Software tools to manage multiple materials, meta material design, multiple function

design, and multi-scale [22].
• Knowledge-based 3D CAD systems to automatically model optimised AM shapes [24].
• Increase the adoption of AM and definition of DfAM rules for thermofluid, optical

and electronic applications [22].

6. Conclusions

As emerged in this editorial, Additive Manufacturing is one of the most exciting
research topics in the industry. New design methods and innovative software tools aim
to support designers in considering this production edge-breaking technology during
product development. The papers published in the Special Issue “Design for Additive
Manufacturing: Methods and Tools” of Applied Sciences Journal entirely focus on this goal.
Nevertheless, since the rapid growth of AM technologies and materials, design methods
and tools should follow this trend to continuously support designers of the involved
industrial sectors for applying AM and exploiting related unique benefits.

Author Contributions: Conceptualization, M.M., P.P. and P.C.; methodology, M.M., P.P. and P.C.;
formal analysis, M.M., P.P. and P.C.; resources, M.M., P.P. and P.C.; writing—original draft preparation,
M.M., P.P. and P.C.; writing—review and editing, M.M., P.P. and P.C.; supervision, M.M., P.P. and P.C.;
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: This issue would be impossible without the contributions of various talented
authors, hardworking and professional reviewers, and a dedicated editorial team of Applied Sciences.
Congratulations to all authors—no matter the final decisions of the submitted manuscripts, the
reviewers’ and editors’ feedback, comments, and suggestions helped the authors improve their
papers. We want to take this opportunity to record our sincere gratefulness to all reviewers. Finally,
we place on record our gratitude to the editorial team of Applied Sciences.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dalpadulo, E.; Gherardini, F.; Pini, F.; Leali, F. Integration of topology optimisation and design variants selection for additive
manufacturing-based systematic product redesign. Appl. Sci. 2020, 10, 7841. [CrossRef]

2. Murdy, P.; Dolson, J.; Miller, D.; Hughes, S.; Beach, R. Leveraging the advantages of additive manufacturing to produce advanced
hybrid composite structures for marine energy systems. Appl. Sci. 2021, 11, 1336. [CrossRef]

3. Kukko, K.; Akmal, J.; Kangas, A.; Salmi, M.; Björkstrand, R.; Viitanen, A.; Partanen, J.; Pearce, J. Additively manufactured
parametric universal clip-system: An open source approach for aiding personal exposure measurement in the breathing zone.
Appl. Sci. 2020, 10, 6671. [CrossRef]

4



Appl. Sci. 2022, 12, 6548

4. Safonov, A.; Maltsev, E.; Chugunov, S.; Tikhonov, A.; Konev, S.; Evlashin, S.; Popov, D.; Pasko, A.; Akhatov, I. Design and
fabrication of complex-shaped ceramic bone implants via 3D printing based on laser stereolithography. Appl. Sci. 2020, 10, 7138.
[CrossRef]

5. Watschke, H.; Goutier, M.; Heubach, J.; Vietor, T.; Leichsenring, K.; Böl, M. Novel resistive sensor design utilizing the geometric
freedom of additive manufacturing. Appl. Sci. 2021, 11, 113. [CrossRef]

6. Ahmad, A.; Bici, M.; Campana, F. Guidelines for topology optimization as concept design tool and their application for the
mechanical design of the inner frame to support an ancient bronze statue. Appl. Sci. 2021, 11, 7834. [CrossRef]

7. ISO/ASTM 52910; Additive manufacturing—Design—Requirements, Guidelines and Recommendations. International
Organization for Standardization: Geneva, Switzerland, 2018.

8. Raffaeli, R.; Lettori, J.; Schmidt, J.; Peruzzini, M.; Pellicciari, M. A systematic approach for evaluating the adoption of additive
manufacturing in the product design process. Appl. Sci. 2021, 11, 1210. [CrossRef]

9. Rosso, S.; Uriati, F.; Grigolato, L.; Meneghello, R.; Concheri, G.; Savio, G. An optimization workflow in design for additive
manufacturing. Appl. Sci. 2021, 11, 2572. [CrossRef]

10. Sbrugnera Sotomayor, N.; Caiazzo, F.; Alfieri, V. Enhancing design for additive manufacturing workflow: Optimisation, design
and simulation tools. Appl. Sci. 2021, 11, 6628. [CrossRef]

11. Rolinck, N.; Schmitt, M.; Schneck, M.; Schlick, G.; Schilp, J. Development workflow for manifolds and fluid components based on
laser powder bed fusion. Appl. Sci. 2021, 11, 7335. [CrossRef]

12. Moreno Nieto, D.; Moreno Sánchez, D. Design for additive manufacturing: Tool review and a case study. Appl. Sci. 2021, 11, 1571.
[CrossRef]

13. Kim, J.; Kang, B. Enhancing structural performance of short fiber reinforced objects through customized tool-path. Appl. Sci. 2020,
10, 8168. [CrossRef]

14. Ikeuchi, D.; Vargas-Uscategui, A.; Wu, X.; King, P. Data-efficient neural network for track profile modelling in cold spray additive
manufacturing. Appl. Sci. 2021, 11, 1654. [CrossRef]

15. Zouaoui, M.; Gardan, J.; Lafon, P.; Makke, A.; Labergere, C.; Recho, N. A finite element method to predict the mechanical behavior
of a pre-structured material manufactured by fused filament fabrication in 3D printing. Appl. Sci. 2021, 11, 5075. [CrossRef]

16. Fu, Y.; Ghabraie, K.; Rolfe, B.; Wang, Y.; Chiu, L. Smooth design of 3D self-supporting topologies using additive manufacturing
filter and SEMDOT. Appl. Sci. 2021, 11, 238. [CrossRef]

17. Ribeiro, T.; Bernardo, L.; Andrade, J. Topology optimisation in structural steel design for additive manufacturing. Appl. Sci. 2021,
11, 2112. [CrossRef]

18. Haleem, A.; Javaid, M. Additive manufacturing applications in industry 4.0: A review. J. Ind. Inf. Integr. 2019, 4, 1930001.
[CrossRef]

19. Ngo, T.D.; Kashani, A.; Imbalzano, G.; Nguyen, K.T.Q.; Hui, D. Additive manufacturing (3D printing): A review of materials,
methods, applications and challenges. Compos. Part B Eng. 2018, 143, 172–196. [CrossRef]

20. Nsiempba, K.; Wang, M.; Vlasea, M. Geometrical degrees of freedom for cellular structures generation: A new classification
paradigm. Appl. Sci. 2021, 11, 3845. [CrossRef]

21. Vasco, J.C. Chapter 16—Additive manufacturing for the automotive industry. In Handbooks in Advanced Manufacturing, Additive
Manufacturing; Elsevier: Amsterdam, The Netherlands, 2021; pp. 505–530. [CrossRef]

22. Lopez Taborda, L.L.; Maury, H.; Pacheco, J. Design for additive manufacturing: A comprehensive review of the tendencies and
limitations of methodologies. Rapid Prototyp. J. 2021, 27, 918–966. [CrossRef]

23. Zhu, J.; Zhou, H.; Wang, C.; Zhou, L.; Yuan, S.; Zhang, W. A review of topology optimisation for additive manufacturing: Status
and challenges. Chin. J. Aeronaut. 2021, 34, 91–110. [CrossRef]

24. Biedermann, M.; Beutler, P.; Meboldt, M. Automated knowledge-based design for additive manufacturing: A case study with
flow manifolds. Chem. Ing. Tech. 2022, 94, 1–10. [CrossRef]

5





applied  
sciences

Article

A Systematic Approach for Evaluating the Adoption of
Additive Manufacturing in the Product Design Process

Roberto Raffaeli 1,*, Jacopo Lettori 1, Juliana Schmidt 2, Margherita Peruzzini 2 and Marcello Pellicciari 1

Citation: Raffaeli, R.; Lettori, J.;

Schmidt, J.; Peruzzini, M.; Pellicciari,

M. A Systematic Approach for

Evaluating the Adoption of Additive

Manufacturing in the Product Design

Process. Appl. Sci. 2021, 11, 1210.

https://doi.org/10.3390/app11031210

Academic Editor:

Giangiacomo Minak

Received: 28 December 2020

Accepted: 25 January 2021

Published: 28 January 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Sciences and Methods for Engineering, Università degli Studi di Modena e Reggio Emilia,
via Amendola 2, 42122 Reggio Emilia, Italy; jacopo.lettori@unimore.it (J.L.);
marcello.pellicciari@unimore.it (M.P.)

2 Department of Engineering “Enzo Ferrari”, Università degli Studi di Modena e Reggio Emilia,
via Vivarelli 10, 41125 Modena, Italy; juliana.schmidt@unimore.it (J.S.);
margherita.peruzzini@unimore.it (M.P.)

* Correspondence: roberto.raffaeli@unimore.it

Abstract: Additive Manufacturing (AM) technologies have expanded the possibility of producing
unconventional geometries, also increasing the freedom of design. However, in the designer’s
everyday work, the decision regarding the adoption of AM for the production of a component is
not straightforward. In fact, it is necessary to process much information regarding multiple fields to
exploit the maximum potential of additive production. For example, there is a need to evaluate the
properties of the printable materials, their compatibility with the specific application, redesign shapes
accordingly to AM limits, and conceive unique and complex products. Additionally, procurement
and logistics evaluations, as well as overall costs possibly extending to the entire life cycle, are
necessary to come to a decision for a new and radical solution. In this context, this paper investigates
the complex set of information involved in this process. Indeed, it proposes a framework to support
and guide a designer by means of a structured and algorithmic procedure to evaluate the opportunity
for the adoption of AM and come to an optimal design. A case study related to an ultralight aircraft
part is reported to demonstrate the proposed decision process.

Keywords: additive manufacturing; design for additive manufacturing; product design; multi criteria
decision-making

1. Introduction

In the last few years, Additive Manufacturing (AM) has become an actual manufac-
turing option and many industrial applications clearly show it is able to overcome and
substitute traditional processes such as machining or various forms of forming technolo-
gies [1]. Even if the AM process is usually more expensive compared to other traditional
technologies and suffers from thermal stresses and deformations, it can be advantageous
when the design of the components can benefit when highly optimized performances
are required, such as light weight, complex shapes, parts number reduction, first-class
structural or thermo-fluid dynamic performances [2].

Traditional technologies, i.e., milling, casting and forging, are employed following
consolidated and well-known Design for Manufacture and Assemblies (DFMA) principles
aimed at guiding engineers and designers to develop product shapes that facilitate the man-
ufacturing and assembly processes, thus reducing production costs and times [3]. Focusing
on products’ geometry and characteristics, AM allows a strong customization of shapes at
different measurement scales (i.e., lattice structures) and the possibility to obtain custom
graded and composite materials by depositing different type of materials in different pat-
terns, thus optimizing the part characteristics. Design objectives stress the minimization
of the overall product volume, thus reducing material consumption, production times
and costs. Additional issues are related to the part orientation in order to minimize the

Appl. Sci. 2021, 11, 1210.
https://doi.org/10.3390/app11031210 https://www.mdpi.com/journal/applsci

7



Appl. Sci. 2021, 11, 1210

support volumes. Additional problems that must be faced are the development of optimal
designs combining some novel CAD modelling functionalities with process simulation
tools [4], the application of proper post treatments, and the estimation of realization times
and costs. Therefore, the designer must cope with a wide set of information and knowledge
to approach AM in an optimal way, considering that the full leverage of given possibilities
is often reached with a complete rethinking of the existing solution, possibly starting from
its functional structure [5,6].

The evaluation of the opportunity to design a part for AM could be time consuming
and finally lead to the conclusion that it is impractical. Conversely, some opportunities
could be missed since the advantages of a different manufacturing process are not consid-
ered. In this context, the main contribution of this paper is to provide a holistic approach
composed of four main evaluation phases of increasing complexity: Preliminary Analysis,
Potential Analysis, In-depth Analysis and Cost Assessment. These phases are aimed to
support the designer throughout the product development in a structured and efficient
way, starting from selecting parts which are suitable to this production type, required
material, up to the steps to obtain a final geometry compliant with the chosen technology.

The paper is structured as follows: Section 2 presents a revision of constraints and
opportunities provided by AM in the literature for the early assessment of related design
opportunities, as well as related background; Section 3 presents an approach to support
decision-making for the development of new products and for the redesign of existing
parts; in Section 4 the approach is then applied on a test case; finally, conclusions and future
works are outlined in Section 5.

2. Background Work

2.1. Adoption of AM in the Industry

The adoption of AM in the industry is becoming significant and it is pushed by
the Industry 4.0 digitalization trend [1,7,8]. The benefits offered by this technology will
continue to grow with the efficient processing of digital data for process and product
improvements, especially when low production quantities or sophisticated geometric
shapes are required [9]. The fast evolution of technical solutions, as well as the expiration
of principal patents, has enormously expanded the choice on the market of systems for
each process type.

A few different knowledge related spaces need to be considered and faced for an
effective application in companies. The first area concerns technology awareness. AM
techniques have been classified by the type of process, by how the final construct is obtained
and by the source of energy which is used for the phase change of the raw material. Seven
categories have been defined so far according to the deposition method used to build the
parts, i.e., VAT Polymerization, Fused Deposition Modelling, Powder Bed Fusion (PBF),
Sheet Lamination, Material Jetting, Direct Energy Deposition and Binder Jetting [10].

Secondly, the possible application fields to be identified in the specific business being
run can be recognised in:

1. Structural components, whose goal is to maximize stiffness while reducing weight;
2. Products that need a complex and specific shape, aimed at increasing fluid dynamic

efficiency or temperature distribution, such as in conformal cooling;
3. Rapid tooling, using additive techniques to produce tools for other parts, for instance

moulds;
4. Parts where high customization is required, such as in fashion or biomedical prosthe-

ses and braces requiring lattice structures and specific superficial texturing [1];
5. Prototypes, which are used for physical design evaluations, even if the production of

the final product uses other techniques.

Even though AM machines are already used on the shopfloor to produce prototypes
and complex parts, they are still not applied systematically and extensively. Like any
other production system, AM presents strengths and limitations [11], as summarized in
the following Table 1.
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Table 1. Strengths and limitations of Additive Manufacturing (AM), on a general basis.

Strengths Limitations

Possibility of freeform parts with limited additional cost Parts need surface finishing in coupling faces

Possibility of hierarchical complexity (i.e., lattice structure) Low dimensional and geometrical tolerances

Customized performance by multi-material structures Low building volume

Material usage only where it is needed Long processing time

Possibility of light weight parts Need of support structures for overhanging portions

Reduction in logistic costs High energy consumption

Reduction in lead time Lower mechanical properties compared to other processes

Consolidation of assemblies Residual thermal tensions and distortions in the parts

Bounding surface weakness between two different materials [12]

Intrinsic process anisotropy

Finally, some design organization issues must be faced. In fact, the wide and mostly
unexplored design space that AM offers is a very attractive landscape for the industry.
However, the complexity and novelty of reasoning patterns could result in significant
factors to impede the implementation of AM techniques in practice.

Leaving the design teams to evaluate the possibilities of adopting AM technology
based on subjective and unstructured considerations may lead to skewed considerations
and a loss of opportunities. Designers have reported that, in many cases, extensive evalua-
tions and design attempts have concluded without feasible solutions. Such failures have
had a negative impact on the management due to the poor rate of success in AM adoption.
In particular, design leaders complain about [13,14]:

1. The effort required to identify the right components to be redesigned;
2. The effort required to obtain new designs which need to face novel geometric shapes

and careful structural and thermal simulations;
3. The variability of metallurgical properties of 3D printed materials makes the quality

and reliability of new products uncertain;
4. Necessity of dealing with a new supply chain and the relative logistic aspects.

The method presented in the paper aims to provide a framework to systematically
operate in such a complex environment.

2.2. Review from the Literature of Decision Methods in AM Adoption

A design process targeting AM consists of a digital dataflow that precedes the transfor-
mation of the raw materials into final parts [1]. The development of complex and organic
shapes is based on traditional geometric modelling in CAD systems, even if new emerging
tools and Topology Optimization (TO) systems are also used for this purpose [15]. The
3D CAD models are exchanged with other tools using STL, or better, by AMF, 3MF, STEP
and STEP-NC formats, which are all geometric exchange file formats which provide appro-
priate set of data [16]. Simulations with specific Computer Aided Design (CAE) software
are usually necessary to foresee manufacturing distortions due to thermal effects and
improve the surface quality by operating on part orientation and production parameters.
Then, slices and the tool paths (G-CODE) are generated and sent to the machine. At this
stage, it is possible to manage further parameters to optimize the geometric, finishing, and
mechanical characteristics of the final piece. Post processing activities, such as post-curing,
cleaning, successive machining, and treatments, must be carefully assessed since they
strongly influence the resources needed to obtain the parts.

The depicted workflow reveals that, at an early stage, there are many heterogeneous
aspects a designer must consider and anticipate when deciding to adopt AM. Before starting
such activities and investing considerable time, the design requirements must be carefully
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assessed against the possibilities and constraints given by the manufacturing technology to
finally succeed in the AM adoption. In this context, Design for Additive Manufacturing
(DFAM) guidelines [17] and some related standards [18–20] are just at the beginning and
more studies are needed to obtain a more complete view [21]. Design methods and tools are
needed whereby functional performance and/or other key product life-cycle considerations
such as producibility, reliability, validation and costs can be optimized and subjected to the
capabilities of AM technologies [17]. In the industrial practice, the absence of clear DFAM
patterns and guidelines often still results in occasional and unstructured usage of AM at
the design stage. Additionally, there are only a few software programs that fully support
the specific AM digital process, since most tools cover just limited aspects of the whole
process, such as geometric modelling or thermal distortion simulations.

Moreover, there are a few procedures to establish that a product is manufacturable
with additive techniques. As a matter of fact, there are numerous product development
approaches in the literature for various design contexts. Additionally, tools have been
developed to support the designer to select the most suitable approach according to
requirements [22]. However, there is a need to develop specific tools for AM product
design in order to guide engineers and designers to understand this novel production
method. For example, Kumke et al. [23] have developed a modular framework on the
basis of VDI 2221 aimed at guiding designers throughout product development in an
AM context. Lindemann et al. in [24] have developed a Trade-Off Methodology (TOM)
matrix that guides designers and engineers to understand which products should be
redesigned to exploit the advantages of AM. Additionally, Klahn et al. [25] have developed
a tool to evaluate the suitability of products to be produced with additive technologies by
using four criteria: integrated design, individualization, lightweight and efficient design.
However, according to [2], a holistic framework in an AM perspective aimed at guiding
the engineer or designer throughout product development is still missing, guaranteeing
process optimization, thus minimizing material waste and costs. Furthermore, the theme
of sustainable design [26,27], a topic of high interest nowadays, needs to be embraced.

2.3. Multi Criteria Decision Methods as a Formal Support to an Objective Design Process

In the context of fostering the spread of AM applications, it is beneficial to help
designers understand when and how to adopt AM technologies to improve designs with
better performing and cost-saving solutions. There is a need for a broader and holistic
assessment that includes diverse aspects, as well as the possibility of adopting different
and new design principles. The discipline of DFAM targets the geometric shape definition
phase, while additional efforts are needed to fully understand the potential of AM in an
earlier stage, when multiple, conflicting, and often fuzzy requirements must be evaluated.
Therefore, to define a structured evaluation workflow to assess the design opportunities,
decision-making approaches must be considered.

Multi Criteria Decision Analysis (MCDA) [28] is the discipline aimed at supporting
the decision-maker while operating with numerous and conflicting evaluations, allowing
them to obtain a compromise solution in a structured way [29,30]. Contrary to numeric sim-
ulation tools, which rely on precise quantities, MCDA is better suited to weight subjected,
discrete or fuzzy evaluations.

Scarce applications of such methods in early AM design phases are found in the
literature. Among them, in [31] the authors have used the Analytical Hierarchical Process
(AHP) procedure to rank the most appropriate technologies and machines. Another study
in this sense was developed by Zaman et al. in [32], where the authors have introduced a
generic decision methodology to provide a set of compromised AM materials, processes,
and machines and to guide designers to achieve feasible material–machine combinations
from a current database of AM vendors in the world.

Weighted Sum Model (WSM) and AHP appear to be able to support the qualitative and
quantitative analyses required by the scope of this paper. The two approaches are briefly
recalled here. The AHP method is based on a series of pairwise comparisons between a set
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of criteria, giving them a score of relative importance and assigning percentage weights [33].
An example of the values for the pair evaluation is reported in Table 2 below.

Table 2. Analytical Hierarchical Process (AHP) method: scale of relative importance.

Driver Dij Meaning

1 i and j are equally important
3 i is slightly more important than j
5 i is quite a bit more important than j
7 i is much more important than j
9 i is largely more important than j

1/3 i is slightly less important than j
1/5 i is quite a bit less important than j
1/7 i is much less important than j
1/9 i is largely less important than j

Subsequently, a matrix nxn is constructed, where n is equal to the number of criteria
to be compared. Supposing that n = 3 (D1, D2 and D3), the matrix has the following
construction (Table 3):

Table 3. Example of pairwise matrix.

D1 D2 D3

D1 1 X Y
D2 1/X 1 Z
D3 1/Y 1/Z 1

In Table 3 X is the relative importance value of D1 compared to D2, Y is the relative
importance value of D1 compared to D3 and Z is the relative importance value of D2
compared to D3. To calculate the vector of the percentage weights to assign to each driver,
it is enough to determine the maximum eigenvalue λ and the relative eigenvector Vλ of the
matrix [32]. Normalizing the eigenvector Vλ so that the sum of its elements is equal to 1,
the vector of the percentage weights or priorities relating to the driver Di is obtained. Once
the priority vector has been determined, it is fundamental to understand the quality of the
pairwise matrix, measuring the consistency of the decision-maker’s subjective judgments.
To this aim, the Consistency Index (CI) is defined as (Equation (1)):

CI =
λ − n
n − 1

, (1)

Finally, the Consistency Ratio (CR) is defined as follows (Equation (2)):

CR =
CI
RI

, (2)

where RI is the Random Index, which is a value that depends on the number of criteria as
explained in [33]. For n > 4, the pairwise matrix is consistent if CR is lower than 0.1.

On the other hand, the WSM is used to find the best solution among those available,
thus solving a decision-making problem. Here, the criteria values (aij) are multiplied by
the weights calculated with AHP (wj), and finally the sum is performed for each alternative
(Ai), as in Equation (3). The criteria values should be normalized to have the same unit [34].

Ai = ∑n
j=1 wj × aij, (3)

3. Methodology and Guidelines

As anticipated above, it is desirable to guide the designer to select suitable candidates
for AM efficiently, reducing wasted time during more complex phases for unattractive
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products. Therefore, the main goal of this paper is to provide guidelines which are framed in
a general framework to support designers, even the less experienced, to better understand
the potential offered by additive technologies in a given design context. The framework
acts as a foundation of specific step guidelines, which are defined on an algorithmic basis
to also be implementable in a software supporting tool.

The proposed framework is presented in Figure 1; it is framed in a systematic pro-
cess [35], even if it presents its specificities. It can be applied both in the case of new design
or redesign of an already existing product. A decision-making process has been defined to
select feasible candidates and then progressively move on to further analysis, only if the
previous phase has succeeded. Specifically, the process is composed of four main phases
which are explored in the following sections:

1. Preliminary Analysis;
2. Potential Analysis;
3. In-depth Analysis;
4. Cost assessment.

Figure 1. General framework of the design approach for AM parts.

Figure 2 reports an example of the timeline required to accomplish each step. The
times have been collected by the authors based on some informal interviews with designers
who have had experience in designing parts for AM in their companies in the field of
machined parts of limited size. The observation of the timeline, even if referring to a
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particular product category, highlights the necessity of tackling the design activities in a
systematic manner, quitting the process as soon as the solution spaces become empty.

Figure 2. Example of timeline for a common design process involving additive technologies in the field of machined parts.

In the following sections, each step of the proposed approach is presented in detail,
providing specific application guidelines.

3.1. Design Requirements

The process moves from a collection of basic facts and main design requirements of
the product under analysis. Table 4 reports a selection of possible data to be gathered,
many of them being optional depending on the application.

Table 4. Example of initial requirements of a product to be evaluated.

Requirement Value

Application Structural, prototype, complex shape, tooling, customized

Expected overall size SizeX × SizeY × SizeZ

Load Rough description of expected loads

Constrains Rough description of expected constraints

Target properties of the material

Current material, in case of redesign process
Density [kg/m3]
Stiffness [GPa]
Max working T [◦C]
Conductivity E
Conductivity T
Hardness [Rock]
Wear resistance
Corrosion resistance
Tensile strength [N/mm2]
Fatigue strength [N/mm2]
Yield strength [N/mm2]

Production method Report current production process, in case of redesign process

Buy-to-fly ratio Report current ratio, in case of redesign process

Batch size Expected parts/year

Time-to-Market Required time-to-market

Production cost Report current production cost, in case of redesign process

Other requirements . . .

Generic numbers and information are sufficient at this stage, also in the form of
expected values or possible ranges. More precise parameters and requirements will be
defined or refined in successive evaluation steps. It is important to point out that the
table can be adapted, expanding or reducing the requirements, according to the specific
application field.
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3.2. Preliminary Analysis of AM Constraints

Following the flow in Figure 1, the next step of the process is the Preliminary Analysis,
which is a rough examination of main manufacturing constraints to exclude unfeasible
applications. Three aspects have been identified as overwhelming limitations that could
impede the usage of AM. Even if the three evaluations can be regarded as subjective
and depending on the evolution of the technologies, it is reasonable to evaluate them
early and to skip the process from the beginning if one of them cannot be surely met by
the application:

• Lack of a material with some mandatory properties;
• Excessively large or small product dimensions for currently available technologies;
• Excessively large production batches.

In Figure 3, the sub-steps of the Preliminary Analysis are presented:

1. Screening of materials compatible with the given constraints (i.e., minimum stiffness,
minimum yield strength, electric conductibility, etc.);

2. Computation of a set of indices according to Ashby [36] for each compatible material;
3. Definition of index weights using AHP and computation of an overall Compliant

Index (CI) for each material through WSM normalization;
4. Materials ranking;
5. Selection of possible printers proceeding in the sorted list of materials;
6. Check of printer capabilities according to required volume and batch size.

Figure 3. Workflow of the preliminary analysis of AM constraints.
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Therefore, the first step is to identify suitable materials out of a list. The materials
database is built from data provided by technology suppliers, mostly available on the
web [36], where the value range of properties of available materials is reported. It is
possible that only a few or no materials are compatible if numerous and strict constraints
are imposed, making AM an impractical solution for the imposed requirements.

A list of seven indices, drawn from Ashby [37], are suggested to evaluate the materials.
The selected indices are:

1. I1 = σr/ρ
2. I2 = σy/ρ
3. I3 = σf/ρ
4. I4 = E/ρ
5. I5 = Eˆ(1/2)/ρ
6. I6 = σy/(ρ*C)
7. I7 = E/(ρ*C)

where σr = ultimate tensile strength (N/mm2), σy = yield strength (N/mm2), σf = fatigue
strength (N/mm2), E= yield modulus (GPa), ρ = density (kg/cm3), C = raw material cost
(EUR/kg).

The first four indices are related to the mechanical performance of the material, the
fifth index refers to the vibration behaviour, while the last two indices consider the cost.
The relative weight of the indices must be assigned by the user according to company
production range and company strategy. Such indices are normalized to calculate a CI for
each material through the WSM. The index weights are determined by the AHP method
according to design strategies. Then, the materials are ranked from best (high CI) to worst
(low CI). This process is summarized in Figure 4.

Figure 4. Materials ranking process.

Printers compatible with the selected material are then listed, verifying the production
requirements relating to the volume of the product and the batch size. Additionally, the
designer must consider the intrinsic material anisotropy of AM processes, the bounding
surface weakness between two different materials [12] and the technology deposition
maturity, thus selecting the most suitable printer. If no printer is compatible with the
production requirements, the next material in the ranking is selected, repeating the check
of the compatibility of available printers with the imposed constraints. A printer database
is built for this purpose from data available on the web [36] or from supplier’s data. If a
valid combination of material and printer is found that meets the defined requirements,
Potential Analysis is performed.
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3.3. Potential Analysis

The aim of this phase is to guide brainstorming around the product considering a
list of design drivers. Each driver is given a score which is combined to compute an
overall potentiality index. Fourteen drivers, D1 to D14, have been identified to evaluate
the potentiality of an AM employment [2]. Table 5 presents the drivers and list guidelines,
mainly considerations and clues, which have been gathered in the literature and from
experts to foster the decision on a score to assign to each of them.

Table 5. Description of the drivers to evaluate the potentiality of AM in a specific application.

Driver Guidelines to Help the Designer to Decide a Score

(D1) Does the use of AM lead to
potential cost savings
considering the entire life cycle?

AM is generally more expensive than a forming or machining technique due to long cycle times and high
energy consumption. However, such a gap may reduce if considering the entire product lifecycle. It is the case
of complex shapes optimized for highly efficient fluid-dynamic performances, devices such as blowers,
diffusers, etc. Indeed, in some applications, AM allows us to reduce the mass, which is beneficial for product
operating costs. For example, airplane mass reduction leads to fuel saving.

(D2) Can assembly, logistic or
procurement cost be reduced?

Forming technologies allow the realization of complex shapes but require investments for tooling that are
recovered only if many parts are produced. Conversely, AM does not require fixed costs (apart from the printer
itself) and it allows us to consolidate parts in less components of more complex components. A reduced number
of parts is beneficial in terms of logistics, assembly times and supply chain management.

(D3) Can the product benefit
from a reduced time-to-market?

AM can be set up rapidly since it is based on a digital toolchain. Even if the realization time is high and some
post processing activities can be required (support removal, post treatments, additional machining, surface
coatings, . . . ), the whole process can be generally accomplished in few days, which is competitive with
processes which require the elaboration of CNC toolpaths or the design and manufacturing of tooling and
several sequential separated machines. Thus, the overall time-to-market could be significantly reduced.

(D4) Is the production batch
size limited?

As any other technology requiring limited fixed costs but longer manufacturing cost for each part, AM is more
suited to small batch quantities.

(D5) Is the post processing
phase limited?

AM aims to produce near net shape parts. However, depending on the specific technology, post processing to
consolidate the material, annealing residual stresses or improving surface quality may be required. The quantity
of such activities can strongly reduce the competitiveness of additive solutions.

(D6) Can material waste
be reduced?

Nowadays, many materials are available to be processed with AM, some of them being expensive advanced
metals. The advantage of adding material only where it is needed, conceiving complex organic shapes, and the
possibility of recovering unused powders can lead to a reduction in material waste and improved sustainability.

(D7) Would the product benefit
from a mass reduction?

Mass reduction is one of the major strengths of AM parts, which has strongly pushed its diffusion.

(D8) It is beneficial to increase
the complexity of the part?

In some applications, such as fluid dynamics, biomedical applications (e.g., increase the osteointegration of the
prostheses thanks to a porous layer), multiple functions integration, etc., key benefits arise from the freedom in
the complexity of the shapes.

(D9) It is feasible to
consolidate parts?

Considerable advantages in terms of cost are gained if the number of parts can be reduced. AM can leverage the
consolidation of parts if assembly and functional constraints are respected, also benefiting from grading
material properties which can be conferred thanks to inner cavities or lattice structures.

(D10) Is customization required? The limited investment costs of AM pave the way to the paradigm of Mass Customization. Specific parts could
be produced according to specific customer requirements, controlling the increase in production costs.

(D11) Would the product benefit
from areas with differentiated
material properties?

One of the features of AM refers to the capability of calibrating the properties of the material along the part,
recurring to modulation of micro-structures up to vary the distribution and parameters of lattice cells. For
example, material properties can be varied accordingly to applied force, leading to uniform stress level and
deflection behaviour that cannot be obtained with uniform material properties. If combining regions with
different materials, the compatibility and weakness at the interfaces must be carefully assessed [12].

(D12) Would the product benefit
from varied density along
the volume?

The volumetric mass of a product can be modulated according to specific design objectives, thanks to lattice
structures, inner voids or honeycomb structures.

(D13) Is a volumetric lattice or a
superficial texture required?

Superficial or volumetric structures can be obtained, enhancing weight reduction, or increasing osteointegration
as well as grip.

(D14) Is it advantageous to add
functionalities in the parts?

The extended design freedom of AM allows multiple functionalities to be incorporated in a part, such as the
possibility of integrating electric circuits.
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A value from 1 to 10 is required for each driver, where 1 corresponds to an irrelevant
driver and 10 corresponds to a major driver for the product under development. The
Potential Index (PI) is then calculated according to Equation (4):

PI = ∑14
i=1 Di × Qi

10
∗ 100, (4)

where Di = weight of i-th driver, Qi = value assigned by the development team to the
i-th driver.

The weights of drivers should be calculated using the AHP method, incorporating
strategic views of the company. High index values correspond to a great potential of the
part to be produced through AM. The PI threshold can be fixed by the user based on a
trade-off analysis between the risk of losing opportunities and the need to develop deeper
and costly analyses with the possibility of having poor results.

3.4. In-Depth Analysis

After the Potential Analysis, a preliminary design solution is required. In fact, deeper
assessments on the manufacturability by AM and its convenience against other production
systems follow a conceptual design of the product itself, at least at a sufficient level of
geometrical detail. Generally speaking, the conceptualization phase is highly onerous in
terms of time and work and impacts on the design department. So, before developing
a conceptual design, it is advisable to discard unpromising ideas following the steps
described above, thus focusing efforts only on the most attractive candidates. Therefore, the
In-depth Analysis stage has been conceived to include the following evaluations (Figure 5):

1. Develop a conceptual design and its preliminary geometry;
2. Evaluate the geometry according to three indices: Customization Index, Complexity

Index, Printability Index;
3. If necessary, refine the geometry or change the intended orientation of the part in the

printer;
4. Accurately evaluate the manufacturing process on the selected printer by suitable

numeric tools.

The conceived geometry, either by direct CAD modelling or TO tools, is then evaluated
according to three indices that are strictly related to the designed shapes:

1. Customization Index: the term customization means the product development accord-
ing to individual/personal specifications or preference. This index refers to the level
of customization that the product must comply to satisfy the customer’s requirements,
ranging from no customized products to truly unique parts [38,39].

2. Complexity Index: it assesses the complexity of geometries in relation to the difficulty
of achieving the shape with AM competing techniques. For instance, in [40], the
authors have developed such an index to calculate the shape complexity of cast parts.

3. Printability Index: it is composed of indices related to the limits of AM in obtaining
certain geometric features [41]. For example, excessively bulk geometries can lead to
distortions; too thin walls and too small holes are difficult to produce; cantilevered
surfaces require supports which must then be removed. In Table 6, indices to be
considered are summarized. The weights to balance the indices should be assigned
accordingly to the specific needs and application context. Indeed, the Printability
Index is closely related to the part orientation in the printer.

The first two indices are used to estimate the level of customization and complexity of
the geometry according to standard technologies. The Printability Index aims to highlight
the criticalities in the conceived design according to the main DFAM guidelines and
common geometric limits of AM. Such an index allows the designer to identify changes in
the geometry as well as more convenient orientations of the part.

At this stage, numeric simulations are required to verify the stress level in the part
according to operating conditions and the peculiar characteristics of the metallurgic mi-
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crostructure or the anisotropy induced by the layered deposition. Moreover, the thermal
gradients usually arising in the process lead to residual stress, which must be carefully
assessed with dedicated software tools which are consolidating in the market.

This process leads to a detailed and definitive geometry which allows more precise
evaluations on the printing process. Parts nesting can be computed, and selected machine
volume optimally occupied. Indeed, if more printers are available and compatible with the
chosen material and part size, the optimal one can be selected by iteratively simulating the
printing process and expected parts quality against the fixed requirements.

Ultimately, if there is at least one printer compatible with the production requirements,
it is possible to move on to the last step of the workflow.

3.5. Cost Assessment

The final step of the proposed approach is an assessment of the reached design in
terms of production and life cycle costs, possibly including additional considerations such
as logistical aspects and production lead time. So, it is necessary to evaluate whether
the use of AM leads to an overall economic advantage compared to other production
methods. In Figure 6, the flow is represented. Here, the economic aspects are highlighted to
understand if there is a saving in terms of costs and/or time-to-market. Strategic decisions
must be taken by the company management in case of contrasting results.

Figure 5. In-depth Analysis.
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Table 6. Indices contributing to the Printability Index.

Name Equation Description

BuyToFly index Cv =
Vtot
Vbb

Where Vtot is the product volume and Vbb is the volume of the bounding box.

Functional
surface index C f =

∑ S f
Stot

Where ∑Sf is the sum of functional surface and Stot is the product surface.

Supported
surface index Cs = ∑ Ss

Stot
Where ∑Ss is the sum of the surfaces that need supports and Stot is the product surface.

Hole index Ch =
∑ n◦Ha

Htot

Where ∑n◦Ha is the sum of the holes that do not have the axis parallel to the production
direction and Htot is the number of the total holes.

Massive
volumes index Cn =

∑ Vm
Vtot

Where ∑Vm is the sum of the massive volumes and Vtot is the overall product volume.

Height ratio index Cl =
Hp

Lmax
Where Hp is the product height and Lmax is the maximum length of the part in one of its
three principal directions.

Small holes index Cd =
∑ n◦Hd

Htot

Where ∑n◦Hd is the sum of the holes number with the diameter below a critical value
that depends on the specific type of technology and Htot is the number of the total holes.

Thickness
distribution index Cd =

∑ Vtn
Vtot

Where ∑Stn is the sum of the walls volume with thickness below a critical value that
depends on the specific type of technology and Vtot is the product volume.

Surface
orientation index Ce =

Sp
Stot

Where Sp is the surface parallel to the build direction and Stot is the product surface.

Layer variation index
Cl =

∑N
i=1

∣∣∣(Sli − Sl(i − 1))
∣∣∣

Sltot

Where Sli is the surface of the i-th layer and Sl(I − 1) is surface of the (i − 1)-th layer.
Sltot is the maximum trace of the product. N is the total number of the layers.

Figure 6. Final assessment of cost and time-to-market.

4. Case study

In this section, the framework and relative guidelines are exemplified with a case
study. An ultralight aircraft part called Propeller Pitch Controller (PPC) has been selected,
and it is represented in Figure 7. Given the interest in parts obtainable by metal deposition,
which are collected in the industrial field nowadays, a metal component has been selected
to demonstrate the proposed design workflow. This product is assembled on the variable
pitch aircraft propellers with three blades and it is connected through three connecting
rods to them (Figure 7b). It allows the pitch of the blades to change thanks to a translation
movement, thus regulating the provided engine thrust.
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Figure 7. (a) 3D CAD model of the Propeller Pitch Controller (PPC); (b) Real part assembled with
the blades.

Analog design procedures could be applied in case studies employing plastic materials
and technologies such as Fused Deposition Modelling or Stereolithography. Some consid-
erations, requirements and data reported in the papers should be modified accordingly to
the different application contexts and specificities.

4.1. Preliminary Analysis Application

As it is depicted in Figure 7, the PPC bears three main loads transmitted by the
connecting rods. Three screws fix the part. The original material is aluminium alloy. In
Table 7, all the features and the design requirements are summarized.

Table 7. Design requirements for the analysed product.

Requirement Value

Application Structural

Expected overall size 130 × 130 × 20 mm

Load 3 × 3000 N

Constraints Rotation blocked by 3 screws M6

Target properties of the material

Current material: Aluminium
Current density: 2700 [Kg/m3]
Current Stiffness: 50 [GPa]
Twork: −30 ◦C to 130 ◦C
Conductivity E: Not important
Conductivity T: Not important
Required Hardness: 20 [Rock]
Wear resistance: Good resistance
Corrosion resistance: Good resistance
Current tensile strength: 210 [N/mm2]
Fatigue strength: Millions of cycles required
Current yield strength: 120 [N/mm2]
Maximum expected powder cost: EUR 75/kg

Production method Milling from block

Buy-to-fly ratio Current: 0.347

Batch size 150 p/years

Time-to-Market Few weeks

Production cost 25 EUR/p
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The three main initial constraints outlined in Section 3.2 are fulfilled by the specific
application. Most of the constraints push the choice towards metals, mainly aluminium
and steel, which are widely available as powders to be employed in PBF processes. The
size of the part is limited and compatible with most of the printers. Indeed, the size allows
multiple parts to be processed simultaneously, thus small batch sizes, as required, are
definitely feasible.

The approach depicted in Section 3 has been followed for the PPC and the main results
are reported here. The process has moved from the computation of the AHP pairwise
matrix to assess the relative weights of the material selection indices (Table 8). The table
was compiled with the help of the industrial partner and the resulting weights computed
according to the AHP method are reported in Table 9.

Table 8. AHP pairwise matrix of the indices of materials for the PPC case study. I1 to I7 refers to the
seven selected material indices to rank materials, as defined in Section 3.2.

I1 I2 I3 I4 I5 I6 I7

I1 1.00 0.20 0.20 0.14 0.50 0.20 0.20
I2 5.00 1.00 5.00 1.00 5.00 2.00 2.00
I3 5.00 0.20 1.00 0.20 1.00 0.50 0.50
I4 7.00 1.00 5.00 1.00 5.00 2.00 2.00
I5 2.00 0.20 1.00 0.20 1.00 1.00 1.00
I6 5.00 0.50 2.00 0.50 1.00 1.00 1.00
I7 5.00 0.50 2.00 0.50 1.00 1.00 1.00

Table 9. Weights of the material selection indices calculated for the case study.

I1 I2 I3 I4 I5 I6 I7

PPC case study 3.26 27.14 7.70 28.09 8.13 12.84 12.84

Table 10 reports a part of the evaluated materials list, including the values of the
selected material properties. So, the upper part of the sorted list of materials according to
the computed CI is reported in Table 11.

Table 10. Indices values of the compatible materials (index 3 is omitted since it is not significant for aluminium alloys).

I1 = σr/ρ I2 = σy/ρ I4 = E/ρ I5 = Eˆ (1/2) /ρ I6 = σy/(ρ*C) I7 = E/(ρ*C)

Material MIN MAX MIN MAX MIN MAX MIN MAX MIN MAX MIN MAX

LaserForm AlSi12 171,642 186,567 93,284 108,209 0 0 26,119 27,985 3122 3231 1333 1546
LaserForm AlSi7Mg0.6 131,086 161,049 78,652 101,124 0 0 26,217 26,966 3134 3178 1269 1631
LaserForm AlSi7Mg0.6 (DA) 149,813 172,285 108,614 123,596 0 0 27,341 27,715 3200 3222 1724 1962
AlSi10Mg (HT) 131,086 161,049 86,142 112,360 0 0 22,472 24,345 2901 3020 1305 1702
CL 30Al (AlSi12) (SR) 116,105 121,723 63,670 82,397 0 0 28,090 28,090 3244 3244 936 1212
CL 32Al (AlSi10Mg) (HT) 126,217 132,210 73,034 88,015 0 0 28,090 28,090 3244 3244 1124 1354
EOS AlSi10Mg 164,794 179,775 86,142 104,869 0 0 24,345 31,835 3020 3453 1346 1639
EOS AlSi10Mg (SR) 125,468 134,831 80,524 91,760 0 0 18,727 29,963 2648 3350 1220 1390
AlSi10Mg 133,708 149,064 78,277 89,513 0 0 26,966 31,461 3178 3433 1263 1444
Laserform 17-4PH (HT) 177,333 188,000 156,000 174,667 28,000 32,000 25,333 28,000 1838 1932 2600 2911
Maraging steel 137,500 137,500 116,250 116,250 42,875 76,875 17,500 17,500 1479 1479 2114 2114
CL 91 RW (HT) 212,500 212,500 20,000 200,000 30,000 31,250 25,000 25,000 1768 1768 274 2740
17-4 PH SS 130,250 130,250 82,500 82,500 27,500 31,250 24,375 24,375 1746 1746 1650 1650
EOS Maraging steel 125,000 150,000 112,500 143,750 42,875 76,875 16,875 23,125 1452 1700 1607 2054
CL 91 RW (HT) 212,500 212,500 20,000 200,000 30,000 31,250 25,000 25,000 1768 1768 274 2740
SLM Solution 1.2709 121,500 131,250 95,125 114,125 91,500 91,500 17,875 23,875 1495 1728 1903 2283
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 11 provides minimum and maximum values of the CI in consideration of the
ranges of physical properties of the materials in the market.
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The best choices for the PPC application are Laserform 17-4PH (heat treated) and
LaserForm AlSi7Mg0.6 (direct aging). Following the formalized path, compatible printers
need to be selected according to product dimensions and batch size. As already pointed out,
many machines are compatible with the application. Considering the main manufacturers,
some machines are listed in Table 12 to confirm the compatibility with the product geometry.

Table 11. Sorted list of materials based on Compliance Index CI (HT = heat treated; SR = stress relief;
DA = direct aging).

Material CI MIN CI MAX
% %

(1) Laserform 17-4PH (HT) 86.12 83.18
(2) LaserForm AlSi7Mg0.6 (DA) 76.50 71.24
(3) CL 91 RW (HT) 49.07 80.00
(4) EOS AlSi10Mg 66.09 73.02
(5) SLM Solution 1.2709 66.55 72.49
(6) LaserForm AlSi7Mg0.6 67.17 65.67
(7) EOS Maraging steel 59.90 70.10
(8) AlSi10Mg (SR) 68.29 69.48
(9) LaserForm AlSi12 69.21 66.78
(10) CL 32Al (AlSi10Mg) (HT) 67.79 63.30
(11) 17-4 PH SS 68.40 61.05
(12) Maraging steel 65.97 60.65
(13) CL 30Al (AlSi12) (SR) 64.58 61.27
(14) AlSi10Mg (HT) 62.15 63.15
(15) EOS AlSi10Mg (SR) 54.80 66.46
(16) LaserForm AlSi7Mg0.6 (SR) 61.18 63.70
(17) . . . . . . . . .

Table 12. Extract of the printer database showing the models compatible with the required part size.

Supplier Name Technology Build Size Compatible Materials

3D System
DMP Factory 350

DMP Felx 350
ProX DMP 320

Powder Bed Fusion (PBF)
275 × 275 × 380 mm
275 × 275 × 380 mm
275 × 275 × 420 mm

LaserForm AlSi10Mg
LaserForm AlSi10Mg

LaserForm AlSi12
Laserform 316L (SR)
Laserform 17-4PH

Maraging steel

Concept Laser X line 2000R
M2 Cusing PBF 800 × 400 × 500 mm

250 × 250 × 280 mm

CL 30Al (AlSi12)
CL 32Al (AlSi10Mg)
CL 20ES (SS 1.4404)

CL 91 RW (HT)
17-4 PH SS

Renishaw
AM 250
AM 400

RenAM 500Q
PBF

250 × 250 × 365 mm
250 × 250 × 300 mm
245 × 245 × 335 mm

AlSi10Mg (HT)
Maraging steel

SLM Solution SLM 280 2.0
SLM 500 PBF 280 × 280 × 350 mm

500 × 280 × 325 mm

SLM Solution AlSi10Mg
SLM Solution AlSi9Cu3

EOS Maraging steel
EOS 316L

SLM Solution 1.2709

4.2. Brainstorming and Potential Analysis Application

The main goal of the PPC redesign process is the mass reduction. The new geometry
could reduce the total weight of aircrafts which leads to a reduction in fuel consumption
during the flight and a lower inertia in the orientation of the blades. Thanks to a brainstorm-
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ing session with students and industry experts, the AHP pairwise matrix of the drivers for
a generic structural application has been completed (Table 13).

Table 13. AHP pairwise matrix to compute relative weights of the drivers for a generic structural
application.

D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D12 D13 D14

D1 1.00 2.00 1.00 1.00 1.00 2.00 2.00 7.00 9.00 7.00 7.00 7.00 9.00 9.00
D2 0.50 1.00 0.50 0.50 0.50 1.00 0.50 1.00 5.00 2.00 2.00 2.00 1.00 7.00
D3 1.00 2.00 1.00 1.00 1.00 2.00 1.00 7.00 7.00 7.00 7.00 7.00 7.00 9.00
D4 1.00 2.00 1.00 1.00 0.50 2.00 1.00 7.00 7.00 7.00 7.00 7.00 7.00 9.00
D5 1.00 2.00 1.00 2.00 1.00 2.00 1.00 7.00 7.00 7.00 7.00 7.00 7.00 9.00
D6 0.50 1.00 0.50 0.50 0.50 1.00 0.50 2.00 5.00 2.00 2.00 2.00 1.00 7.00
D7 0.50 2.00 1.00 1.00 1.00 2.00 1.00 5.00 7.00 2.00 7.00 7.00 2.00 9.00
D8 0.14 1.00 0.14 0.14 0.14 0.50 0.20 1.00 2.00 1.00 1.00 1.00 1.00 5.00
D9 0.11 0.20 0.14 0.14 0.14 0.20 0.14 0.50 1.00 1.00 0.50 0.50 0.50 2.00
D10 0.14 0.50 0.14 0.14 0.14 0.50 0.50 1.00 1.00 1.00 0.50 0.50 1.00 5.00
D11 0.14 0.50 0.14 0.14 0.14 0.50 0.14 1.00 2.00 2.00 1.00 1.00 1.00 5.00
D12 0.14 0.50 0.14 0.14 0.14 0.50 0.14 1.00 2.00 2.00 1.00 1.00 1.00 5.00
D13 0.11 1.00 0.14 0.14 0.14 1.00 0.50 1.00 2.00 1.00 1.00 1.00 1.00 5.00
D14 0.11 0.14 0.11 0.11 0.11 0.14 0.11 0.20 0.50 0.20 0.20 0.20 0.20 1.00

Since the PPC case study falls in this category of products, the resulting indices, as
reported in Table 14, have been used to compute an overall PI value.

Table 14. Potential index calculation for the PPC case.

Drivers Weight Given Score

(D1) Does the use of AM lead to potential cost savings considering the entire life cycle? 0.1573 9

(D2) Can assembly, logistic or procurement cost be reduced? 0.0593 7

(D3) Can the product benefit from a reduced time-to-market? 0.1431 7

(D4) Is the production batch size limited? 0.1375 9

(D5) Is the post processing phase limited? 0.1520 6

(D6) Can material waste be reduced? 0.0610 8

(D7) Would the product benefit from a mass reduction? 0.1166 10

(D8) It is beneficial to increase the complexity of the part? 0.0294 7

(D9) It is feasible to consolidate parts? 0.0165 1

(D10) Is customization required? 0.0268 4

(D11) Would the product benefit from areas with differentiated material properties? 0.0284 5

(D12) Would the product benefit from varied density along the volume? 0.0284 5

(D13) Is a volumetric lattice or a superficial texture required? 0.0338 5

(D14) Is it advantageous to add functionalities in the parts? 0.0099 1

Potential Index (PI) 74.28

The obtained PI is 74.28%, which shows good potential in the application of AM.
So far, the product has passed the two steps of the early phase: it is possible to invest in
a possible design solution and carry out an in-depth analysis where a new geometry is
developed.

4.3. Topological Optimization Result

Given the structural application, the definition of a new geometry has been based
on the TO approach. Altair Inspire 2019 was used as TO software. An optimized design
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has been developed by selecting the material and imposing the constraints and loads to
which the part is subjected. After that, the geometry has been redesigned in Solidworks
2020 to achieve more regular shapes. Standard algorithms to create Non-Uniform Rational
B-Spline (NURBS) patches from the tessellated models have not be employed due to the
strong irregularity of the surfaces. Instead, a new geometry has been modelled by tracing
the OT result. In Figure 8, the new geometry is presented.

 
Figure 8. (a) One of the geometries obtained by TO in Altair Inspire 2019. (b) Redesigned PPC geometry modelled in
Solidworks 2020.

The new geometry has been verified by an additional FEM simulation, using the
Solidworks 2020 dedicated module. Two solutions have been devised, using aluminium
and steel as alternative materials. By using aluminium, the weight can be dramatically
reduced, from 250 g of the original design up to 100 g. If steel is employed, the weight can
be reduced to 215 g, thus reaching 14% mass reduction. The starting volume was around
90,000 mm3, while the final design volume is around 28,200 mm3 for a steel component
and around 40,000 mm3 for the aluminium version. So, the designer has the chance to
choose whether to use steel, which is better in terms of mechanical performance and cost, or
aluminium, which guarantees a lower weight but more material consumption is required.

The following step of the in-depth analysis has focused on the optimization of the
design to evaluate punctual geometric features by means of the proposed indices. The
geometric shape has been properly refined to fulfil the DFAM design guidelines and max-
imise the expected quality of the part. Finally, some printers compatible with the selected
materials have been identified. In particular, the ProX 320 is selected as it guarantees the
lowest production cost.

For the sake of a complete assessment, alternative manufacturing solutions have been
evaluated. The complexity of the new shape is hardly obtainable with other processes, for
instance, casting, due to the deep recess and inner features. Indeed, the small production
batch hardly justifies the investment for a complicated mould.

The manufacturing costs of the new solution are still higher than the original one,
as confirmed by process simulations carried out in collaboration with a printing service
supplier. In fact, almost 3 h are required for the printing process, even taking advantage of
the possibility of producing multiple parts at the same time. Indeed, additional machining
is required to reach acceptable levels of roughness and tolerances in the functional coupling
faces. Such costs could be balanced by an improved lightness of the component and better
dynamic properties, which are conferred to the aircraft. However, this trade-off needs
to be validated accurately, considering a broader design context extended to the whole
airplane performance.

5. Conclusions

Few works in the literature address the evaluation of AM adoption in early product
design. Even fewer are the works that implement multi criteria decision processes to
systematically validate the results obtained. Furthermore, a gap that has been highlighted
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is the absence of a clear distinction between considerations and information that can be
extrapolated or calculated in an early phase from those that require a more in-depth study.

The main objective of this paper is to provide a procedural approach that supports the
designer to understand the potential offered by additive technologies in a given design
context. This paper focuses on the early phase, consisting of the Preliminary Analysis and
the Potential Analysis, where multicriteria decision approaches have been leveraged. Since
the detailed redesign phase turns out to be the most onerous task, it is limited to only
promising situations resulting from a potentiality assessment.

The application of these stages has been exemplified by analysing a propeller pitch
controller test case. The proposed flow has proved to be a useful approach as the designer
is able to evaluate whether a product can be produced through AM, leveraging the limited
information available at an early stage. A new optimized product geometry has then been
presented to be realized by PBF. Furthermore, the new part has benefits over the initial
design, thus confirming the assumptions of the previous phases. In conclusion, it can be
affirmed that the case study is suitable to AM production as foreseen by the application of
the preliminary evaluations.

In future work, the approach, as conceived in an algorithmic way, is suitable to be
embedded in a software tool to operatively support and speed up the designer activity,
especially in the context of configuring customized products [42]. Following the phases
described in this work, such a tool would aim at automating the process, such as indices
computation and geometry evaluation, also verifying the geometric and production limits
of AM and traditional technologies. Finally, a cost assessment phase based on geometric
product features needs to be added to complete the analysis for an effective application
in companies.
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Abstract: In the last few decades, complex light-weight designs have been successfully produced
via additive manufacturing (AM), launching a new era in the thinking–design process. In addition,
current software platforms provide design tools combined with multi-scale simulations to exploit all
the technology benefits. However, the literature highlights that several stages must be considered in
the design for additive manufacturing (DfAM) process, and therefore, performing holistic guided-
design frameworks become crucial to efficiently manage the process. In this frame, this paper aims at
providing the main optimization, design, and simulation tools to minimize the number of design
evaluations generated through the different workflow assessments. Furthermore, DfAM phases are
described focusing on the implementation of design optimization strategies as topology optimization,
lattice infill optimization, and generative design in earlier phases to maximize AM capabilities. In
conclusion, the current challenges for the implementation of the workflow are hence described.

Keywords: additive manufacturing; design for additive manufacturing; topology optimization;
generative design; lattice infill optimization

1. Introduction

According to ISO/ASTM standards, additive manufacturing (AM) is defined as the
process of joining materials, generally by layer-by-layer approach, to produce parts starting
from digital representations [1]. Continuous development of metal AM technologies,
such as directed energy deposition (DED) or laser powder bed fusion (LPBF), yield new
industrial design perspectives due to several technology benefits.

Indeed, the main AM advantages include: the possibility to manufacture complex
internal part-functionalities like cooling channels in turbine blades [2], lattice and gyroids
structures in medical implants [3,4]; low buy-to-fly ratio [5]; consolidate part assemblies
into fewer components [6]; achieve mechanical properties as tensile and yield strength
comparable to bulk materials [7]; and high part-customization. Consequently, AM becomes
an economically suitable technology where low-production volumes or customizable
production on-demand are required [8].

However, there are still drawbacks related to the complex thermo-physical phenom-
ena involved: repeated cycles of rapid cooling of the melted pool generate anisotropy
depending on building direction [9]; control of printing parameters is required to prevent
physical problems of balling, key-hole formation and lack of fusion [10]; residual porosity
affects end-parts mechanical properties [11]; energy consumption is high to melt or sinter
the metal powder [12]; and low surface quality occurs due to layer-by-layer deposition [13],
thus reducing fatigue life [9]. Moreover, volumetric restrictions on part size [14], time-
consuming jobs and lack of standard certifications for certain industries as aerospace, are
still considered limitation factors [15].

In the traditional design for manufacturing (DFM) process, it is required to find a
design solution that minimizes manufacturing, assembly and logistic costs [16]. To take
into consideration these objectives with the unique AM technology capabilities (e.g., part
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consolidation, design freedom and highly part-customization), the design for additive man-
ufacturing (DfAM) allows rethinking the whole design process from the digital database
to the final printed part. In addition, to take into consideration the geometric printing
technology limitations, DfAM guidelines are provided, based on empirical analysis de-
pending on the material, printing parameters and manufacturing technology. Namely, it’s
possible to recognize [17]: critical angle of self-supported faces, minimum diameters for
unsupported holes, optimal position on the building plate, maximum allowable aspect ratio
of thin columns, minimum printable wall thickness and minimum feature size. To reduce
manufacturing costs related to energy consumption, printing time and post-processing,
parts should be designed with minimum support generation. Indeed, supports are usually
required for overhanging sections, to prevent collapse during building. However, for metal
AM, supports are crucial and cannot be removed at all due to the high-stress gradient
generated during printing. In this case, supports act as heat transfer structures preventing
excessive distortions and residual stresses.

Initially, the guided-design process performs post-processing checks, while recent
advancements on software platforms allow predicting thermal effects and mechanical per-
formance in earlier design phases. However, the physical and manufacturing limitations
mentioned above mean that the DfAM process workflow involves several stages to maxi-
mize printing capabilities and ensure correct manufacturability. In addition, the process is
considered a challenging task to perform, since computer-aided design (CAD), computer-
aided engineering (CAE), and computer-aided manufacturing (CAM) must be evaluated at
different abstraction levels requiring full design, simulation and manufacturing knowledge.

Engineering fields, such as automotive, aerospace, robotics, and medical prosthesis,
often require the design of lightweight structures for improving the energy efficiency of
moving systems enhancing the physical performance of analysis. To achieve this goal,
structural optimization is used as a suitable design framework based on mathematic formu-
lations consisting of coupling physic system responses such as stress, natural frequencies,
compliance, or displacements with deterministic or stochastic algorithms to find an optimal
layout material by an iterative process. This global definition includes [18]: sizing, shape,
and topology optimization (TO). Sizing optimization aims at determining the optimum
cross-sectional area of structural members, while shape optimization focuses on the opti-
mum boundary domain shape [19]. Particular attention has been addressed in the industry
and academia on TO strategies due to more design flexibility generating internal voids
in the design domain. In general, TO algorithms result in complex geometries, which are
not common by traditional thinking, mainly mimicking nature designs [20]. As a result,
AM became the perfect manufacturing technology to be coupled with TO capabilities, and
hence improve the DfAM workflow.

In this frame, this manuscript aims to describe the main DfAM workflow assessments,
focusing on suitable optimization, design, and simulation tools to reduce the number of
required design evaluations. Particular attention was addressed on including topology
optimization, lattice infill optimization and generative design in earlier design phases
to obtain high-performance parts that could be properly produced via AM. In this field,
the main theory behind the optimization algorithm used in commercial software is hence
described.

2. Holistic DfAM Workflow

As suggested in Figure 1, from a macro point of view, traditional DfAM holistic
workflow involves four main phases described by local tasks to be performed [21]: prod-
uct planning, design optimization, manufacturing optimization and product validation.
Product planning activities include modelling preparation of base design, definition of
objectives and constraints, finite element analysis and feasibility analysis to include a struc-
tural optimization strategy. Design optimization involves an iterative process of: design
optimization strategy; design interpretation of optimized results and product simulation.
Manufacturing optimization actions imply printing modeling with support generation, op-
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timization of support structures, and additive process simulation. The last phase involves
part manufacturing, post-processing, performance validation via mechanical testing and
quality inspection.

 

Figure 1. Holistic design workflow for AM.

Design and manufacturing optimization represents the digital phases of the DfAM
workflow, they are characterized by several design iterations to validate the design propos-
als. As described in [22], an automatic approach is required with suitable self-parametric
design interpretation, coupling AM simulation models with manufacturing settings, cost
evaluation and support structures. However, this level of automation was not yet reached.
Instead, software platforms as 3DExperience (Dassault Systemes, Velizy-Villacoublay,
France) and Ansys (Ansys Inc., Canonsburg, USA) integrates all the required computer
aided tools such as geometry preparation, topology optimization, FEM validation, addi-
tive preparation and AM process simulation in the same software interface. The main
advantage offered by this approach is to facilitate interchange data and manipulation of
intermediate results [21].

3. Product Planning

Once a candidate part is selected to perform the DfAM process, a CAD file must be
created for FEM analysis, to predict the real performance based on the domain distribution
of physical responses such as temperature, stresses, displacements and modal frequencies
of vibration. Based on this, a qualitative analysis is available for material distribution and
feasibility to include a structural optimization strategy. Additionally, the initial safety factor
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found from the maximum response values and the admissible material resistance enables
the viability of proposing any change in material design [23].

In some cases, where a CAD model is not available for starting the process [24],
computer-aided reverse engineering (CARE) is performed [25]: the computer model is
obtained by surface cloud points through measurements of the object with laser-based
scanner or coordinate measure machines. In this operation, a surface representation results
in digital formats as standard triangulation language (STL) [26], mesh-part file and graphics
exchange specification (IGES). Then, CAD file is obtained with adequate modeling tools
offered in software platforms.

This phase is also characterized by the definition of design and non-design domains
for applying the structural optimization process. One of the main features of mathematical-
based optimization is that solutions are very sensitive to the defined initial domains, with
a huge impact on mechanical performance in the simulation validation process [27]. To
maximize optimization exploration capabilities to find the optimal material distribution,
the definition of a vast design domain is recommended considering space limitation for
part-assembly. Additionally, at this stage, to reduce the number of required iterations in
the manufacturing-phase optimization, a suitable printing direction is decided, based on
the size of the building chamber, with possible additional restrictions via the expedient of
frozen regions [28].

4. Optimization Strategy

This phase is focused on solving the selected structural optimization process and
validating the performance of the proposed design. Given a design domain, boundary
constraints and loading conditions, TO describes solid mathematical method implemented
through computer-aided engineering (CAE) software. The method allows finding the
optimum material layout that maximizes or minimizes an objective function representing
a physic response of the system subjected to constraints. In general, real systems are
subjected to multiple loading conditions requiring the definition of a multi-objective criteria
optimization [29]. One common approach is to solve the multi-objective problem with a
single scalar function by associating weighted factors to the different loading cases [30].
This converts the problem into the so-called Pareto-optimality describing a frontier of
admissible optimal solutions. In [31] a 199-line Matlab code for tracing the Pareto optimal
frontier is proposed: interestingly, no sub-objective can be improved without diminishing
another with the main limitation to find a priori adequate values of weight factors [32].

Given this background, TO could be applied to a vast range of physics problems, with
the conditional enforcement that the partial differential equation (PDE) of analysis might
be reliably discretized and modelled using finite element method (FEM), boundary element
method (BEM), finite volume method (FVM) or other domain discretization schemes [33].
Besides classic static structural analysis, the process can be applied to fluid dynamics [34],
heat transfer [35], electromagnetism [36], acoustic [37] and Multiphysics combinations
between them [38]. In this manner, it is possible to associate a wide number of objectives
and constrains formulations including compliance, stress, frequency, displacements, Eigen
frequencies, reaction forces, moment of inertia, critical buckling load, mass or volume.
Typical optimization tasks for static structural problems are: compliance minimization that
is equivalent to stiffness maximization with volume constraint [39]; volume minimization
with stress constraint [40]; and minimizing displacement under volume constraint [41].

The global classification of TO methods is based on the fact that the optimization
process requires or does not calculate the gradient information of the objective functions.
Therefore, two main groups are defined: deterministic (gradient-based) and stochastic
(heuristic) methods; the later are inspired by nature and gradient calculus is not required.
Gradient-based methods include homogenization, density interpolation schemes as SIMP
(Solid Isotropic Material with Penalization) or RAMP (Rational Approximation of Material
Properties), and level set methods. Stochastic methods include metaheuristic algorithms
like evolutionary approaches as Genetic Algorithm (GA), ESO, BESO and bioinspired
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algorithms like particle swarm intelligence, human base (tabu-search) and physical-based
(Colliding bodies). The reader is kindly referred to [42] for an in-depth review of these
TO methods and their numerical formulation. All of the proposed algorithms have in
common the definition of a discretized domain and the necessity of implement filtering
techniques to ensure smooth convergence and mesh-independency results. Differences
between consists in purely mathematical definition with continuous or discrete variables,
linear or non-linear programming, heuristic or mathematical derivation, local or global
length scale control with implicit-explicit means.

Nowadays, software platforms allow applying several optimization strategies for
maximizing performance and obtaining lightweight structures that are suitably produced
by AM technologies. In this manuscript, different TO approaches are presented: traditional
gradient-based sequence with density interpolation schemes, infill optimization with lattice
structures and the innovative generative design approach. All of these are significantly
appropriate in the frame of DfAM.

4.1. Numerical Instabilities of TO

Main numerical instabilities of TO problems are defined in [43] as checkerboard
patterns, mesh dependence and local minima solution. The checkerboard pattern describes
a periodic pattern of low and high values for the design variable arranged as a checkerboard.
This result is undesirable since the material layout is not appropriate. It was shown
in [44] that a finite discretized domain with a patch arrangement of average density of
1/2 provides artificial high stiffness when applied to the TO for minimizing compliance.
Additionally, [45] concludes that this numerical instability is caused by FEM where the
equilibrium equations are only referred to element nodes. Moreover, the use of lower-
order elements promotes checkerboard patterns, while higher-order discretization schemes
reduce the global effect. In this case, finite-volume theory accomplishes the task to eliminate
checkerboards.

The mesh dependence problem appears when mesh-refinement of the design domain
results in different topology instead of better description for boundaries [46]. The solution
to both checkerboard-patterns and mesh dependency is the regularization of the domain
design by filtering techniques. From the wide spectrum of filtering schemes the most
valuable for easy implementation and efficiency are density and sensitivity filters [47]. In
the former, the element density is calculated as a weighted average of the neighborhood el-
ements included in the characteristic filter radius; in the latter, standard calculus of element
density is used to calculate a weighted average of the neighborhood sensitivities [48].

Nerveless, it is worth noting that regularization schemes fail in mitigating solutions
with a grayscale interface. To obtain pure black and white designs, with a minimum
interface, post-processing on the design domain is required through projection schemes
like the Heaviside threshold [49]. For example, commercial software Comsol Multiphysics
(Comsol Inc., Stockholm, Sweden) englobes filtering and projection schemes in the so-called
three-field density representation [50]. The chain of transformations starts from the design
domain, then a PDE density filter scheme is applied and the last operation includes a
Heaviside projection function to improve the contour boundaries.

Solving TO problems with penalized interpolation schemes results in non-convex
problems, hence obtaining local minima solutions [51]. To prevent this, continuation
schemes are typically employed on material and filter parameters. For the SIMP scheme,
the continuation strategies solve an initial convex problem, characterized with uniqueness
solution, with low value of the penalization parameter. This solution is used as input for
consecutive cycles, where this parameter is increased in steps until arriving at adequate
values.

4.2. Gradient-Based TO

Available commercial software as Altair Hyperworks (Altair Engineering, Troy, MI,
USA) [52], SolidWorks (Dassault Systemes, Velizy-Villacoublay, France), MSC (MSC Soft-
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ware Corporation, Newport Beach, CA, USA) [53], Comsol Multiphysics (Comsol Inc.,
Stockholm, Sweden) [54], Ansys (Ansys Inc., Canonsburg, PA, USA) and Abaqus (Abaqus
Inc., Velizy-Villacoublay, France) solves the TO problem by using the gradient-based den-
sity approach, associated to the density interpolation scheme method SIMP or power-law
approach. The density approach is characterized by a design variable assigned to dis-
cretized elements representing an artificial density of material [55]. This variable ranges
from 0 to 1 in the case of void elements or solid material, respectively. In general, platforms
provide as objective function minimizing compliance to find the maximum stiffness layout
material distribution, aiming to reduce the computing complexity of gradient-based algo-
rithms [56]. Alternatively, other optimization algorithms are available through MATLAB
or Python codes and integrated into FEM commercial software [57].

The solution of gradient-based TO strategy is found through an iterative process called
nested-formulation [58]. The iterative loop consists of five main steps [59]: FEM analysis,
sensitivity analysis, filtering techniques, optimality algorithm updating design variables
and post-processing.

In general, the stiffness matrix structure and the displacement field are found via FEM.
Then, the density design variables are assigned into the design domain as constants for each
finite element. By using a sensitivity analysis, the process calculates the partial derivatives
of the objective function concerning the value of the design variable, at each element. For
the particular case of compliance objective function, the derivative is always negative [60],
thus indicating that increasing element-density yields a decrease of the overall compliance,
and a stiffer structure. Aiming at reducing the numerical instabilities, the next step is
applying density or sensitivity filtering techniques to impose a length-scale restriction
on the design domain, thus limiting the spectrum of possible feasible solutions. The
following phase uses an optimality algorithm method like optimality criteria (OC) [61] or
the method of moving asymptotes (MMA) [62] that approximate the value of the objective
function by using the sensitivity results. In this manner, the optimization task is divided
into sub-problems so that solving is more efficient. The last step consists of updating the
design variable values. The cycle is repeated until numerical convergence. Additional
post-processing via projection filters might be required to improve contour boundaries.

4.3. SIMP Approach

One efficient strategy to solve the gradient-based TO formulation consists in a con-
tinuous representation of the density variable associated with some form of penalty that
steers intermediate solutions into discrete values. In the SIMP approach, a penalization
parameter is used to penalize intermediate values of the design variable so they became
unfavorable in the sense that the stiffness obtained is small compared to the required
material volume [46]. Then, the design variable is multiplied onto physical quantities as
stiffness, cost or conductivity to evaluate the performance of the material distribution in
the FEM analysis.

In density interpolation schemes the physical interpretation of greyscale or intermedi-
ate values is represented by the homogenization method correlated to porous composite
materials [58]. Low values of the penalization parameter cause too much greyscale so the
optimum material distribution is improperly defined. On the other hand, high values, lead
to a fast convergence solution into local minima, thus reducing the probability to obtain a
global optimum distribution. Adequate values are recommended from 3 to 5 based on the
verification of composite Hashin–Shtrikman bounds [58].

An evolution of the method has been suggested with the introduction of a minimum
stiffness value [47] that prevents singularity problems of the stiffness matrix when comput-
ing equilibrium equations. In addition, this method presents the advantage of their easy
generalization to many filtering techniques. This approach was efficiently introduced in
the 88-lines Matlab code for minimizing compliance [63].

34



Appl. Sci. 2021, 11, 6628

4.4. Lattice Infill Optimization

Lattice structures are very attractive for industrial lightweight applications [64].
Namely, the hip implant prosthesis is optimized with internal lattice infill to reduce the
physical phenomenon of stress shielding and promoting excellent biocompatibility [65].
Indeed, the porous infill pattern gives the advantage of high specific strength, enhanced
stiffness, superior capacity of energy absorption and offers the possibility to add inter-
nal functionality. Many mathematical models are available to generate porous patterns.
Namely, it is possible to recognize periodically distributed porous patterns as the triply
periodic minimal surfaces (TPMS) where uniform or functionally graded designs are cre-
ated [66]; and random porous distribution through stochastic point cloud-based and fractal
geometry that mimics the real porous distribution of nature scaffolds [67].

This type of structure is included in the so-called multi-scale design, where the overall
performance is evaluated using information from different abstraction levels. In fact,
they can be considered as composite material with mechanical properties calculated via
homogenization techniques [68]. Homogenization-based structural optimization is even
one of the mathematical foundations for density interpolations schemes. This method
converts the isotropic material TO analysis into a composite material consisting of infinite
small holes, periodically distributed through the material. In this manner, TO is converted
into a sizing optimization problem using micromechanical modelling where the design
variable is described by several sub-variables to be optimized [69].

To include lattice structures into the TO process, proper steps are required to combine
both topology and size optimization [70]. The sequence starts by implementing a TO
process to find the density field domain, then a density threshold is applied to preserve
areas with high-density regions describing solid boundaries; the remaining domain serves
as input to lattice wireframe generation. After the generation of infill lattice contours, a
size optimization with adequate meshing and FEM simulation is applied. The result of the
process is a graded infill lattice in low-density regions that has better performance with
minimum support generation. A similar process is used inside commercial software nTop
(nTopology, New York, NY, USA) [71].

4.5. Generative Design

Generative design (GD) describes a constrained design exploration process that allows
finding multiple convergent solutions by using evolutionary approaches based on nature.
This approach describes the artificial intelligence applied to structural optimization and
works as an auxiliary tool for traditional TO algorithms, where an exploration strategy is
added through a random disturbance to change search design direction [72].

Exploration algorithm works as a black-box where the input information is: materials,
manufacturing technology, physical constraints and design restrictions; while output
information involves multiple solutions meeting the initial demand. Design solutions are
categorized by a ranking performance to select an adequate candidate to manufacture.

The main difference from TO traditional process is that GD does not require the
definition of a design domain where the algorithm modifies the material distribution. In
fact, domain restrictions associated to the assembly with other parts are defined. Then,
the evolutionary algorithm creates a material path between fixed connections and domain
limitations, providing more freedom of design.

The main advantages of this design exploration strategy are part consolidation of
complex assemblies [73], almost ready parametrized CAD design solutions requiring
minimum modifications, multiple solutions obtained simultaneously for different materials
and manufacturing technologies. However, as indicated in [74], the strategy implies a high
consuming time task not recommended for simple designs where traditional TO is more
effective. Available commercial software that includes GD approach includes: MSC Apex
Generative Design (MSC Software Corporation, USA) [75], nTop (nTopology, USA) [76]
and Autodesk Fusion360 (Autodesk, San Rafael, USA) [77]. In addition, it is possible to
differentiate cloud-based GD from real-time GD. The first approach, used by Fusion360,
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takes advantage of cloud computing to efficiently solve different initial settings as materials,
constraints and manufacturing technologies simultaneously; while real time GD describes
an exploration analysis limited to fixed initial settings.

4.6. TO Constraints

Introducing optimization constraints in TO process improves the efficiency of the
DfAM workflow by reducing the number of design iterations to verify the product sim-
ulation and printing evaluation. Major structural constrains include: physical limits as
maximum stress and displacements and AM geometrical limitations based on fixed printing
direction.

In structural applications, maximum stress measure takes relevance to verify material
resistance. Solving TO with compliance minimization as objective function takes into
account preserving material in regions with elevated strain energy, providing results
with elevated stress concentrations inducing several design iterations until the prescribed
safety factor. One feasible solution is to include stress constraints in the TO formulation.
However, this implies computational problems related to physical phenomena such as
stress singularity, local nature and highly non-linear stress behavior [78]. Singularity
problem appears in degenerated regions where the design variables tend to zero: for these
elements, nonzero values of stress are found promoting the selection of a local minima
solution. Stress is a local measure in the design domain, the use of local stress constraints
for each element needs a high number of variables, thus increasing the computational
effort. Highly non-linear stress behavior is related to stress gradient and design domain, as
for reentrant corners where density changes in neighboring regions.

A common approach is to convert the local stress-constrained for each discretiza-
tion element into a single global stress measure by relaxing methods with p-norm or
Kreisselmeier–Steinhauser (KS) functions [79]. This technique lacks physical interpretation,
since it provides an approximation of the maximum reached stress by penalization of the
local stress measure for all domain elements.

Since stress-constrained TO is well suited to solve the shape optimization problem with
parametrized domain boundaries, another approach solves the traditional unconstrained
TO problem at first for then applying a design refinement on critical regions by shape
optimization technique [80].

To obtain TO designs that are suitable to AM with minimum support generation,
manufacturing constraints can be included into the algorithm process by imposing geomet-
rical printing limitations such as minimal angle of unsupported faces related to material
and printing technology; and minimum size thickness related to machine printing capa-
bilities [81]. AM constraints limit the algorithm freedom of searching the optimal layout
distribution obtaining a solution with reducing mechanical properties concerning the un-
constrained one. Therefore, a trade-off between support generation and performance must
be set.

5. Design Interpretation

The solution of the TO process consists of a density-field representation where solid
material and void areas are accepted to the light-weight structure without compromising
the structural response. To obtain a boundary representation of the optimized design and
reduce the density interface, software platforms provide threshold tools to limit the fraction
of density elements that are visualized. This design is available in specific file formats
depending on the available software or can be exported as tessellation representation, in
general as STL or IGS.

Design interpretation describes the methodology to convert TO results into parameter-
ized CAD model. This procedure is required to verify the physical performance via FEM
simulation and regularize the design boundaries. Depending on the software interface, it
is possible to find different design approaches such as: traditional parameterized model,
implicit modelling or NURBS representation. Among these, NURBS allows the creation of
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organic shapes with minimum effort thanks to the freedom to manipulate control points.
This approach is used by the pioneer aerospace company ArianeGroup to maximize AM
constraints [82].

Manual reconstruction is a highly time-consuming operation due to complex shapes
generated in the optimization process. However, software platforms as nTop (nTopology,
New York, NY, USA), Fusion 360 (Autodesk, San Rafael, CA, USA) and Creo (PTC Creo,
Boston, MA, USA) offer an automatic optimization to CAD reconstruction based on B-reps
and Boolean operations into a watertight boundary representation [83]. As a result, this
technique requires minimum post-processing to preserve the details of the optimization
result. In this stage, the designer must consider the DfAM guided rules as well, to reduce
the number of attempts to validate the part in the manufacturing optimization sequence.

6. Product Simulation

Software simulations allow us to predict the physical performance of the proposed
design by analyzing maximum stresses, displacements, absorbed strain energy, natural
frequencies of vibration, buckling modes and other physic parameters of interest. This
phase consists of checking the performance of the reconstructed design by FEM analysis.
To verify the robustness of the proposed mesh, a convergence analysis is required: the size
element is reduced until it arrives at convergence of the physical measure. Additionally, a
trade-off between element order discretization and computing time must be set [84].

For the special case of lattice structures validation, one common approach uses the
homogenization technique where a representative volume element of the repetitive pattern
distribution is analyzed to calculate the cell anisotropy properties and then results are
extrapolated into a solid isotropic material representing the overall infill domain. In this
manner, the required computational time is considerably reduced.

7. Printing Evaluation

Printing evaluation involves the analysis of the STL design representation and the
support generation depending on the selected building direction. This analysis is per-
formed through a draft angle measure where the minimum unsupported face angle of
DfAM guidelines is considered. There are several strategies to optimize the process. Some
of these are included in software platforms as Magics (Materialise, Leuven, Belgium) where
the optimal part position is found by ranking criteria including printing time, support
volume, total mass and center of gravity [85]. Additionally, optimization may involve the
support structure design with lattice infill and tree design.

Additionally considering printing set-up parameters as layer-height and infill strategy,
it is possible to generate a slice representation of the building process aiming at finding
possible failures and collapses.

8. Process Simulation

At micro-scale analysis, metal AM involves the complex physical phenomena of rapid
cooling [86]. This model represents a multi-scale thermal-transient analysis on which
every scan-laser hatching modifies the thermal response of bottom layers with melting-
solidification cycles [87]. A constant heat transfer in the building direction to prevent
high-stress concentrations is aimed. In this frame, numerical simulation plays an important
role by predicting stress concentrations, associated deformations and high plastic strain
regions. The last characteristic may lead to crack failures, detachment from the support
plate, excessive geometric distortions or high anisotropic microstructure.

The main advantage of the thermal analysis is optimizing the part design, building
orientation and support generation to prevent high-stress concentrations. In addition,
geometric compensation could be applied on the design to print pre-deformed part to
obtain the nominal geometric tolerance after support removal [88]. The main drawback of
this approach is that it becomes challenging to model due to the multi-scale behavior and
the excessive computational time.
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Recently, software platforms such as MSC or Ansys provide supplementary mod-
ules to perform AM printing simulation with great accuracy and significant reduction
of calculation time [85]. This model is based on the inherent strain approach that was
first developed in academia for welding large components. The main characteristic is
that thermo-mechanical simulation is replaced with a quasi-static FEM simulation where
distortions are induced by user defined inherent strains [89]. The method starts with a
course voxel discretization domain defined by the part with its support structure. The
size of voxel elements is a multiple of real layer thickness, in this way every voxel layer is
simulated as a manufactured layer. The material deposition modeling is addressed by a FE
activation strategy, where new layers are activated with the corresponding inherent strain
depending on hatching strategy and building time.

Initial inherent strains can be obtained via simulation [89] and empirical meth-
ods [90]. The first method is based on the reduce order approach, which describes a
thermo-mechanical simulation applied to a small-scale volume representation [91]. The
last approach used by MSC Simufact Additive involves the manufacturing of sampled
cantilever specimens to measure the maximum deflection after cutting from the building
plate. Other input parameters include beam width, speed, power and material properties.
To calibrate the model, the software uses an iterative procedure to find an adequate inherent
strain related to maximum deflections for the sample and the selected printing strategy.
After convergence, the calibration process is finished and this characteristic strain is fed as
input to layer-by-layer deposition FEM static distortion analysis. Crucially, the simulation
must be run under the same printing conditions defined on the calibration process.

9. Product Validation

Once the optimized design verifies the physical and manufacturing simulations, is
performed a prototype printing including the traditional post-processing sequence of
thermal treatment, detachment of the piece from the plate with support removal and
surface finishing with laser polishing or machining via CNC.

Therefore, as indicated in [92], part validation consists in: checking the material
mechanical properties with tensile coupons, dimensional control, non-destructive testing,
evaluation of density and microstructure. Due to the high anisotropy of AM metal process,
standard tensile coupons are printed in different building orientations to validate the
mechanical properties as ultimate tensile strength, yield strength and elongation for a
given building strategy [93]. Evaluation of density and microstructure can be performed
via scanning electron microscopy. Dimensional control consists in verifying the allowable
tolerances of the part, since thermal distortions and layer-by-layer deposition affects
dimensional measures. Nondestructive testing techniques as computed tomography scan
and penetrant testing provide additional information about internal porosity and cracks
at the surface, respectively. Eventually, depending on the nominal condition of loading,
the mechanical resistance is assessed. To date, ongoing research is conducted to address a
general lack of international standards for AM parts qualification [94,95], although specific
references have been published recently [96,97].

10. Discussion

The successful management of the DfAM workflow is directly related to the selected
design, optimization and simulation tools implemented during the different assessments.
From the design point of view, it is recommended to conduct the interpretation of optimized
results by using software platforms with smooth automated design interpretation that
minimizes the design intervention. Instead, if manual reconstruction is performed, the
NURBS approach demonstrates full potential to easily reproduce complex organic shapes
generated during the optimization phase; also the high design flexibility allows reducing
the effort to change design shapes for manufacturing analysis.

Recent DfAM frameworks proposals exploit AM capabilities via size and topology
optimization strategies [98–100]. Nevertheless, without including adequate physical and
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manufacturing optimization constraints the designer might fall in several design iterations.
This work empathizes that independent of the selected optimization strategy as topology
optimization, lattice infill optimization or generative design, imposing optimization physi-
cal and manufacturing constrains becomes therefore fundamental to considerably reduce
the number of required evaluations in the product simulation and printing evaluation.
However, is necessary to take into consideration that manufacturing constraints imposes
geometrical limits on the design exploration. Consequently, finding the material distribu-
tion that maximizes mechanical performance with minimum support generation becomes
a challenging task to perform and a trade-off between these opposite objectives must be
set.

Available simulation tools for predicting thermal distortions and failures, as the
thermo-mechanical simulation by the inherent strain method, offers great accuracy with
minimum computational time comparing to traditional fluid-flow thermal simulations.

11. Conclusions

This paper describes the main DfAM workflow phases focusing on design, opti-
mization and simulation tools to minimize the number of iterative design evaluations.
Optimization design strategies were described to maximize AM capabilities, and the main
highlights are presented as follows:

1. The guided-design TO strategy improves the workflow efficiency by using optimiza-
tion constraints for FEM validation and AM printing limitations.

2. Nowadays, software platforms provide automatic CAD reconstructions techniques for
TO, requiring minimum post-processing time and modelling expertise. To maximize
this technique, TO and FEM validation should be performed via the same software
platform, to facilitate data manipulation.

3. In general, TO algorithms works as a black-box inside software platforms. However,
the designer must understand the physical interpretation of density fields and check
solver convergence to ensure adequate results.

4. The analysis of different TO solutions is recommended to find an adequate trade-off
between performance and manufacturing costs.

Unfortunately, the major limitation is the crucial amount of non-automated tasks
involving intensive software knowledge in different areas. Therefore, multidisciplinarity is
strongly required.
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Abstract: Additive Manufacturing (AM) brought a revolution in parts design and production. It
enables the possibility to obtain objects with complex geometries and to exploit structural optimiza-
tion algorithms. Nevertheless, AM is far from being a mature technology and advances are still
needed from different perspectives. Among these, the literature highlights the need of improving the
frameworks that describe the design process and taking full advantage of the possibilities offered by
AM. This work aims to propose a workflow for AM guiding the designer during the embodiment
design phase, from the engineering requirements to the production of the final part. The main aspects
are the optimization of the dimensions and the topology of the parts, to take into consideration
functional and manufacturing requirements, and to validate the geometric model by computer-aided
engineering software. Moreover, a case study dealing with the redesign of a piston rod is presented,
in which the proposed workflow is adopted. Results show the effectiveness of the workflow when
applied to cases in which structural optimization could bring an advantage in the design of a part
and the pros and cons of the choices made during the design phases were highlighted.

Keywords: DfAM; design for additive manufacturing; size optimization; topology optimization;
design workflow; computational geometry; geometric modeling

1. Introduction

From the works of the early pioneers, additive manufacturing (AM) technologies were
characterized by great growth in the last 35 years [1]. According to ISO/ASTM standards
“AM is the general term for those technologies that, based on a geometrical representation,
create physical objects by successive addition of material” [2]. Depending on the method
of layer manufacturing, it is possible to organize the AM technologies in the following
categories: vat photopolymerization, material jetting, binder jetting, powder bed fusion,
material extrusion, directed energy deposition, and sheet lamination [2].

This technology brings new opportunities especially in design freedom, allowing very
complex shapes, integrating cinematics and multi-material parts, reducing the number of
components through part consolidation, and increasing mass customization. On the other
hand, to fully exploit the AM technologies’ potential, many needs in different sub-fields
were highlighted [1,3–8], as summarized in Figure 1. For example, a highly skilled work-
force is required, file formats for exchanging the data related to the AM workflow need
enhancements [8,9], and design methods and tools for complex structures, multi-material
parts, and functionally graded materials need to be improved [10,11]. The concerns over
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the structural integrity of these complex parts require static and dynamic mechanical char-
acterization [12,13]; also, experimental tests help to mechanically characterize the materials,
and the obtained information is used in numerical simulations to predict the different
mechanical behavior between the products obtained through additive manufacturing and
the ones obtained by traditional techniques of material subtraction [14,15]. More, dedicated
qualification standards for AM are needed to guarantee an adequate quality of the printed
parts [16,17] and their representation in 2D drawings [18].

Figure 1. Additive Manufacturing needs.

In a recent work, The Economist claims that the value of AM products will no longer
be in the physical item, but in its design [19]. These reflections lead to a reconsideration
of the design approaches for AM. According to Ullman [20], the design process can be
divided into six major phases: product discovery, project planning, product definition,
conceptual design, product development, and product support. During the conceptual
design phase, several concepts are generated and evaluated; however, the knowledge of
the concepts is limited and the goal in this phase is to select the best alternatives with
the least expenditure of time and other resources. In the product development phase,
instead, once the product is generated, it is fundamental to compare its performance to
the engineering specifications. This is done both with virtual simulations and physical
prototypes, often resulting in a time-consuming iterative process due to part modifications
and redesigns. A different approach that exploits the higher computational capabilities
available nowadays is the computational design synthesis [21], where the tasks needed to
obtain a solution are divided into four main steps: “representation” deals with the creation
of a mental model of the object, “generation” deals with the object creation, “evaluation”
verifies if the constraints and design goals are met, and “guidance” gives a feedback for
the design improvements [22]. The last three phases are iteratively repeated until a final
design is obtained. In design synthesis, optimization is performed in the representation
and generation phases, where the design has not a specific topology yet. Usually, stochastic
methods are applied to obtain different designs that satisfy the requirements [23].

Furthermore, when designing parts that are going to be produced by AM technolo-
gies, several thoughts must be considered to “maximize product performance through the
synthesis of shapes, sizes, hierarchical structures, and material compositions, subject to
the capabilities of AM technologies” [24]. All these considerations can be grouped within
the Design for Additive Manufacturing (DfAM) concept. Gibson et al. [24] distinguished
between opportunistic and restrictive DfAM; the former allows to take advantages of the
unique capabilities of AM, such as cellular solids, part consolidation, and multi-material,
whereas the latter focuses on the restrictions and limitations of the AM technologies,
such as the minimum feature size and the need of support structures. Rosen [25] used
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a Process–Structure–Property–Behavior framework to describe and model a design and
proposed a DfAM system organized in several modules dealing with the modeling, manu-
facturing simulation, and design behavior analysis phases. Ponche et al. [26] presented a
DfAM methodology that takes into account the design requirements and the manufactur-
ing specificities, adopting a redesign strategy based on the functional surface approach;
they concentrated on metallic components produced by Additive Laser Manufacturing.
Vayre et al. [27] applied a four-step designing methodology consisting of initial shape gen-
eration, set of geometrical parameter definition, shape optimization through the tuning
of the parameters, and final validation of a metallic part produced by direct metal deposi-
tion and electron beam melting AM technologies. Briard et al. [28] presented a four-step
methodology to maximize the potential of generative design coupled with DfAM; the first
phase deals with the translation of the problem to a suitable input for generative design,
whereas the following three phases deal with an unconstrained iterative optimization,
an iterative optimization driven by the AM guidelines, and a final iterative optimization
refining the part including AM-enabled structures, such as lattices. Duro-Royo et al. [29]
presented a computational workflow for the design and the fabrication of multi-material
and multi-scale structured objects; they focused on water-based heterogeneous materials
based on polysaccharide hydrogels in 1% to 12% concentrations in w/v of 1% acetic acid
aqueous solutions and these gels were also mixed with cellulose microfiber to obtain vol-
umetric composites. They created a model that considers the input data, like materials
and geometry, and calculates all the instructions for the object fabrication via a pneumatic
extruder mounted on a six-axes robotic arm. Boddeti et al. [30] presented a digital design
and manufacturing workflow able to design both the macroscopic topology and the mi-
crostructure of an object; the workflow is divided into three steps: a design automation
process that optimizes the material distribution and its microstructure, a material compi-
lation process that creates a material layout and generates the code for fabrication, and
a digital fabrication step with multi-material photopolymer material jetting technology.
Zhang et al. [31] proposed an evaluation framework to assess the design from the perspec-
tive of process planning for AM; two sets of indicators were used to check whether the part
is suitable to be produced by AM manufacturing and to verify the design’s utilization of
the characteristics of an AM process. Similarly, Lettori et al. [32] proposed an approach to
assess the compatibility and suitability of a product for the AM production through a set
of reference questions and a compliance index; then, they validated the method with case
studies found in the literature. Motyl and Filippi [33] reviewed the scientific literature to
explore the relationship between AM processes and product design, concentrating on the
conceptual design phase and the theory of inventive problem solving (TRIZ) [34]; some of
the analyzed works use the TRIZ for the definition of the DfAM guidelines.

Nonetheless, the literature highlights the lack of exhaustive frameworks that describe
the design process and take full advantage of the possibilities offered by AM. Seepersad [35]
stated that advances are still needed to couple computer-aided design (CAD) software
and computer-aided engineering (CAE) tools to incorporate the DfAM knowledge into
the design process. Kumke et al. [36] highlighted some limitations on the existing DfAM
frameworks too: they do not cover the entire design process steps, they focus on the
utilization of a single AM potential, and they are often too specific for a single case study.

In this contribution, a heuristic design workflow for AM is proposed aimed at exploit-
ing the new possibilities offered by AM technologies and the high computational resources
available nowadays. The workflow focuses on the product design phase, also referred
to as embodiment design [20,37], where the design is developed up to the production. It
specifically concentrates on cases in which mechanical performances are required, together
with a reduction of the weight of the parts. Different geometric modeling opportunities
and structural optimization techniques are presented: commercial software is used to
perform the topology optimization and the redesign of the optimized results. As an alterna-
tive, a method developed by the research group designs conformal lattice structures with
size optimization performed on the beams and allows to automatically obtain a smooth

47



Appl. Sci. 2021, 11, 2572

mesh model. The proposed workflow is then validated on a test case, adopting different
design methods based on lattice structures, PolyNurbs, and parametric CAD to reach
innovative solutions.

2. Design Workflow

The proposed workflow helps the designer during the product development process of
AM components, guiding him throughout decisions that allow to fully exploit AM potential.
AM-related engineering requirements and technological constraints are considered in the
first phases of the workflow and simulation tools are used to optimize and validate the
geometric model. In particular, the workflow can be adopted during the embodiment
design phase of parts in which the mechanical performance needs to be maximized and
the weight needs to be as low as possible. Structural optimization approaches such as size
and topology optimization perfectly suit this scenario.

Figure 2 shows the proposed design workflow for AM. First, the design space is
identified. The design space is a volume where the material distribution is going to be
optimized; it can be obtained from an existing model or it can be specifically designed
considering the maximum allowable size of the component. Then, two paths can be
followed: the first one performs a topology optimization on the entire design space,
whereas the second one performs a size optimization on a lattice structure. Regardless of
the selected approach, a finite element (FE) model is created taking into consideration not
only the “usual” boundary conditions such as the material, the loads, and the constraints
but also the constraints and conditions strictly related to the design for AM. For instance,
the technological constraints could include a limit for the inclination of the structure to
avoid overhang angles (if required by the manufacturing technology) and the upper and
lower limits for the most critical features, i.e., hole size, strut dimension, wall thickness,
etc. Furthermore, since AM allows the production of complex geometrical shapes, it is
easier to create parts resulting from multi-objective optimization; the optimization goals
like targeted mass and natural frequencies, or desired heat exchanging properties can be
considered as engineering requirements. Including this information in the first part of the
workflow enables to obtain a design with the desired functionalities that is likely to be
produced without the need of stepping back to the product development phase.

Figure 2. The proposed design workflow for additive manufacturing. Black blocks: steps related to the boundary conditions;
green blocks: steps related to the topology optimization; blue blocks: steps related to the size optimization; red blocks: steps
related to computer-aided engineering (CAE) simulation software.

If the topology optimization approach is chosen, the design space is discretized and a
polyhedral mesh is obtained; then, the topology optimization is performed. During this
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process, the material is arranged inside the design space to find the best distribution of
material under a set of boundary conditions and respecting the structural and dimensional
performance requirements. According to the literature, several topology optimization
algorithms can be used [38]. Homogenization methods use the mathematical theory of
homogenization [39,40] to study a complex domain previously divided into microstruc-
tures, i.e., the finite elements, as a continuum domain made up of a virtual material called
effective material [41]. Density methods consider the density as the only design variable
for each finite element, and the variable can assume a value between 0 and 1; since the
optimal solutions would consist of elements with values mostly between 0 and 1, the
results would be far from a solid (1)–void (0) situation. The most popular numerical
method for suppressing intermediate densities is the Solid Isotropic Microstructure with
Penalization (SIMP) method, proposed by Bendsoe [42], which penalizes elements with
intermediate densities exploiting a power law. To avoid intermediate densities in the
optimized solution, discrete methods, also called “hard-kill” methods, can be used; in the
Evolutionary Structural Optimization (ESO) method proposed by Xie and Steven [43], a cri-
terion parameter is calculated for each element and at each iteration the elements with the
lowest criterion parameter value are eliminated. Furthermore, Bi-directional Evolutionary
Structural Optimization (BESO) method [44] is an extension of ESO, in which new elements
can be added next to those elements with a high criterion parameter at each iteration.
Level-set Methods (LSMs) are another category of topology optimization methods where
the iso-contours of a level-set function implicitly define the interface between the material
phases [45,46]; this approach allows to obtain a sharp transition between void and solid
regions. In the proposed workflow, a SIMP density method is adopted because this method
requires relatively few iterations, is suitable for a combination of a wide range of design
constraints, multiple load conditions, multi-physics problems, and extremely large (often
3D) systems, is extensively used in industrial software [38], and can be easily implemented
with a simple code [47,48]. As a result of the SIMP method, a density map is obtained,
which is contoured to a specific level of density (threshold), obtaining a mesh surface.
Often, the resulting mesh cannot be directly used for the production phase due to the lack
of connection zones or the presence of coarse regions due to the process discretization.
The remodeling of the topology optimization mesh is a research topic of interest, indeed.
Zegard and Paulino [49] presented a tool that generates suitable outputs for AM by using
filters and the continuation approach on the penalization parameter; Jiu et al. [50] proposed
a CAD-oriented topology optimization method able to perform the optimization directly
on the CAD model instead of on the mesh. Most of the time the procedure is operated
manually, and the part is modeled in a CAD environment using the mesh as guideline
during the modeling. Alternatively, software tools for automatic remodeling are available;
these mainly adopt quad-remesh and subdivision surface approaches.

If the size optimization approach is followed, given a cell type and the unit cell
dimension, a wireframe model is obtained filling the design space with a conformal lattice
structure. In a conformal structure, the unit cell can deform to adapt to the boundary of
the part or the lines of the stress field; this feature eliminates weakness at boundaries and
provides stiffness and resistance to the entire model [51]. The size optimization is then
performed on the wireframe [52,53]. The diameter of the beams iteratively varies until
all the beams reach the target utilization, defined as the ratio between the maximum Von
Mises stress measured on the beam and the admissible stress; as previously highlighted,
the size of the beam is controlled to ensure that the beam diameter is thick enough to
be manufactured and that it does not exceed the upper bound to avoid interferences
with the surrounding beams. The optimized wireframe is then modeled with a boundary
representation mesh-based approach as proposed by Savio et al. [54]. The obtained coarse
mesh is then smoothed adopting the Catmull–Clark subdivision surface algorithm [55]:
each quad face is subdivided into four smaller quad faces at every iteration. The algorithm
produces a surface with continuity in curvature (C2 surface), except at extraordinary
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vertices where they are C1. This allows to reduce stress concentration, especially at nodal
points, enhancing the mechanical properties and the fatigue life of the lattice [56–58].

Alternatively, it is possible to combine topology and size optimization. The litera-
ture shows how the density map of the topology optimization can be used to assign an
optimized dimension to the diameter of a beam-like lattice structure [59,60] and to the
thickness of a shell-like lattice structure [61].

Once the optimized part is modeled, it is necessary to perform an additional FE
analysis to mechanically validate the final model. This step is mandatory in topology
optimization because during the modeling phase weak zones could arise, especially if
manual remodeling is adopted. After that, process-related considerations are done. Process
planning deals with all the necessary operations needed once the AM production technol-
ogy and machine have been selected. The orientation of the part inside the manufacturing
machine, the generation of the supports (if needed), and the generation of the print path
strategy affect the quality of the printed part, i.e., the surface texture and the mechanical
properties [26], the material and energy consumption, and the production time [62–64].
Then, process simulation helps to predict residual stress and geometric distortion of the
printed parts, avoiding time-consuming and expensive experimental campaigns based
on trial and error. The evaluation of residual stresses and thermal distortions allows
compensating the geometrical CAD model obtaining parts with the desired dimensional
specifications and mechanical properties, reducing the probability of defects that lead to
crack initiation, propagation, and failure both during the printing and the utilization of
the product, especially when dealing with metallic components [65]. Process simulation
methods that concentrate not only on metals AM techniques [66–69] but also on material
extrusion [70,71] and powder bed fusion [72,73] of polymers can be found. If the FE analy-
sis fails to validate the component or if the manufacturing process simulation highlights
dimensional deformation and residual stresses higher than requirements, it is necessary
to remodel the part or to step back to the optimization phase, changing the boundary
conditions of the model.

When all these steps are successfully completed, the part is ready to be produced. The
component is optimized for the intended use and it is likely to not encounter manufacturing
issues during the printing phase. An important consideration is whether to use the
topology optimization or the size optimization approach. One option could be to apply
both and compare the solutions, choosing the one that best suits the application, but it is
computationally demanding. Some a priori thoughts can help to decide as well. If the part is
metallic, the struts of the lattice could act as internal supports, heat dissipators, and prevent
thermal warping. Furthermore, being less bulky, the lattice structure could present lower
residual stress. The mechanical validation of a lattice structure requires high computational
resources and it is time consuming due to the high number of 3D elements needed to
mesh the structure; at the same time, while the FE validation analysis is mandatory for the
topology optimized part because the manual remodeling phase can introduce weak areas,
it is less necessary for the lattice structure model because the diameters of the beams were
previously optimized through a FE analysis and in the presented mesh modeling approach
the optimized value is adopted at the middle of the beam, whereas the diameter tends to
increase towards the nodal points.

3. Case Study

The proposed workflow was applied to the remodeling of a piston rod. Reducing the
weight of a piston rod while maintaining the mechanical performance is an important goal,
especially in competitions in the automotive fields, but also in the industry where weight
reduction leads to less inertia and to a reduction of energy consumption.

The part is currently produced with a pressure die-casting process and is intended to
be produced with the Selective Laser Melting (SLM) powder bed fusion AM technology.
The material is an aluminum AlSi10Mg with properties as in Table 1.
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Table 1. Aluminum AlSi10Mg properties.

Density 2700 kg/m3

Young modulus 68 GPa
Yield strength 190 MPa

Ultimate tensile strength 335 MPa
Poisson Ratio 0.30

Overall dimensions, loads, and constraints applied to the piston rod are shown in
Figure 3a,b, respectively. The loads and constraints are summarized in Table 2.

Figure 3. Piston rod: (a) overall dimension, (b) boundary conditions and design space.

Table 2. Load and constraints applied to the piston rod.

Load
7.5 kN axial traction along z-axis.

Applies to big rod’s end face.

Constraints

All the displacements and rotations locked.
Applies to inner face of the small rod’s end.

Displacements along x- and y-directions locked.
Applies to big rod’s end face.

The topology optimization of the design space was performed in SolidWorks 2019
(Dassault Systèmes) using the SolidWorks Simulation module; the software adopts the
SIMP method for solving the optimization problem. The “best stiffness to weight ratio”
goals was set, using the constraint of a final mass equal to 25% of the original part. The
symmetry of the final part with respect to the YZ and ZX plane was imposed. Figure 4a
shows the mesh resulting from the topology optimization. This mesh was then used as
a starting point for the manual remodeling phase, performed in Inspire Studio CAD 3D
software (Altair), as in Figure 4b.

The size optimization section of the workflow was performed in Rhinoceros 6 (Robert
McNeel & Associates) inside Grasshopper environment. The design space was filled with
a conformal wireframe based on the simple cubic unit cell; the number of instances is 10, 4,
and 15 along the x-, y-, and z-axis, respectively, and the minimum element size equals 3 mm.
The FE beams model was set-up using Karamba3D plugin [74]. The loads and the con-
straints were directly applied at the nodes of the beams placed at the interface between the
design space and the big and small rod’s ends; the 7.5 kN load was equally distributed on
each node of the upper part of the wireframe, so as the rotation and translation constraints
on each node of the lower and upper part of the wireframe. The target utilization ratio
was set to (90 ± 1)% with respect to the yield strength. The upper and lower bound for the
diameter of the beams were defined as 1.5 mm and 0.5 mm, respectively. Figure 5 shows
the conformal wireframe and the utilization ratio of the optimized structure. Some beams
do not reach the required utilization ratio; indeed, they present a utilization ratio lower
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than the target because the optimized diameter was smaller than the minimum allowable
size (i.e., 0.5 mm), so, being assigned the 0.5 mm diameter, they are under-utilized.

Figure 4. Topology optimization: (a) SolidWorks Simulation result (mesh), (b) Inspire Studio manual
remodeling result (NURBS).

Figure 5. Size optimization: (a) wireframe model, (b) utilization ratio of the optimized structure (compression is positive).

The lattice structure was then modeled adopting the mesh approach and the Catmull–
Clark subdivision surface algorithm. As can be seen in Figure 6, smooth surfaces are
obtained, especially at nodal points.

Figure 6. Modeled lattice structure: (a) lattice connected to the piston rod’s ends, (b) detail on the
smooth surfaces at nodal points.

Then, the two models obtained from the topology and the size optimization were
validated through FE analyses in Ansys Mechanical 2019 R1. The parts were meshed
with tetrahedron elements using an element minimum size of 0.1 mm and an element
maximum size of 1 mm. The meshing method is patch-independent and includes automatic
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refinement in curvature and proximity. The symmetry of the topology optimized part with
respect to the ZX and YZ plane was exploited to simulate only one quarter of the model.
The results are represented in Figure 7. In the size optimized model (Figure 7b), the higher
value of stress observed on the legend is related to the absence of fillet between the lattice
structure and the body and does not depend on the modeling method of the lattice.

Figure 7. FE analyses validation, equivalent Von Mises stress: (a) topology optimization, (b) size optimization.

Netfabb Premium 2020.3 (Autodesk) was used for preliminary process planning,
choosing for the best part orientation. Supports too were created inside the software.
The Renishaw AM 400 SLM machine was selected, together with the default material
configuration for Aluminum AlSi10Mg-0403 printed with a 25 μm layer thickness, as
suggested by the powders manufacturer [75]. First, the topology optimized model was
oriented. Among the proposed orientations, three are reported in Figure 8. The final
decision is driven by several considerations. The orientation in Figure 8a has the lowest
height, resulting in faster printing time, but presents the highest supported area, requiring
more time for supports removal and post-process such as sandblasting to avoid the lower
quality of the surface finish in the supported areas; the configuration in Figure 8b has
the less supported area, but has the highest support volume and height, resulting in a
long build time and high material waste; the configuration in Figure 8c has the lower
support volume and a relatively low supported area and build time. Moreover, since the
configuration in Figure 8a lays on the platform, the circular functional surfaces on the rod’s
ends will have the best dimensional and geometrical accuracy. Further milling operations
could be needed to comply with the requested tolerances.

Figure 8. Part orientation and support generation for the topologically optimized piston rod. (a–c) show three possible
orientations.
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The same procedure was followed for the orientation of the piston rod with the lattice
structure. This time, due to the extreme difficulty of removing the supports between the
beams of the lattice, the only orientation that did not present supports in the central part of
the model was chosen, as shown in Figure 9.

Figure 9. Part orientation and support generation for the size optimized piston rod.

Finally, the next step would be to perform the process simulation of the oriented
part to assess the printability of the models, the geometrical distortions, and the residual
stresses. According to the results, the designer can consider geometrically compensating
the part, changing the part orientation, or going back to the modeling phase and remodel
the part.

The application of the workflow for redesigning the piston rod enabled to obtain two
optimized parts and a considerable reduction of the mass, as shown in Table 3. The two
methods present some drawbacks too. The topology optimized model requires manual
remodeling, and it is more prone to failure during the final FE analysis verification, due to
human errors during the remodeling phase. The proposed method for the size optimization
is in its prototypal stage and it still has a limited choice of unit cells and does not correctly
manage the connection between the lattice structure and the adjacent objects. Numerical
analyses on the lattice model are computationally demanding but less necessary since the
wireframe was previously optimized and the mesh modeling method does not alter the
diameter of the beams.

Table 3. Mass reduction of the optimized models. The mass only considers the design space volume
and not the rod’s ends, which were not optimized.

Model/Approach Mass [g] % of Mass Reduction

Starting design space 104.7
Topology optimization 29.99 −71%

Size optimization 20.98 −80%

4. Conclusions

In this work, a design workflow for Additive Manufacturing was proposed, trying
to overcome the limits highlighted in the literature, where it is stated that the available
frameworks do not exploit all the advantages offered by AM and do not cover the entire
design process. The presented workflow considers the embodiment design phase, from
the definition of a design volume to the production of the part, integrating both CAD
tools for the geometric modeling of the part and CAE tools for the optimization and
simulation phases; more, it considers the possibility to use the size optimization to obtain
lattice structures with optimized beams, and the topology optimization to obtain more
organic shapes. The workflow was then applied to the remodeling and optimization of a
piston rod in which both commercial and custom tools were adopted, showing its ease and
universality of implementation.
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As future works, the process simulation will be performed on the oriented parts. Then,
a hybrid method that combines size and topology optimization is going to be developed
to further expand the workflow possibilities; the 0–1 density parameter will drive the
dimension of the beams, shell, or solid elements. The connection between the lattice
structures and the adjacent objects will be addressed to obtain smoother links and enhance
the mechanical properties of the parts. Moreover, aspects related to hybrid manufacturing
technologies will be addressed.

Author Contributions: Conceptualization, S.R., F.U., L.G., G.S., R.M., and G.C.; Formal analysis, S.R.,
F.U., and L.G.; Funding acquisition, G.S., R.M., and G.C.; Investigation, S.R.; Methodology, S.R., and
G.S.; Supervision, G.S., R.M., and G.C.; Writing—original draft, S.R.; Writing—review and editing,
S.R., F.U., L.G., G.S., R.M., and G.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by a Ph.D. grant of Fondazione Cassa di Risparmio di Padova e
Rovigo (CARIPARO), by the grant “FSE 2105-37-11-2018: Hybrid manufacturing strategies through
selective laser sintering for the customization of series components” by Regione Veneto, and by the
grant “BIRD 190850—Design, geometric modeling and analysis of components with functionally
graded variation for additive manufacturing technologies” by the Department of Civil, Environmen-
tal, and Architectural Engineering, University of Padova, Italy.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw/processed data required to reproduce these findings can be
partially shared upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Pei, E. Editorial PIAM October 2019. Prog. Addit. Manuf. 2019, 4, 355–356. [CrossRef]
2. ISO/ASTM, ISO/ASTM 52900:2015 (ASTM F2792)—Additive Manufacturing–General Principles—Terminology; ISO International

Organization for Standardization, ASTM American Society for Testing and Materials: Geneva, Switzerland; West Conshohocken,
PA, USA, 2015.

3. AM Platform, Additive Manufacturing Strategic Research Agenda. 2014. Available online: https://www.rm-platform.com/
linkdoc/AM%20SRA%20-%20February%202014.pdf (accessed on 12 March 2021).

4. SASAM. Additive Manufacturing: SASAM Standardisation Roadmap. 2015. Available online: https://www.rm-platform.
com/downloads2/summary/50-strategic-research-agenda/608-sasam-standardisation-roadmap-open-june-2015 (accessed on
12 March 2021).

5. FoFAM. Additive Manufacturing Roadmap: Gaps and Actions on Market Driven Value Chains. 2016. Available online:
https://portal.effra.eu/result/show/1080 (accessed on 12 March 2021).

6. America Makes, ANSI, Standardization Roadmap for Additive Manufacturing—Version 1.0. 2017. Available online: https:
//share.ansi.org/Shared%20Documents/Standards%20Activities/AMSC/AMSC_Roadmap_February_2017.pdf (accessed on
12 March 2021).

7. America Makes, ANSI, Standardization Roadmap for Additive Manufacturing—Version 2.0. 2018. Available online: https://www.
americamakes.us/america-makes-ansi-standardization-roadmap-additive-manufacturing-presented-formnext-conference/ (ac-
cessed on 12 March 2021).

8. Savio, G.; Meneghello, R.; Rosso, S.; Concheri, G. 3D model representation and data exchange for additive manufacturing. In
Lecture Notes in Mechanical Engineering; Springer: Cham, Switzerland, 2019; pp. 412–421. [CrossRef]

9. Bacciaglia, A.; Ceruti, A.; Liverani, A. A systematic review of voxelization method in additive manufacturing. Mech. Ind. 2019,
20, 630. [CrossRef]

10. Grigolato, L.; Rosso, S.; Meneghello, R.; Concheri, G.; Savio, G. Heterogeneous objects representation for Additive Manufacturing:
A review. Instant J. Mech. Eng. 2019, 14–23. [CrossRef]

11. Thompson, M.K.; Moroni, G.; Vaneker, T.; Fadel, G.; Campbell, R.I.; Gibson, I.; Bernard, A.; Schulz, J.; Graf, P.; Ahuja, B.; et al.
Design for Additive Manufacturing: Trends, opportunities, considerations, and constraints. CIRP Ann.-Manuf. Technol. 2016, 65,
737–760. [CrossRef]

12. Benedetti, M.; du Plessis, A.; Ritchie, R.; Dallago, M.; Razavi, S.; Berto, F. Architected cellular materials: A review on their
mechanical properties towards fatigue-tolerant design and fabrication. Mater. Sci. Eng. R Rep. 2021, 144, 100606. [CrossRef]

55



Appl. Sci. 2021, 11, 2572

13. Raghavendra, S.; Molinari, A.; Dallago, M.; Zappini, G.; Zanini, F.; Carmignato, S.; Benedetti, M. Uniaxial static mechanical
properties of regular, irregular and random additively manufactured cellular materials: Nominal vs. real geometry. Forces Mech.
2021, 2, 100007. [CrossRef]

14. Calignano, F.; Lorusso, M.; Roppolo, I.; Minetola, P. Investigation of the Mechanical Properties of a Carbon Fibre-Reinforced
Nylon Filament for 3D Printing. Machines 2020, 8, 52. [CrossRef]

15. Allevi, G.; Capponi, L.; Castellini, P.; Chiariotti, P.; Docchio, F.; Freni, F.; Marsili, R.; Martarelli, M.; Montanini, R.; Pasinetti, S.;
et al. Investigating Additive Manufactured Lattice Structures: A Multi-Instrument Approach. IEEE Trans. Instrum. Meas. 2020, 69,
2459–2467. [CrossRef]

16. Bourell, D.L.; Rosen, D.W.; Leu, M.C. The roadmap for additive manufacturing and its impact. 3D Print. Addit. Manuf. 2014, 1,
6–9. [CrossRef]

17. Seifi, M.; Gorelik, M.; Waller, J.; Hrabe, N.; Shamsaei, N.; Daniewicz, S.; Lewandowski, J.J. Progress Towards Metal Additive
Manufacturing Standardization to Support Qualification and Certification. JOM 2017, 69, 439–455. [CrossRef]

18. Bacciaglia, A.; Ceruti, A.; Liverani, A. Proposal of a standard for 2D representation of bio-inspired lightweight lattice structures in
drawings. Proc. Inst. Mech. Eng. Part C J. Mech. Eng. Sci. 2020, 095440622095159. [CrossRef]

19. The Economist Intelligence Unit. Adding It Up: The Economic Impact of Additive Manufacturing; Agency for Science, Technology
and Research (A* STAR): Singapore, 2018; 24p.

20. Ullman, D.G. The Mechanical Design Process, 4th ed.; McGraw-Hill: New York, NY, USA, 2010. [CrossRef]
21. Chakrabarti, A. Engineering Design Synthesis: Understanding, Approaches, and Tools; Springer: London, UK, 2002.
22. Cagan, J.; Campbell, M.I.; Finger, S.; Tomiyama, T. A Framework for Computational Design Synthesis: Model and Applications. J.

Comput. Inf. Sci. Eng. 2005, 5, 171. [CrossRef]
23. Shea, K.; Cagan, J. Innovative dome design: Applying geodesic patterns with shape annealing. Artif. Intell. Eng. Des. Anal. Manuf.

1997, 11, 379. [CrossRef]
24. Gibson, I.; Rosen, D.; Stucker, B.; Khorasani, M. Additive Manufacturing Technologies; Springer International Publishing: Cham,

Switzerland, 2021. [CrossRef]
25. Rosen, D.W. Computer-Aided Design for Additive Manufacturing of Cellular Structures. Comput. Aided Des. Appl. 2007, 4,

585–594. [CrossRef]
26. Ponche, R.; Kerbrat, O.; Mognol, P.; Hascoet, J.Y. A novel methodology of design for Additive Manufacturing applied to Additive

Laser Manufacturing process. Robot. Comput. Integr. Manuf. 2014, 30, 389–398. [CrossRef]
27. Vayre, B.; Vignat, F.; Villeneuve, F. Designing for Additive Manufacturing. Procedia CIRP 2012, 632–637. [CrossRef]
28. Briard, T.; Segonds, F.; Zamariola, N. G-DfAM: A methodological proposal of generative design for additive manufacturing in the

automotive industry. Int. J. Interact. Des. Manuf. 2020, 14, 875–886. [CrossRef]
29. Duro-Royo, J.; Mogas-Soldevila, L.; Oxman, N. Flow-based fabrication: An integrated computational workflow for design and

digital additive manufacturing of multifunctional heterogeneously structured objects. Comput. Des. 2015, 69, 143–154. [CrossRef]
30. Boddeti, N.; Ding, Z.; Kaijima, S.; Maute, K.; Dunn, M.L. Simultaneous Digital Design and Additive Manufacture of Structures

and Materials. Sci. Rep. 2018, 8, 15560. [CrossRef]
31. Zhang, Y.; Bernard, A.; Gupta, R.K.; Harik, R. Evaluating the design for additive manufacturing: A process planning perspective.

Procedia CIRP 2014, 21, 144–150. [CrossRef]
32. Lettori, J.; Raffaeli, R.; Peruzzini, M.; Schmidt, J.; Pellicciari, M. Additive manufacturing adoption in product design: An overview

from literature and industry. Procedia Manuf. 2020, 51, 655–662. [CrossRef]
33. Motyl, B.; Filippi, S. Investigating the Relationships between Additive Manufacturing and TRIZ: Trends and Perspectives. In

Lecture Notes in Mechanical Engineering; Springer: Cham, Switzerland, 2019; pp. 903–911. [CrossRef]
34. Altshuller, G. And Suddenly the Inventor Appeared: TRIZ, the Theory of Inventive Problem Solving, Worcester. 1996. Avail-

able online: http://books.google.com/books?hl=en&lr=&id=s7Qk_6WELWUC&oi=fnd&pg=PA1&dq=And+Suddenly+the+
Inventor+Appeared&ots=2Fc3TJGicr&sig=b5C0LEyulNyiMQVfz-cOx0FPdrU (accessed on 19 November 2020).

35. Seepersad, C.C. Challenges and Opportunities in Design for Additive Manufacturing. 3D Print. Addit. Manuf. 2014, 1, 10–13.
[CrossRef]

36. Kumke, M.; Watschke, H.; Vietor, T. A new methodological framework for design for additive manufacturing. Virtual Phys.
Prototyp. 2016, 11, 3–19. [CrossRef]

37. Pahl, G.; Beitz, W.; Feldhusen, J.; Grote, K.-H. Engineering Design: A Systematic Approach; Springer: London, UK, 2007. [CrossRef]
38. Rozvany, G.I.N. A critical review of established methods of structural topology optimization. Struct. Multidiscip. Optim. 2009, 37,

217–237. [CrossRef]
39. Bendsøe, M.P.; Kikuchi, N. Generating optimal topologies in structural design using a homogenization method. Comput. Methods

Appl. Mech. Eng. 1988, 71, 197–224. [CrossRef]
40. Hassani, B.; Hinton, E. Homogenization and Structural Topology Optimization; Springer: London, UK, 1999. [CrossRef]
41. Savio, G.; Curtarello, A.; Rosso, S.; Meneghello, R.; Concheri, G. Homogenization driven design of lightweight structures for

additive manufacturing. Int. J. Interact. Des. Manuf. 2019. [CrossRef]
42. Bendsøe, M.P. Optimal shape design as a material distribution problem. Struct. Optim. 1989, 1, 193–202. [CrossRef]
43. Xie, Y.; Steven, G. A simple evolutionary procedure for structural optimization. Comput. Struct. 1993, 49, 885–896. [CrossRef]

56



Appl. Sci. 2021, 11, 2572

44. Querin, O.; Steven, G.; Xie, Y. Evolutionary structural optimisation (ESO) using a bidirectional algorithm. Eng. Comput. 1998, 15,
1031–1048. [CrossRef]

45. Haber, R.; Bendsøe, M. Problem formulation, solution procedures and geometric modeling: Key issues in variable-topology
optimization. In Proceedings of the 7th AIAA/USAF/NASA/ISSMO Symposium on Multidisciplinary Analysis and Optimization,
St. Louis, MO, USA, 2–4 September 1998; American Institute of Aeronautics and Astronautics Inc., AIAA: Reston, VA, USA;
pp. 1864–1873. [CrossRef]

46. van Dijk, N.P.; Maute, K.; Langelaar, M.; van Keulen, F. Level-set methods for structural topology optimization: A review. Struct.
Multidiscip. Optim. 2013, 48, 437–472. [CrossRef]

47. Sigmund, O. A 99 line topology optimization code written in matlab. Struct. Multidiscip. Optim. 2001, 21, 120–127. [CrossRef]
48. Andreassen, E.; Clausen, A.; Schevenels, M.; Lazarov, B.S.; Sigmund, O. Efficient topology optimization in MATLAB using

88 lines of code. Struct. Multidiscip. Optim. 2011, 43, 1–16. [CrossRef]
49. Zegard, T.; Paulino, G.H. Bridging topology optimization and additive manufacturing. Struct. Multidiscip. Optim. 2016, 53,

175–192. [CrossRef]
50. Jiu, L.; Zhang, W.; Meng, L.; Zhou, Y.; Chen, L. A CAD-oriented structural topology optimization method. Comput. Struct. 2020,

239, 106324. [CrossRef]
51. Wang, H.V. A Unit Cell Approach for Lightweight Structure and Compliant Mechanism. Ph.D. Dissertation, Georgia Institute of

Technology, Atlanta, GA, USA, 2005.
52. Savio, G.; Gaggi, F.; Meneghello, R.; Concheri, G. Design method and taxonomy of optimized regular cellular struc-

tures for additive manufacturing technologies. Proc. Int. Conf. Eng. Des. ICED 2015, 4, 235–244. Available on-
line: https://www.designsociety.org/publication/37788/design_method_and_taxonomy_of_optimized_regular_cellular_
structures_for_additive_manufacturing_technologies (accessed on 12 March 2021).

53. Savio, G.; Meneghello, R.; Concheri, G. Optimization of lattice structures for additive manufacturing technologies. In Advances on
Mechanics, Design Engineering and Manufacturing. Lecture Notes in Mechanical Engineering; Springer: Cham, Switzerland, 2016;
pp. 213–222. [CrossRef]

54. Savio, G.; Meneghello, R.; Concheri, G. Geometric modeling of lattice structures for additive manufacturing. Rapid Prototyp. J.
2018, 24, 351–360. [CrossRef]

55. Catmull, E.; Clark, J. Recursively generated B-spline surfaces on arbitrary topological meshes. Comput. Des. 1978, 10, 350–355.
[CrossRef]

56. Rosso, S.; Meneghello, R.; Biasetto, L.; Grigolato, L.; Concheri, G.; Savio, G. In-depth comparison of polyamide 12 parts
manufactured by Multi Jet Fusion and Selective Laser Sintering. Addit. Manuf. 2020, 36, 101713. [CrossRef]

57. Rosso, S.; Meneghello, R.; Concheri, G.; Savio, G. Scale and Shape Effects on the Fatigue Behaviour of Additively Manufactured
SS316L Structures: A Preliminary Study. In Lecture Notes in Mechanical Engineering; Springer: Cham, Switzerland, 2019; pp. 879–890.
[CrossRef]

58. Savio, G.; Rosso, S.; Curtarello, A.; Meneghello, R.; Concheri, G. Implications of modeling approaches on the fatigue behavior of
cellular solids. Addit. Manuf. 2019, 25, 50–58. [CrossRef]

59. Wu, Z.; Xia, L.; Wang, S.; Shi, T. Topology optimization of hierarchical lattice structures with substructuring. Comput. Methods
Appl. Mech. Eng. 2019, 345, 602–617. [CrossRef]

60. Alzahrani, M.; Choi, S.K.; Rosen, D.W. Design of truss-like cellular structures using relative density mapping method. Mater. Des.
2015, 85, 349–360. [CrossRef]

61. Savio, G.; Meneghello, R.; Concheri, G. Design of variable thickness triply periodic surfaces for additive manufacturing. Prog.
Addit. Manuf. 2019, 4, 281–290. [CrossRef]

62. Jiang, J.; Xu, X.; Stringer, J. Optimization of process planning for reducing material waste in extrusion based additive manufactur-
ing. Robot. Comput. Manuf. 2019, 59, 317–325. [CrossRef]

63. Ahsan, A.N.; Habib, A.; Khoda, B. Resource based process planning for additive manufacturing. CAD Comput. Aided Des. 2015,
69, 112–125. [CrossRef]

64. Cicconi, P.; Mandorli, M.; Favi, C.; Campi, F.; Germani, M. Metal Additive Manufacturing for the Rapid Prototyping of Shaped
Parts: A Case Study. Comput. Des. Appl. 2021, 18, 1061–1079. [CrossRef]

65. Song, X.; Feih, S.; Zhai, W.; Sun, C.-N.; Li, F.; Maiti, R.; Wei, J.; Yang, Y.; Oancea, V.; Brandt, L.; et al. Advances in additive
manufacturing process simulation: Residual stresses and distortion predictions in complex metallic components. Mater. Des.
2020, 193, 108779. [CrossRef]

66. Schoinochoritis, B.; Chantzis, D.; Salonitis, K. Simulation of metallic powder bed additive manufacturing processes with the finite
element method: A critical review. Proc. Inst. Mech. Eng. Part B J. Eng. Manuf. 2016, 231, 96–117. [CrossRef]

67. Gong, X.; Cheng, B.; Price, S.; Chou, K. Powder-bed electron-beam-melting additive manufacturing: Powder characterization,
process simulation and metrology. In Proceedings of the 2013 ASME Early Career Technical Conference (ECTC), Birmingham,
AL, USA, 2–3 November 2013; pp. 55–66. Available online: https://www.researchgate.net/publication/275960612 (accessed on
23 December 2020).

68. Martukanitz, R.; Michaleris, P.; Palmer, T.; DebRoy, T.; Liu, Z.-K.; Otis, R.; Heo, T.W.; Chen, L.-Q. Toward an integrated
computational system for describing the additive manufacturing process for metallic materials. Addit. Manuf. 2014, 1, 52–63.
[CrossRef]

57



Appl. Sci. 2021, 11, 2572

69. Jayanath, S.; Achuthan, A. A computationally efficient hybrid model for simulating the additive manufacturing process of metals.
Int. J. Mech. Sci. 2019, 160, 255–269. [CrossRef]

70. Watanabe, N.; Shofner, M.L.; Treat, N.; Rosen, D.W. A model for residual stress and part warpage prediction in material extrusion
with application to polypropylene. In Solid Freeform Fabrication 2016, Proceedings of the 27th Annual International Solid Freeform
Fabrication Symposium—An Additive Manufacturing Conference, Austin, TX, USA, 8–10 August 2016; TMS: Pittsburgh, PA, USA,
2016; pp. 2437–2455.

71. Brenken, B.; Barocio, E.; Favaloro, A.; Kunc, V.; Pipes, R.B. Development and validation of extrusion deposition additive
manufacturing process simulations. Addit. Manuf. 2019, 25, 218–226. [CrossRef]

72. Fradl, D.; Panditaratne, J.; Bi, J.; Fu, R.; Oancea, V. Finite Element Simulation of the Multi Jet Fusion (MJFTM) Process using Abaqus.
In Proceedings of the SIMULIA Science in the Age of Experience, Chicago, IL, USA, 15–18 May 2017; pp. 440–469. Available
online: https://pdfs.semanticscholar.org/fb66/17aab5ff74f47709ebfecb694d32f23ceff2.pdf (accessed on 23 January 2020).

73. Kolossov, S.; Boillat, E.; Glardon, R.; Fischer, P.; Locher, M. 3D FE simulation for temperature evolution in the selective laser
sintering process. Int. J. Mach. Tools Manuf. 2004, 44, 117–123. [CrossRef]

74. Preisinger, C. Linking Structure and Parametric Geometry. Arch. Des. 2013, 83, 110–113. [CrossRef]
75. Renishaw, Data Sheets—Additive Manufacturing—AlSi10Mg-0403 (400 W). 2021. Available online: https://www.renishaw.com/

en/data-sheets-additive-manufacturing--17862 (accessed on 19 February 2021).

58



applied  
sciences

Article

Development Workflow for Manifolds and Fluid Components
Based on Laser Powder Bed Fusion

Nicolas Rolinck, Matthias Schmitt *, Matthias Schneck, Georg Schlick and Johannes Schilp

Citation: Rolinck, N.; Schmitt, M.;

Schneck, M.; Schlick, G.; Schilp, J.

Development Workflow for

Manifolds and Fluid Components

Based on Laser Powder Bed Fusion.

Appl. Sci. 2021, 11, 7335. https://

doi.org/10.3390/app11167335

Academic Editors: Marco Mandolini,

Patrick Pradel and Paolo Cicconi

Received: 30 June 2021

Accepted: 5 August 2021

Published: 9 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Processing Technologies, Fraunhofer Institute for Casting,
Composite and Processing Technology IGCV, 86159 Augsburg, Germany;
Nicolas.Rolinck@igcv.fraunhofer.de (N.R.); matthias.schneck@igcv.fraunhofer.de (M.S.);
georg.schlick@igcv.fraunhofer.de (G.S.); johannes.schilp@igcv.fraunhofer.de (J.S.)
* Correspondence: matthias.schmitt@igcv.fraunhofer.de

Featured Application: This article proposes a universal development methodology for hydraulic

manifolds and fluid components manufactured by laser powder bed fusion. The proposed pro-

cess leads systematically to a part with increased performance characteristics, economic efficiency,

and reliable manufacturability.

Abstract: Through its unique characteristics, additive manufacturing yields great potential for
designing fluid components with increased performance characteristics. These potentials in advanced
design, functional structure, and manufacturing are not easily realized. Therefore, the present study
proposes a holistic development methodology for fluid components with a specific focus on hydraulic
manifolds. The methodology aims to lead the designer from the specification of the task, through a
step-by-step embodied design, to a technical and economic evaluation of the optimized, first-time
manufactured part. A case study applies the proposed methodology to a part of a rail-vehicle braking
application. Through its application, a significant reduction in weight, size, as well as significant
contributions to the company’s AM strategy can be assigned to the part. At the same time, increased
direct manufacturing costs are identified. Based on the increased performance characteristics of
the resulting design and the holistic foundation of the subsequent economic decisions, a satisfying
efficiency can be allocated to the proposed methodology.

Keywords: manifold; hydraulic component; additive manufacturing; design methodology; develop-
ment workflow; laser powder bed fusion

1. Introduction

Additive manufacturing (AM) describes all manufacturing processes in which the part
is fabricated by adding volume elements layer by layer to produce the desired geometry.
The added elements are directly derived from the 3D data [1]. AM technologies have
been advancing steadily through the years. Especially the sector of metal AM matured
from niche applications to mainstream manufacturing and is being accepted as a valuable
production process for demanding engineering tasks. For metal applications, laser powder
bed fusion (LPBF) is the most widespread manufacturing principle [2]. When designing
parts specifically for AM, these technologies yield unique characteristics in advanced
geometric freedom, part consolidation, and product customization in comparison to other
manufacturing processes. Through the given geometric freedom, new potentials in the
performance and economic efficiency of the product are enabled, which can be realized
through advanced design. If such a design can consolidate multiple parts of an assembly,
additional improvements in size, weight, and assembly effort are achievable [3]. In the
LPBF manufacturing process, differences in the individual geometry of parts manufactured
in one build job have minor influence on the economics of the build job compared to
conventional manufacturing methods. This leads to an economic feasibility of a lot size
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of one and makes the technology therefore practical for highly customized products [4].
However, these potentials are not easy to identify nor to realize. It requires the designer
to have a fundamental understanding of the technology and to re-think the system-level
design of the product [5]. Existing, universal product development methodologies are
applicable for AM parts, but can hardly exploit the given potentials efficiently due to the
design complexity and multitude of possible solutions [6]. Nonetheless, as a development
of a completely new design process is neither efficient nor possible, development guidelines
for AM products should be based on established methodologies and further recognize
the specific potentials and limitations of the technology. As the VDI 2221 [7,8] guideline
is widely accepted as a core standard for the development of technical products and
was previously suggested for an AM specific methodology [9]. Kumke bases the general
structure of his comprehensive method for the development of AM parts onto it [5].

As for any other manufacturing method, design guidelines have to be followed for
a qualitative and economic fabrication of the designed part. The established methods of
design for manufacturing (DfM) aim for design solutions with minimum manufacturing
costs for a given manufacturing technology. Even though such guidelines for favorable
manufacturing are still an elementary part of a design for additive manufacturing (DfAM),
these methods shall further support the exploration of AM-enabled potentials and pos-
sibilities. Laverne et al. propose to differentiate opportunistic DfAM, restrictive DfAM,
and dual DfAM [10]. Opportunistic DfAM methods shall enable the designer to explore
innovative solutions enabled by the possible geometric complexity of AM products. The
solution space of such methods is not narrowed by the limitations of the AM technology
as in the definition of conventional DfM. These limitations are covered in the class of
restrictive DfAM methods. In these, design rules are defined, that guide the designer
to create a part with sufficient manufacturing quality. The majority of such design rules
are developed in university research through test series [11–14]. These restrictions can
be quantified as for minimum radii or wall thicknesses, as well as general guidelines for
a sufficient manufacturing result [14]. They are more and more transferred into official
design guidelines [15] and textbooks [4]. Finally, methods utilizing a combination of both,
restrictive and opportunistic DfAM, are considered to be the most efficient for a holistic
product design manufactured by AM technologies. With these, innovative concepts are
designed for a qualitative manufacturing outcome [5]. Therefore, for each classification,
different tools as depicted in Figure 1 are suggested.

Figure 1. Differentiation of DfAM methods and specific tools derived from [5].

Manifold bodies in pressure-loaded applications are traditionally manufactured from a
solid material block, creating the hydraulic schematic by intersecting, gun-drilled holes. For
manufacturing efficiency, these channels are usually manufactured with a 90◦ orientation
towards the outside surface of the semi-finished block. All unused openings are closed
by sealing stoppers in a subsequent assembly process. As a result, complex hydraulic
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schematics require a larger manifold due to the inflexible channel design, a greater number
of drilled holes, and therefore a greater number of sealing points. Furthermore, the
perpendicular, sharp corners in the fluid flow decrease the flow efficiency of the hydraulic
medium. Through the AM-enabled geometric complexity, manifold bodies hold great
potential for increased product performance through advanced design [4].

A comprehensive approach to the development of hydraulic manifolds fabricated
by LPBF systems is the work of Kausch [16]. After extensive research on various topics
concerning the development of AM manifolds, the generated knowledge is transferred
onto two different manifolds, which are manufactured by LPBF. The evaluation of the part
proves a great potential for weight reduction of high-pressure manifolds and suggests
similar production costs to the conventional counterpart with further process and produc-
tivity improvements of the technology. The research of Diegel et al. [17] follows an existing
AM manifold design and focuses on the further optimization of the manufacturability.
This includes primarily the reduction in support structure to minimize manufacturing and
post-processing time. Schmelzle et al. [18] present a specific flowchart for the re-design
of hydraulic manifolds. The study places special focus on the channel cross-section ge-
ometry as well as a detailed description of manufacturing, inspection, and testing of the
resulting manifold. Zhang et al. [19] approach a manifold re-design with the motivation
of an optimized fluid flow and adapt each phase of the development process accordingly.
As in the previous studies, a significant optimization in weight, size, and fluid flow ef-
ficiency is achieved. Cooper et al. [20] examine the pressure, flow, porosity, surface and
micro-hardness characteristics of a titanium pipe manufactured by LPBF. The research
offers detailed findings on the pressure resistance of thin-walled pipes, their internal sur-
face roughness, their as-built geometric accuracy as well as the characterization of the
porosity of the material. Table 1 depicts an overview of manifold-specific information in
reviewed studies.

Table 1. Overview of conducted research on the re-design of manifolds for Additive Manufacturing (AM).

Schmelzle et al. Kausch Diegel et al. Zhu et al. Cooper et al.

Design methodology covered yes yes yes no no

Functional optimization yes yes yes yes yes

Manifold dimensions Approximately 127 mm
× 127 mm × 70 mm no 176.2 mm ×

125.5 mm × 120 mm
246 mm × 140 mm ×

66.5 mm no

Maximum pressure 127.9 MPa 31.4 MPa 98.5 MPa 21 MPa 24 MPa

AM material 17-4 steel TiAl6Va AlSi10Mg, 316L steel 316L steel Ti6Al4V

Number of installation spaces 3 6 6 10 0

Number of
additional connectors 3 7 14 4 2

Process parameters covered yes no no yes yes

Fatigue characteristics no yes yes no no

DfAM approaches Restrictive, opportunis-
tic, combined Restrictive Restrictive Restrictive -

The review of conducted research on hydraulic manifolds shows that the re-design pro-
cess systematic is an important topic for most studies. The models and flowcharts presented
for a re-design are often rudimentary for the task of developing an additively manufactured
manifold with increased performance while ensuring qualitative and economic manufac-
turability. Most of the reviewed studies only utilize restrictive DfAM methods for their
design. The very detailed approach of Kumke [5] on the complete design process for
AM, applying restrictive and opportunistic DfAM, has not been applied for a hydraulic
manifold application. Furthermore, the number of hydraulic components and the resulting
complexity of the reviewed manifolds remain in a range of 3 to 10 installation spaces.
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Based on the state of the art in the development of AM manifolds, a research deficit
on the systematic development of manifolds with advanced hydraulic complexity and
additional functional requirements is identified. Product improvements through the appli-
cation of opportunistic DfAM are often left unused. Consequently, the present article aims
to propose a universal development and design methodology that leads systematically
to a manifold with improved product performance while being optimally designed for
qualitative and economic manufacturing by LPBF. After the methodology is presented, its
applicability and efficiency are assessed with a case study on a safety-critical manifold of
the rail industry.

For the methodology development, the following requirements are defined:

• The universal applicability of the process must be given. The design methodology
shall serve hydraulic applications independently of the specific product.

• The process shall facilitate opportunistic DfAM potentials by introducing specific meth-
ods and tools when necessary.

• Restrictive DfAM methods and tools are to be introduced to the process when necessary.
• The process shall lead to an AM geometry that embodies the optimum quality and

profitability of the build job.
• The process shall systematically lead to a manifold with increased performance char-

acteristics such as improved weight, size, or flow efficiency.
• The process shall allow an iterative shift between the different phases to utilize an

experience gain of the user for upstream phases.

2. Methodology Development

As previously identified, Kumke [5] offers a comprehensive process model for the
universal development of AM parts. To guide the designer to a design that respects
technological as well as economic aspects, this process constitutes the general structure
of the proposed methodology. This structure is, however, supplemented with manifold-
specific design phases and tasks. Additionally, suitable tools for the specific tasks are
proposed. In that way, the methodology facilitates a complete exploration of the potentials
enabled through advanced design while acknowledging the economic efficiency and
reliable manufacturability of the resulting part.

As depicted in Figure 2, the proposed development methodology starts with the
planning and conceptual phase. These phases, including their individual steps, are trans-
ferred analogously from the VDI 2221 [7]. Based on the high significance of a detailed
description of requirements, an independent list of requirements for the part is to be created
in the first task. This list should describe all boundary conditions concerning the part,
available AM technologies, material availability, and loads. This is a mandatory process
step, which is executed for re-design tasks as well as new development tasks. Even though
the requirements shall be formulated detached from the manufacturing technology used,
AM-specific potentials and resulting requirements, for example, lightweight design, can
already be addressed [5]. In the second task, the functional structure of the part is to be
arranged hierarchically into main and sub-functions (cf. Figure 2) [21].

The exploration of design freedom in new- as well as re-designs benefits significantly
from function-based thinking, being detached from conventional manufacturing restric-
tions. In doing so, all surfaces which serve a specific engineering function shall be identified,
and their individual boundary conditions, for example, freedom of position, is specified.
This facilitates a subsequent, flux of force-oriented design. Based on this analysis, different
conceptual solutions for the identified, functional structure are to be developed in the third
task. To assist the designer in exploring unconventional solutions, tools like “AM-potential
checklists”, “the analysis of existing studies” or “cross-departmental brainstorming” can be
utilized during this task. It is important to conduct such an extensive conceptual phase for
re-designs as well. Existing solutions may include conventional thinking barriers, whereas
the presented steps and tools create a large solution space for innovative concepts [5].
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Figure 2. Development methodology for Additive Manufacturing (AM) manifolds. Squared boxes:
process-tasks; round boxes: process-outputs; diamond-shaped boxes: assessment-tasks.

In the following task four, the concept assessment, the acquired concepts are evaluated
by “pairwise comparison” and “value benefit analysis”, which are specified/recommended
in VDI guideline [7]. The assessment criteria for the value benefit analysis need to be
adapted to consider the new AM aspects [5]. The following criteria are proposed for the
assessment of manifold concepts:

• Potential for size reduction
• Potential for weight reduction
• Potential for improved hydraulic efficiency
• Technical feasibility/ development risk
• Degree of innovation
• AM material efficiency
• Profitability of the build job

Based on the quantitative assessment, one concept is selected for the embodied design
phase. In this phase, potentials for improved product performance can be realized through
advanced design. The chosen concept is introduced to the decision knot, in which tasks
five to seven are executed iteratively. First, the parts main elements are designed and
positioned according to the specified boundary conditions [5]. For manifold bodies, these
are primarily installation spaces, hydraulic connectors, fixation points for the motor, and
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pump. If the position of an installation space for a hydraulic component was specified
as variable in the analysis of functional surfaces, its position in the AM design shall
regard the following three aspects. Its position within the hydraulic logic, the assembly
and accessibility with the required tools, and finally an efficient nesting of the valves,
sensors, and motor. There are several software solutions [22] available, which create
two-dimensional nesting solutions for a set of defined geometries. For a re-design, it
is important to question existing component positions, as conventional manufacturing
constraints may have lost relevance through AM.

Once these elements are positioned, the orientation of the part within the build space
of the LPBF system is to be chosen. This decision has a fundamental influence on the
design of subsequent geometries, the manufacturing quality of the part, the necessary
amount of support material, and finally, the economic efficiency of the build job. After the
technical feasibility of the selected orientation is proven by a manufacturing simulation, a
preliminary economic assessment is conducted in task seven. The outcome of this decision
sequence is often a compromise of minimum manufacturing time, best manufacturing
quality, mechanical properties, necessary support material, and manufacturing costs [17].
It shall therefore be repeated iteratively until the best compromise for the given boundary
conditions is found. Additionally, if no such compromise can be found, the decision knot
at this early stage of the development process prevents the usage of further resources on
unpromising concepts and questions the suitability of AM for the specific project [5].

As the main elements are usually standardized installation spaces and threads, the
DfAM potential lies mainly in the design of the hydraulic interconnection of the installation
spaces. The channel diameter is to be selected according to the present fluid flow of the
application [23]. Circular channels with a diameter greater than 7 mm require internal
support structure [16,18,24]. As the complex channel design makes these structures inac-
cessible, they must be avoided. Multiple studies provide restrictive design guidelines for
non-circular channel cross-sections [16,18,25]. Additionally, an appropriate wall thickness
must be selected, which resists high, cyclic pressure load over the complete lifetime as
specified in the requirements list [16,26–28]. The design complexity enables channels that
can be designed conformal to existing walls and installation spaces, sharing a single wall,
and saving thereby AM-material and manufacturing process time. Through this design
flexibility, the size of a manifold is not limited by the channel layout anymore.

As most functional surfaces require a high surface quality and geometric precision,
they must be post-processed with subtractive processes [18]. In task nine, the necessary
machining offset, registration features, and clamping positions are added to the geometry
to enable precise machining. Again, these features shall be designed according to restrictive
design guidelines presented in the literature [25,29]. Further, referencing strategies for
subtractive operations on defined registration points shall be established at this point.

All geometric elements designed in tasks five to nine serve a specific function. Even
though these elements are designed under consideration of restrictive DfAM guidelines
and the chosen orientation, the geometric complexity requires compromises in the usage of
support for certain elements. However, it is a major intention of DfAM to minimize the
usage of supports, as they require extensive manual labor for their removal [25]. Conse-
quently, most of the necessary support structures shall be replaced by design elements, for
example, thin walls, which are not removed and serve as additional stiffening elements.
Support-critical areas are identified by build-preparation software [30] and then replaced
by geometric elements in the design software iteratively.

As the final part of the embodied design phase, task eleven takes into account the
post-processing of the part. For manifold bodies, the powder removal from the complex
channels is of high importance. Therefore, the entrance and exit of every channel must
be designed with an opening in the unfinished manifold. Further, considerations on the
deburring of the machined installation spaces and the final cleaning of all channels are
taken into account. These processes must remove all chips, coolant-, oil-, or powder
residuals from the manifold in- and outside.
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The proposed sequence of eleven tasks leads to the unfinished AM geometry, which
is manufactured on the available LPBF system. Due to the definition of all boundary
conditions at the beginning of the development, the resulting design shall be suitable for
the given AM system and its limitations. To verify the decisions taken in the previous steps
without the financial and time-consuming risk of a complete, fully utilized build job, this
study proposes to manufacture a section of the complete manifold, which contains critical
features, under similar fabrication circumstances. In a second manufacturing step of the
pre-study, the efficiency of the projected machining strategy is assessed, and necessary
alterations to upstream tasks can be implemented. If the pre-study does not indicate issues
in the additive manufacturing and subtractive finishing, the complete, first build is to be
manufactured and finished according to the specifications in the manufacturing phase.

To enable comprehensive product development, it is the final task of the proposed
methodology, to assess the developed manifold by technological as well as economic
aspects. For the technological assessment, firstly, all resulting product characteristics such
as weight, size, fluid flow, or mechanical resistance are to be identified and matched with
the requirements list. Secondly, all noticeable problems identified during the build job, or
by visual inspection of the part and their cause are to be described. Finally, as the internal
shape of the manifold is of high importance for its functionality but may be inaccessible
by endoscopes due to its complex shape, industrial computer tomographic (CT) scanning
is suggested to inspect the manifold-inside without damaging the part. Furthermore, the
global shape accuracy of the part can be examined with the results of the CT scan [31].

The economic evaluation of the part is conducted in multiple stages. As there is no
single formula that can represent manufacturing costs, lifecycle costs, customer value,
and corporate value of the part, the study applies a four-stage evaluation based on the
findings of Lakomiec [32]. The first stage specifies the geometric complexity of the part,
and therefore its suitability for AM. As the previous tasks guided the designer towards a
geometry specifically designed for AM, there should be little doubt about its suitability.
The second stage calculates the manufacturing costs of the AM manifold. As most manifold
bodies require post-processing of functional surfaces, a classification of the costs for the
unfinished part by AM and the subtractive finishing should be taken into account. Further,
if part consolidation was achieved, differences in the assembly costs are to be introduced
into the calculation. The third stage of the evaluation is the most important for AM parts.
This stage regards the added value and increased product performance through advanced
design. For manifold bodies being designed for reduced weight and improved fluid flow,
this consists primarily of a reduction in lifecycle costs, which are quantifiable in many
cases. Added customer value in contrast, such as a reduced installation size of the assembly,
is only monetarily rateable if related to an existing customer project. With an increased
level of detail, aspects such as impacts on the process and supply-chain or effects on
sustainability are to be considered [33]. Thereby it is important to distinguish if the added
value can be assigned to the single product, or whether it has a strategic value for the
complete enterprise. An exemplary structure of the presented stages is depicted in Table 2.

After all aspects are summarized, strategies on further proceedings and industri-
alization are derived according to the individual project or the general strategy of the
organization. For a numeric decision finding, the individual aspects can be weighted and
summarized in a target figure [32].

The execution of the proposed development methodology leads to a manifold body
with enhanced performance characteristics that ensures economic and reliable manufactur-
ing by the available LPBF system. Based on the complete prototype manufacturing, and
a holistic economic evaluation, a profound basis for actions towards further industrial-
ization of the developed part is created. Through the iterative information flow from any
point of the process, conclusions based on the solution assessment can be introduced to
upstream tasks.

65



Appl. Sci. 2021, 11, 7335

Table 2. Four-stage evaluation scheme for AM parts derived from [32].

1. Check geometric complexity

Construction complexity
Consolidated parts

2. Calculation production costs

Costs unfinished part Comparison conventional part

Costs finishing Assessment process steps
Reduction factor to conventional process steps

3. Evaluation value add

Attributable to part
Lifecycle costs

Customer value
Supply-chain impact

Overall factors
Market and technology portfolio

Business case calculation

4. Summary consideration and weighting

3. Case Study

The proposed development methodology was applied to a safety-critical brake ap-
plication of Knorr-Bremse rail vehicle systems (KB), which is a founding member of
the innovation network “Mobility goes Additive”. Of all application fields of AM, new
customer products with advanced design require the highest effort for technological qualifi-
cation while entailing the highest customer value. Through the application of the proposed
methodology for a re-design of the manifold of an electro-hydraulic unit, a next step is
taken towards the production of end-use parts by AM.

3.1. Planning Phase (Step 1 of Development Methodology)

The manifold to be re-designed, as shown in Figure 3, is the centerpiece of the control
unit for a hydraulic braking system. The AM re-design shall be suitable to be manufactured
by the KB-internal AM infrastructure. Therefore, information and boundary conditions
as shown in Table 3 are identified. For urban rail applications, the installation size of the
assembly in the bogie of the vehicle is of high importance. Therefore, it is the central
goal to reduce the manifold size. The second priority of the study lies in the weight
reduction of the part. Even though the re-design may lead to an improved fluid flow, such
optimization potential is not further investigated in this study, due to the low volume flow
of the application.

Figure 3. Isometric view of the conventional manifold (Dimensions in mm).
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Table 3. Specifications and boundary conditions for the manifold.

Type Value Specification

Size 300 mm × 148 mm × 80 mm
Weight 8.55 kg Including 37 sealing stoppers

Pressure load 0–16 MPa
Lifetime >107 load cycles

Available AM build space 250 mm × 250 mm × 325 mm
Available AM material AlSi10Mg [34]

3.2. Conceptional Phase (Steps 2–4 of Development Methodology)

At the beginning of the conceptual phase, the functional structure of the manifold is
visualized. In addition to the primary hydraulic functionality, the manifold fulfills several
further functions like the fixation of the assembly onto the vehicle, creating a sealing surface
for the oil tank, and providing attachment points for the tank and electric cover. Once the
functional structure is described, multiple conceptual solutions are introduced as to be seen
in Figure 4. These solutions include only the main elements to create multiple concepts
in a time-efficient manner. The topology optimized (TO) concept shown in (a) places all
main elements within a TO frame structure, which may create a sufficient stiffness of the
part, while large surfaces can be made of a thin wall. The L-shape concept aims to position
all service components onto one side and takes advantage of a perpendicular orientation
of valve elements. Lastly, concept three realizes a radial sealing for the oil tank which, in
contrast to the existing flange sealing implicates improved sealing characteristics.

  
(a) (b) (c) 

Figure 4. (a) Topology optimized concept; (b) L-shape array concept; (c) Radial sealing concept.

Based on the introduced concepts, a value-benefit analysis regarding the evaluation
criteria proposed in Section 2 is conducted (cf. Table 4). Weight reduction is most probable
with concept a), whereas concept b) has the potential for short hydraulic channels. The
build job profitability is rated by comparing them with each other. An analysis compared
to the serial part was not conducted since the goal of the development study was to gain
knowledge and experience with the AM workflow. An early evaluation is feasible with
existing AM costs models, e.g., from Schneck et al. [35]. As a result, concept a) is recognized
as being the most suitable concept for the boundary conditions of the project.

3.3. Embodied Design Phase (Steps 5–11 of Development Methodology)

With a concept for the further development selected, the embodied design starts
with the positioning of the main elements. For the efficient nesting of all components,
the Software Deepnest [22] is used to propose nesting solutions for the cross-section
geometries of the motor and hydraulic components, which are to be positioned on the
manifold. Figure 5 depicts one nesting solution and the resulting assembly, designed with
PTC Creo.
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Table 4. Evaluation of the proposed concepts.

Criteria and Weighting Concept (a) Concept (b) Concept (c)

Potential for manifold size reduction 0.1 4 2 2

Potential for weight reduction 0.15 4 2 2

Potential for improved hydraulic efficiency 0.1 2 3 1

Technical feasibility/low development risk 0.3 2 1 3

Degree of innovation 0.1 4 3 1

Material efficiency 0.05 2 4 2

Profitability of the build job 0.2 3 4 3

2.90 2.40 2.30
Rating: 4—very high; 3—high; 2—medium; 1—low; 0—very low.

  
(a) (b) 

Figure 5. (a) Proposed nesting solution; (b) resulting arrangement of the assembly.

As the orientation of the main elements has strictly defined boundary conditions, the
build-space orientation is chosen with regard to these elements. For the manufacturing
with the available LPBF system, the economics, the support utilization, and the quality of
key features are assessed for three orientations as depicted in Table 5. A flat, 0◦ orientation
of the concept, as depicted in Table 4 can only manufacture one manifold per build job. A
90◦ orientation may enable the manufacturing of three manifolds but leads to excessive
usage of support structure and an unfavorable orientation of key features. Finally, a tilted
orientation can facilitate two manifolds per build job, while requiring the least amount of
support structure of the three investigated orientations. Therefore, and under consideration
of the resulting build job costs, a 49◦ orientation of the manifold within the build space
is selected. The actual orientation was chosen in regard to support structure, achievable
geometry resolution, surface quality, and build height through an in-depth analysis (among
others laser scans, experience from previous build jobs) of angles from 45 to 55◦.

Table 5. Comparison of build space orientations.

0◦ Orientation 49◦ Orientation 90◦ Orientation

 
VPart/VSupport Ratio 10.71 28.33 2.6

Build height 81.9 mm 154.17 mm 152.19 mm
Build time 22 h 28 min 49 h 19 min 87 h 55 min

Build time per part 22 h 28 min 24 h 40 min 29 h 18 min
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Following, the embodied design steps eight to eleven are executed as proposed in
Figure 2. As depicted in Figure 6a, hydraulic channels are designed based on spline curves,
with a special focus on conformal positioning onto existing features, a homogenous channel
cross-section, and large radii for flow efficiency. Through the freedom in channel design,
the integration of the hydraulic layout into the defined boundary conditions implicates
little difficulties. The unfinished geometry of installation spaces is designed as uniform,
cylindrical geometry, with a machining offset of at least 1 mm.

 
(a) (b) 

Figure 6. (a) Manifold main elements with spline curves between starting points (red marks) for
channel design; (b) pre-study part: Cut-out from the hydraulic manifold.

Even though the minimization of the support structure is an elementary part of
restrictive DfAM, the complex hydraulic layout requires compromises toward the usage
of support. Critical elements, which may require support are identified with the AM
preparations software Materialise Magics [30]. To reduce post-processing time, supportive
structures are designed to be a structural part of the manifold. Therefore, several walls of
equal thickness are designed in locations, which require support. The need for support is
determined iteratively with the preparation software until all temporary structures with
difficult accessibility are removed. All channels and installation spaces are designed as
open to facilitate a complete powder removal.

For post-processing, the unfinished manifold is media-blasted, and all functional
surfaces are machined in two clamping positions with polycrystalline diamond (PCD)
tools. As all machined surfaces are easily accessible, no advanced deburring process, such
as paste deburring, is performed. This is an additional improvement to the conventional
design, as the internal intersections of the gun-drilled holes require deburring actions.
Finally, the part is washed and rinsed thoroughly, to remove all machining chips as well as
powder- and coolant-residues from the out- and inside.

Before the time- and cost-intensive manufacturing of the fully utilized build job is ini-
tiated, a pre-study is conducted by manufacturing a representative section of the designed
manifold. The chosen section, as to be seen in Figure 6b, contains three installation spaces
on three different sides, as well as multiple, constricted channels. The part is manufactured
on an SLM Solutions 125 HL system, utilizing the equal AlSi10Mg aluminum as for the
complete part. All post-processing is conducted analogously to the complete manifold.

3.4. Results and Solution Assessment
3.4.1. Technical Assessment (Step 13 of Development Methodology)

Based on the successful fabrication of the pre-study in the first and of the complete
two-manifold build job in the second step, the following findings are recognized. The
designed elements replacing temporary support structures work in combination with
the 49◦ orientation of the part. No defects due to critically overhanging features can
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be identified through visual inspection and CT scan. Only seven support structures
are to be removed manually. The required sealing groove cannot be manufactured by
the LPBF system and is to be machined. No issues regarding warping and insufficient
connection onto the build plate are detected. Under consideration of the AM-material
volume, the previously assumed manufacturing reliability is approved by a first-time right
manufacturing of a two-manifold build job as to be seen in Figure 7a.

  
(a) (b) 

Figure 7. (a) The unfinished 2-manifold build job with tensile- and density-test-specimen; (b) finished manifold.

Through its thin-wall design, the manifold offers additional oil-reservoir volume on
its inside. Though not further specified in this study, improved fluid flow characteristics
are expected, as no sharp, 90◦ corners are introduced to the flow path. The finished part
meets the equal dimensional requirements as the conventionally manufactured design.
Table 6 offers further details on the part.

Table 6. Comparison of product characteristics.

Characteristic AM Design Conventional Design

Manifold size 245 mm × 148 mm × 55 mm 300 mm × 148 mm × 80 mm
Weight 2.06 kg 8.55 kg

Sealing stopper 0 37
Additional oil reservoir 930.7 cm3 -

Material volume 771.54 cm3 3166.67 cm3

Necessary support structure in
[%] of total build job material 0.39% -

3.4.2. Economic Assessment (Step 13 of Development Methodology)

The economic evaluation is conducted based on four stages. Firstly, as the part
is specifically designed for fabrication by LPBF, its suitability for the process is clearly
given. Further, the design consolidates 37 sealing stoppers. Secondly, the AM costs are
significantly higher in comparison to the conventional manifold body. Therefore, a mere
substitution with the AM part is not economic. The AM design is to be classified as an
additional product for the acquisition of projects with special requirements (e.g., size or
lightweight). Quotes of an external supplier show that external AM production costs are
more than five times higher than current serial costs. However, increasing industrialization
and adoption of AM are expected to decrease the AM production costs in the near future.
Thirdly, the added value and its impact on the lifecycle of the part and the complete
organization are assessed. The design-based reduction in the size of the assembly may
serve customer projects with highly limited space requirements. Further, the lightweight
design reduces the part’s energy consumption during operation in an often-accelerated
rail vehicle and therefore decreases its operational costs and CO2 emissions. Finally, the
experience gained in the design, manufacturing, and industrialization of AM products
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is universally applicable through the company and a valuable contribution to the AM
strategy of Knorr-Bremse. On this basis, the roadmap depicted in Table 7 is presented.

Table 7. Roadmap for economic evaluation.

1. Check geometric complexity

Construction complexity Only to be manufactured through AM
Consolidated parts 37 sealing stoppers

2. Calculation production costs

Costs unfinished part Significantly Higher

Costs finishing Reduced finishing costs
Total manufacturing costs significantly higher

3. Evaluation value add

Attributable to part
76 % weight reduction, reduced operational costs

55 mm reduced installation space
Unique selling proposition

Overall factors
Universal gain of AM experience

Contribution to Knorr-Bremse Eco design

As the market does not demand a direct substitution of the existing manifold, the
added value for customers and the company may be prioritized over the higher manu-
facturing costs when considering further steps to a serial application of an AM manifold.
Overall, the design and manufacturing project is perceived as a success by Knorr-Bremse
even if economic break-even is not reached yet. The gain in experience in design, soft-
ware, printing, and post-processing is seen as highly valuable and can be transferred to
other parts. With decreasing AM costs in the future, the economic assessment is expected
to change.

4. Discussion

The universal applicability of the proposed study is a central requirement of the
development methodology. However, in the present study, the methodology was only
applied to one use case. To fully confirm its universal validity, it must be applied to
applications of various industries. The achieved reduction in weight and size of the given
application as well as the clear, economic foundation for future decisions indicate a positive
efficiency of the proposed development methodology. Through the step-by-step process,
many design-enabled potentials are realized, while the application of restrictive DfAM
guidelines leads to reliable manufacturability. The resulting part embodies an optimum
utilization of the given LPBF system in terms of manufacturing quality and economic
efficiency. Its added value for the customer and the manufacturer is considered in decisions
about further steps. As the presented case study is closed with the successful fabrication of
the first prototype part, the desired iterative information flow is only utilized partly. During
the execution of the embodied design phase, small iterations based on experience gain
during the development and pre-study were possible. However, most of the information
derived from the technical and economic assessment can only be utilized for a second,
future version of the manifold.

5. Summary and Outlook

In this study, a holistic development methodology for hydraulic manifolds and fluid
components manufactured by LPBF is proposed. The methodology aims to lead system-
atically to a manifold design, which embodies improved product characteristics through
advanced design while ensuring reliable and economic manufacturability by a given LPBF
system. After a general introduction of the development methodology, the process is
applied to re-design a hydraulic manifold of the rail industry. After the specification of
the re-design task, an extensive conceptual phase explores opportunistic design potentials.
A numeric assessment of possible concepts leads to a specific concept for the embodied
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design. In this phase, the individual elements of the manifold are designed step-by-step
under consideration of restrictive DfAM guidelines and tools. Through this, the weight of
the manifold is reduced by 76% and its width by 18%. Furthermore, the manifold inside
provides additional oil-reservoir volume, with which, either a greater variety of actuators
can be served, or the assembly size can be reduced.

The acquired roadmap, which assesses multiple economic aspects, provides a simple,
yet holistic foundation for strategic decisions concerning the further industrialization of
the developed part.

Based on the findings of the solution assessment, areas of improvement can be derived.
Further research and development regarding data management, software-supported chan-
nel design, as well as fatigue resistance of the designed geometries needs to be conducted.
Additionally, the improved flow characteristics through short channels without 90◦ corners
have to be quantified in a suitable test bench.
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Featured Application: This paper presents a redesign approach integrating design for additive

manufacturing and topology optimisation, which supports the designer in product and process

modification. Thanks to the integration of a systematic concept selection-based approach

for product optimisation, the method provides an objective assessment of the developed

configurations from a functional and production point of view. As a main goal, the method

leads to cost and material reduction, without affecting product functionality. All these tools are

implemented into a commercial computer aided technologies (CAx) platform, leading to a higher

level of integration.

Abstract: The development of additive manufacturing allows the transformation of technological
processes and the redesign of products. Among the most used methods to support additive
manufacturing, the design can be optimised through the integration of topology optimisation
techniques, allowing for creating complex shapes. However, there are critical issues (i.e., definition of
product and process parameters, selection of redesign variants, optimised designs interpretation,
file exchange and data management, etc.) in identifying the most appropriate process and set-ups,
as well as in selecting the best variant on a functional and morphological level. Therefore, to fully
exploit the technological potentials and overcome the drawbacks, this paper proposes a systematic
redesign approach based on additive manufacturing technologies that integrate topology optimisation
and a tool for selecting design variants based on the optimisation of both product and process features.
The method leads to the objective selection of the best redesigned configuration in accordance with
the key performance indicators (KPIs) (i.e., functional and production requirements). As a case
study, the redesign of a medical assistive device is proposed, previously developed in fused filament
fabrication and now optimised for being 3D printed with selective laser melting.

Keywords: design for additive manufacturing; topology optimisation; design variants selection;
redesign; design method; selective laser melting; assistive device; design optimisation

1. Introduction

Additive manufacturing (AM) technologies enable the construction of complex parts, such as
high-performance parts or highly customised and specific parts [1,2]. Production of parts providing
features of almost every function and shape becomes feasible [3]. Since part complexity and geometrical
features have low impact on product cost and production time, construction of batches of parts different
from the other becomes feasible. Moreover, the direct link between a computer aided design (CAD)
model and a built part can be currently exploited in order to produce in a fast way both prototypes
and end-use parts [4].
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Therefore, several technologies have been replaced by AM, even if this replacement requires
dedicated redesign of product and process. In the past, other technological changes affected
the production of parts and components: as an example, in the 2000s, the metal replacement
(or metal-to-plastic replacement) started to be one of the main industrial trends [5,6], involving all the
industrial fields, and it is still an ongoing trend. Similarly, but most recently, we can state that the same
role is played by the AM technologies. These trends share the main common goal of making parts
lighter and more efficient to be manufactured. Moreover, AM can further benefit from its integration
with topology optimisation (TO), leading to complex morphologies and free form models, with an
increase in product customisation.

Many industrial sectors have been positively influenced by AM, e.g., aerospace and automotive,
as well as the medical field, which can mainly benefit from parts produced specifically for individual
patient’s needs. Biomedical devices account for many applications [7] as well as challenges concerning
prosthetics and implants development, surgical and diagnostic aids and even tissue and organ
engineering [8,9], occupational therapy and rehabilitation [10,11]. A further example is the development
of customised assistive devices (ADs), with positive integration of AM and co-design approaches [12].
All these changes open new frontiers as well as new drawbacks. With particular regards to a redesign
process based on AM, the following main issues may occur [13]:

• Selection of redesign variants: The outputs of the TO consist of a great number of variants,
which need to be managed and selected.

• Optimised designs interpretation: A wide number of topologically optimised design alternatives
usually occur due to the redesign loops during the workflow iterations, requiring the designer to
evaluate and interpret them into CAD models.

• Definition of product and process parameters: The designer is used to evaluate and optimise
one parameter at a time or a single parameter category, considering separately functional and
production requirements.

• File exchange and data management during the workflow iterations: The entire workflow,
from the first model to final job creation, involves different software tools that need different file
formats (as inputs), requiring multiple conversions of file formats due to iterations during the
design and the industrialisation tasks. An STL file is used as interchange file between different
software: as a support for CAD modelling parts starting from the results of TO, for finite elements
analysis (FEA) simulation, for industrialisation tasks in the AM preparation software, for AM
process simulation.

These practises, common in the industry, highlight the need for approaches, methods and tools
to support the product optimisation and, at the same time, the process optimisation, by identifying
the best-developed solution. Therefore, to exploit the benefits offered by the AM implementation,
the concurrent development of technology and its specific knowledge is urged. Thus, design for additive
manufacturing (DfAM) of proper methods, systematic tools, objective guidelines and approaches,
as well as their implementation and application, is fundamental [14–16].

In this work, we share our experience with the development of a product redesign approach when
replacing/changing the manufacturing technology and, then, its guiding design principles. As a case
study, we focus on the development of an assistive device (AD), originally co-designed with patients,
which failed some functional goals due to the original material and production process.

The paper is organised as follows: Firstly, the systematic method for the redesign of product is
introduced in Section 2; Section 3 reports the case study and the tools involved; in Section 4, the results
of the redesign method implementation are discussed; finally, the conclusions are summarised in
Section 5.
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2. Method

A product optimisation approach can be considered as a key phase of a general DfAM
workflow [17], as synthesised in Figure 1. The workflow represents an iterative process based
on product and process optimisation subjected to design and industrialisation constraints, aiming to
exploit the potentials of the AM technology.

Figure 1. General design for additive manufacturing workflow.

The workflow consists of four main phases: The product planning phase leads to the complete
definition of the product data, considering design targets and constraints, and including testing results
and users’ suggestions. Concerning the design phase, the product optimisation and validation tasks
aim to achieve the established targets. In the industrialisation phase, process study and 3D printing
preparation are mandatory, while additional optimisation can be performed. The production phase
covers 3D printing and post-processing operations necessary to provide the user with the optimised
product version.

Moreover, product optimisation can be obtained by implementing TO techniques [14,18] and is
generally achieved through a series of redesigns. Both these operations are included among the most
time-consuming activities and represent a complex research area due to automation needs [19,20].
Therefore, this phase can benefit from a systematic approach to better exploit the potentials offered by
AM, while clarifying the decisional steps and speeding up the workflow. Figure 2 proposes a workflow
that provides a design optimisation through a systematic concept selection-based approach [21].
The aim is to perform a design solution exploration by using TO and subsequently defining results
selection criteria. Results represent conceptual solutions generated from TO. Finally, by integrating the
decisional process into a structured system called trade-off study, just one final redesign can occur in
order to perform product optimisation.

Figure 2. Systematic concept selection-based approach for product optimisation.

To perform the concept selection step, data collected from analyses and simulation are processed
into spreadsheets to create key performance indicators (KPIs) matrices. The evaluated elements can be
related not only to the product features but also to the associated processes. By assigning scores and
weights to KPIs and depending on the design specifications, the systematic concept selection-based
approach can be performed and integrated into the general DfAM workflow. Furthermore, the approach
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can be extended from DfAM to product redesign and design optimisation, therefore considering in
general different product variants, manufacturing technologies or further studies.

3. Case Study—Can Opener Assistive Device

In this section, we present the integration of the proposed method into a co-design approach for
the development of assistive devices (ADs) and the selected case study is described and analysed,
defining design objectives and constraints and detailing the optimisation approach.

3.1. Method Integration

The method adopted to exploit AM potentials for development of customised ADs is based on
a systematic approach [12]. Product customisation is made possible thanks to the patient’s involvement
through a co-design approach. The workflow is composed by sundry different tasks to be performed in
sequence. These include mapping of the patient’s needs, co-design phase, parametric modelling of the
AD, validation process, finalisation of models and documentation (Figure 3). Two iterative redesign
loops can occur to optimise the AD design. The former is based on results of the patient’s preliminary
validation of the first prototype. The latter can be performed after the 6-month follow-up and
long-term use verification. Redesign loops provide implementation of design modifications required
on morphological and/or functional features. A possible execution can be based on direct patient’s
inclusion for AD improvement [22], especially if functional targets are achieved, whereas ergonomic or
aesthetic ones are not satisfied. Otherwise, at each of these stages, a redesign for AM that provides
product optimisation (including process/material replacement) can be required to achieve the expected
functional targets. For example, after prototyping and testing, some critical issues and suggestions of
improvements can emerge and, at this point, product optimisation can occur.

Figure 3. Workflow for the co-design of assistive devices, involving patients (P), occupational therapists
(OT) and design engineers (DE). The dashed-line box highlights the iterative phases in which topology
optimisation (TO), trade-off study and redesign may occur.

78



Appl. Sci. 2020, 10, 7841

3.2. Original Part Analysis: Possible Issues

The original can opener may be functionally decomposed into two parts. The first interfacing
with the can and its tab, and the second with the patient’s hand (i.e., the handle) [12]. The first part is
aimed at opening the can tab, with a lifter able to be inserted under the tab and lift it, and a geometry
acting as a lever fulcrum. The second part of the can opener acts as a handle for the patient, and it can
be resized in its section sizes and length in accordance with the patient’s anatomy.

The parts had been made by fused filament fabrication (FFF) of poly-lactic acid (PLA), with the
aim of containing production costs. This material is generally used for rapid prototyping applications
due to its manufacturability (easiness of 3D printing), aesthetical quality, and low cost. Mechanical
properties are quite good in terms of allowable stress, but 3D-printed PLA has poor impact resistance
and elongation at break, and worse heat resistance. Nevertheless, the physical test of the AD and
mostly its daily use over time brought some cases to part failure. The main issue regards the front
hook detachment from the item head, but also the low wear resistance of PLA (FFF) affected the
product durability.

To overcome these limitations, the device is required to be improved in its design working on
structural strength. An FEA simulation of the can opener shows that the part failure is related to a high
stress concentration on the front hook. In particular, Figure 4 shows that a force of 50 N (about 5 kg)
applied at the handle causes a stress on the region that is over the threshold of the tensile strength
(about 59 MPa) of the material.

Figure 4. Structural analysis performed on the original assistive device (AD).

3.3. Design Objectives and Constraints

Firstly, to define Product Data for design optimisation, objectives and constraints are analysed:

1. The part general shape should be kept to preserve the AD functionality. In particular, the can
opener had been functionally optimised in lifter and fulcrum size and shape, so these elements
should not be modified.

2. To improve structural behaviour, a material change is required at least for the stressed elements,
which have to be made of metal. Mean values of mechanical properties of some of the strongest
materials processed by FFF have been analysed and compared to a stainless steel obtained by
powder bed fusion (PBF), as shown in Table 1. Special filaments like Sabic Ultem® PEI [23]
or PEEK [24] can reach optimal strength, with the issue of very high costs.

3. Since the AD has to be provided free of charge, costs have to be minimised. Minimum metal
material usage is fundamental, according to eventual technological constraints to reduce
production cost. Moreover, the material saving leads to lower costs for required energy and
machine time.

4. To create the redesign of a part to be produced by AM, aiming at improving part strength while
reducing its mass, freeform TO has been chosen as the key step for product optimisation.

5. The redesign is based on splitting the AD in two parts, which are the already the optimised
handle, made of PLA, and a structural head featuring a beam insert, made of 316L Stainless Steel
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(316L SS) (Figure 5). The parts have to be additively manufactured, respectively, by FFF and PBF
technologies, and then they can be coupled and glued.

Table 1. Material comparison for additive manufacturing process: fused filament fabrication (FFF) and
powder bed fusion (PBF).

Material PLA (FFF) PC (FFF) Special (FFF) 316L (PBF)

Density (kg/m3) 1.24 1.2 1.32 7.91
Young’s modulus (GPa) 2.15 2.25 3.5 180

Ultimate tensile strength (MPa) 59 68 100 530
Specific Cost (EUR/kg) 25 50 500 150

Figure 5. Layout of the product to be optimised.

3.4. Optimisation Approach and Tools

A general DfAM approach based on TO can be implemented using an integrated platform
to perform design optimisation, since it could provide benefits speeding up the DfAM workflow
due to data management and exchange minimisation [13]. The platform allows integration of TO,
product simulation, printing preparation and process simulation tools into the CAD environment [17].
Moreover, it provides a specific feature to generate data that can be manipulated in order to perform
the aforementioned trade-off study step. We selected the Dassault Systèmes 3DExperience platform.

Once objectives and constraints have been defined, a concept development phase based on
optimisation computing, structural validation and process-related remarks is required. Subsequently,
the trade-off study based on results of TO can be used to select the final concept model. Finally,
detail modelling is required to obtain the optimised component and then physical prototyping can start.

4. Results

4.1. Model Setup

To simulate part behaviour during the can opening, the structural modelling consists of a load
positioned at the centre of the handle with vertical direction (load condition), a hinge allowing rotation
on the fulcrum and a fixed displacement restraint in the vertical direction on the top of the lifter
(restraints), as shown in Figure 6.

The Design Space for computation originates from the original can opener model: it should be as
large as possible to avoid over-constraining the optimisation. Moreover, three functional elements are
introduced as Non-Design Space volumes: the beam insert introduced to couple with the plastic handle
and, according to the functional design constraints, the optimised lifter and fulcrum size and shape.
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Figure 6. Structural model for shape computation and simulation.

4.2. Topology Optimisation

A computational algorithm is set up to maximise part stiffness for a fixed target mass. Firstly,
sunder iterations between optimisation and structural validation lead to the establishment of target
mass value, as depicted in Figure 7 (top). First computations are based on a rough mesh in order to
reduce computational cost whereas subsequent models are refined by creating a finer mesh in order to
obtain more accurate results.

Figure 7. (Top): Topology optimisation refinement of the concept (a) and (bottom): a comparison of the
enlarged (a), the top-limited (b), the bottom-limited (c) and the fully limited (d) design spaces.

TO is run on four design spaces, ranging between the design space shape constrained by the
original part profile and an enlarged design space in order to study the ideal shape from a structural
point of view. Figure 7 (bottom) shows firstly the enlarged design space (a), which corresponds to
a volume that includes the original can opener model but is limited on three sides by the functional
elements, which cannot be modified. Then, the top-limited design space (b) considers only the volume
below the upper face of the original model while, conversely, the bottom-limited one (c) cannot exceed
the can opener’s lower profile. Finally, the fully limited design space (d) cannot exceed the original part
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profile. The design space should bring to the result the best structural performance. It is fundamental
to preserve the lower profile (i.e., the fulcrum), since it is given by the part envelope during the can
opening. Conversely, for the upper shape, further constraints are not necessary, and, in this way,
optimisation can be less constrained, so both results from design space (c) and (d) are feasible. TO setup
is based on a target mass around 25 g, and a process-related constraint of minimum thickness for
computed elements of 2.5 mm.

4.3. Concept Simulation

The results from TO have to be validated from a structural point of view. The use of an integrated
platform allows one to obtain a finite element simulation directly on the optimisation output. A tool
for automatic generation of a solid model starting from the computed shape is used for this purpose.
Since a manual modelling for geometry interpretation is not required before having a structural
validation, the exploration process of possible solutions is sped up. Figure 8 depicts results from
the finite element analyses of concept models, respectively, from the enlarged (a), the top-limited (b),
the bottom-limited (c) and the fully limited (d) design spaces. Maximum permissible stress is 260 MPa,
calculated with a safety factor = 2 from the 316L SS tensile strength.

Figure 8. Concepts generated from TO results starting from the enlarged (a), the top-limited (b),
the bottom-limited (c) and the fully limited (d) design spaces.

Concept models are validated since the stress of each one is below the maximum permissible.
As expected, the unconstrained model (a) shows the best performance, while the fully limited one
(d) shows the worst stiffness. Figure 9 depicts part deformations and shows that concept (a) has
a maximum displacement less than half of concept (d). Figure 9 depicts in particular a high level of
strain energy on its upper surface—a sign that the shape constraint in that region badly affects the
part behaviour.

Figure 9. Deformation of concepts (a) and (d) and elastic strain energy of concept (d).

4.4. Concept Industrialisation

An industrialisation study on concept shapes is necessary to evaluate the amount of supports
required to produce the parts, since their introduction leads to higher material usage (as well as energy
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and machine time) and increases AD costs. To do that, as shown in Figure 10, printing preparation
of models has been performed, including proper part orientation and generation of wire type
perforated supports. The model’s orientation is selected for both component’s strength maximisation
(considering material anisotropy) and support material minimisation (considering process costs).

Figure 10. Industrialisation study of concepts (a–d).

The volume of each part, including its supports, has been calculated to quantitatively evaluate
variation in usage of material, energy and machine time, under the hypothesis of the linear link between
build time and material to be processed.

4.5. Trade-Off Study

Concept models have to be evaluated on the basis of part mass, its structural features, but also
on a technological point of view. Many actual design efforts aim at combining both structural and
economical aspects [25]. In this way, a first analysis includes the design performance (structural aspect)
and a second one, the industrialisation (economical aspect). Figure 11 summarises the performed
trade-off study based on both the product and process elements, considering the four concepts (a in its
third refinement version (V3), b, c, and d).

Figure 11. Key performance indicators (KPIs) matrix involved in the trade-off study step: the four
concepts (a–d) are compared in the columns.

The first analysis is based on KPIs such as mass, part compliance and elastic strain energy
minimisations; in addition, a structural score has been calculated. The result, as expected, is that
concept (a) shows the best topology and the best performance: while not the lightest in mass, it has
the best stress state, stiffness and the lowest strain energy. Subsequently, the volume of each part,
including its supports, has been considered to quantitatively evaluate changes in material, energy and
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machine time usage. Then, the calculated score has been added to the first to obtain a total score for
concept selection, taking into account even production costs. Results from the first analysis change,
for example concept (a), which showed the best structural score, is the one with the maximum material
usage. In particular, concept (c), despite having quite lower features with regard to stiffness, stress state
and strain energy, shows lower mass (just higher than concept (d)) and strongly requires less support
material, so the estimated build time is reduced by 14%. Considering both analyses, the best total score
is assigned to (c) and thus it has been selected for the final design.

4.6. Final Design

Once the final concept selection is performed, redesign operations are required. Usually,
the application of the general DfAM workflow using specific stand-alone tools requires many redesigns.
Conversely, through a CAD platform it can be possible to carry out the whole design solutions
exploration without making geometry interpretations and thus limiting the redesign step to the
selected concept solution. This can lead to high effectiveness of the method and reduction in product
development time. Figure 12 depicts the final design for the topology optimised structural head and
the model of the AD with the handle assembled.

Figure 12. Final models of structural head and assistive device.

4.7. Production and Testing

Concerning the production phase, the process setup of the structural metal head to be built by
PBF defined in the industrialisation study is achieved. Conversely, the plastic handle is built by a rapid
prototyping standard FFF process. As previously mentioned, the head is made of 316L SS while the
handle is made of PLA. Subsequently, the post-processing phase is performed on both components
and they are glued. Figure 13 shows the printed and assembled optimised product.

Figure 13. Three-dimensional printed optimised assistive device.

Finally, a physical test for final validation of the optimised product is required. Subsistence of
part functionality is verified, and structural strength and wear resistance specifications are respected.
Figure 14 shows the AD usage operations.
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Figure 14. Optimised assistive device testing.

5. Conclusions

This paper presents a systematic workflow for the redesign of a part or component and its
additive manufacturing production, after being topologically optimised. Starting from a traditional
manufacturing technology, the workflow leads to technology change and material replacement.

Today, AM is used in all the fields requiring single-batch production and maximum customisation,
thanks to its inner production potentials. Moreover, the use of TO leads to lightweight structures,
even if it generates more than one design variants with similar performance, so design selection criteria
are urged, such as the one presented here.

The main pros of the workflow are:

• It can be integrated into other existing methods for product and process optimisation.
• It explores all the solutions developable thanks to AM but, at the same time, it offers their

structured evaluation process.
• KPIs can be integrated allowing one to respond to specific design needs.
• The method requires dedicated tools and is favoured by an integrated platform because it addresses

the entire workflow, but it can also be implemented with different and stand-alone tools.
• The use of an integrated platform leads to shortened times, reduced validation/optimisation times

because it is managed systematically.
• The method is independent from the geometry to be redesigned, so it can fit with different fields of

applications; in this paper, it is applied to the redesign of a medical AD but can easily be extended
to other sectors.

Regarding the specific case study, the results show:

• Increased performance and achievement of the functional goals.
• On the one hand, the new technology replaces the previous process but, on the other hand,

it integrates with it by splitting the component into two parts (the method acts only on the most
critical one).

• The redesign preserves and indeed improves the primary functionality of the AD (structural aspect)
and responds to further needs, e.g., durability over time.

As a main con, the construction costs are high and not convenient for large-scale production,
even if the workflow allows for cost minimisation thanks to TO and the cost itself is partly compensated
by the part durability, since the original part requires frequent replacements.
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Abstract: Topology Optimisation is a broad concept deemed to encapsulate different processes
for computationally determining structural materials optimal layouts. Among such techniques,
Discrete Optimisation has a consistent record in Civil and Structural Engineering. In contrast,
the Optimisation of Continua recently emerged as a critical asset for fostering the employment of
Additive Manufacturing, as one can observe in several other industrial fields. With the purpose of
filling the need for a systematic review both on the Topology Optimisation recent applications in
structural steel design and on its emerging advances that can be brought from other industrial fields,
this article critically analyses scientific publications from the year 2015 to 2020. Over six hundred
documents, including Research, Review and Conference articles, added to Research Projects and
Patents, attained from different sources were found significant after eligibility verifications and
therefore, herein depicted. The discussion focused on Topology Optimisation recent approaches,
methods, and fields of application and deepened the analysis of structural steel design and design
for Additive Manufacturing. Significant findings can be found in summarising the state-of-the-art in
profuse tables, identifying the recent developments and research trends, as well as discussing the
path for disseminating Topology Optimisation in steel construction.

Keywords: topology optimisation; topology; steel design; steel structures; optimisation; design
methods; design for additive manufacturing; connections; civil engineering

1. Introduction

1.1. The Origins of Topology Optimisation

Notwithstanding historical perspectives, as discussed in [1,2], which root Structural
Optimisation and Topology Optimisation (TO) at the very beginning of the classical theory
of elasticity, it is usually well accepted that TO had its de facto surgency under the name
of Optimal Layout Theory and denoted the ability to optimise not only the structural
elements shape and size but also its layout. That dates back to successful attempts made by
Prager [3,4] and Rozvany [5–8] from the early 1970s to late 1980s, to generalise the 1904s
Michell theory for weight optimisation of thin bars (Figure 1a) [9,10], which is based on the
Maxwell theorem for frames [11].

Almost simultaneously, Pedersen pioneered the optimal layout design for trusses [12].
In addition, Olhoff [13] managed to optimise Kirchoff equations solutions for finding
the plates optimal thickness, leading to ribbed solutions of good value for the aerospace
industry. Further developments were endeavoured by Rozvany and Olhoff, among oth-
ers [14–16].

After these early developments and proven accomplishments in aerospace structures
design, TO experienced rapid growth at the beginning of the 1990s as it became easily distin-
guishable from Shape or Size Optimisation concepts. The latter already well-disseminated
the design practice required near-optimal initial topologies and would yield no better than
intuitive final layouts, unlike TO [17,18].
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Such revolutionary abilities justify the TO massification in several engineering dis-
ciplines throughout the product design and manufacture. The automotive industry soon
followed the aerospace and applications widened to medical devices and personalised
medicine, defence, electronics, several kinds of consumer goods and mechanical engineer-
ing endeavours, new materials design, and even arts and architecture. Civil and structural
engineering may be latecomers after an auspicious start with truss optimisation investi-
gations [12,19], but also show an accelerating trend in the TO application. Currently, the
fourth industrial revolution and its reliance on Additive Manufacturing (AM) processes,
on the opposition to standard subtractive processes, face significant challenges, as more
advanced, scalable, and user-friendly design methods are required to unleash its incredible
potential. TO is undoubtedly an adequate answer for such an enterprise. Its systematic use
may overcome the knowledge barriers still moving many practitioners away from AM, as
better described by Pradel et al. [20].

1.2. Topology Optimisation Modern Age

Formerly described developments were only made possible by the advances on
the homogenisation method, by Bendsøe and Kikuchi in 1988 [21,22] and Suzuki and
Kikuchi [23]. In simple terms, the homogenisation method is deemed to solve a material
distribution problem, as previously formulated by Kohn and Strang [24–27], considering
either only two states: The presence or the absence of the structural material. A more
profound explanation and interesting example can be found in Bendsøe and Rozvany
books [28,29].

The homogenisation method, along with Svanberg’s Method of Moving Asymptotes
(MMA) [30], became the basis of most of the following applications, developments, and
TO commercial software. However, in 1993, Xie and Steven [31] proposed the so-called
Evolutionary Structural Optimisation (ESO) procedure as a possibility for simplifying TO
computations by mimicking natural evolutionary processes in Finite Element Analyses
(FEA). This led to significant criticism from many other researchers after some shortcomings
were identified [32–35].

As the discussion proceeded on the ESO method, justifications were debated, and
enhancements have been proposed [36–40]. However, the results of evolutionary methods
continue to drive some intense discussions in Academia [41].

Fundamental studies on methods and approaches continued with the work by Duys-
inx and Bendsøe [42] on the continua TO under stress constraints, as well as in related
numerical issues [32,43]. After these fundamental works, TO had a significant growth as
a discipline, and the distinction between its two significant sub-fields, the Discrete Opti-
misation and the Optimisation of Continua became less evident. While the first of those
two concepts is deemed to optimise a finite number of known elements and is preferred
in several practical applications [44], the second unrestrictedly optimises topology within
a solid.

Meanwhile, applications-focused research flourished, with optimisation early works
being published in materials design [45], compliant mechanisms [46,47], electronics [48],
connections positioning and design [49], buckling phenomena and truss design [50,51] [52],
and alternative approaches for the ribbed plate problem [53].

The new millennium brought significant progress in TO algorithms but also in mod-
elling and freely or cheaply accessible software, such as Sigmund’s MATLAB code [54,55]
or the Karamba plug-in for the Grasshopper environment [56].

Discrete Optimisation had some essential developments, both with algorithms devel-
opment [57] and practical applications [58,59]. The former depicts an interesting option for
Discrete Optimisation in the automotive industry and a good “how-to” example. However,
significant numerical problems can arise when node positioning is also considered an
optimisable parameter [60].

Within the Optimisation of Continua, many valuable works could be highlighted.
Yet, one cannot omit important developments in filters [61,62], projection methods [63,64],
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computational methods [65–67], as well as in the controversy evolutionary approach for
continua [68]. Furthermore, practical methods, such as Coelho et al.’s useful model with
global and local levels of intervention [69], as well as applications in form-finding [70],
stiffened plates [71], and TO under load position uncertainty [72], proved the suitability of
TO methods for industrial execution. In fact, all the former offer solutions and examples
for managing essential aspects of the TO application to structural steel design.

Concomitantly, automotive research centres developed several in-house tools and
approaches to introduce TO in industrial Computer-Aided Engineering (CAE). Some
examples can be found by Nishigaki et al. [73], Shin et al. [74], Fredricson et al. [44], Aeri
and Morrish [75], and Yao et al. [76].

For the TO applications to leverage AM, several notorious works were published
from 2010 on. Brackett et al. [77] is an excellent starting point, as it addresses the TO
mature approaches, including Solid Isotropic Microstructure (or Material) with Penalisation
(SIMP) and Evolutionary Structural Optimisation (ESO), suitable for practical applications.
However, much has evolved in the next 10 years, including the consolidation of other
approaches, algorithms, and workflows. Therefore, Leary et al. [78] and Nguyen and
Vignat [79] worked on design methods offering a good understanding of the theme.

Likewise, insights on AM technologies, as provided in [80,81] are much recommended
for fully understanding the role of TO in the fourth industrial revolution.

1.3. Topology Optimisation in Civil and Structural Engineering

Within civil and structural engineering, significant TO applications can be found in
several sub-fields. While Discrete Optimisation of truss-like structures is, probably, the
most straightforward application—and, indeed, has some early and interesting applications
such as the Structural Topology and Shape Annealing (STSA) approach to transmission
towers by Shea and Smith [82], the Mixed-Integer Non-Linear Programming (MINLP) ap-
proach to industrial steel buildings structural cost optimisation complying with Eurocode
3 (EC3) by Kranvanja and Zula [83], the method for trusses optimisation by Torii et al. [84]
or the employment of genetic algorithms by He and Wang [85]—there are some works on
the TO of structural systems under seismic loads. Such could be regarded as a surprise,
since the seismic design is undoubtedly more complex and demanding compared with
static loading common cases but may be explained by the resourcefulness of TO address-
ing complex issues which, otherwise, would hardly be efficiently solved with analytical
means. Among the aforementioned works, one can highlight the steel frames optimisation
by Memari and Madhkhan [86], more recent studies of space structures under seismic
loads with evolutionary approaches [87,88], a comparison of different soft computing
algorithms by Liu and Li, taking infrastructures lifelines as the study object [89], as well as
Sarkisian et al.’s well-known mastery for innovative solutions, materialised in the use of
TO for meeting significant seismic, aesthetical, budgetary, and regulatory demands for a
specific building [90].

The conceptual design of tall buildings gathered practitioners and researchers atten-
tion (as depicted in Figure 1b), leading to a more practical design process optimisation [91]
or algorithms focused research [92]. Nevertheless, the systematic employment of TO for
the conceptual design of tall buildings is particularly evident in the Skidmore, Owings, and
Merill experience. As reported by Baker with other SOM engineers and academics [93–97],
such solutions were developed for impactful projects and competitions (Figure 1c).

Steel sections and the connections design are two other sub-fields where TO has had an
impact. Regarding the former, the Tsavdaridis group (Figure 2a) and Lagaros et al. research
on steel beams with web openings [98], Yao et al.’s creative employment of evolutionary
algorithms for pre-tensioned cable structures design [99], and Leng’s book chapter on
cold-formed steel members [100] must be referred. Regarding the latter, it is important to
stress out the contributions by Oinonen et al. [101] and Elsabbagh [102] on the bolted steel
connections geometric optimisation and stiffeners optimisation, respectively.
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The bridge design, on the other hand, has had lesser attention from the TO point
of view. Nevertheless, Zhang et al.’s work on bridge design accounting for construc-
tion constraints with ESO algorithms [103] and Xie et al.’s Bi-Directional Evolutionary
Structural Optimisation (BESO) algorithms application to the bridge conceptual design
(Figure 2b) [104] must be mentioned.

 
  

(a) (b) (c) 

Figure 1. (a) Original Michell’s minimum frame [9], (b) structural design by Zalewski and Zabłocki [105], and (c) CITIC
financial centre in Shenzhen by SOM [105].

  
(a) (b) 

Figure 2. (a) From cellular to topology optimised beam [106] (reproduced under the Creative Commons Attribution
4.0 International License, http://creativecommons.org/licenses/by/4.0/ accessed on 25 February 2021) and (b) bridge
topology optimisation from problem statement to optimal solution [104].

Beyond steel design but still within structural engineering, concrete TO has had
some landmarks, including Lee et al.’s work on frame nodes [107], Briseghella et al.’s
fresh look into the classical concrete shell supported bridge design [108], Gaynor et al.’s
approach to TO for enhancing strut-and-tie models [109], and the use of TO by Chaves
and Cunha [110] in the Carbon Fibre Reinforced Polymers (CFRP) reinforcement design
for concrete slabs. Other civil engineering sub-fields for TO include the building’s thermal
behaviour design [111].

1.4. Seminal Works and Systematic Reviews

Most of the former developments are well documented, explained, and exemplified
in extensive and, mostly, user-friendly books. That is the case of Haftka and Gurdal’s
Elements of Structural Optimisation [112] with several editions, the profusely cited Bendsøe
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and Sigmund’s “Topology Optimisation-Theory, Methods, and Applications” [113] and,
more recently, with Arora, Rozvany, and Lewinski books [114,115] and Lewinski et al.’s
book [105]. More specific works addressing computational methods [116] or buckling [117]
in TO have also recently been made available.

Eschenauer and Olhoff [1] presented an extensive systematic review, encompassing
the TO evolution from early structural optimisation to the fundamentals of TO, formulated
in Michell structures [9], until the last century’s late developments. There, microstructure
and macrostructure approaches have been described within a product design context,
paving the way for the concepts and approaches developed in the new millennium. The
latter include numerical methods such as SIMP, enclosed into the density approaches,
and ESO, whose retrospective analysis can be found in another useful Review Article by
Rozvany [35]. Moreover, such article is equally crucial for understanding the controversy
around ESO (and BESO, its bi-directional development), with several authors referring to it
as Sequential Element Rejections and Admissions (SERA) for not employing evolutionary
processes nor yielding necessarily an optimal solution.

Before that, Hassani and Hinton [118,119] had summarised the basic concepts and
criteria for the emerging TO.

Yet, the history of TO Review Articles is mostly made of sectorial perspectives. Among
the first, one can find Fredricson’s [120] revision to TO in the automotive industry, focusing
on the applications rather than on approaches or methods. Contrariwise, methods-driven
reviews have been more frequent, and include assessments about ESO discrete approach
developments [121] on Level-Set Methods (LSM or LS) [18]. Broader critical investigations
of the former, added to the remaining density approaches, such as Rational Approximation
of Material Properties (RAMP), Topological Derivatives (or the Bubble-Method), and
Phase-Field Approach, as well as Lagrangian approaches [122,123] are also available.

Optimisation methods in AM have been a theme for a profusion of Review Articles
along the last decade. While some assess manufacturing technologies and how optimisa-
tion methods can be accounted for in the process [124–128], others analysed the suitability
of TO approaches for given AM endeavours, such as construction in Buchanan and Gard-
ner [129], aerospace structures in Plocher and Panesar [130] or the automotive industry in
Sehmi et al. [131]. Moreover, optimisation approaches impact the AM customised health-
care, environmental impact, supply chain efficiency, life-cycle analysis, hazards and energy
consumption, which is part of Huang et al.’s review [132].

The same decade also brought landmark review articles on particular topics, in-
cluding TO applications in vibration problems [133], fluid problems [134], and materials
design [135]. However, recent reviews on TO-assisted structural engineering are the most
meaningful for this article’s scope. Those include Kingman et al.’s [136] review on TO
employment for perforated steel beams design and tall buildings conceptualisation, a
review on buckling by Ferrari and Sigmund [137], Elhegazy’s [138] perspective on how
TO is a critical part of Value Engineering (VE) and how it benefits the design and life of
multi-story buildings, as well as a review by Li and Tsavdaridis on topology optimised
and additively manufactured joints for steel structures [139].

Recent reviews on the use of metaheuristic algorithms in civil engineering, by Yang et al. [140]
and Bekdaş et al. [141], do not neglect the genetic algorithms of TOs for bridges, roofs,
frames, and trusses design.

1.5. Potential for Topology Optimisation and Additive Manufacturing in Construction

The asymmetry in size between the TO related literature in civil and structural engi-
neering and many other fields made clear by the former brief historical overview, suggests
that TO applications in construction are far from meeting its potential. Such a fact can only
come as a surprise, given the sector size, with a yearly output of USD 10,800,000,000,000
as of 2017 [142], a tradition in analytical structural optimisation and an urgent need for
weight reduction along with stiffness and resistance enhancement, as tools for leveraging
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the continuous race towards higher buildings, greater spans in bridges and roofs, more
economic efficiency, and more ambitious sustainability goals.

Steel construction, deploying 450,000,000 to 815,000,000 tonnes [2,143,144] of struc-
tural steel per year worldwide pre-COVID-19 era, and with a market size over USD
100,000,000,000 in 2019 [145], is involved in a global effort to meet decarbonisation and
energy efficiency goals, including the Paris Agreement pledge, European Green Deal ob-
jectives, and further commitments, such as the UN-backed carbon neutrality by 2050, to
which most EU countries abide [146,147]. The path for achieving this is narrow and relies
mostly upon employing less steel in constructions, while manufacturing a higher-end
product, to more stringent sustainability demands. As a result, AM and, therefore, TO will
be indispensable.

Apart from some slight oscillations due to technical details, it is commonly accepted
that steelmaking consumes over 560 kg of Coal Equivalent [148] and produces an average
of 1.85 carbon dioxide tonnes per tonne of structural steel [147]. Thus, reported weight
reductions of 18% to 75% in steel connections [139,149–151], by employing TO, are expected
to have a critical impact in steel construction goals.

Within steel design, connections detailing is one activity where the potential to op-
timise Topology is more significant. Connections usually account between 12% and 25%
of most of the steel structure’s total weight and its conceptual design has a tremendous
impact on its weight and efficiency, making it especially prone to TO.

1.6. Metrics for Research Output in Topology Optimisation

Performing a data analysis with the Scopus search tool (www.scopus.com) on 28
November 2020, it has been possible to observe that Topology Optimisation has been
referred in scientific literature since the early 1980s, but not until the new millennium
has the related scientific output been consistently increasing (Figure 3a). This fact can be
related to the well-known recent computing power increase and massification, on which
TO has a strong dependence. Furthermore, the ascendant trend has increased over the
last 5 years, up to almost 1200 documents per year in 2020, during which more scientific
and engineering disciplines have reportedly started employing TO more systematically.
An interesting etymological approach lies in noticing an early word choice for Topological
Optimisation over Topology Optimisation which, however, was not able to be employed in
more than 10% of the analysed documents, over the recent years (Figure 4).

  
(a) (b) 

Figure 3. Scopus search data analysis for (a) Topology Optimisation and (b) Topology Optimisation AND Civil Engineering, in
Title, Keywords or Abstract in Research, Review, and Conference articles, on 28 November 2020.
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Figure 4. Scopus search data analysis for Topological Optimisation in Title, Keywords or Abstract in
Research, Review, and Conference articles, on 28 November 2020.

A different perspective is attained analysing the coexistence of TO and Civil Engineering
(Figure 3b), Structures (Figure 5a), and Steel and Connections or Joints (Figure 5b) in articles
title, keywords or abstract. Among these three, TO and Structures is the most common,
even if under 2.5% of the total TO articles, and with a steady increasing trend. However,
many Mechanical and Industrial Engineering documents use the keyword Structures.
Furthermore, TO and Civil Engineering have been practically not coincident until 2010 and,
from there, yield a rather inconstant volume of documents not exceeding 10 per year. A
similar conclusion can be drawn for the use of TO and Steel Connections (or Joints), except
for the fact that its modern employment seems to have started in 2005 and that it has not
peaked above six documents per year. This suggests that the current TO massification as
an advanced engineering design method has not yet been brought to Civil and Structural
Engineering comprehensively.

  
(a) (b) 

Figure 5. Scopus search data analysis for (a) Topology Optimisation AND Structures and (b) Topology Optimisation AND
Steel AND Connections OR Joints, in Title, Keywords or Abstract in Research, Review, and Conference articles, on 28
November 2020.

Figure 6a as well as Figure 7a,b offer a brief insight on the field leading players. As a
result, we observe Sigmund, Nishiwaki, and Xie leading the list of most prolific authors.
At the same time, the Dalian University of Technology, Danmarks Tekniske Universitet
(DTU) and State Key Laboratory of Structural Analysis for Industrial Equipment are the
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most productive research centres. The National Natural Science Foundation of China is the
primary funding agent for the research on this topic. It is well ahead of the US National
Science Foundation and not matched by the remaining entities.

  

(a) (b) 

Figure 6. Scopus search data analysis for Topology Optimisation in Title, Keywords or Abstract in Research, Review,
and Conference articles without date or discipline constraints, on 28 November 2020, organised by (a) author and (b)
document type.

As depicted in Figure 6b, Research Articles account for almost two-thirds of the
analysed documents, with Conference Articles making one-third and leaving Conference
Reviews and Journal Review Articles with 2.3% and 1.0% of the literature volume, respec-
tively. This suggests a need for systematic reviews on the topic so that the literature is
consolidated as a whole and sectorial reviews help each research discipline adapt and
incorporate recent advances in TO, which is being developed in other disciplines.

  
(a) (b) 

Figure 7. Scopus search data analysis for Topology Optimisation in Title, Keywords or Abstract in Research, Review, and
Conference articles without date or discipline constraints, on 28 November 2020, organised by (a) research institution and
(b) funding entity.

1.7. Scope of This Document

This work has been developed to systematise recent advances in the Topology Opti-
misation for structural steel design. It is focused on the 2015–2020 period, apart from this
Introductory Section. It is organised with a dual approach, deemed to depict the relatively
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modest TO applications in the field in recent years, as well as to systematise significant
developments in adjoining fields, which may be inspirational for structural steel design.
As a result, it is not expected to collide with any recent Systematic Reviews on TO in other
disciplines, while filling the void for a Revision focused on TO recent developments for
structural steel design. Therefore, it is aimed to provide a valuable resource and encourage
engineers and researchers to embrace TO in a more systematic and sustained manner for
structural steel design.

The document structure includes a Methods Section after this Introduction, which
will be followed by six sections depicting the literature investigation results, organised in
TO fields, approaches, methods, criteria and software, TO in structural steel design, recent
advances in other fields with potential for application in structural steel design, TO for
AM, and future trends. Afterwards, the most important observations are discussed, and a
brief on the attained conclusions is provided.

2. Methods

The literature research on Topology Optimisation was conducted between late Novem-
ber and early December 2020, encompassing Identification, Screening, Sorting, Eligibility
Assessment, Information Extraction, Qualitative Synthesis, and Discussion Stages, as
better depicted and systematised in Figure 8. While attending to this scientific field’s
case-specificity, compliance with well-established guidelines for systematic reviews, such
as in [152] was pursued. Inspiration was found in other recent Review Articles, such as
in [153–156].

Scientific literature has been searched with significant broadness. All published
and peer-review items were considered, including Journal Research Articles, Conference
Proceedings, Review Articles, Peer-reviewed Book Chapters, and Approved Master and
Doctoral Theses. On the other hand, Technical Books, which are not necessarily peer-
reviewed, were considered only for framing the research topic in the Introductory Section.
Many notable books’ unavoidability supports such a decision for defining Topology Opti-
misation, including Bendsøe and Sigmund’s “Topology Optimisation: Theory, Methods, and
Applications” [113] with 7301 citations according to Google Scholar as of 28 November 2020.

Figure 8. Search and systematic review methodology.
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For a more in-depth insight into the current research, industry developments, and
future trends, EU-funded research projects as well as European, US, and worldwide patents
were also investigated.

The temporal scope for literature search has been set for the most recent 5 years (2015–
2020), yet considering the Topology Optimisation novelty as a discipline (illustrated in
Figure 3a), previous and very significant research items were investigated and considered
for conceiving an explanatory Introduction.

An encompassing fabric of data sources was put together for this endeavour. Thus,
Journal Articles and Conference Proceedings were redundantly searched in Mendeley
Desktop, Scopus Online, Springer Online, Taylor and Francis Online, and Willey online
search engines. Moreover, most active research groups repositories were also investi-
gated, including the DTU TopOpt group, Loughborough University, and the University of
Leeds. Several universities Theses repositories were searched. However, literature findings
through reading articles was not negligible and added to the former. Patents were found in
Google Patents, Espacenet, and USPTO search engines. Research Projects were found in
the European Commission projects database, and books were searched using the ProQuest
online tool. Table 1 quantifies the search dimensions.

A group of three basic keywords and 12 keyword strings were systematically used
in all databases. The former included “Topology optimization”, “Design for Additive Manu-
facturing” and “Topological optimization”, while the latter are “Topology optimization” AND
“Additive Manufacturing”, “Topology optimization” AND “Steel Design”, “Topology optimiza-
tion” AND “Steel Detailing”, “Topology optimization” AND “Steel Structures”, “Topology
optimization” AND “Structural Engineering”, “Topology optimization” AND “Connections”,
“Topology optimization” AND “Construction”, “Topology optimization” AND “Joints”, “Topology
optimization” AND “Review”, “Topology optimization” AND “Civil Engineering”, “Topology
optimization” AND “Multiple Loading”, “Topology optimization” AND “Robustness”. These
keywords and strings have been selected to match the articles’ Title, Keywords or Abstract,
where such option is explicitly available, as it is the case of the Scopus search tool.

Table 1. Search dimensions.

Stage Included Excluded

5 Identification

5.1 Mendeley (n = 68, of which 27 were eligible)
5.1 Scopus (n = 292, of which 253 were eligible)
5.2 Springer (n = 55, of which 41 were eligible)

5.3 Taylor and Francis (n = 21, of which 15 were eligible)
5.4 Wiley (n = 24, of which 16 were eligible)

5.5 Research Groups Repositories (n = 51, of which 44 were eligible)
5.6 References found in articles (n = 181, of which 174 were eligible)
5.7 Approved Theses Repositories (n = 7, of which 4 were eligible)

5.8 Google Patents (n = 22, of which 5 were eligible)
5.9 Espacenet (n = 12, of which 11 were eligible)
5.10 USPTO (n = 19, of which 17 were eligible)

5.11 EU-funded Research Projects (n = 5, of which 5 were eligible)
5.12 ProQuest (n = 10, of which 10 were eligible)

6 Screening n = 729 n = 38
7 Sorting n = 707 n = 22

8 Eligibility n = 622 n = 85

The screening criteria for removal included duplicate items, the mismatch between title
and content, corrupted files, and the impossibility of accessing the document. Discarded
items under the Sorting stage criteria comprised documents whose content do not adhere
to any of the sub-themes previously defined as meaningful for this article scope, and better
described in Section 3 to Section 8. The eligibility assessment was focused on the document
content, excluding items without a particular relevance, without critical information, with
any perceived methodological shortcoming or possible strong bias due to funding.
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An effort has been endeavoured for performing inclusive research, avoiding the
exclusion of less proficiently written articles and language bias. However, some articles
written in Chinese and Japanese, for which machine translation was not successful, could
not be included.

3. Topology Optimisation—One Concept, Various Fields

3.1. The Mathematical Concept of Topology

Topology, described as General Topology and Algebraic Topology under the Mathe-
matics Subject Classification, studies objects’ properties which are subjected to continuous
deformations [157–159]. Hence, a topological space (or domain), commonly referred to
as a topology, maintains its properties, including dimension, compactness, and connect-
edness if undergone such deformations. Invariance within topological domains accrues
in reversibility under continuous deformations or homomorphism, making this abstract
concept crucial for the Topology Optimisation’s founding principles, as formulated by
Maxwell and Michell.

3.2. Structural Optimisation and Topological Optimisation in the Context of Structural
Steel Design

Structural Optimisation and Topological Optimisation concepts have been used with
increasingly unrestrained freedom, even in Academia. Thus, it may be helpful to mention
that the most rooted nomenclature employs Structural Optimisation as an umbrella for
Topology Optimisation, on the one hand, and Shape and Size Optimisation, on the other
hand [44,160]. In the context of Structural Steel Design, while seldomly, the use of Structural
Topology Optimisation (STO) has been reported [139], referring to TO in this specific field.

Conceptually, Shape and/or Size Optimisation is easy to define, considering its scope,
limited to variables as cross-sectional properties, member types and geometry, and rigidly
constrained by predefined configurations. In simple terms, Topology cannot be changed
and, therefore, this concept is deemed to improve an existing design, in which it very much
depends on closeness to optimal.

Topology Optimisation, also named Layout Optimisation by some pioneers, bears
the capacity for topological modification. In other words, it is unrestricted in its ability to
create voids or add material in the design domain and act upon the structure’s connectivity.
That said, it is relatively straightforward that TO contains and exceeds the Shape and Size
Optimisation and therefore, fulfils all the possible Structural Optimisation scopes.

It should be highlighted that TO is not constrained to materially homogenous volumes.
It may be employed as heterogeneous, including composite or microstructurally designed
materials, but also in grid-like “ground structures”, made of one-dimensional elements.

In practical terms, differences are significant not so much between concepts, but
mostly between applications and engineering fields. Concerning structural steel design,
the Size, Shape, and Topology Optimisation can be graded into an intervention freedom
continuous scale. The practical constraints and one-dimensional members design may limit
optimisation to size and shape, even if the possibility for adding or suppressing members
in a predefined configuration is available. The optimisation of continua, either in small
volumes as joints or macro elements, as a building or bridge geometrical envelope, find a
most suitable tool in TO.

3.3. Discrete Optimisation and Optimisation of Continua in the Context of Structural Steel Design

Topology Optimisation applications can be divided into Discrete Optimisation and
Optimisation of Continua, based on the Topology considered for the optimisation problem
(Figure 9).
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(a) (b) 

Figure 9. Example of (a) problem statement and discrete optimisation [94] and (b) problem statement
(left) and optimisation of continua (right) [94].

The optimisation of discrete structures has a history of its own. It has been present in
structural engineering from its early days, even if with a different scope, and this reason
justifies why some researchers find the roots of TO in the classical theory of elasticity.
As suggested by its name, Discrete Optimisation is directed to discrete structures. Its
objectives lie in finding the optimal number, location, shape, size, and connectivity for
structural elements and nodes coordinates. Therefore, one can understand that most early
Discrete Optimisation applications have been limited to Shape and Size Optimisation,
rather than TO, due to significant limitations on the optimisable variables’ domain. For the
very same reason, Discrete Optimisation has been used under the names of Truss Topology
Optimisation (TTO) or Topology Optimisation of Skeletal Structures (TOSS) and its early
applications to finding optimal layouts led to the name Layout Optimisation, regarded by
many as a former name for TO.

However, the Discrete Optimisation scope exceeds one-dimensional members. In fact,
since the advances by Prager and Rozvany, which used grid-like structures, TO has grown
as a merger of techniques and approaches, deemed to find optimal solutions for specific
cases. Continuum structures can be modelled as ground structures—complex systems of
one-dimensional elements—and therefore, be subjected to Discrete Optimisation.

A major issue of Discrete Optimisation can be attributed to considering nodes coordi-
nates in or out of the optimisation domain. If coordinates are not possible to optimise, solu-
tions can easily result in a plethora of thin, one-dimensional structural element. Conversely,
if the nodes positions vary, node superposition will likely occur, leading to significant
computational problems.

The Optimisation of Continua is usually applied to solids, shells, or design envelopes
(which, in fact, are solids) and is deemed to optimise the design space external boundaries
shape, as well as the internal boundaries shape. The latter refers to the newly created
boundaries between the material and void.
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4. Approaches, Methods, Criteria, and Software in Topology Optimisation

4.1. Approaches and Optimisation Methods
4.1.1. On the Nomenclature Complexity

An unexpected layer of complexity in TO lies in the terminology. Approaches, meth-
ods, methodologies, models, techniques, and algorithms, etc. are used in conflicting ways
by an expanding and very diverse research and practice community.

In this article, a choice has been made to refer to the comprehensive strategies for
solving a well-defined TO problem as “methods”. Such an option adheres to some of the
most respected leaders and book-writers in disciplines, such as Bendsøe, Rozvany, and
Sigmund, to name a few, with some occasional exceptions. In this manner, the well-known
SIMP, RAMP or ESO are considered methods, while others are grouped by similarity. That
is the case of OMP and NOM, both nested under the “Homogenisation” methods family.
Such an option is, evidently, arguable.

Other options resided in considering six approaches, in which the defining crite-
rion was the ability to group methods by its functional similarity. Thus, Density-Based,
Level-Set, Topological Derivatives, Phase-Field, Heuristic and Hybrid approaches were
accounted. As a result, other approach classifications, such as Material/Geometrical or
Lagrangian/Eulerian, could not be simultaneously considered.

The problem resulting from the possibility of employing different Optimality Criteria
(OC) for one given method and possibly using the same Optimality Criterion for different
methods could only be solved by creating a diverse group for OC.

However, other problems arise from using different names for the same method or
for different authors’ applications of the same method. For example, one can consider
the ESO method, also referred to as SERA by researchers who were not involved in its
original proposition, regarding their views on the method shortcomings. Likewise, the
Bubble Method is referred under different names, and recent developments in Level-Set
Methods and Topological Derivatives have not yielded universally accepted names for
its methods, due to several increments from many researchers and applications to many
different problems.

Contrariwise, several well-known methods have remarkable resemblances which
could be better regarded as different applications of a single method. That can be found in
the extended ESO family, in applying Genetic Algorithms (GA) and Swarm Methods, and
in the different options for solving the Hamilton-Jacobi Equation in Level-Set Methods by
only a handful of examples. An option was taken to leave all the methods that have some
expression in the surveyed literature, regardless of its similitude, and group methods that
differ only in using well-known algorithms, such as GA or Swarms.

4.1.2. Framing New Developments into the Body of Knowledge

It was never easy to organise TO in approaches, methods, or sub-fields, as one
can observe from the notorious Review Articles’ classification discrepancies, such as
in [1,35,119,122] or [131]. However, recent research adds complexity in this issue due
to so many outputs on particular, yet transversal, issues.

At the current status of accelerated progress and interrelatedness in TO methods and
algorithms, it is quite challenging to frame newly published research into categories, so
that its value and applicability for one certain problem is evident. For such an end, one
can find utility in Table 2, where general approaches and methods were organised to the
formerly depicted criteria, and the recent relevant research was inserted. If researchers
and practitioners, especially the newly arrived in this field, find it helpful to navigate
through the literature and understand the potentially useful contributions, this table will
accomplish its purpose.
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Table 2. Topology optimisation (TO) approaches, methods, and recent developments.

Approach References Non-Exhaustive List of Methods References
Recent

Developments

Density-based
(also Material
Distribution)

[35,122,161,162]

Homogenisation

Optimal Microstructure with
Penalisation (OMP) [163,164]

[165–200]

Near-optimal Microstructure
(NOM) [21,201]

Rational Approximation of Material Properties
(RAMP) [202]

Solid Isotropic Microstructure (or Material) with
Penalisation (SIMP) [22,32,35,42]

SINH (due to employing the hyperbolic sine function) [203]

Sum of the Reciprocal Variables (SRV) [204]

Reliability-Based Topology Optimisation (RBTO) [205–212] [213,214]

Level-set (LS)
methods [18,215–222]

Conventional LS for solving the Hamilton-Jacobi
Equation [164,217,223]

[170,171,224–233]
Radial-Basis Functions (RBF) for solving the

Hamilton-Jacobi Equation [234–239]

Spectral LS [240]

Non-Linear Programming [234]

Topological
Derivatives [241–243]

Bubble Method [1,244,245]
[246,247]

Topological Sensitivity [243,248,249]

Phase-field
approach [250,251]

Cahn-Hilliard Method [252–254]

[171,255,256]Allen-Cahn Method [257]

Relaxed Phase-Field Methods [250,252,258]

Heuristic (also
Non-gradient or
Evolutionary) a

[35,123,141,259–263]

Evolutionary Structural Optimisation (ESO), also
Sequential Elements Rejection and Admission (SERA) [31,35,68,264]

[165,265–287]

(Hard-kill) Bidirectional ESO (BESO) [35,121,288–294]

Additive ESO (AESO) [123,131,295]

Soft-kill BESO [121,296,297]

Swarms, including Particle Swarm Optimisation (PSO),
Fish Swarm Optimisation (FSOA), Ant Colony

Optimisation (ACO), Stochastic Diffusion Search (SDS),
Artificial Swarm Intelligence (ASI), Multi-Swarm

Optimisation, Artificial Bee Colony Algorithm (ABC)

[131,140,298,299]

Genetic Algorithms (GA), including Genetic ESO
(GESO), Lindenmayer (also map-L) Method [300–311]

Hybrid
approaches [122] Combination of several features and techniques [312,313]

a Another common name for this approach is the “Hard-kill” method. However, it does not account for its current diversity, which includes
the “Soft-kill” option.

Recent research is generally less focused on fundamental and theoretical issues and
more attentive to computational issues, application details, and case-specificity. There is
also a trend to employ and mix concepts from different methods. For these reasons, framing
recent research into approaches and methods is increasingly difficult and potentially
erroneous.

One other interesting issue concerns SIMP methods. While such a theme dominated
the research output for a long time, new publications devoted to it are relatively decreasing
(mostly compared to the escalating numbers of TO related papers). Moreover, many
research and industrial endeavours still employ SIMP, even if depicting and discussing it
ceased to be considered pivotal.
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Among the newer approaches, Level-Set Methods appear to be in accelerated devel-
opment. This can be explained by the migration of density-based, and especially SIMP,
researchers and practitioners to an approach with so many standard features.

On the other hand, Phase-Field Approaches are yet to gain momentum and Topological
Derivatives, even if with a significant history, have not much recent research output.
The latter, however, continues to provide a background for many developments and
comparisons in mainstream methods.

With the Heuristics group, it is quite interesting to observe that the last two decades
of profuse output in ESO and BESO methods seem to decrease, while Genetic Algorithms
are sharply on the rise.

The working-set approach by Verbart and Stolpe [314] has not been included in the
previous table due to its versatility, allowing an easy adaptation to several methods and
optimality criteria.

Recent developments, such as the Deformable Simplicial Complex (DSC) Method [315]
and the Virtual Scalar Field Method (VSFM), which allows considering a connectivity
constraint as a thermal effect [316], show interesting features which substantiate mentioning
it in this review. However, it is not yet the time to insert it in the Table 2 classification, as
further developments will tell whether specific categories are justified.

Analogously, other methods, such as the Moving Morphable Components (MMC)
have been proposed in the past [317,318], as alternatives to the more established aforemen-
tioned ones, but its applications beyond these authors’ works remain not very profuse.
However, promising contributes are regularly obtained by employing it, such as the Virtual
Component Skeleton (VCS) method by Wang et al. [319], for controlling topologically
optimised boundary smoothness, which deserves to be referred.

For the Discrete Optimisation of trusses, the article by Zhang et al. [320] is funda-
mental for understanding the Ground Structure Method (GSM), as well as its Voronoi and
quadrilateral methods of discretisation.

Recent conclusions on the Equivalent Static Loads Method (ESLM) [321] offered
clarity to previously reported findings and highlighted the caution needed for analysing
the potential of the methods.

For an interesting discussion on preconditioning, its impact upon computing efficiency,
and an example on Preconditioned Conjugate Gradients (PCG), the reader is referred to
the work by Kaveh et al. [322].

4.1.3. Heuristics as a Source of Controversy

The use of optimisation methods whose solution is not necessarily optimal, referred to
as Heuristics, has been in the centre of discussion on the TO theory, since the first so-called
Evolutionary methods were proposed. Without entering a discussion already well depicted
in [35,121–123], criticism is mostly due to the reported incapacity of evolutionary methods
for attaining convergent optimal solutions, to failing to achieve acceptable solutions in
some cases, and to the difficulty in generalising the method for real structures constraints.

It is quite interesting that some other researchers highlight the employment of Heuris-
tics in filters and other techniques deemed to avoid local optima, which are used well
beyond the evolutionary methods.

As expected, many of those claims have been rebutted, discussed, but also admitted
and led to many of the current developments.

As a result, the current discussion on TO methods in Academia is still centred on the
SIMP/BESO antagonism, as well as in the new developments in Level-Set, Topological
Derivatives, and Phase-Field Methods, while practical applications are mostly employing
SIMP methods.

Considering that Meta-Heuristics (high-level procedures for combining or selecting
heuristic methods for one given problem solving or adequate approximation) and Artificial
Intelligence (AI) based methods are rapidly spreading within civil and structural engineer-
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ing [323,324], due attention will be given to the Heuristics approaches in structural steel
design in this article. However, the current imbalance must be highlighted.

4.2. Optimality Criteria

Considering the impracticability in proving that an attained solution is mathematically
correct when thousands of variables are involved, the Optimality Criteria (OC) had to be
set. For such an end, several precursory intuitive criteria were used, such as the Fully
Stressed Design (FSD) and the Simultaneous Failure Mode Design (SFMD) until the so-
called rigorous criteria were adopted. The latter epithet is usually given to any criterion
complying with Kunh-Tucker optimality conditions.

Table 3 systematises the most common OC, which is applied to the prevalent Density-
Based Approach methods.

Table 3. Frequently used optimality criteria methods.

OC Methods References

Discretised, Continuum-type Optimality Criteria technique (DCOC) [119,325]
Continuum-based Optimality Criteria (COC) [119,326]

Iterative COC [119,327]

General optimisation codes

Design Optimisation Tools (DOT) [123]
Sparse Nonlinear Optimiser (SNOPT) [328]

Interior Point Optimiser (IPOPT) [329]
Convex Linearisation Method (CONLIN) [42,330,331]
Method of Moving Asymptotes (MMA) [30,332]

Globally Convergent Method of Moving Asymptotes (GCMMA) [333]

4.3. Practical Methodologies

Unsurprisingly, the literature devoted to TO is profuse in depicting theoretical ap-
proaches and methods, as well as in validating it with well-known or trivial cases, but
much scarcer in providing comprehensive and holistic methodologies (which contain prac-
tical aspects) for implementing a TO strategy into the Engineering design. This is related
not only to researchers’ tendency to publish their work and industrial practitioners and
developers not doing so, but also to the fact that TO is still in a stage of developing and
stabilising methods before a universal application by non-experts. Moreover, Topology
Optimisation is still much more complex than the regular structural analysis and design in
most engineering fields, requiring a significant time, studying and computational resources
that limit the number of large-scale projects currently being developed.

One further issue lies in TO objectives. While academic developments must seek
assurance of optimisation to the theoretical extrema, industrial applications are usually
comfortable with optimisation to a certain pre-defined threshold and value reliability,
predictability, reproducibility and, frequently, computing efficiency above all. However,
avoiding local extrema is a common goal.

Nevertheless, some examples were found in a recently published literature, which can
be referred to as interesting examples for conceiving case-specific methodologies for the
systematic application of TO in structural steel design. Table 4 summarises those findings.
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Table 4. Methodologies or strategies for practical TO implementation in engineering design.

Methodology/Strategy Reference

Method for the TO of frame structures with flexible joints [44]
Optimisation for Manufacture (OFM) methodology for introducing manufacturing time and cost into the TO problem [334]

Axiomatic Design Method for AM [335]
TO-directed manufacturing methods [221]

Using surrogate models for conceptual design [336]
TO method to mitigate AM-induced anisotropy [337]

Methodology for introducing AM time and cost into the TO problem [183]
Lumped Parameter Model (LPM) for multiphysics problems [338]

Fail-Safe Methodology [339,340]
Sectional Optimisation Method (SOM) [341]

An AM-focused TO strategy using the SIMP method (for automotive parts) [342]
Integrated design optimisation by Skidmore, Owings, and Merrill LLP (SOM) [343]

Methodology for the TO of cellular structures for AM [344]
Projection-based Ground Structure TO Method (P-GSM) as an advance in Ground Structure Methods (GSM) for

addressing the issue of complex geometries, as well as small, disconnected, buckling-prone, and
non-manufacturable elements

[194]

The TO method accounts for AM geometrical, mechanical, and machining constraints [345]

4.4. Computer Programmes

The availability of computational resources is paramount for ensuring TO applications
beyond the research community, which has the ability to produce their software. That is
undoubtedly the case of Structural Steel Design researchers and professionals, to whom
software development may not be the primer priority.

Fortunately, both the commercial software and code provided by researchers and
developers are available. However, while the former frequently comes as a “black-box”
and can even be challenging to be aware of the employed approaches and methods, the
latter may lack user-friendliness, require pre- and post-processing, lack graphical interfaces,
and not provide an adequate tool for applications more complex than trivial examples.

Considering the relevance of computer programmes for developing TO strategies,
a review of the currently available and reportedly more used commercial software and
computer programmes is summarised in Table 5.

Table 5. TO commercial software and computer programmes.

Programme Nature Runs on
Approaches/

Methods
Reference Advantages Disadvantages

Altair
HyperWorks

platform,
including

OptiStruct solver
and Inspire

interface

Commercial Independent SIMP and LS
methods [35,130,131,345–353]

User-friendliness.
Broadness of use

and industrial
testing.

Cost.
Difficulty in

controlling the
process.

Impossibility in
modifying the code.

NASA’s
NASTRAN code Freeware

Written in
Fortran, can be
adapted to the

user’s resources

Density-based
approaches

(a)

Freeware.
Explicit control
over the results

and code.
The oldest and

more tested code
for industrial
applications.

Laborious input and
output.
Lack of

user-friendliness.

MSC NASTRAN Commercial Independent
SIMP,

Density-based
approaches

[35], (a)

Uses the oldest
and more tested

code for
industrial

applications.

Cost.
Difficulty in

controlling the
process.

Impossibility in
modifying the code.
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Table 5. Cont.

Programme Nature Runs on
Approaches/

Methods
Reference Advantages Disadvantages

Simcenter 3D
(former NX
NASTRAN)

Commercial Independent Density-based
approaches [354], (a)

User-friendliness.
Uses the oldest
and more tested

code for
industrial

applications.

Cost.
Difficulty in

controlling the
process.

Impossibility in
modifying the code.

Autodesk
Inventor

NASTRAN
(former NEi
NASTRAN)

Commercial Independent SIMP (a)

Uses the oldest
and more tested

code for
industrial

applications.

Cost.
Difficulty in

controlling the
process.

Impossibility in
modifying the code.

Autodesk Within
(former Within

Enhance)
Commercial Independent

Uses both the
Within Enhance

and NEi
NASTRAN

solvers

[355], (a) User-friendliness.

Cost.
Difficulty in

controlling the
process.

Impossibility in
modifying the code.

ANSYS
Mechanical Commercial Independent SIMP [35,130,356]

User-friendliness.
Pre-defined

options.
Integration in a

very reliable FEA
package.

Cost.
Lesser propensity for
user-defined options.

Optimisation
algorithms lesser

disclosure.
Impossibility in

modifying the code.

TOSCA Structure Commercial

Dassault
Systèmes’

Abaqus; Dassault
Systèmes’

SOLIDWORK;
ANSYS; MSC

Nastran

Formerly ESO,
SIMP + MMA

in recent
editions

[35,345,349,357–360]

User-friendliness.
Integration in

very reliable FEA
packages.

Cost.
Difficulty in

controlling the
process.

GENESIS Commercial
Either

independent or
for ANSYS

SIMP, RBTO [35,130], (a)

User-friendliness.
Profusely used in

industrial
applications.

Cost.
Difficulty in

controlling the
process.

Impossibility in
modifying the code.

Intes PERMAS Commercial Independent SIMP, RAMP [130], (a)

User-friendliness.
Attentive support.
Profusely used in

industrial
applications.

Cost.
Difficulty in

controlling the
process. Impossibility

in modifying the
code.

Samtech Boss
Quattro Commercial Independent

Density-based
approaches and

Genetic
Algorithms

[130,361]

User-friendliness.
Profusely used in

industrial
applications.

Cost.
Difficulty in

controlling the
process.

Impossibility in
modifying the code.

COMSOL Commercial Independent
Density-based

approaches and
LS methods

[130,362,363]

User-friendliness.
Profusely used in

industrial
applications.

Cost.
Difficulty in

controlling the
process.

Karamba3D Commercial Rhinoceros or
Grasshopper

Genetic
Algorithms [56,364]

Cost.
User-friendliness.
Already used in

some
Architecture and

Structural
Engineering
applications.

Difficulty in
controlling the

process.
Impossibility in

modifying the code.
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Table 5. Cont.

Programme Nature Runs on
Approaches/

Methods
Reference Advantages Disadvantages

DTU TopOpt app Freeware Grasshopper SIMP (a)

Freeware.
User-friendliness.
Developed and

tested by the
scientific

community.

Impossibility in
modifying the code.

DTU TopOpt
programme Freeware Web browser SIMP [132,365]

Freeware.
User-friendliness.
Developed and

tested by the
scientific

community.

Impossibility in
modifying the code.

DTU TopOpt
Portable and
Extendable
Toolkit for
Scientific

Computing
(PETSc)

Freeware

Portable code,
which can be

implemented in
Windows, Linux,

etc.

Customisable [366]

Freeware.
Very useful when

employing
significant

computational
resources.

Developed and
tested by the

scientific
community.

Much more difficult
to intervene over the

code compared to
other DTU’s freeware

codes.
Case-specific.

DTU TopOpt
mobile app Freeware Android, iPhone SIMP [123,367]

Freeware.
User-friendliness.
Developed and

tested by the
scientific

community.

Impossibility in
modifying the code.

DTU TopOpt
Shape mobile app Freeware iPhone Hybrid [312]

Freeware.
User-friendliness.
Developed and

tested by the
scientific

community.

Impossibility in
modifying the code.

DTU Sigmund
SIMP code for

MATLAB
Freeware MATLAB SIMP [54], Appendix of

[122,359]

Freeware.
Developed and

tested by the
scientific

community.

Code modification is
needed for most real

cases.
Less user-friendliness.

More prone to user
errors. Difficult to
apply in complex

geometries.

DTU Sigmund
SIMP code for
MATLAB new

(2020) generation

Freeware MATLAB SIMP [186]

Freeware.
Developed and

tested by the
scientific

community.

Code modification is
needed for most real

cases.
Less user-friendliness.

More prone to user
errors.

DTU Andreassen
SIMP code for

MATLAB
Freeware MATLAB SIMP [55], Appendix of

[122,359]

Freeware.
Developed and

tested by the
scientific

community.

Code modification is
needed for most real

cases.
Less user-friendliness.

More prone to user
errors. Difficult to
apply in complex

geometries.

DTU Andreassen
LS code for
MATLAB

Freeware MATLAB LS methods [232], (a)

Freeware.
Developed and

tested by the
scientific

community.

Code modification is
needed for most real

cases.
Less user-friendliness.

More prone to user
errors.

107



Appl. Sci. 2021, 11, 2112

Table 5. Cont.

Programme Nature Runs on
Approaches/

Methods
Reference Advantages Disadvantages

Python
alternatives to

DTU (Sigmund,
Andreassen et al.)
MATLAB codes

Freeware Python SIMP (a)

Freeware.
Developed and

tested by the
scientific

community.

Code modification is
needed for most real

cases.
Less user-friendliness.

More prone to user
errors.

Zuo and Xie’s
BESO code for

Python
Freeware Python BESO [359,368]

Freeware.
Developed and

tested by the
scientific

community.

Code modification is
needed for most real

cases.
Less user-friendliness.

More prone to user
errors. Difficult to
apply in complex
geometries. Some

researchers still
contest the approach.

Liu and Tovar’s
SIMP code for

MATLAB
Freeware MATLAB SIMP [359,369]

Freeware.
Developed and

tested by the
scientific

community.

Code modification is
needed for most real

cases.
Less user-friendliness.

More prone to user
errors. Difficult to
apply in complex

geometries.

Huang and Xie’s
BESO code for

MATLAB
Freeware MATLAB Soft-kill BESO [121]

Freeware.
Developed and

tested by the
scientific

community.

Code modification is
needed for most real

cases.
Less user-friendliness.

More prone to user
errors.

Some researchers still
contest the approach.
Difficult to apply in
complex geometries.

Suresh’s
Pareto-optimal
tracing code for

MATLAB

Freeware MATLAB Topological
Sensitivity [370]

Freeware.
Developed and

tested by the
scientific

community.

Code modification is
needed for most real

cases.
Less user-friendliness.

More prone to user
errors. Difficult to
apply in complex

geometries.

Challis’ LS code
for MATLAB Freeware MATLAB LS Methods [371]

Freeware.
Developed and

tested by the
scientific

community.

Code modification is
needed for most real

cases.
Less user-friendliness.

More prone to user
errors. Difficult to
apply in complex

geometries.

TOBS (Topology
Optimisation of

Binary Structures)
code for

MATLAB

Freeware MATLAB
Gradient-based

method with
binary variables

[372]

Freeware.
Developed and

tested by the
scientific

community.

Code modification is
needed for most real

cases.
Less user-friendliness.

More prone to user
errors.

The approach
undergone recent

developments and it
is not yet clear if it

will gather
acceptance.
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Table 5. Cont.

Programme Nature Runs on
Approaches/

Methods
Reference Advantages Disadvantages

Wei et al.’s LS
code for Matlab Freeware MATLAB LS methods [373]

Freeware.
Developed and

tested by the
scientific

community.

Code modification is
needed for most real

cases.
Less user-friendliness.

More prone to user
errors. Difficult to
apply in complex

geometries.

Wang et al.’s
TOPLSM for

MATLAB
Freeware MATLAB LS methods [369,373]

Freeware.
Developed and

tested by the
scientific

community.

Code modification is
needed for most real

cases. Less
user-friendliness.

More prone to user
errors. Difficult to
apply in complex

geometries.

Schmidt and
Schulz’s SIMP

code for
MATLAB

Freeware MATLAB SIMP [373,374]

Freeware.
Developed and

tested by the
scientific

community.

Lengthy code, which
hinders its edition.

Code modification is
needed for most real

cases. Less
user-friendliness.

More prone to user
errors. Difficult to
apply in complex

geometries.

Polytop for
MATLAB Freeware MATLAB SIMP [373,375]

Freeware.
Developed and

tested by the
scientific

community.

Code modification is
needed for most real

cases. Less
user-friendliness.

More prone to user
errors. Difficult to
apply in complex

geometries.

Zhou et al.’s
BESO code for

MATLAB
Freeware MATLAB BESO [373,376]

Freeware.
Developed and

tested by the
scientific

community.

Code modification is
needed for most real

cases. Less
user-friendliness.

More prone to user
errors. Difficult to
apply in complex
geometries. Some

researchers still
contest the approach.

Otomori et al.’s
LS code for
MATLAB

Freeware MATLAB LS methods [373,377]

Freeware.
Developed and

tested by the
scientific

community.

Code modification is
needed for most real

cases. Less
user-friendliness.

More prone to user
errors. Difficult to
apply in complex

geometries.

Xia and
Breitkopf’s

Homogenisation
code for

MATLAB

Freeware MATLAB Homogenisation [373,378]

Freeware.
Developed and

tested by the
scientific

community.

Code modification is
needed for most real

cases. Less
user-friendliness.

More prone to user
errors. Difficult to
apply in complex

geometries.
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Table 5. Cont.

Programme Nature Runs on
Approaches/

Methods
Reference Advantages Disadvantages

Zhang et al.’s
MMC code for

MATLAB
Freeware MATLAB MMC [373,379]

Freeware.
Developed and

tested by the
scientific

community.

Code modification is
needed for most real

cases. Less
user-friendliness.

More prone to user
errors. Difficult to
apply in complex

geometries.

OpenMDAO Freeware
Independent
(Platform for

modular code)

SIMP and LS
methods [380,381]

Freeware.
Very useful for
developing and
adapting code

with modularity.

It is not a TO
programme and code

needs to be
developed.

Suitable for research
and learning, not so
much for industrial

applications.

Allaire’s LS code
for Scilab Freeware Scilab LS Methods [373]

Freeware.
Developed and

tested by the
scientific

community.

Code modification is
needed for most real

cases.
Less user-friendliness.

More prone to user
errors. Difficult to
apply in complex
geometries. Many
researchers are not

used to Scilab
environment.

FreeFem + + Freeware
Can be adapted

to the user’s
resources

LS Methods [123,382]

Freeware.
Developed and

tested by the
scientific

community.

Code modification is
needed for most

real cases.
Less user-friendliness.

More prone to
user errors.

Chisari’s TOSCA
(Tool for

Optimisation
in Structural and
Civil engineering

Analyses)

Freeware Independent Genetic
Algorithms [383] Freeware.

User-friendliness.

Difficulty in
controlling the

process.
Recent and not

profusely tested by
the community.

Lagaros’ C# code
for SAP2000 Freeware

SAP2000 open
application

programming
interface
(OAPI)

SIMP [192,359]

Freeware.
Very useful for

civil and
structural

engineering
practitioners.

Developed and
tested by the

scientific
community.

Limited
user-friendliness for

the target group.
Once implemented in

SAP2000, process
control and code
modification are

limited.

He’s script for
adaptive layout
optimisation of

trusses

Freeware Python
Discrete

Optimisation;
Heuristics

[384]

Freeware.
User-friendliness.
Allows member

adding.
Developed and

tested by the
scientific

community.

Constrained to the
optimisation of

ground structures.
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Programme Nature Runs on
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Methods
Reference Advantages Disadvantages

GRAND (Ground
structure analysis

and design)
Freeware MATLAB Discrete

Optimisation [385,386]

Freeware.
User-friendliness.
Developed and

tested by the
scientific

community.

Constrained to the
optimisation of ground

structures.
Does not allow Member

Adding.

Sokól’s truss
optimisation code
for Mathematica

Freeware Mathematica Discrete
Optimisation [387]

Freeware.
Developed and

tested by the
scientific

community.

Constrained to the
optimisation of ground

structures.
Does not allow Member

Adding.
Many researchers are not

used to Mathematica
programming.

(a) Based either on publicly available information or on personal communications with the companies’ contacts (which can be disclosed).

A remark shall be made concerning the Advantages and Disadvantages columns. Not
only does the information rely on the consulted literature and commercial software tech-
nical detailing, but it also compares very different programmes. Commercial software is
fundamentally different from free codes. Therefore, the advantages and disadvantages are
essentially focused on each programme’s nature and much less on its quality. Regarding
the latter, we remain neutral and only reported (mostly) successful applications depicted
in the published literature.

5. Topology Optimisation in Structural Design of Steel Elements and Joints

5.1. Steel Elements Design

Structural design has been pushed into Topology Optimisation for several reasons. Not
only does the technology availability in much user-friendlier tools [388] play a critical role in
facilitating the centuries-old task of optimising structural design, but also external pressures
drove structural engineers into TO. Such pressures have been found both upstream, with
an architectural demand for shapes that can only be optimised with extreme computational
resources [389,390] and downstream, with the need for design processes able to foster
Additive Manufacturing [391].

The former reasoning also explains why structural steel design has shown a particu-
lar prospect for successful TO applications [392]. The range of the applications includes
Shape and Size Optimisation for steel members, as well as Topology Optimisation for
the whole structural envelope. Furthermore, and unlike most of the other engineering
disciplines, structural steel engineering still finds a preferred tool in Discrete Optimisa-
tion, over the Optimisation of Continua, for several problems with the macro-structures
conceptual design.

Among the members design, perforated beams and shear walls are particularly prone
to TO. The former has been studied in depth by Tsavdaridis’ group at the University of
Leeds [346], and the latter had a recent development in Bagherinejad [360], using com-
mercial software. In both cases, a preliminary design with circular holes has been shown
to evolve to a lattice-like geometry, with significant material subtraction in well-known
less stressed areas. In a larger scale, floor diaphragm members have also been studied by
Fischer et al. [393], to understand the optimisation possibilities under in-plane loading.

Still, within the sectional optimisation domain, the Free Material Optimisation (FMO)
method extension [394] provided a critical tool for plates, shells, and member’s parts
design, and an impressive Academia-Industry joint effort allowed developing the Sectional
Optimisation Method (SOM), which enabled the design of optimised aluminium mem-
bers, accounting for fabrication constraints, standards regulations, and local instability
phenomena [341].
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Concerning structural systems and trusses optimisation, recent improvements include
multi-objective optimisation techniques [395], Differential Evolution Algorithms [267],
quantile regression for fostering the use of (discontinuous) I-beam cross-sections as design
variables [396], and developments with the Interior Point method for non-linear and
non-convex truss optimisation problems [397]. However, one of the most impressive
developments can be found by Larsen et al. [398], a near-optimal truss design based on
the homogenisation-based continuum TO. Practical applications of truss optimisation to
bracing the systems design have some interesting contemporary examples in [399–403].

Therefore, high-rise buildings are an ideal ground for employing truss optimisation
methods [106]. Specific issues of tall buildings have been addressed by recent TO studies,
including the development of a genetic algorithm-based method for optimising outrig-
ger systems [404], using swarm optimisers [279], considering linearised buckling in the
TO process [405], developing a method for optimising bracing systems under adaptive
multimodal load patterns [406,407], and conceiving structural systems for tall buildings
based on the Optimisation of Continua using Reissner–Mindlin (or Mindlin–Reissner) shell
elements [407].

Loading is, undeniably, a major challenge for TO in buildings structural systems,
especially when multiple actions, combinations, and modes are considered and more so
when the structure-load interaction is strong and influences the latter intensity. That is the
case of seismic loading, in which specific, and usually extensive, code prescriptions apply.
Subjected to such constraints, research in Topology Optimisation of seismically loaded
structures is still exiguous. Nevertheless, the works of Kaveh’s group on shear walls [408]
and on different ductility steel Moment Resisting Frames (MRF) [409] can be highlighted
as well as Qiao et al.’s [410] braces optimisation to the non-linear dynamic analyses of
earthquakes time-histories.

A similar complexity can be found in fixed offshore structures for oil and gas or
wind energy production. Even though such structural systems usually have a simple and
intelligible conceptual design, wave and extreme loading require rather complex engineer-
ing [411]. For those reasons, recent developments in the conceptual design optimisation
of jackets [412], including geotechnical aspects [413,414] and fatigue design [415] are very
significant. Likewise, the method by Cicconi et al. [416] for multicriteria optimisation of
modular steel towers is expected to have an impact on the industry.

Long-span structures have also been an object of study in TO, even if the research
output is scarce in quantity. Within this subject, one can mention the Topology Optimi-
sation of domes through a Colliding Bodies Optimisation (CBO) method by Kaveh [417]
and the general space-frame steel roof optimisation method with Genetic Algorithms by
Kociecki and Adeli [265]. Concerning bridge engineering, the spotlight is in the DTU TO
group steel girder optimisation for super-long suspended spans, employing computational
morphogenesis [418] (Figure 10).

Other significant advances, which may have an impact on structural steel design
optimisation, include Christensen’s work on TO under extensive and non-linear deforma-
tions [165] and Kristiansen et al.’s [419] studies on contact pressure and friction.

As steel design and detailing is deeply affected by fabrication and erection procedures,
which usually constrain engineering options in a more extensive manner compared to
construction with other common materials, a further investigation into recent research
papers devoted to considering such aspects into TO is due. For such an end, and regardless
of a deeper review on Additive Manufacturing for TO in Section 7, one shall refer to
recent reviews [420,421], and keynote [422] on employing welding robotics in the so-called
Wire and Arc Additive Manufacturing (WAAM) of topology optimised steel members and
connections. However, the most common methods of creating steel in AM use powder as a
feedstock and laser or electron beams as binding mechanisms [423]. Even if high-quality
surfaces and accurate geometries are achievable with such means [424], steel properties
are TO variables with broader uncertainty, due to its complex and repeated heating and
cooling cycles [425]. Control, inspection, and testing will have an increasingly paramount
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role in enabling steel fabrication processes reliant on Topology Optimisation [129] and
will add to the well-known hindrances of cost, aversion to change, and lack of technical
knowledge [426].

  
(a) (b) 

Figure 10. Super-long suspended spans optimisation with computational morphogenesis. (a) Case-study initial (blue) and
interpreted (red) design [418] and (b) computational morphogenesis result [418]; (reproduced under the Creative Commons
Attribution 4.0 International License, http://creativecommons.org/licenses/by/4.0/ accessed on 25 February 2021).

5.2. Joints Detailing

In the current state-of-the-art steel connections (or joints, since both names are inter-
changeably used in structural engineering), TO is built of many mechanical engineering
originated research endeavours and some developments made in the context of structural
engineering research projects. Within the latter domain, innovative connections have been
prototyped, breaking barriers of conventional manufacture constraints and delivering out-
standing weight reduction [139]. Moreover, joints compactness, as regularly achieved by
such designs, is critical for structural steel detailing, which is usually heavily constrained
by space limitations.

Some recent examples of topologically optimised and additively manufactured joints
can be found in Figure 11. Herein, new concepts and interesting solutions for space
structures can be found [422], yet the significant predominance of applications for lattice,
reticulated, and generally tensegrity structures is evident. Such shortcoming is mostly
due to the limited quantity of load combinations which can reasonably be considered for
the optimisation process. Should multi-axial bending and shear add to the tension and
compression stresses, the TO procedure would escalate several levels of complexity and
yield less intuitive results, in which validation would become a critical issue [427]. In fact,
experimental testing of these joint details under a multitude of load cases is an inevitable
step towards the broader employment of TO in steel joints detailing [139,427].

A further step towards the application of TO in joints design can be envisaged in
Wang et al.’s comprehensive method for optimizing and fabricating joints in three-like
structures [428]. As such, the nature-inspired structural concept is particularly prone to
TO, in which a solution for optimising and manufacturing its joints is paramount. Other
interesting developments in the TO of joints among tubular elements can be found in the
work by Kanyilmaz and Berto [429,430]. Concerning the optimisation of spherical nodes
in space frames, the work by Hassani et al. [364] is particularly relevant for providing
a holistic guideline, including fabrication concerns, practical issues with Grasshopper
modelling, as well as results post-processing and interpretation. Likewise, the work by
Alberdi et al. [431] on the connections topology optimisation in Moment Resisting Frames
(MRF) is deemed to assist structural designers in the task of managing the recursive task of
designing frames and its joints.
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Nevertheless, several and significant factors still hinder joints TO. Some of the most
apparent problems lie in the materials properties uncertainty and fabrication cost. With a
strong relation to AM techniques [139], those can only be solved by sensible technology
developments, financial investments in the industrial capacity, and workforce know-how,
as well as a stronger standards framework.

Problems with the optimisation process have an outstanding issue in the incapacity of
some algorithms for accounting non-linearity [422]. This is critical in several connection
types, including the bolted ones, where plasticity plays a major role. However, significant
advances have been made in the modelling of bolted connections, holes, bolt-hole contact,
and friction in the context of TO [432–435].

Furthermore, a very significant research published in the context of mechanical engi-
neering systems is general enough to have a profound impact also on steel joints detailing.
That is undoubtedly the case of the technique for creating idealized bolts with the topologi-
cal derivative approach proposed by Rakotondrainibe et al. [247] in a Renault associated
research. Other examples can be found in the synthesis method for mechanisms proposed
by Kang et al. [436] with a possible application to the pinned and sliding joints in structures.

 

(a) (b) (c)  

  
(d) (e) 

Figure 11. Examples of topologically optimised and additively manufactured metallic connections for civil engineer-
ing structures. Left to right and top to down: (a) Non-TO and TO joint specimens by ARUP [355]; (b) several joints
designed in the University of Leeds [139]; (c) wire and arc additive manufacturing (WAAM) printed bolted joint in the
Technical University of Darmstadt [422] (reproduced under the Creative Commons Attribution-NonCommercial-NoDerivs
License); (d) WAAM printed node in the Technical University of Darmstadt [422] (reproduced under the Creative Com-
mons Attribution-NonCommercial-NoDerivs License); (e) joint specimens topologically optimized with the bi-directional
evolutionary structural optimisation (BESO) method for axial loads and bending in the RMIT University [427].

5.3. Buckling and Local Instability Phenomena

Member buckling phenomena has been addressed in Discrete Optimisation for a
long time. However, within the Optimisation of Continua, multiple global and local, real
and fictional, buckling modes hampered progress after precursory works undertaken
in Instituto Superior Técnico [437]. Some notorious problems have been found in the
appearance of buckling associated with low-density regions, high local stresses, which
add to the repetition of modes, convergence problems, and the need for an extensive
computational capacity for dealing with so many modes [137,388,438].

Recent advances already allow accounting for buckling in TO endeavours in a com-
putationally feasible manner [438–442], mitigating some of the aforementioned problems.
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Though, those methods rely on linearized buckling, which is generally regarded as an
inadequate simplification for many engineering problems [137,443,444] and therefore, face
significant opposition from many researchers. Adding to such a discussion, a recent re-
search paper using non-linear pre-buckling analyses in the context of microstructural
design [445] found that under certain loading conditions, linear and non-linear buckling
analyses yield similar results. Considering the knowledge gathered by structural engineers
in linear and non-linear buckling over time, it is expected that such a conclusion may be
proven valid for several other cases.

On the other hand, advances have been made in the last few years on the non-linear
buckling of topologically optimized continua [446,447]. Such remarkable achievements
employ non-incremental analyses and recursive design.

Despite the mentioned problems, under which buckling phenomena can only be
regarded as a mostly unsolved problem in the TO of continua, some practical applications
found simpler or more sophisticated strategies for modelling instabilities in optimisation
methods. That is the case of Tsavdaridis’ work on local instability in optimised aluminium
cross-sections [341].

Regarding Discrete Optimisation, methods for considering buckling also evolved.
Among a recent contribution, one can highlight the work by Weldeyesus and Tugilimana
on trusses [397,448], Xu et al. suggested a practical approach for TO in tensegrity struc-
tures [449,450], as well as the research by Zhao et al. [451] on methods for mitigating
member instability in reticulated structures.

5.4. Structural Design Codes Compliance

Bridging research and practice in structural engineering faces some hindrances be-
yond the simple transfer of knowledge. Unlike many other fields, where product design
is strongly bounded with Research and Development, since testing, compliance, and cer-
tification will follow pilot production, the design of building and bridge structures must
comply with an extensive set of rules, codes of practice, and standards beforehand. Those
documents are typically reviewed in a pluriannual basis and not necessarily include the
most recent research, since a broad and heterogeneous community of practitioners is not
expected to radically change the design methods frequently.

As a result, many calculation approaches based on non-constant members or em-
ploying advanced sectional analyses, even if practical and validated, may take long until
explicitly defined in structural standards [452]. This is certainly the case for widely adopt-
ing TO in civil and structural engineering and, also, a reason underlying the scarce number
of recent publications in TO to specific standards prescriptions.

Within the recent literature pertaining to optimisation programmes, exceptions to the
former can be found in Tsavdaridis’ optimisation of aluminium cross-sections [341], as well
as in works of the Discrete Optimisation of trussed structures, including truss design to
Eurocode 3 (EN1993-1-1 or, simply, EC3) with Differential Evolution Algorithms [267] and
bracing systems optimisation with GA to the AISC-LRFD American standard [402,453].

5.5. Multiple Loading and Robustness

Significant obstacles still limit the broader employment of TO in structural design.
One of the most important is the susceptibility of optimisation results to loading patterns.
Albeit, recent advances onto robust solutions, which show endurance to loading scenarios
multiplicity [454] and extreme degrees of TO in structural design usually result in members
that efficiently withstand a finite number of loading patterns used in the design, but may
be inefficient for other loading patterns, even resulting in less intuitive and less visually
appealing topologies. In fact, real structural design optimisation problems are deemed to
fulfil the requirements of multiple objective functions [455–458].

Under these circumstances, the TO use for structural engineering is impaired by three
reasons: First, loading patterns can be very profuse, up to hundreds or thousands in
complex structures. This is not necessarily a research problem, but a practical one since
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common computational methods are still not suited for delivering TO results for many
loading patterns in a reasonable time.

The second problem is related to the absence of accidental and unconventional loading
patterns in regular structural design. Without it, the redundancy of structural members may
become negligible and an unexpected collapse under non-conventional loading may occur.

The last, and possibly most severe, set of problems is related to the current methods
for TO under multiple alternating loads. Notwithstanding some recent advances, current
methods still face the inconvenience of non-unique solutions [459] and local extrema, as
well as the difficult to account for loads with very different scales of intensity [458].

Multiple-loading and multi-objective optimisations have been handled with a plethora
of methods. Both deterministic or physically accurate, and uncertainty-based methods,
including notorious fuzzy approaches, have been used [458]. Arguably, the Kreisselmeier–
Steinhauser function (KS) stood out in the past decades, mostly in aeronautical engineering
studies.

Among recent advances, one can highlight the efforts to account for uncertainties in the
loading intensity and position with the method by Wang and Gao [460], and the compliance-
function-shape-oriented approach by Csébfalvi [461] and precursory work [462], the gener-
alized material interpolation scheme by Chan et al. [463], as well as the RBTO approach by
Nishino and Kato [464].

Previously, Li et al. proposed one more option for multi-objective TO, employing the
Normalized Exponential Weighted Criterion (NEWC) and the Fuzzy Multiple-Attribute
Group Decision-Making (FMAGDM) theory [458]. Likewise, Yi and Sui introduced the use
of the Transplanting Independent Continuous and Mapping Ideas into Materials with the
Penalisation (TIMP) method for the TO of plate structures under multiple loading [465]. Its
interesting feature lies in adding one more penalty function to a SIMP-like method.

One very different advance can be found in the approach by Tang et al. [466] to
the wind loading complexity through integrating Computational Fluid Dynamics (CFD)
models into a BESO method for TO.

Much of this research is related to contemporary multiple loading. The problem of
non-simultaneous multiple loading implies significant computational efforts to extend the
analysis scope, integrate TO results, and deal with very significant practical issues.

Works on dealing with alternating loads can be found early in the TO literature,
including the 1970s Prager work [467], but hardly can be considered solutions for the
complexity of the currently analysed problem. Recent works with alternating loads include
Alkalla et al.’s Revolutionary Superposition Layout (RSL) method [468], as well as Lógó and
Pintér contributions, [459,467]. Furthermore, Tsavdaridis et al. managed to use a method
to examine and overly stress paths and compose comprehensive layouts, optimized for
several sets of loads [341], [469].

As the way ahead is likely to be facilitated by the admirable rate of global computa-
tional power increase, only a few TO research centres [169] already possess the means for
dealing with multiple and alternating loads and load combinations in more-than-trivial
problems.

However, structural engineering has deployed solutions for dealing with uncertain
loading and enhancing reliability. One solution lies in the current “Capacity Design”
philosophy, favoured in Structural Eurocodes for seismic actions [470,471]. Employing it
in TO could provide a minimum threshold for providing the versatility to the structural
design of elements.

6. Recent Advances in Related Fields with Applicability in Structural Steel Design

Owing to the broadness of Topology and Topology Optimisation concepts, applica-
tions are primarily cross-disciplinary within scientific, engineering, and even graphical
fields. Thus, neighbouring fields have been thoroughly investigated for recent develop-
ments with a perceived or expected potential for usefulness in structural steel design.
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Nevertheless, one shall refer to the fact that only a fraction of what lies within the TO
umbrella is of value for the theme under scrutiny. Suitability depends mostly on the driven
objectives towards optimisation. Therefore, the following synthesis is not deemed to assess
TO in other fields, but to identify advances in TO which can be adopted in TO endeavours
for structural steel design.

6.1. A Broader Look into the Construction Industry

Newly developed tools for cross-disciplinarity, namely involving architectural design
into the structural design efforts for TO [343], will have an impact on structural design.
One other interesting investigation analyses incremental loads and structural layouts in
TO [472]. Even if it is directed towards incremental concrete bridges, its methods can
be useful for dealing with steel structures staged construction and, in a broader sense,
assist in TO with multiple loading and evolutive layouts. Furthermore, advances in soil-
structure interaction for geotechnical structures optimisation [473] may have an impact on
the moving loads’ issue.

6.2. Concrete Structural Design

The recent “Digital Concrete” conference [474] contains strong proofs of concrete
design research and practice engagement in TO. While it is undeniable that the current
progress is more strongly bounded to concrete Additive Manufacturing, under the name of
3D Concrete Printing (3DCP) [475], Topology Optimisation in concrete structures already
advanced far beyond the unreinforced concrete, where AM is already flourishing, paving
the way for interesting developments in reinforcement design models.

More than 120 years after the work by Ritter [476] and Mörsch, as well as over 30 years
past Schlaich et al.’s notorious contribution [477], the Strut-and-Tie Models (STM) still
govern the concrete design with remarkable resemblances to what previous generations
of structural engineers mastered. That may well be subject to change as new develop-
ments in TO are deemed to reshape our understanding of reinforced concrete design, with
contributions by Zhou et al.’s [478], Yang et al.’s [479], Jewett and Carstensen’s [480], and
Xia et al.’s [481]. However, the promise of fundamental innovation beyond the aforesaid
applications remains restricted to only a few distinct approaches. One of those is Pas-
tore et al.’s [482] risk-factor to replace the Von Mises stress criteria for optimizing heavily
constraint structural elements.

Other applications of optimisation in structural concrete design include targeting
seismic performance objectives [483–485], the optimisation of prestressed concrete mem-
bers [486], and defining critical concrete structures general topology, from the Optimisation
of Continua, as performed by Wu and Wu for bridge pylons [487]. These works will, most
certainly, have a contribution also for steel and concrete composite structures.

6.3. Aerospace and Defence Industries

Aerospace engineering, with its utter need for weight reduction and frequently gener-
ous funding, has been a source of inspiration for TO breakthrough innovations. Over the
years, sensible contributions to critical issues in TO, such as fastener design and dynamic
analyses, now used in structural steel design, came from this field [488].

Recent advances in TO from this field include optimisation methodologies for ad-
ditively manufactured parts with enhanced accuracy to strain and displacement [489],
experimental analysis of several topologically optimised micro and macro-structural sys-
tems for ribs [490], optimisation to cumulative mechanical and thermal loads [491], and
advanced materials design for high-quality AM [492]. All these contributions can have a
deep impact on the quality of topologically optimised and additively manufactured alloys,
leveraging its rapid application also in the construction industry.
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6.4. Automotive Industry

Practical and fabrication-oriented methods are regularly deployed by the automo-
tive industry. Hence, this field has been a continuous source of inspiration for framing
TO developments in the track of meaningful advances. Novel methods include Manto-
vani et al.’s guidelines for integrating AM requirements into TO, as well as for successfully
processing and managing the TO results [493]. Similarly relevant are the studies by Van
de Ven et al. [494] and Mass and Amir [495] for mitigating the impact of overhangs for
AM as design constraints. Limiting or conveniently positioning overhangs is paramount
not only for subtracting complexity to the numerical models, but also may prevent failure
mechanisms in steel alloys, such as fatigue-related. Such developments are applicable to
the most additively manufactured parts, not only in the automotive industry.

Detailed procedures for optimising vehicles parts can be found in Topaç et al.’s [496]
reduction of 63% of a mechanical component mass in Kumar and Sharma [497], in Manto-
vani et al.’s [498] reduction of a steering column support mass in almost 50% in Li and Kim’s
approach to topologically optimise a car part with limited information, manufacturability
concerns to leverage extrusion and casting processes, as well as a post-processing method
for geometry reinterpretation, while achieving almost 40% of weight reduction [499].

6.5. New Materials, Composites, and Polymers Design

Materials design has been taking advantage of TO at a microstructural level and,
conversely, promoting its development. As Osanov and Guest [135] formulated it, the fun-
damental question in architected material design optimisation can be resumed to finding
which microstructure will deploy sensible enhancements to macrostructural properties.
The answer is complex and involves entrenched unit cell modelling, upscaling, and repeti-
tion [184,500,501]. Yet, diverse and frequently remarkable solutions can be attained, from
useful elastic properties, including auxetic (NPR) materials (those with a negative Poisson’s
ratio), as popularized in Sigmund’s work [502] and currently drawing much attention from
the scientific community [503], to extreme thermal properties, optimised fluid permeability,
and materials governed by non-linear mechanics for utmost energy absorption.

Within the aforementioned exciting framework, recently published works include
modelling methods for designing hierarchical structures employing non-uniform topo-
logically optimised lattices [504], serving as enhanced energy absorbers in sandwich
sheets [505] or facilitating manufacturing [506], even with new methods for mitigating
non-smooth surfaces, as the Bézier Skeleton Explicit Density (BSED) Representation Algo-
rithm [507]. The microstructural design for avoiding stress peaks has also been recently
addressed [508], as uncertainty-resilient design for inter-diffusion interface issues has been
brought forward [509], and advances in buckling of microstructures were published by
Bluhm et al. [510].

The fabrication of these architected materials with AM techniques is yet another
concern. Not seldomly published methods can be incomplete or vague, as Huang et al.’s
review pertinently points out, and offers mitigation by congregating some state-of-the-art
answers [511].

Even though new materials and, specifically, new material microstructures may still
be far from promoting a change in steel alloys, structural steel design can find many
important lessons in the formerly cited research. Both the tools and methods created for
microstructural optimisation can be employed in the multi-purpose TO, but also solutions
developed for a particular material microscale may have an employment in construction
macrostructures composed of smaller members. That is also the case of recently developed
methods for efficiently handling buckling in polymers optimisation [512], as well as for
multimaterial TO (MMTO) [513,514], with its specific problems, as extensive local extrema,
and techniques designed to overcome such obstacles. Furthermore, many important
advances in TO methods and approaches are being developed within the materials design
field, making it especially relevant, also for TO in civil and structural steel design.
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At a coarser scale, construction composite materials can also be enhanced under
the assistance of TO. That is the case of the types of cement with an enclosure of rubber
waste [515] or Carbon Fibre Reinforced Plastics (CFRP) [516].

6.6. Industrial Design, Mechanical Engineering, and Multiphysics Endeavours

One of the most prolific research lines in TO relates to compliant mechanisms de-
sign. These flexible structures, which are ubiquitous in most high and low technology
consumable products nowadays, have been a perfect ground for TO. Owing to its reliance
in parts flexibility rather than hinged joints, these components rigid body design had
been complex, frequently erroneous, and very dependent on prototype testing, whereas
compliant mechanisms TO bridges most of those shortcomings by efficiently addressing
the target flexibility.

Upscaling from small consumables, in electronics for example, larger components such
as grippers have been produced using the TO of compliant mechanisms [517]. Furthermore,
new methods for addressing the manufacture uncertainty and stress constraints [518] show
a new maturity level for compliant mechanisms design, which may lead to its use in more
perennial applications and structures.

The mechanical design of diverse components and structures has also faced recent
developments in TO related subjects. If, on the one hand, the TO of vibration problems
remains largely constrained to small amplitudes [133], on the other hand, techniques are be-
ing developed for introducing High-Cycle fatigue as an optimisation criterion [519], [198],
and concerns over accidental actions are being addressed within the ship design indus-
try [520].

Multiphysics problems in optimisation are usually deemed to address thermal and
mechanics conditions [521]. Recently, Cheng et al. employed the Lattice Structure Topology
Optimisation (LSTO) to design a cooling channel system [522] and Perumal et al. found a
technique to mitigate thermal accumulations by optimising lattice structures locally where
such concentrations are more prone due to the metal AM process with a powder-bed
fusion [523].

Another very interesting branch lies in the TO of fluid-based problems. Although
recent, it congregates the optimisation of flow contacting surfaces, solids transport, heat
transfer or porous media [134,363]. Shortly, the herein developed techniques may be effi-
ciently integrated into CFD analyses [524] and significantly enhance the building structures
design and optimisation to wind effects. Furthermore, the fascinating “poor man’s” ap-
proach for natural convection problems [525] can be very useful for optimisation in porous
media, including geosciences, geotechnics, and hydrogeology.

6.7. Medical Devices and Personalised Medicine

The medical devices industry has shown a remarkable appetite for creating high-value
products with newly available technologies for the very demanding health sector. Thus, it
was no surprise that AM was mastered by customised medical devices from its early days.

Currently, the capacity for three-dimensional printing solutions with high accuracy,
efficiency, and adhering to the patient needs is already well-rooted, and that provides
practical lessons for many other fields where TO is being used for enabling AM, includ-
ing structural steel design. Recent examples include Rapid Prototyping (RP) of plastic
casts made with human limbs scan data as an efficient replacement for the plaster casts
method [526], with further TO for improving resistance, rigidity, and ventilation, as well as
personalized aneurysm implants [527], which are expected to be topologically optimised
and additively manufactured with NPR materials, so that the clinical use with significant
advantages for the patients is attained.

Understandably, the medical devices industry needs to be at the forefront in develop-
ing high-quality surfaces for the additively manufactured parts. A recent contribution can
be found in Chen et al.’s [528] technique to minimize the number of fabrication supports
accounting for the main printing direction.
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7. Designing for Additive Manufacturing with Topology Optimisation

Metallic materials conventional design has been mostly based on subtractive tech-
niques for centuries. Cutting and drilling flat sheets of various thicknesses and laminated
profiles have been the rule in steel construction, in which joining by bolting and welding
became a ubiquitous counterpart. As a result, the design is limited to geometrical bounds,
stockage is profuse, waste is significant, the material is not necessarily located where it
contributes the most, and the whole process is very labour intensive. A notorious exception
can be found in casted elements, which had its broadest use in the iron construction and
now is mostly limited to steel nodes. However, the need for moulds makes this technique
only viable when many similar products must be produced. Such lack of versatility usually
limits this option to large space structures with equal nodes.

Contrarily to the former, recent techniques allow producing metallic alloys by addition.
Despite some critical technological differences, these techniques have been nested under
the informal name of 3D Printing in the context of the current fourth industrial revolu-
tion. Other terms include Additive Manufacturing [130], Additive Layer Manufacturing
(ALM) [131], to allude to the layer-by-layer nature of the process [423,425] or Solid Freedom
Fabrication (SFF) [126].

While AM has been commercially used for more than 20 years, typically for rapid
prototyping without commercialisation purposes [354], only now the industrial capacity
for widespread and reliable manufacturing of steel, titanium, and aluminium has been
achieved [423], offering a tremendous opportunity for the construction industry [129].

Making AM a reality in construction plants and yards will depend on several economic
and technical factors. Among the latter, one can highlight the ability to introduce robotics
in construction [421] as with Large-Scale Prefabrication (LSP) [426], having consistent
and usable-by-practitioners design tools [130,388,529], as well as achieving commercial
maturity, including reliability and scale in AM techniques.

Plentiful AM techniques, diverging solely from its name or commercial branding to
its nature fundamentally, hinder non-experts the understanding of the available options
for manufacturing. Even if an encompassing knowledge on the matter requires consulting
comprehensive Review Articles, such as [129,423,425,530].

Table 6, which adheres to the American Society for Testing and Materials (ASTM)
classification of AM techniques, may assist in the task. It shall also be noted that distinctions
among categories and techniques are usually made concerning its feedstocks and binding
mechanisms [423].

However, not all those categories bear AM processes currently suitable for manufac-
turing of steel alloys. Some, as depicted, do not allow using metal powder or wire, being
limited to polymers, ceramics, and other low-strength materials. Regarding the need for
post-processing, DED-PA and DED-GMA metal production require machining, DED-EB
usually needs surface grinding, DED-L may entail surface treatments, while PBF-L and
PBF-EB are less likely to be post-processed [425]. Therefore, PBF and some DED processes
are commonly designated direct-to-metal.
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Table 6. Additive manufacturing (AM) categories and techniques.

AM Categories to
ASTM’s Committee F42,
ASTM F2792-12a [531]

(Withdrawn) and
ISO/ASTM 52900:2015

[532] Definitions

AM Techniques Remarks References

Vat Photopolymerisation Stereolithography (SLA) A liquid resin is solidified by Ultraviolet (UV)
light exposure. [126,530]

Material Jetting Polyjet Polymer or wax drops are jetted through a nozzle
and cured with UV light [126,530]

Binder Jetting Indirect Inkjet Printing
A print head jets powder-based materials and

fluid binder layers. It can be used for metals, but
only high-porosity products are usually produced

[126,530]

Material Extrusion
Fuse Deposition Modelling (FDM)

In FDM, material is heated and continuously
expelled through a nozzle

[126,530,533]
Contour Crafting

Powder Bed Fusion (PBF)
Used in metals

PBF-L, also known as Laser Beam
Melting (LBM), Direct Metal Laser
Sintering (DMLS), Selective Laser

Melting (SLM), Laser Metal Fusion
(LMF), LaserCUSING, or industrial

3D printing

Divided by heat source to liquify the powder: L
for laser, EB for electron beam.

It is essential to mention that while some authors
regard DMLS and SLM similarities as sufficient
for considering the terms as synonyms, others

prefer to separate it.
SLS is used for polyamides and polymers.

Generally, PBF techniques allow producing metals
with both good accuracy and mechanical

properties

[126,129,421,423,425,530,534–537]

PBF-EB, also known as Electron Beam
Melting (EBM)

Selective Laser Sintering (SLS)

Sheet Lamination

Ultrasonic Additive Manufacturing
(UAM). Used in metals

Low temperature joining of metal sheets by
ultrasonic welding [126,129,530]

Laminated Object Manufacturing (LOM) Usually with paper and glue

Directed Energy
Deposition (DED)

Used in metals. In such a
case the term Metal

Deposition (MD) has been
employed

DED-L, also known as Laser Metal
Deposition (LMD), Laser Engineered

Net Shaping (LENS), Direct Metal
Deposition (DMD), Laser Engineered
Net Shaping (LENS), laser deposition

welding or laser cladding
Divided by heat source: L for laser, EB for electron

beam, PA for plasma arc, and GMA for gas
metal arc.

Powder or wire material sources can be used.
WAAM technique is similar to conventional

automatic welding procedures, using wire and an
electric arc, as Plasma Arc Welding (PAW), Gas
Metal Arc Welding (GMAW), and Gas Tungsten

Arc Welding (GTAW). As a result, WAAM may be
nested under the other DED techniques.

[126,129,420,421,423,425,530]DED-EB

DED-PA

DED-GMA

Wire and Arc Additive Manufacturing
(WAAM), also known as 3D welding,
Shape Metal Deposition (SMD), Shape

Welding (SW), Shape Melting (SM),
Rapid Prototyping (RP) or Solid

Freeform Fabrication (SFF)

Other aspects of paramount importance for assessing the suitability for steel manu-
facturing include the fabrication speed, properties reliability, and the alloy cooling rate.
The latter will have a profound impact not only in residual stresses but also in the steel
composition, where the control of martensite and retained austenite is crucial [423].

The former aspects are not always easy to assess, mostly since the equipment, context,
and several other industrial manufacturing details play a significant role. Nevertheless, a
choice has been made to limit the Table 6 scope to proven and industrially viable technolo-
gies, even if not all of those are applicable to the metal alloys manufacture. Thus, emerging
technologies such as Electrochemical Additive Manufacturing (ECAM) [129,538] was not
included.

On the opposite field, some AM techniques have long been proposed before the
concept of AM was defined. That is the case of WAAM, which dates back to 1925 [424] and
is now highly productive. Hence, some researchers regard WAAM as a leading option for
steels manufacture [421], provided that shortcomings with high residual stresses, material
and geometrical properties are successfully addressed (as can be seen in Figure 12). On
the other hand, PBF-L (also in Figure 12), PBF-EB, and DED-L have been mentioned as the
most relevant technologies for producing metallic alloys in the current context of AM [423].
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(a) (b) 

   
(c) (d) (e) 

Figure 12. Examples of additively manufactured metallic parts. Left to right and top to down: (a) Nozzle manufactured with
PBF-L [423]; (b) MX3D bridge manufactured with WAAM [129,420]; (c) rib manufactured with WAAM [420,539] (reproduced
under the Creative Commons Attribution 4.0 International License, http://creativecommons.org/licenses/by/4.0/ accessed
on 25 February 2021); (d) turbine part manufactured with PBF-L [530]; (e) aerospace structure component manufactured
with PBF-L [540].

The role of TO as an enabler for AM justifies the unparalleled growth of both [130].
Currently, the Design for Additive Manufacturing (DfAM), which succeeded the Design
for Manufacturing (DfM) traditional methods [541,542], employs more or less advanced
optimisation tools, spanning practical lattice-based ones, as depicted by Chen et al. [543]
and illustrated in Figure 13, to complex approaches [544,545], and is already paving its
way into structural steel connections [546,547], albeit mostly for tension-only nodes.

   
(a) (b) (c) 

Figure 13. Lattice-based design for additive manufacturing (DfAM). From left to right: (a) CAD model; FEM; lattice model;
(b) boundaries and loading definition; and (c) final optimized structure [543] (reproduced under the Creative Commons
Attribution 4.0 International License, http://creativecommons.org/licenses/by/4.0/ accessed on 25 February 2021).

As highlighted in recent Review Articles [130,424,425,530] as well as Buchanan and
Gardner 2019 [421], TO is yet to overcome important challenges to meet AM requirements.
A stronger link between the DfAM and production is needed to overcome the current
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bottleneck, including better accounting for AM metallurgical aspects, such as residual
stresses, internal defects, interlayer bonding conditions, and anisotropy [536,548]. In fact,
composite materials TO for AM is still afar from the industrial practice.

Other challenges for the current DfAM can be found in the difficulty to avoid over-
hangs and general support structures [549], which promote waste, require labour, time,
and cost to post-process and hinder surfaces’ quality. Furthermore, for the AM process
convenience, the present DfAM makes extensive employment of open-walled infills which,
amidst important contributions for material reduction, have a frequently detrimental effect
on the product stiffness [550], and especially on the torsional stiffness.

Another important and often overlooked problem lies in the difficulty in testing addi-
tively manufactured parts, especially by Non-Destructive Testing (NDT) techniques [551],
which result in a poor understanding of material properties yielded by different AM
techniques [552].

On the other hand, recent research brought innovative design techniques to assist AM.
Table 7 summarises some selected recent developments, which add to the advances in TO
depicted in the previous chapters.

Table 7. Recent research on design techniques for AM.

Development Reference

Multi-Material Topology Optimisation (MMTO) by generalising the single-material Pareto tracing method. [553]
Guidelines for integrating TO and AM to restrain support structures. [246]

A TO approach to minimising support material by optimising an allowable self-supporting angle. [554]
A TO approach to designing self-supporting structures. [555]
Guidelines for TO regarding AM process parameters. [556]

Guidelines for enabling AM newcomers to produce better quality designs. The proposed worksheet has a useful
“pass-or-fail” arrangement. [557]

A method for topologically optimised infills in additively manufactured parts. By fostering non-uniform infills, better
results have been attained. [558]

TO for AM with EBM (or PBF-EB). [559]
AM-fabricated Materials with Site-Specific Properties (MSP). This design approach allows designing materials with
heterogeneous properties, where local material enhancement is possible without requiring an increasing fabrication

time and cost for the whole element.
[560]

TO approach to minimise overhangs, assisted by its sensitivity analysis. [561]
TO approach to minimise overhangs and generating self-supporting structures. [562]

TO approach to minimise support structures and thin features. [563]
Optimisation of support structures design for AM. [564]

A multi-objective TO approach to minimise supports material consumption and removal time and cost, while
minimising parts deformation. For such an end, a repulsion index (RI) is used. [565]

A design method for additively manufacturable free-form periodic metasurfaces. [566]
A multiscale method which includes both TO macro-scale optimisation and AM layers mesoscale. [567]

A new version for the MMC method based on AM data. [568]
A TO model to account for thermal residual stresses and deformations due to the AM processes. [569]

TO approach to minimise overhangs in compliant mechanisms, using the Smallest Univalue Segment Assimilating
Nucleus algorithm. [570]

TO approach to minimise overhangs and assure a minimum length scale, both for enhanced printability. Application
to a tensegrity connection. [547]

TO for AM with SLM (or PBF-L). [571]
A Non-Probabilistic Reliability-Based Topology Optimisation (NRBTO) method to account for additively

manufactured materials’ properties uncertainty. [572]

A TO method to account for AM cost and fabrication time. [183]
A TO density-based approach with one field for design parameters and another field for support layout optimisation. [573]

A TO approach for designing and re-designing additively manufacturable parts. [574]
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Table 7. Cont.

Development Reference

A new perspective on overhang control, taking into account AM techniques specific features with a skeleton-based
structure decomposition approach. [575]

TO approach to minimise supports in enclosed voids. Employs a Nonlinear Virtual Temperature Method (N-VTM) to
find enclosed voids. [576]

A TO approach for re-designing additively manufacturable parts. Integration with a commercial computer-aided
design software is discussed, which enforces the study’s practical applicability. [577]

A TO approach for parts repair or upgrade with AM after subtractive machining. [578]
A TO approach for merging structural optimisation and WAAM deposition sequence. [579]

TO approach for taking into account the assembly design. [580]
A multi-objective minimisation TO approach which account for AM fabrication time and cost. [581]

Multiresolution Topology Optimisation (MTOP) method for high resolution AM with overhang and minimum
length control. [582]

An NRBTO method to account for additively manufactured materials’ properties local uncertainty. For such an end,
Uncertainty Regions (UR) are defined within the design domain. [583]

TO with kinetic analysis added to the common FEA. [584]
Solid Anisotropic Material with the Penalisation (SAMP) technique better integrating process parameters into TO. [585]

TO of multi-material infills with a systematic multi-phase design method. [586]
Poisson’s equation-based scalar field constraint to suppress enclosed voids in TO. [587]

The path between a topologically optimised model and a manufacturing input can
pose significant obstacles, even if the smoothing of TO model boundaries has already been
accomplished [588]. Not only several fabrication parameters must be accounted, but also
data transfer can be a complex task. The TO model must be exported to a CAD three-
dimensional format, suited to the manufacturing process and sliced into thin layers [423].
Moreover, many available approaches have not been broadly and satisfactorily tested for
manufacturability [589].

Regarding this issue, one may refer to the work by Zegard and Paulino [97], yielding
TOPslicer, a MATLAB code for transforming matrices or arrays with density values into
additively manufacturable digital outputs. Furthermore, ontologies databases may assist
designers in enhancing DfAM. Within this domain, Dinar and Rosen [590] contributed to
systematise a knowledge base, and to infer the design rules using the Web Ontology Lan-
guage (OWL)/Resource Description Framework (RDF) Protégé tool must be highlighted.

8. Future Trends

In the aftermath of the latest World Congress on Structural and Multidisciplinary Op-
timisation, held in 2019, surrogate-based optimisation and optimisation under uncertainty
were highlighted as two trending issues for the future of TO [591]. In fact, the latter has
a significant expression in recent studies by some of the leading researchers in the field,
as one can regard in Da Silva et al.’s work with the Augmented Lagrangian method for
computing loading uncertainty [214,454].

The prospective dissemination of TO in structural design, based on increasingly
user-friendly and reliable software [2], is quite an undisputed prediction. However, the
means to enforce such development are subjected to different views. As Sangree et al.
reported the experience of inserting TO in engineering education as soon as in freshman
levels at Johns Hopkins University both as a design tool and as a mean for understanding
the force flows [592], Lagaros [2] alluded to the role of the State to force practitioners
to apply new technologies. Concurrently, Gao et al. [530] pointed out to open academic
research platforms and intellectual property expiry, but also governmental investments
and expertise as catalysts for enforcing the application of emerging standards and fostering
DfAM and AM processes integration and interconnectivity, potentially opposed by larger
revenue companies.

DfAM or AM-Oriented TO (MOTO) is envisaged to undertake the systematic study of
trade-off relationships between TO and AM, unlike what has mostly happened to date [593].
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This may also include considering fabrication models which integrate more conventional
processes [530], as well as advancing in multi-material products, assisted by progress in
simulation algorithms [530]. Nevertheless, an increasingly closer relationship between TO
and AM is perceived as vital for the industry’s development [594].

On the other hand, significant hurdles are yet to overcome in TO for AM. Meng et al.
reported the need for more advanced TO methods for multifunctional products, as well as
for progress in multiscale TO [594] and Lim and Wong focused on the need for enhancing
TO performance regarding aerodynamics problems [352].

Conclusions drawn from structural steel TO suggest that a higher optimisation grade
and further proofs of safe applicability of additively manufactured connections are the
future paths for achieving economic viability, compared with labour-intensive traditional
manufacturing [355].

Focusing on the AM process, Bañón and Raspall [81] concluded that future directions
in three-dimensional printing for architectural purposes include large-scale printing, Artifi-
cial Intelligence (AI) embedment into the design process, and computerized assembly [81].
In addition, Liu et al. [595] mentioned the accounting for metal AM residual stresses and
the costly post-machining as issues yet to be solved, as Meng et al. [594] stressed out
material performance assurance and fabrication speed and resolution as future research
lines.

Future research on AM methods is deemed to comprise solutions for lightweight
cellular materials design [594] or the validation for AM purposes of several innovative TO
approaches [595].

Another perspective on future trends can be attained from analysing current funded
projects and recent patents on a subject. Searching within the EU projects database, one can
find two projects concerned with TO. An already finished project studied “Optimization
Techniques for MIMO Radar Antenna Systems” [596] and therefore, is not related to this review
scope. On the other hand, the project “Innovative Re-Design and Validation of Complex Airframe
Structural Components Formed by Additive Manufacturing for Weight and Cost Reduction” has
been funded since 2017 until the current year under the framework of “Design Guide
Lines and Simulation Methods for Additive Manufactured Titanium Components” and deployed
significant publications [127,178,597,598]. While the research has been conducted with
titanium as the primary material, the innovative approaches are applied in any engineering
field where weight reduction is a major objective.

Concerning recent Topology Optimisation patents with the world, Europe, or US cov-
erage, software developers have registered several computational methods. Those include
Livermore Software general design methods EP2251805A2 [599] and US8126684 [600], the
numerical derivates method US0160078161 [601], and enhanced global design variables
method to account for impact events US0170255724 [602]. In addition, Dassault Systèmes’
method for designing a mechanical part with TO EP3502931A1 [603], US20190197210A1 [604],
EP3647973A1 [605], and JP2020071887A [606], as well as autodesk TO for subtractive man-
ufacturing techniques US 2018/0349531 [607] and Altair’s Failsafe TO method US10354024
B2 [608].

Other recently patent-protected design methods include patents US20160140269 [609],
US8335668 [610], and WO2020215533A1 with a material-field reduction series expan-
sion [611], EP3285189A1 for flexible hinges [612], EP3292657A1 and US0180139130 for the
multi-layer network TO [613,614], US0170161405 employing reduced length boundaries
methods [615], US0200134918 for cellular structures [616], and US010613496 for Additive
Manufacturing [617].

Unlike what has been depicted for published research, patents show a significantly
growing impetus for practical methods, especially in automotive, composite materials
manufacturing, and aerospace industries. In fact, while the 2010 to 2015 period has some
of the most significant TO industrial patents in Caterpillar’s US0100274537 stress-based
TO method [618] and US0140156229 fatigue-based TO method [619], the last 5 years
brought several and significant advances, such as Toyota’s methods for TO with a member-
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ship variable WO2019152596A1 [620] and US0090326138 with shape transformation [621].
In addition, the GM US0100035974 system for a plurality of materials [622], several
additive manufacturing methods, including microstructure-based US0200180228 [623],
Freespace Composites’ US0150239178 [624] and US9789652 [625] manufacturing systems,
Thales Alenia Space Italia EP3545443A1 adaptive TO for layer AM [626] and Siemens’
WO2015106021A1 and US009789651 method for additively manufactured lattice struc-
tures [627,628], WO2019178199A1 multi-physics applications [629], WO2020160099A1
machine learning-based TO [630], as well as WO2020159812A1 TO method for additively
manufactured thermoelastic structures [631].

9. Discussion and Research Perspectives

In opposition to the previous section, where future trends have been collected from
distinguished experts’ opinions and research articles, the current section aims to analyse
the whole revision work and, from a critical assessment, depict a current status and infer
future tendencies.

Adding to relatively scarce previous Review Articles, the current article was able to
provide an embracing picture of TO, and DfAM developments occurred in the last 5 years.
Considering the concentration of cutting-edge research in a few research centres, as well as
a significant asymmetry between the leading funding agencies and the remaining ones, the
study of patents in TO was regarded as an indispensable step for understanding the role of
the industry in pushing TO forward.

Nevertheless, it also has been found that the current surge in TO is partly owed to
many newcomers entering the field. Other reasons can be attributed to the close link
between TO and AM and the later significant emergence.

Approaches and methods in TO have been found to compose a broad, yet heteroge-
neous, fabric of resources. Those encompass and blend techniques originated in Discrete
Optimisation and Optimisation of Continua and offer an increasing palette of the forthcom-
ing TO massification options. Nevertheless, the latest research trends suggest a post-SIMP
era, where such a method’s current predominance is now challenged both by very inter-
esting research on Level-Set methods, as well as evolutionary approaches maturity and
pervasiveness in many engineering applications, especially fuelled by Genetic Algorithms.

Arguably, this trend may be related to the significant controversy over the ESO and
BESO methods, which, despite continuous enhancements, seem to be deprecated to GA
methods as the first choice in many new practical applications.

Observing the most prolific research centres recent output, it is possible to speculate
that research in TO methods and algorithms is likely to evolve towards computationally
demanding solutions, such as multiscale projection and giga-resolution solutions, as well
as further developments in surrogate-based optimisation, more complex techniques for
addressing stress constraints and optimisation under uncertainty.

Bringing TO into the engineering practice is another issue, as non-experts are partic-
ularly dependent on existing programmes, codes, and commercial software. Regarding
this matter, the SIMP method is expected to remain preponderant, considering its current
dominance in commercial software. However, the herein depicted investigation showed a
clear future tendency for the software market leaders to offer hybrid approaches and to
patent their own methods.

Another observation from the current revision on programmes and codes is the un-
veiling of a more profuse set of alternatives, compared to what is frequently referred. Such
information may assist both practitioners and early-stage researchers to find convenient
alternatives and means for benchmarking solutions.

In structural steel design, TO is now mostly constricted to prototyping and nodes in
tensegrity structures. Its large-scale employment depends on several factors, including
reliability in additively manufactures alloys properties, the ability to account for multiple
alternate loading and multiple local instabilities in TO, better addressing the non-linearity

126



Appl. Sci. 2021, 11, 2112

and the existence of comprehensive and code-compliant practical methodologies for practi-
tioners.

Yet, it is interesting to observe that while many researchers find the mass reduction in
steel members and connections due to the employment of TO extremely rewarding and
unattainable otherwise, others still put the economic viability threshold further than what
has been attained so far. Arguably, the type of member and connection seems to play a
decisive role in the economic viability of TO.

Notwithstanding, researchers are almost unanimous in pointing significant benefits
in using TO for AM in steel structures, namely the waste reduction, sustainability, global
weight reduction, which may enhance the performance of big span and earthquake-prone
structures, as well as erection speed.

Contributions from other disciplines are envisaged to foster sensible advances in TO
for structural steel design. That is the case of more advanced alloys and composites either
due to fabrication with leading AM processes provided its cost is reduced, or attained from
TO architected microstructures, as well as better procedures and guidelines offered by the
industrial practice.

However, the most significant driving force for implementing TO in the design practice
is the prospective use of AM. DfAM is reliant on TO, and the massification of AM can only
push TO.

Recent advances in DfAM have been mostly centred in taking AM requirements
into consideration for TO. Likewise, impressive efforts have been made to attain designs
with better surfaces quality, less post-fabrication machining, and avoiding overhangs and
general supports.

Notwithstanding some meritorious exceptions, mentioned throughout the text, as one
assesses recent research in TO it is evident that Cohn and Dinovitzer’s diagnosis of 25 years,
mentioning that profuse advances in mathematical algorithms using simple examples,
rather than formulating methodologies for real structural engineering problems, led to
practitioners’ lack of interest in TO [632], still holds its validity.

As any other systematic review, this article is subjected to the risk of unintended
bias, incompleteness, etc. To mitigate such risks, efforts were undertaken in performing
inclusive research, considering all the possible viewpoints, valuing equally more or less
proficiently written articles, and remaining neutral in opinions.

10. Conclusions

This article’s contribution to the current body-of-knowledge lies in offering a per-
vasive review of TO methods and applications, developments in the past 5 years, and
research trends. It is focused on structural steel design and detailing but encompasses all
the adjoining domains, including other fields, the optimisation software, and Additive
Manufacturing processes.

Therefore, it is hoped that it may encourage researchers and practitioners, especially
newcomers into the field, to endeavour research in a field where it is usually very time-
consuming to enter.

Among the herein depicted review work conclusions, one can highlight that SIMP is
still the leading method for TO. However, research trends suggest an escalating importance
of Level-Set Methods and Genetic Algorithms. On the other hand, commercial software
for TO is deemed to continue as SIMP-based, while a trend to offer hybrid and in-house
developed methods can be regarded.

Employing TO in steel construction is a clear future trend, either fostered by AM massi-
fication or due to its significant benefits in waste reduction, weight reduction, sustainability
or as the ultimate optimisation tool.

However, for that to happen, significant advances will be required in the alloys
properties quality and reliability, alternate loading, local instabilities, and non-linearity
accounting into the design methods, as well as the creation of a holistic and code-compliant
practical methodology for practitioners.
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Some of the much-needed solutions are expected to be brought from other engineering
fields, such as aerospace, automotive, materials or medical devices engineering.

As a further recommendation for the research community, we suggest creating a
classification scheme, for example, similar to the Mathematics Subject Classification, in
order to better organise and order TO in sub-fields, approaches, and methods.
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Abbreviations

3DCP 3D Concrete Printing
ABC Artificial Bee Colony Algorithm
ACO Ant Colony Optimisation
AESO Additive Evolutionary Structural Optimisation
AI Artificial Intelligence
ALM Additive Layer Manufacturing
AM Additive Manufacturing
ASI Artificial Swarm Intelligence
ASTM American Society for Testing and Materials
BESO Bidirectional Evolutionary Structural Optimisation
BSED Bézier Skeleton Explicit Density
CAE Computer-Aided Engineering
CBO Colliding Bodies Optimisation
CFD Computational Fluid Dynamics
CFRP Carbon Fibre Reinforced Plastics or Carbon Fibre Reinforced Polymers
COC Continuum-Based Optimality Criteria
CONLIN Convex Linearisation Method
DCOC Discretized Continuum-Type Optimality Criteria Technique
DED Directed Energy Deposition
DED-EB Electron Beam Directed Energy Deposition
DED-GMA Gas Metal Arc Directed Energy Deposition
DED-L Laser Directed Energy Deposition
DED-PA Plasma Arc Directed Energy Deposition
DfAM Design for Additive Manufacturing
DfM Design for Manufacturing
DMD Direct Metal Deposition
DMLS Direct Metal Laser Sintering
DOT Design Optimisation Tools
DSC Deformable Simplicial Complex
EBM Electron Beam Melting
EC3 EN1993-1-1 or Eurocode 3
ECAM Electrochemical Additive Manufacturing
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ESLM Equivalent Static Loads Method
ESO Evolutionary Structural Optimisation
FDM Fuse Deposition Modelling
FEA Finite Element Analyses
FMAGDM Fuzzy Multiple-Attribute Group Decision-Making
FSD Fully Stressed Design
FSOA Fish Swarm Optimisation
GA Genetic Algorithms
GCMMA Globally Convergent Method of Moving Asymptotes
GESO Genetic Evolutionary Structural Optimisation
GMAW Gas Metal Arc Welding
GRAND Ground Structure Analysis and Design
GSM Ground Structure Method
GTAW Gas Tungsten Arc Welding
IPOPT Interior Point Optimiser
KS Kreisselmeier–Steinhauser Function
LBM Laser Beam Melting
LENS Laser Engineered Net Shaping
LMD Laser Metal Deposition
LMF Laser Metal Fusion
LOM Laminated Object Manufacturing
LPM Lumped Parameter Model
LS Level-Set Methods
LSM Level-Set Methods
LSP Large-Scale Prefabrication
LSTO Lattice Structure Topology Optimisation
MD Metal Deposition
MINLP Mixed-Integer Non-Linear Programming
MMA Method of Moving Asymptotes
MMC Moving Morphable Components
MMTO Multi-Material Topology Optimisation
MOTO Additive Manufacturing-Oriented Topology Optimisation
MRF Moment Resisting Frames
MSP Materials with Site-Specific Properties
MTOP Multiresolution Topology Optimisation
NDT Non-Destructive Testing
NEWC Normalised Exponential Weighted Criterion
NOM Near-Optimal Microstructure
NPR Negative Poisson’s Ratio Materials
NRBTO Non-Probabilistic Reliability-Based Topology Optimisation
N-VTM Nonlinear Virtual Temperature Method
OAPI Open Application Programming Interface
OC Optimality Criteria
OFM Optimisation for Manufacture
OMP Optimal Microstructure with Penalisation
OWL Web Ontology Language
PAW Plasma Arc Welding
PBF Powder Bed Fusion
PBF-EB Electron Beam Powder Bed Fusion
PBF-L Laser Powder Bed Fusion
PCG Preconditioned Conjugate Gradients
PETSc Portable and Extendable Toolkit for Scientific Computing
P-GSM Projection-Based Ground Structure Topology Optimisation Method
PSO Swarms including Particle Swarm Optimisation
RAMP Rational Approximation of Material Properties
RBF Radial-Basis Functions
RBTO Reliability-Based Topology Optimisation
RDF Resource Description Framework
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RI Repulsion Index
RP Rapid Prototyping
RSL Revolutionary Superposition Layout
SAMP Solid Anisotropic Material with Penalisation
SDS Stochastic Diffusion Search
SERA Sequential Elements Rejection and Admission
SFF Solid Freeform Fabrication or Solid Freedom Fabrication
SFMD Simultaneous Failure Mode Design
SIMP Solid Isotropic Microstructure (or Material) with Penalisation
SLA Stereolithography
SLM Selective Laser Melting
SLS Selective Laser Sintering
SM Shape Melting
SMD Shape Metal Deposition
SNOPT Sparse Nonlinear Optimiser
SOM Sectional Optimisation Method
SOM Skidmore Owings and Merrill LLP
SRV Sum of the Reciprocal Variables
STM Strut-and-Tie Models
STO Structural Topology Optimisation
STSA Structural Topology and Shape Annealing
SW Shape Welding

TIMP
Transplanting Independent Continuous and Mapping Ideas into Material with
Pe-nalisation

TO Topology Optimisation
TOBS Topology Optimisation of Binary Structures
TOSS Topology Optimisation of Skeletal Structures
TTO Truss Topology Optimisation
UAM Ultrasonic Additive Manufacturing
UR Uncertainty Regions
UV Ultraviolet Light
VCS Virtual Component Skeleton
VE Value Engineering
VSFM Virtual Scalar Field Method
WAAM Wire and Arc Additive Manufacturing
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Abstract: For the past few decades, topology optimization (TO) has been used as a structural design
optimization tool. With the passage of time, this kind of usage of TO has been extended to many
application fields and branches, thanks to a better understanding of how manufacturing constraints
can achieve a practical design solution. In addition, the advent of additive manufacturing and
its subsequent advancements have further increased the applications of TO, raising the chance of
competitive manufacturing. Design for additive manufacturing has also promoted the adoption of
TO as a concept design tool of structural components. Nevertheless, the most frequent applications
are related to lightweight design with or without design for assembly. A general approach to integrate
TO in concept designs is still missing. This paper aims to close this gap by proposing guidelines to
translate design requirements into TO inputs and to include topology and structural concerns at
the early stage of design activity. Guidelines have been applied for the concept design of an inner
supporting frame of an ancient bronze statue, with several constraints related to different general
design requirements, i.e., lightweight design, minimum displacement, and protection of the statue’s
structural weak zones to preserve its structural integrity. Starting from the critical analysis of the
list of requirements, a set of concepts is defined through the application of TO with different set-ups
(loads, boundary conditions, design and non-design space) and ranked by the main requirements.
Finally, a validation of the proposed approach is discussed comparing the achieved results with the
ones carried out through a standard iterative concept design.

Keywords: topology optimization; lightweight design; design methodology; restoration of
ancient statues

1. Introduction

Topology optimization (TO) naturally gives a wider set of possibilities and a larger degree
of freedom with regard to the design space availability, as compared to size and shape opti-
mization. Due to this, TO has been the most widely accepted and well-established structural
optimization tool [1]. To improve the performance of TO, passing through a natural process
of scientific progress, several approaches have been established, such as the homogenization
method [2,3], the SIMP method [4,5], the level set method [6,7], the MMC/MMV method [8,9],
and some evolutionary and heuristic methods [10–12]. For the last few decades, TO has
been implemented effectively as a conceptual design tool to achieve the desired mechanical
performance with feasible manufacturing [1,13,14]. The desired mechanical performance
is achieved with the help of a specific objective function (e.g., compliance minimization,
maximization of fundamental frequency, mass reduction, etc.) and suitable design constraints
(e.g., displacement, fatigue, stress, etc.). Similarly, the feasible manufacturing is obtained
through several manufacturing constraints (e.g., draw, extrusion, member size, overhang size,
symmetry, etc.). Before the advent of additive manufacturing (AM), manufacturing of the
topologically optimized designs was challenging task, sometimes not totally achievable,
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due to complex geometrical features and hidden cavities. Though several manufacturing
constraints could have been considered in order to facilitate conventional manufacturing,
a process of remodeling of the optimized design was required for achieving a feasible
manufacturing. This procedure resulted not only in an increase of the final mass of the
piece, but also in an increase of the design processing time. Therefore, the advent of addi-
tive manufacturing and its subsequent advancements further increased the applications
of topology optimization with regard to a feasible manufacturing of complex geometries
without any remodeling (or, in a few cases, with little remodeling operations connected to
specific AM constraints).

TO presents numerous remarkable practical applications such as the design of struc-
tures with multi-objectives [15], multi-scale [16–18] and multi-material [19,20], design of
functionally graded structures [21,22], design of energy absorption structures to improve
resistance against crash failures [23,24], design of periodic structures to improve stabil-
ity against buckling failure [25], design of architectural structures [26,27], production of
sustainable design [28], etc. Similarly, TO provides several other worthwhile applica-
tions in conjunction with other optimization tools such as TO with lattice structures to
improve resistance against buckling failure [29,30], and designing efficient heat dissipa-
tion structures [31], TO with shape optimization [32,33] for better shape and maximum
weight reduction, TO with generative design [34,35] to achieve better structural perfor-
mance, or with tools able to select design variants for optimizing both product and process
features [36], etc. Furthermore, researchers are currently working on TO in order to pro-
duce some state-of-the-art designs regarding structures with negative Poisson ratio [37],
structures with negative thermal expansion [38], structures with natural convection [39],
load-supporting structures for civil engineering [40,41], etc. On the other hand, there are
still some open issues evolving around TO. These issues are mainly concerned with the
aesthetic problem [42]; additive manufacturing problems related to large overhanging
members [43–46], the remodeling of the optimized structure due to poor shape geome-
try [47]; stress-related problems [48–50]; the application of manufacturing constraints [14];
the optimization of multi-scale and multi-material structures [16–20], etc.

Conceptual design is a fundamental milestone at the initial phase of any product
development process, helping the early assessment of optimal design solution with regard
to other crucial factors such as manufacturing, time-to-market, performance, testing and
cost [1,13,14]. Therefore, the designers always come up with several design solutions in
the concept design phase and after a meticulous evaluation, select the best one. According
to literature [51,52], around 80% of the product quality/cost ratio can be determined by
the end of the initial design phase and therefore, the initial design phase plays a vital
role. To bolster the initial design phase, numerous design tools have been developed
to expedite the design process. In addition, the latest technological advancements in
the field of computer, programming, artificial intelligence, CAD tools (i.e., integrated
in many commercial software) and numerical solvers have further enhanced the design
process with regard to fast computations and complex simulations [53–55]. For the last few
decades, topology optimization (TO) has been extensively studied together with generative
design (GD) as superior conceptual design methodologies [1,13,14,42,56]. Despite this,
TO is usually seen as a specific structural optimization tool instead of a way to define
concepts. On the contrary, GD has the advantage of simultaneously considering many
materials and manufacturing methods for a single simulation, which reduces the simulation
time. In addition, GD provides many design solutions as a combination of different
structures and materials in a single simulation, while TO provides a single design solution.
Furthermore, TO can implement manufacturing constraints to drive the final shape to a
feasible manufacturing, while GD uses manufacturing methods and provides much better
optimized shape for manufacturing, and therefore requires little or no remodeling. On the
other hand, TO is useful in higher mass reduction and fast computation. However, both TO
and GD have numerous applications inside automotive, aerospace, civil, and medical
engineering [1,13,14,42,56–61].
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This paper investigates TO as a concept design tool in mechanical engineering, pro-
viding guidelines to assess its input from a list of requirements so that preliminary sketches
may be provided. The paper aims to extend its assessment from the methodological point of
view to foster its adoption in the creative definition of innovative components, constrained
by mechanical criteria, at the early stage of design. In Section 2, the methodological part is
provided in terms of mathematical formulation and computational set-up (Section 2.1) of
the proposed TO approach, and the design workflow and guidelines (Section 2.2). Then,
in Section 3, a case study is provided to show an example of how carrying out the re-
quirements translations into TO input conditions and, in Section 4, results are discussed to
compare it with a standard design workflow. Finally, in Section 5, conclusions are outlined.

2. Methods

TO may reduce design efforts to review concepts of the geometrical models of the
parts in accordance with the targets defined in the list of requirements. In mechanical
design it can also support preliminary assessment of assemblies if proper guidelines are
defined to assist the work. In this section, we propose guidelines to apply TO at the early
concept design stage, so that, through a proper definition of the geometric domain of the
parts/components, effective topologies may be derived while respecting design intents.
Since guidelines are usually tailored on specific context, in Section 2.1, the mathematical
formulation and computation set-up of the methodology we propose to use are pro-
vided. Then, in Section 2.2, the design workflow and guidelines of the proposed approach
are described.

2.1. Mathematical Formulation and Computation Set-Up

Density-based topology optimization is formulated through the finite element method
(FEM). Element density acts as a design variable, so that an optimal distribution of elements
layout may be provided within the chosen design space.

Design space is approximated by a finite element analysis (FEA) mesh. FEA deter-
mines the displacement and stress gradients that help TO in the identification of elements
that do not affect the optimization problem (mass reduction, compliance minimization,
frequency response, etc.). During each iteration, sensitivity analysis is performed by the
solver to evaluate the effect of the element density variable on the objective function and,
subsequently, the element densities are updated in the design space for the next iteration
and the same process is continued until a final convergence is obtained. Mathematically,
for convergence, the derivative of the objective function with respect to the design variable,
the element density, is studied. Basically, in density-based TO, the elements are assigned a
density value from 0 to 1, where 0 represents a void, 1 represents a solid and values from
0 to 1 represent intermediate densities. In order to enforce the solution to the solids and
voids discrete combination, density-based TO exploits the SIMP (solid isotropic material
penalization) approach to eliminate the elements with intermediate densities with the help
of power law (as shown below):

ki = (ρi)
Pko (1)

where “i” is the number of elements in the design space, i = 1, 2, 3, . . . , L; “ρi” is the density
of the ith element, “P” is the penalization factor in the range 1 < P ≤ 3; “k0” and “ki” are
the stiffnesses of ith element before and after penalization, respectively. TO with SIMP
approach has been declared the most implemented and developed approach with respect
to math simplicity and computational efficiency. As per numerical experimentations,
a penalty factor of value 3 has been found the most suitable one for penalization purpose.

Distinction between design and non-design space allows an easy set-up of the concep-
tual geometric domain, assuming as non-design space regions constrained by functional
interfaces (e.g., displacement constraints, contact surfaces, other assigned boundary con-
ditions). The optimization problem solved by SIMP is a minimization problem related
to design space volume fraction or compliance (C), or in another words, maximization
of the stiffness of the structure that can be defined for the overall domain or only for the
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design space. According to compliance theory, compliance is inversely proportional to
the stiffness of the structure. The global compliance is the sum of the element’s elastic
characteristics or strain energies (as shown below).

C =
1
2

FUT =
1
2

L

∑
i=1

fi ui
T (2)

where “F” is the external load vector, “U” is the global displacement vector and “L” is the
overall number of finite elements.

According to Hook’s Law F = KU, therefore C = 1
2 F2K−1 hence 1

2 and F are constants,
therefore C α K−1 where K is the global stiffness matrix. Using the SIMP approach K is
computed as:

K =
L

∑
i=1

ki =
L

∑
i=1

(ρi)
Pko (3)

where “ρi” is in the range η ≤ ρi ≤ 1 and i = 1, 2, 3 . . . . . . . . . , L; and η is a very small
number but greater than zero to prevent the global matrix from being singular and so
ensure the FEA stability.

Different constraints may be set (e.g., mass, load, displacement in specific ranges)
and also weighted customized objective functions may be defined. Similarly, TO may
be subjected to manufacturing constraints to achieve feasible manufacturing shapes (e.g.,
direction of protrusion, forging shapes, etc.) [1]. From Equation (2), the general formulation
of SIMP for the compliance minimization problem becomes:

Minimize C =
1
2

L

∑
i=1

fi ui
T =

1
2

L

∑
i=1

fi
2((ρi)

Pko)
−1

(4)

Subject to :

1. F = KU; To ensure static equilibrium;

2. G =
M
∑

j=1
gj ≤ 0; Design Constraints, j = 1, 2, . . . . . . . . . , M;

3. H =
N
∑

k=1
hk ≤ 0; Manufacturing Constraints, k = 1, 2, . . . . . . . . . , N;

4. η ≤ ρi ≤ 1 and i = 1, 2, 3 . . . . . . . . . , L.

The above objective function is used for a single loadstep. When multiple loadsteps
occur, the minimization is carried out on the weighted compliance (Wc), defined as:

Minimize (Wc) =
R

∑
q=1

Wq Cq
T =

1
2

R

∑
q=1

Wq fq uq
T (5)

where “Wq” is the specific weight of each loadstep, “Cq” is the compliance of individual
loadstep and “R” is the overall number of total loadsteps.

2.2. Design Workflow and Guidelines

Common applications of TO start from the CAD model of the preliminary design of
the component. Here, its approach is discussed to foster innovative geometric parts with
respect to mechanical targets that may derive from the list of requirements defined for
mechanical engineering design.

A standard TO process is performed according to Figure 1. As an optimization
step during preliminary or executive design, its definition is strongly connected to a
preliminary CAD model of the component and to the FEA modeling accuracy. To gain
the proper accuracy, material properties and physical approximation of load conditions
must be properly defined (e.g., contact friction and/or constraints compliance if present).
Manufacturing constraints are not included directly in the optimization loop, under the
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assumption that during TO, the designer is also looking for disruptive solutions (despite
the manufacturing constraints). Nevertheless, in accordance with an integrated product-
process approach, manufacturing constraints may collapse in the design constraints step.

Figure 1. Classical TO Workflow.

In concept design, the final CAD model of the component/structure must be the
output of the workflow, not the input. The input model of the TO must represent a CAD of
the design and non-design space. Design space may be the maximum lengths possible with
the subtraction of volumes and areas that are functional interfaces for loads and boundary
conditions (displacements, fluxes, velocity, etc.). Design and non-design spaces are defined
as enveloping defeatured volumes avoiding any influence given by designers’ choices [14].
Through these considerations, the modified workflow is proposed in Figure 2.
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Figure 2. The adopted TO workflow in concept design.

In this case, the preliminary FEA step has the role of helping the translation of the
performances into TO inputs (mainly loads and boundary constraints). From this, basic
guidelines that may provide benefits to the concept design workflow are:

• a set of requirements (e.g., aesthetics, ergonomics, transportability, etc.) may constrain
the final envelop of the shapes. The definition of design and non-design spaces
operatively forces this kind of evaluation, which can be multi-criteria (thus taking into
account together many requirements) or not. In this case, requirements may help to
define geometrical variants in terms of design space.

• The need for simulating the structural behaviour of the system by FEA requires an
anticipated evaluation of the target values, enforcing the physical feasibility of the
concept evaluation.

• Looking for optimal topology in assemblies, a clear model of the operative conditions
must be defined, so that a preliminary understanding of the worst kinematic/dynamic
conditions can be defined. Envelop volumes coupled with multibody analysis such as
the equivalent static load method may help the assessing of the problems of flexible
multibody assemblies [62].

3. Case Study

The case study concerns the application of TO as a concept design tool for an inner
frame of a virtually approximated model of an ancient bronze statue named Vittoria Alata.
It explores how to obtain TO optimization requirements from general design requirements
(DR) and how to derive design and non-design Space (DS and NDS) and, through them,
obtain concepts.
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The original statue was recently restored and moved to a new exhibition space in
the ancient Capitolium of Brescia (Italy). Restoration also included a new inner frame,
described in [63]. The present application assumes the requirements assessed in [63] as the
starting point of the concept design with TO and the actual result with its standard design
workflow as a reference for its validation.

The statue is composed of 5 parts: a central body, left and right arm, left and right
wings (Figure 3).

  

(a) (b) 

Figure 3. Case study—ancient bronze statue (Vittoria Alata): (a) The Vittoria Alata di Brescia (© Foto
StudioRapuzzi Brescia); (b) Application of loads in their respective COGs.

In Figure 3b, the Pa, Pb, and Pcc are describing the effect of the loads as concentrated
masses of the wings, arms, and central body at their respective COGs (center of gravity).

3.1. Design Requirements and the Definition of Design Space and Non-Design Space

Requirements of the design problem [63] are summarized in Table 1, both as design
requirements (DR) and topological optimization requirements (OR).

The maximum envelope of the DS is the volume inside the statue, without taking into
account the head, which is considered bulk (during the restoration process, the ancient
filling has been removed except for the head filling, judged able to be safely maintained).
DS is the volume where the inner frame can be placed. The statue itself represents part of
the non-design space where loads act (the weight of central body, wings, and arms) and
where interfaces between the inner frame and bronze are possible. Non-design space has
been modeled starting from a 3D acquisition of the outer surface of the statue, made by
structured light. Non-design space also includes the connection interface with the ground
as prescribed by DR6 (→OR6.1) and a central volume preliminary assumed as a circular
beam to accomplish DR4 and 5 (→OR4.1 and 5.1). The central beam’s orientation is
constrained by the smallest section, highlighted in Figure 4a as S1, and by the necessity of
correct alignment during assembly, since it will be the first element to be inserted during
the mounting procedure. Its position can be defined using a pocket already present in the
inner filling of the head (the only ancient filling maintained) and other reference contacts
at the opposite side (e.g., at Sa or S1 of Figure 4a).
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Table 1. Design Requirements declared by the restorers and their translation to optimization requirements.

Design Requirements (DR) TO Optimization Requirements (OR)

1 Preserve structural integrity of the ancient material → 1.1 Maximize the safety margin for local stress (at least equal to 2)
1.2 Avoid interfaces on thin or weak areas

2 Limit relative displacement at the neck →
2.1 Reduce the head displacement
2.2 Minimize bending compliance in the front and lateral planes
of the statue

3 Reduce stress at the right part of the hip → 3.1 Minimize bending compliance in the front and lateral planes
of the statue

4 Do not apply loads on the base of the skirt → 4.1 Suspended directly on the inner frame

5 Avoid contact among wings and back of the central body → 5.1 Suspended directly on the inner frame

6 Connect the statue as a rigid body to the anti-seismic
basement →

6.1 Transfer loads to the ground for the static balance
6.2 Reduce relative compliance between central body and arms
and wings, making the system as a rigid body

7 Guarantee the position of the arms and the wings in the
respect of the central body → 7.1 Wings and arms must be connected directly to the central

beam through upper openings of the central body

8 Allow assembly and disassembly through the limited
areas of the openings i.e., at the base, around the arms and
wings connection areas

→

8.1 Reduction of the design space at the minimum section of the
statue to guarantee maneuvering
8.2 Possible manufacturing constraints related to the adoption of
a wireframe structures made of beams and mold/machined
parts at the interfaces with bronze

These reasonings, deduced as target values of DR4, DR5, and DR8, define the func-
tional role of the central beam as part of the non-design space (NDS) and fix its position
and section length. Solidity, as derived in OR6.2, asks for constrained sections; that means
that they must move together without relative rotation in respect to the inner frame along
the horizontal plane. Figure 4a shows where these sections may be localized due to the
accessibility for assembly (Sa, Sb, and Sc of Figure 4a).

Minimum condition suggests highlighting three points for Sa and Sc that may be
contact points with the statue. Sb has been introduced as a contrast point with the statue
with respect to contact at the leg. BCs at Sa are defined on the central beam, to simulate
the connection with the base. In these points, boundary constraints (BCs) are defined to
lock relative motion among DS and NDS as shown in Figure 4b. BCs are also selected to
reproduce the support scheme on the left leg and right shoulder. This means locking the
DOF in z direction at the center of the thigh and shoulder, as depicted by P1 and P2 in
Figure 4b.

3.2. Design Requirements and the Definition of Boundary Constraints and Load Conditions

Load conditions, to be applied, are stress-strain conditions derived from the static
analysis of the central body and the effects due to the assembly of arms and wings on the
inner frame, as described in Figure 3b. Wings and arms introduce a bending moment in
the lateral plane of the statue that passes through its left knee (P1 in Figure 4a). From the
design requirements point of view, the central body stress must be maintained in the same
conditions as before the restoration, characterized by the presence of a filling of resin able
to minimize relative rotation between the inner frame and the statue. This filling has been
removed for material preservation requirements, hence the necessity of a new inner frame.
To define the worst reference condition derived from the filling removal, a preliminary FEA
on the central body was done. Figure 4c shows von Mises equivalent stress superimposed
to the magnified plot of the relative displacements from the undeformed shape (grey mesh),
as derived from the gravity load, without imposing any filling inside. The gravity load of
the central body defines a bending effect, in the frontal plane, that overstresses the base of
the neck, where a visible crack is present. This defines a major constraint on the compliance
of the structure that must reduce the final displacement of the head (OR2.1, 2.2 and 3.1).
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Areas useful for suspending the central body with a simple contact interface are the left
leg (above the knee) and the right shoulder (P2 and P1 in Figure 4a,b). These have been
derived after a deep phase of material analysis, with several specialists involved (chemists,
physicists, restorers, engineers); only these areas have been validated as stiff and safe
enough to be used for support interfaces, according to DR1 that determines OR1.2: “Avoid
interfaces on thin or weak areas”. According to OR1.1, maximum equivalent stress at the
contact interface must be at least half the value of 80 MPa, considering a safety factor equal
to 2. This value is consistent with the aim of achieving a final condition able to preserve
ancient material, assuming its yielding value in the range of [80 ÷ 150] MPa.

  
 

(a) (b) (c) 

Figure 4. (a) Lateral view of DS and central beam NDS; (b) Boundary conditions (numbers represent locked DOFs: 1 = DOF
locked in x direction, 2 = DOF locked in y, 3 = DOF locked in z). (c) von Mises equivalent stress (MPa).

3.3. Topological Optimization Set-Up

As previously described, the first guess concept assumes, as design space (DS), a bulk
3D filling of the statue, surrounding the central beam from the feet up to the base of the
neck. Equivalent loads of the central body are applied at the bottom of the central beam.
Rigid links are used to transfer force and moment. Table 2 summarizes design intent in
terms of TO problem set-up and numerical constraints as derived by the DRs.

Table 2. TO condition derived from DRs (for boundary conditions see Figure 4b).

Loads
Central Body Equivalent loads @ basement Force: (0, 0, 2111) N

Moment: (−53,740, 25,310, 0) Nm

Arms and wings Equivalent loads @ basement Force: (0, 0, 866) N
Moment: (203,600, 65,050, −56,890) Nm

Stress-Strain Constraints
Max displacement at neck <0.9 mm

Maximum stress at hip Less than 40 MPa
Maximum stress at neck Less than 40 MPa

Mass Constraint Volume Fraction (%) Less than 10%

Objective Function Central Body compliance To be minimized
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The first guess concept minimizes compliance of the design space, looking for a
volume fraction of the DS less than 0.1. The adoption of this extreme threshold derives
from the assembly requirements DR8 and OR8.2, which highlight a wireframe structure
as preferred.

For what concerns TO solver options, using Optistruct, we set up the usage of SIMP
approach with a dual optimization algorithm for achieving convergence, in addition to any
limit in terms of minimum member size. This choice represents an advisable set-up for
concept level optimization, especially when many design variables are involved.

4. Results and Discussion

Load effects on the final structure were investigated as single effects of central
body, wings and arms (designated CB, W, and A, respectively) and overall load, so that
their single and interaction effects on the final topology of the concepts may be seen.
The presence of BC at Sa has been highlighted through the code Sa. The sensitivity to its
effect has been introduced to understand its relevance in the final reaction, considering
that it may be redundant to S1.

Figures 5–8 show an overall view of the results in terms of density distribution.
Red areas represent density equal to 1. Admissible domains are in the range of 0.5 ÷ 1.
They are shown in back and front view to highlight the distribution of density (on the left
of each figure). On the right of the figures, the final material distribution is highlighted by
section cuts (in blue), made along two concurrent/intersecting planes that pass through the
central beam and P1 and P2, respectively. Doing so, the loading path between the interface
with statue and the central beam may be seen.

CB case shows that load is well supported by areas around P1 and P2 as shown by the
section cuts of the related cases, reported in Figures 5b and 6b. As reported in Figures 5 and 6,
the massive part of the optimized resulting structure is connected to the central beam at the
hip height, slightly upwards of the position of the original center of mass of the CB.

In the CBWA case, this bulk part is reduced. The left leg increases its relevance due
to the wings, which produce bending tension along the plane passing in P2. Due to this
occurrence, the role of the area around the shoulder becomes less relevant with respect to
the CB load case (as reported in Figures 7 and 8).

Loadcase CBWA_Sa (Figure 8) reveals that the adoption of the in-plane BC at Sa avoids
mass concentration at the bottom. The major problem of this solution is related to a reduced
capability of connecting the structure to the central beam. From Figure 8b, reported also as
Figure 9a, it can be seen that the connection of the obtained structure from shoulder area
(P2) to the central beam is made by low density elements (0.5 ÷ 0.6) and is really partial in
the section cut through P2 and the central beam, as highlighted by the arrow in Figure 9a.

Figure 9b better displays it, showing three section cuts (cyan, blue in transversal
planes similar but not equal to the one passing through P2, and yellow passing through
P1). In greater detail, the structure connects P2 to branches and thus to the central beam
near the hip, as highlighted by the arrow in Figure 9b. This structure development may be
seen as a consequence of the simplification made by applying the WA load condition.

Figure 10 shows the variant of CBWA_Sa, changing the application of the WA load to
a more realistic section for the assembly condition. Blue sections highlight contact with
the central beam. The low-density parts, previously present in the bottom (as in the blue
section cut of Figure 9b) are not present in this case. As reported on the right part of
Figure 10, the final mass distribution with a density threshold of 0.67 shows the bulkiest
solution on the upper part to contrast the WA effects, correctly increasing the stiffness of
that portion.
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(a) (b) 

Figure 5. CB case: density distribution (a) Back and front View) (b) Two intersecting sectional views (in blue).

 
(a) (b) 

Figure 6. CB_Sa case: density distribution (a) Back and front View) (b) Two intersecting sectional views (in blue).
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(a) (b) 

Figure 7. CBWA case: density distribution (a) Back and front View) (b) Two intersecting sectional views (in blue).

 
(a) (b) 

Figure 8. CBWA_Sa case: density distribution (a) Back and front View) (b) Two intersecting sectional views (in blue).

164



Appl. Sci. 2021, 11, 7834

 
(a) (b) 

Figure 9. (a) Density distribution due to CBWA_Sa (sectional View); (b) Integrated sectional view.

The absence of material at the opposite part of the legs with respect to CB load
conditions may be seen as a minor effect of that area regarding the CB load, confirmed by
the density map of Figure 8.

The assembly constraints impose the definition of a wireframe structure and the
statue preservation imposes contacts only at a few points, as defined through the assigned
boundary conditions. This suggests a refinement of the DS, limiting the volumes accessible
from the arm openings and at the left leg above the knee. Figure 11a shows the solution in
case of CB_Sa condition. Figure 11b is related to CBWA_Sa.

Finally, a comparison of these results has been made with the actual engineered
solution implemented through a classical design approach (Figure 11c), as referred in [63].
The double supported interface at P1 in the engineered solution corresponds to the final
TO results (Figure 11), as well as in the slope of the support beam. The right interface,
corresponding to the right armpit, reports elements in a lower range of densities (under
0.65) so it cannot be considered as fundamental. A more relevant effect of this interface may
be present in applying arms as separate loads since it increases bending in the front plane.
This highlights a limit of the applied load scheme not completely correct to capture the
local behaviour induced by the actual type of load. Nevertheless, it is considered as being
of the second order since the computation problem has been highlighted heuristically.

In terms of maximum displacement, all the solutions present a value less than 1 mm.
Von Mises equivalent stress at P1 and P2 are less than 10 MPa. Considering that actual
interfaces are wider than a single contact point, the effects on the bronze are in the al-
lowable range. The final stress-strain performances achieved by all the variants and the
computational efforts spent for the analysis (less than one week without considering the
mesh set-up of the NDS related to the statue, which was more expensive, but also necessary
for the classical design workflow) confirm, also in this case, that TO may support the direct
accomplishment of qualitative definition of topologies and their quantitative evaluation in
terms of DR targets [64]. This provides benefits that shorten the time to market through an
early verification of mechanical requirements during concept design stage.
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(a) (b) 

Figure 10. Design variant: (a) section cut (in blue); (b) density distribution.

 

(a) (b) (c) 

Figure 11. (a) Solution obtained through TO due to CB_sa; (b) Solution obtained through TO due to CBWA_sa; (c)
Engineered solution obtained through a classical design workflow.
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5. Conclusions

This paper explores how TO may support concept design to generate sketches able
to accomplish general design purposes related to the definition of functional interfaces
and structural requirements. A general workflow able to convert the targets of a list of
requirements into TO input prescription has been provided, so that the geometric topology
of the concept may be defined consistently with DR target earlier, during sketching concepts,
shortening time to market in a step that is crucial for the quality/cost ratio.

The general workflow has been applied to a test case related to the development of an
inner frame of an ancient statue. Two variants were analyzed, and one of them was selected
and compared to the one achieved and engineered successfully with a classic design
workflow. The first variant is achieved starting from the most general and widest design
space, in accordance with the requirements. It represents an ideal solution, impractical due
to assembly problems but effective for understanding the relevance of the statue-frame
interface areas. The second variant, related to a DS that has been reduced to improve
maneuverability, confirms once again the capability of TO in obtaining results aligned to
“good engineering practice”. Finally, the comparison with the actual engineering solution
confirms the valuable result of the second variant.

Besides the benefit related to time to market, TO, as applied in this paper, may close
the gap between experts and young designers, supporting preliminary target evaluations
together with topology conception. Concept design, in fact, is strictly related to unpre-
dictable factors external to the complexity of the design problem itself, due to its creative
nature [65,66]. This reduces the ability of younger designers to speed up the structural
optimization during the concept design, so that proper tools must be promoted to avoid
this limit.
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13. Vlah, D.; Žavbi, R.; Vukašinović, N. Evaluation of topology optimization and generative design tools as support for conceptual
design. In Proceedings of the Design Society: DESIGN Conference; Cambridge University Press: Cambridge, UK, 2020; Volume 1,
pp. 451–460.

14. Bici, M.; Broggiato, G.B.; Campana, F. Topological Optimization in Concept Design: Starting approach and a validation case
study. In Advances on Mechanics, Design Engineering and Manufacturing; Springer: Berlin/Heidelberg, Germany, 2017; pp. 289–299.

15. Guirguis, D.; Hamza, K.; Aly, M.; Hegazi, H.; Saitou, K. Multi-objective topology optimization of multi-component continuum
structures via a Kriging-interpolated level set approach. Struct. Multidiscip. Optim. 2015, 51, 733–748. [CrossRef]

16. Sivapuram, R.; Dunning, P.D.; Kim, H.A. Simultaneous material and structural optimization by multiscale topology optimization.
Struct. Multidiscip. Optim. 2016, 54, 1267–1281. [CrossRef]

17. Gao, J.; Luo, Z.; Xia, L.; Gao, L. Concurrent topology optimization of multiscale composite structures in Matlab. Struct. Multidiscip.
Optim. 2019, 60, 2621–2651. [CrossRef]

18. Hoang, V.N.; Tran, P.; Vu, V.T.; Nguyen-Xuan, H. Design of lattice structures with direct multiscale topology optimization. Compos.
Struct. 2020, 252, 112718. [CrossRef]

19. Zuo, W.; Saitou, K. Multi-material topology optimization using ordered SIMP interpolation. Struct. Multidiscip. Optim. 2017, 55,
477–491. [CrossRef]

20. Blasques, J.P.; Stolpe, M. Multi-material topology optimization of laminated composite beam cross sections. Compos. Struct. 2012,
94, 3278–3289. [CrossRef]

21. Radman, A.; Huang, X.; Xie, Y.M. Topology optimization of functionally graded cellular materials. J. Mater. Sci. 2013, 48,
1503–1510. [CrossRef]

22. Taheri, A.H.; Suresh, K. An isogeometric approach to topology optimization of multi-material and functionally graded structures.
Int. J. Numer. Methods Eng. 2017, 109, 668–696. [CrossRef]

23. Aulig, N.; Nutwell, E.; Menzel, S.; Detwiler, D. A weight balanced multi-objective topology optimization for automotive
development. In Proceedings of the 10th European LS-DYNA Conference, Würzburg, Germany, 15–17 June 2015.

24. Duddeck, F.; Hunkeler, S.; Lozano, P.; Wehrle, E.; Zeng, D. Topology optimization for crashworthiness of thin-walled structures
under axial impact using hybrid cellular automata. Struct. Multidiscip. Optim. 2016, 54, 415–428. [CrossRef]

25. Neves, M.M.; Sigmund, O.; Bendsøe, M.P. Topology optimization of periodic microstructures with a penalization of highly
localized buckling modes. Int. J. Numer. Methods Eng. 2002, 54, 809–834. [CrossRef]

26. Osanov, M.; Guest, J.K. Topology optimization for architected materials design. Annu. Rev. Mater. Res. 2016, 46, 211–233.
[CrossRef]

27. Kingman, J.; Tsavdaridis, K.D.; Toropov, V.V. Applications of topology optimization in structural engineering. In Proceedings of
the Civil Engineering for Sustainability and Resilience International Conference (CESARE), Leeds, UK, 24–27 April 2014.

28. Ahmad, A.; Campana, F.; Bici, M. Application of Topology Optimization to Reduce Automotive Exhaust Emissions. SAE Int. J.
Sustain. Transp. Energy Environ. Policy 2021, accepted.

29. Yi, B.; Zhou, Y.; Yoon, G.H.; Saitou, K. Topology optimization of functionally-graded lattice structures with buckling constraints.
Comput. Methods Appl. Mech. Eng. 2019, 354, 593–619. [CrossRef]

30. Cheng, L.; Bai, J.; To, A.C. Functionally graded lattice structure topology optimization for the design of additive manufactured
components with stress constraints. Comput. Methods Appl. Mech. Eng. 2019, 344, 334–359. [CrossRef]

168



Appl. Sci. 2021, 11, 7834

31. Cheng, L.; Liu, J.; Liang, X.; To, A.C. Coupling lattice structure topology optimization with design-dependent feature evolution
for additive manufactured heat conduction design. Comput. Methods Appl. Mech. Eng. 2018, 332, 408–439. [CrossRef]

32. Karadere, G.; Düzcan, Y.; Yıldız, A.R. Light-weight design of automobile suspension components using topology and shape
optimization techniques. Mater. Test. 2020, 62, 454–464. [CrossRef]

33. Liu, T.; Wang, S.; Li, B.; Gao, L. A level-set-based topology and shape optimization method for continuum structure under
geometric constraints. Struct. Multidiscip. Optim. 2014, 50, 253–273. [CrossRef]

34. Tyflopoulos, E.; Tollnes, F.D.; Steinert, M.; Olsen, A. State of the art of generative design and topology optimization and potential
research needs. In Proceedings of the NordDesign 2018, Linköping, Sweden, 14–17 August 2018.

35. Chen, X.A.; Tao, Y.; Wang, G.; Kang, R.; Grossman, T.; Coros, S.; Hudson, S.E. Forte: User-driven generative design. In Proceedings
of the 2018 CHI Conference on Human Factors in Computing Systems, Montréal, QC, Canada, 21–26 April 2018; pp. 1–12.

36. Dalpadulo, E.; Gherardini, F.; Pini, F.; Leali, F. Integration of topology optimisation and design variants selection for additive
manufacturing-based systematic product redesign. Appl. Sci. 2020, 10, 7841. [CrossRef]

37. Vogiatzis, P.; Chen, S.; Wang, X.; Li, T.; Wang, L. Topology optimization of multi-material negative Poisson’s ratio metamaterials
using a reconciled level set method. Comput. Aided Des. 2017, 83, 15–32. [CrossRef]

38. Takezawa, A.; Kobashi, M. Design methodology for porous composites with tunable thermal expansion produced by multi-
material topology optimization and additive manufacturing. Compos. Part. B Eng. 2017, 131, 21–29. [CrossRef]

39. Joo, Y.; Lee, I.; Kim, S.J. Topology optimization of heat sinks in natural convection considering the effect of shape-dependent heat
transfer coefficient. Int. J. Heat Mass Transf. 2017, 109, 123–133. [CrossRef]

40. Kingman, J.J.; Tsavdaridis, K.; Toropov, V. Applications of topology optimisation in structural engineering: High-rise buildings &
steel components. Jordan J. Civ. Eng. 2015, 9, 335–357.

41. Gaynor, A.T.; Guest, J.K.; Moen, C.D. Reinforced concrete force visualization and design using bilinear truss-continuum topology
optimization. J. Struct. Eng. 2013, 139, 607–618. [CrossRef]

42. Oh, S.; Jung, Y.; Kim, S.; Lee, I.; Kang, N. Deep generative design: Integration of topology optimization and generative models. J.
Mech. Des. 2019, 141, 111405. [CrossRef]

43. Liu, J.; Gaynor, A.T.; Chen, S.; Kang, Z.; Suresh, K.; Takezawa, A.; To, A.C. Current and future trends in topology optimization for
additive manufacturing. Struct. Multidiscip. Optim. 2018, 57, 2457–2483. [CrossRef]

44. Zhang, K.; Cheng, G.; Xu, L. Topology optimization considering overhang constraint in additive manufacturing. Comput. Struct.
2019, 212, 86–100. [CrossRef]

45. Garaigordobil, A.; Ansola, R.; Santamaría, J.; De Bustos, I.F. A new overhang constraint for topology optimization of self-
supporting structures in additive manufacturing. Struct. Multidiscip. Optim. 2018, 58, 2003–2017. [CrossRef]

46. Gaynor, A.T.; Guest, J.K. Topology optimization considering overhang constraints: Eliminating sacrificial support material in
additive manufacturing through design. Struct. Multidiscip. Optim. 2016, 54, 1157–1172. [CrossRef]

47. Ali Banijamali, S.M.; Oftadeh, R.; Nazarian, A.; Goebel, R.; Vaziri, A.; Nayeb-Hashemi, H. Effects of different loading patterns
on the trabecular bone morphology of the proximal femur using adaptive bone remodeling. J. Biomech. Eng. 2015, 137, 011011.
[CrossRef]

48. Xu, S.; Liu, J.; Zou, B.; Li, Q.; Ma, Y. Stress constrained multi-material topology optimization with the ordered SIMP method.
Comput. Methods Appl. Mech. Eng. 2021, 373, 113453. [CrossRef]

49. Lee, E.; James, K.A.; Martins, J.R. Stress-constrained topology optimization with design-dependent loading. Struct. Multidiscip.
Optim. 2012, 46, 647–661. [CrossRef]

50. Holmberg, E.; Torstenfelt, B.; Klarbring, A. Stress constrained topology optimization. Struct. Multidiscip. Optim. 2013, 48, 33–47.
[CrossRef]

51. Wang, L.; Shen, W.; Xie, H.; Neelamkavil, J.; Pardasani, A. Collaborative conceptual design—State of the art and future trends.
Comput. Aided Des. 2002, 34, 981–996. [CrossRef]

52. Anderson, D.M. Design for Manufacturability: How to Use Concurrent Engineering to Rapidly Develop Low-Cost, High-Quality Products
for Lean Production; CRC Press: Boca Raton, FL, USA, 2020.

53. Wisthoff, A.; Ferrero, V.; Huynh, T.; DuPont, B. Quantifying the impact of sustainable product design decisions in the early
design phase through machine learning. In ASME 2016 International Design Engineering Technical Conferences and Computers and
Information in Engineering Conference; American Society of Mechanical Engineers Digital Collection: New York, NY, USA, 2016.

54. Zeballos, L.J.; Méndez, C.A.; Povoa, A.P.B. Mixed-integer linear programming approach for product design for life-cycle profit.
Comput. Ind. Eng. 2019, 137, 106079. [CrossRef]

55. Pan, Z.; Wang, X.; Teng, R.; Cao, X. Computer-aided design-while-engineering technology in top-down modeling of mechanical
product. Comput. Ind. 2016, 75, 151–161. [CrossRef]

56. Wu, J.; Quian, X.; Wang, M.Y. Advances in generative design. Comput. Aided Des. 2019, 116, 102733. [CrossRef]
57. Li, C.; Kim, I.Y. Multi-material topology optimization for automotive design problems. Proc. Inst. Mech. Eng. Part. D J. Automob.

Eng. 2018, 232, 1950–1969. [CrossRef]
58. Zhu, J.H.; Zhang, W.H.; Xia, L. Topology optimization in aircraft and aerospace structures design. Arch. Comput. Methods Eng.

2016, 23, 595–622. [CrossRef]
59. Chang, C.L.; Chen, C.S.; Huang, C.H.; Hsu, M.L. Finite element analysis of the dental implant using a topology optimization

method. Med. Eng. Phys. 2012, 34, 999–1008. [CrossRef]

169



Appl. Sci. 2021, 11, 7834

60. Feist, S.; Barreto, G.; Ferreira, B.; Leitao, A. Portable Generative Design for Building Information Modelling. In Proceedings
of the 21st International Conference on Computer Aided Architectural Design Research in Asia (CAADRIA 2016 Conference),
Melbourne, Australia, 30 March–2 April 2016.

61. Bagassi, S.; Lucchi, F.; De Crescenzio, F.; Persiani, F. Generative design: Advanced design optimization processes for aeronautical
applications. In Proceedings of the 30th Congress of the International Council of the Aeronautical Sciences, Daejeon, Korea, 25–30
September 2016.

62. Yang, Z.-J.; Chen, X.; Kelly, R. A topological optimization method for flexible multi-body dynamic system using epsilon algorithm.
Struct. Eng. Mech. 2011, 37, 475–487. [CrossRef]

63. Bici, M.; Brini, A.; Campana, F.; Capoferri, S.; Guarnieri, R.; Morandini, F.; Patera, A. Design of the new inner frame for the
Vittoria Alata di Brescia: How engineering design may support ancient bronze restoration. Lect. Notes Mech. Eng. Proc. ADM2021
Int. Conf. 2021, accepted.

64. Blösch-Paidosh, A.; Shea, K. Design Heuristics for Additive Manufacturing Validated Through a User Study. ASME J. Mech. Des.
2019, 141, 041101. [CrossRef]

65. Fu, K.K.; Yang, M.C.; Wood, K.L. Design principles: Literature review, analysis, and future directions. J. Mech. Des. Trans. ASME
2016, 138, 101103. [CrossRef]

66. Yilmaz, S.; Seifert, C.M. Creativity through design heuristics: A case study of expert product design. Des. Stud. 2011, 32, 384–415.
[CrossRef]

170



applied  
sciences

Article

Smooth Design of 3D Self-Supporting Topologies Using
Additive Manufacturing Filter and SEMDOT

Yun-Fei Fu 1,*, Kazem Ghabraie 1, Bernard Rolfe 1, Yanan Wang 1 and Louis N. S. Chiu 2

Citation: Fu, Y.-F.; Ghabraie, K.;

Rolfe, B.; Wang, Y.; Chiu, L.N.S.

Smooth Design of 3D Self-Supporting

Topologies Using Additive

Manufacturing Filter and SEMDOT.

Appl. Sci. 2021, 11, 238. https://doi.

org/10.3390/app11010238

Received: 2 December 2020

Accepted: 24 December 2020

Published: 29 December 2020

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2020 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 School of Engineering, Deakin University, Waurn Ponds, VIC 3217, Australia;
k.ghabraie@deakin.edu.au (K.G.); bernard.rolfe@deakin.edu.au (B.R.); yanan.wang@deakin.edu.au (Y.W.)

2 Department of Materials Science and Engineering, Monash University, Clayton, VIC 3800, Australia;
louis.chiu@monash.edu

* Correspondence: fuyunf@deakin.edu.au; Tel.: +61-470-273-301

Abstract: The smooth design of self-supporting topologies has attracted great attention in the design
for additive manufacturing (DfAM) field as it cannot only enhance the manufacturability of optimized
designs but can obtain light-weight designs that satisfy specific performance requirements. This
paper integrates Langelaar’s AM filter into the Smooth-Edged Material Distribution for Optimizing
Topology (SEMDOT) algorithm—a new element-based topology optimization method capable of
forming smooth boundaries—to obtain print-ready designs without introducing post-processing
methods for smoothing boundaries before fabrication and adding extra support structures during
fabrication. The effects of different build orientations and critical overhang angles on self-supporting
topologies are demonstrated by solving several compliance minimization (stiffness maximization)
problems. In addition, a typical compliant mechanism design problem—the force inverter design—is
solved to further demonstrate the effectiveness of the combination between SEMDOT and Langelaar’s
AM filter.

Keywords: SEMDOT; Langelaar’s AM filter; print-ready design

1. Introduction

Design for additive manufacturing (DfAM) represents a range of design methods
through which performance and/or other key considerations such as manufacturability,
reliability and cost can be optimized subject to the capabilities of additive manufacturing
(AM) technologies [1–4]. In recent years, topology optimization for AM has become one
of the most important branches in DfAM, as topology optimization has great potential to
fully exploit the significant benefits provided by the increased design freedom offered by
AM [5,6].

As traditional element-based algorithms such as solid isotropic material with pe-
nalization (SIMP), rational material with penalization (RAMP) and bi-directional evo-
lutionary structural optimization (BESO) will inevitably form non-smooth boundaries,
post-processing or redesign methods have to be used to obtain accurate boundary informa-
tion for the purpose of engineering applications [7–9], meaning that extra efforts have to
be made after topology optimization. Given the significance of accurate boundary repre-
sentation, some element-based algorithms that are capable of forming smooth boundaries
such as multiresolution topology optimization (MTO) methods [10–12], elemental volume
fraction-based methods [13–16] and a method using floating projection [17,18] have been
developed in recent years.

Optimized topologies are fabricated layer-by-layer and have to be sufficiently sup-
ported to prevent the component distortion caused by high bending stresses in some AM
technologies such as fused deposition modeling (FDM) and selective laser melting (SLM).
Even though introducing support structures to topological designs can resolve this issue,
more materials need to be wasted, and extra efforts have to be made to remove support
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structures after manufacturing [19–21]. Therefore, optimizing self-supporting topologies
directly is an effective way to mitigate overhang angle limitations, save materials and avoid
additional effort. Even though there are a great number of investigations regarding 2D self-
supporting topologies [22–24], these studies have more theoretical value than application
value compared to the investigations on 3D self-supporting designs. Studies on 3D self-
supporting design have attracted scholarly attention in recent years. The early work in this
field was Langelaar’s gradient-based AM filter [25], followed by an improved method ca-
pable of executing simultaneous topology optimization and support structures considering
metal AM constraints and post-print machining requirements [26]. Han et al. [27] pro-
posed hybrid additive–subtractive manufacturing constraints for 3D continuum structures
based on BESO. Mezzadri and Qian [28] proposed a second-order measure of boundary
oscillations for overhang control to enhance the manufacturability of designs in AM, and
a 3D cantilever beam case was tested. Zhao et al. [29] formulated the self-supporting
requirements as an explicit quadratic continuous constraint, and 3D benchmark problems
were tested. Zhang and Chen [30] integrated the proposed constraint that was imposed
on the overhang angle, directional-dependent overhang angle and horizontal minimum
length scale into the MTOP method to conduct the smooth design of 3D self-supporting
topologies. van de Ven et al. [31] presented a 3D front propagation-based overhang filter
through which printable topologies can be obtained. Most recently, Bi et al. [32] devel-
oped a new layer-wise geometric self-supporting constraint for 3D continuum structures
based on BESO, and an AM experiment was conducted to validate the effectiveness of the
proposed constraint by printing a hinge frame used in the aerospace field.

The authors of this study merely focused on the smooth design of 2D self-supporting
topologies through the combination of the Smooth-Edged Material Distribution for Opti-
mizing Topology (SEMDOT) algorithm and Langelaar’s AM filter in previous works [33,34].
Most recently, the authors presented a simple 3D self-supporting case using the Optimality
Criteria (OC) optimizer in [35]. In this paper, the smooth design of 3D self-supporting
topologies is shown in detail.

The remainder of this paper is structured as follows. Section 2 mathematically demon-
strates the combination of SEMDOT and Langelaar’s AM filter. Section 3 presents some
numerical experiments to demonstrate the effectiveness and generality of this combination.
Finally, conclusions are summarized in Section 4.

2. Integrating Langelaar’s AM Filter into SEMDOT

2.1. Problem Statement

This study uses SEMDOT as an optimization platform to form smooth topologies
and Langelaar’s AM filter to obtain 3D self-supporting designs. SEMDOT is a new topol-
ogy optimization platform that was developed by the authors [16], and its effectiveness
has been thoroughly validated. For more details on the advantages of SEMDOT com-
pared to some existing algorithms that are capable of generating smooth boundaries,
see [15,16]. Langelaar’s AM filter is a well-established restriction method that can be used
with gradient-based topology optimization algorithms, and it has become one of the most
extensively used methods for generating self-supporting designs in this community. In
SEMDOT, the elemental volume fraction used in the Finite Element Analysis (FEA) model
is defined as

Xe =
1
N

N

∑
g=1

ρe,g (1)

where N is the total number of grid points in each element and ρe,g is the density of the gth
grid point in the eth element.
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The filtering scheme selected in this study is

X̃e =

Ne
∑

l=1
ωelXl

Ne
∑

l=1
ωel

(2)

where X̃e is the filtered elemental volume fraction, Ne is the neighborhood set of elements
within the filter domain for the eth element that is a circle centered at the centroid of this
element with a predefined filter radius rmin, and ωel is a linear weight factor defined as

ωel = max(0, rmin − Δ(e, l)) (3)

where Δ(e, l) is the center-to-center distance of the lth element within the filter domain to
the eth element.

Filtered elemental volume fractions are updated for the next round of FEA by summing
up the grid points for each element:

X̃new
e =

1
N

N

∑
g=1

ρnew
e,g (4)

where ρnew
e,g is the density of the grid point obtained by the Heaviside smooth function.

The relationship between X̃e and X̃new
e can be established as

δe = X̃new
e − X̃e (5)

where δe is the deviation of the eth element before and after the update. A detailed
discussion of this relationship is presented in [16].

The basic idea of Langelaar’s AM filter is that the value of the element to be supported
should not be less than the maximum value of the elements in the supporting region.
Figure 1 schematically demonstrates the method of generating self-supporting designs,
where the blue element is the element to be supported and the five green elements (S(i,j,k))
form the supporting region. Mathematical expressions of the 3D Langelaar’s AM filter [25]
are given by

ξ(i,j,k) = min(X̃(i,j,k), Ξ(i,j,k)) with (6)

Ξ(i,j,k) = max(ξ(i−1,j,k−1), ξ(i,j−1,k−1), ξ(i,j,k−1), ξ(i,j+1,k−1), ξ(i+1,j,k−1)) (7)

where ξ is the vector of printed elemental volume fractions, X̃ is the vector of filtered elemen-
tal volume fractions and Ξ is the vector of the maximum printed elemental volume fractions.

According to [5,25], the following approximation is made for gradient-based optimization:

ξ =
1
2

(
X̃ + Ξ −

((
X̃ − Ξ

)2
+ ε

) 1
2
+
√

ε

)
(8)

where ε is the parameter that controls the accuracy of the approximation.

173



Appl. Sci. 2021, 11, 238

Figure 1. Illustration of the 3D Langelaar’s additive manufacturing (AM) filter [25].

The softmax function is used to calculate the maximum value of the elements in the
supporting region instead of the P-Q max function in origianl Langelaar’s AM filter [36].
This is because the P-Q max function will generally cause a higher absolute error (the
difference between real maximum and maximum smooth approximation) than the softmax
function. The softmax function is expressed as defined by Barroqueiro et al. [36]:

smax(ξk) = Ξ(ξk) =

ns
∑

k=1
ξkePξk

ns
∑

k=1
ePξk

(9)

where ξk is the printed elemental volume fraction in the supporting region relevant to the
considered element, P is the parameter that controls the smoothness of the approximation
(10−4), and ns is the number of elements in the supporting region (for 3D cases, ns = 5).

2.2. Topology Optimization Problems

Two typical topology optimization problems: compliance minimization and compliant
mechanism design problems are considered in this study. The mathematical statement of
compliance minimization design is

min : C(Xe) = fTu

subject to : K(Xe)u = f

M
∑

e=1
XeVe

M
∑

e=1
Ve

− V∗ ≤ 0

0 < ρmin ≤ Xe ≤ 1; e = 1, 2, · · · , M

(10)

where C is compliance; f and u are the global force and displacement vectors, respectively;
K is the global stiffness matrix; Ve is the volume of the eth element; V∗ is the prescribed
value of the allowable volume; M is the total number of elements; and ρmin is a small
artificial parameter, 0.001.
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The compliant mechanism design problem is stated as

min : C(Xe) = −LTu = −uout

subject to : K(Xe)u = fin

M
∑

e=1
XeVe

M
∑

e=1
Ve

− V∗ ≤ 0

0 < ρmin ≤ Xe ≤ 1; e = 1, 2, · · · , M

(11)

where L is a unit length vector with zeros at all degrees of freedom except at the output
point, where it is one; uout is the output port displacement; and fin is the input force vector.

2.3. Sensitivity Analysis

Sensitivity analysis measures the effectiveness of changing the elemental volume
fractions on the objective function in order to determine the search direction [37,38]. The
sensitivity of Cp(ξ) with respect to X (the vector of elemental volume fractions) is calculated
with the chain rule as

∂Cp(ξ)

∂X
=

∂Cp(ξ)

∂ξ

∂ξ

∂X̃new

∂X̃new

∂X̃

∂X̃

∂X
(12)

Given the discussions of the relationship between X̃e and X̃new
e in [16], it can be

assumed that ∂ξnew/∂ξ = 1 in this paper for simplicity. The sensitivity of Cp(ξ) with
respect to X̃ can be calculated based on the derivation of adjoint sensitivity analysis as [5]:

∂Cp(ξ)

∂X̃j
= λT

j
∂ξ j

∂X̃j
(13)

where λj is the adjoint field, defined as [5]

λT
j =

∂Cp(ξ)

∂ξ j
+ λT

j+1
∂λj+1

∂λj
, for 1 <= j < ni

λT
ni
=

∂Cp(ξ)

∂ξni

(14)

The remaining derivatives required for executing the sensitivity analysis are calculated
as [36]

∂ξ

∂X̃
=

1
2

⎛
⎝1 − (

X̃ − Ξ
)((

X̃ − Ξ
)2

+ ε
)−1

2

⎞
⎠ (15)

∂ξ

∂Ξ
=

1
2

⎛
⎝1 +

(
X̃ − Ξ

)((
X̃ − Ξ

)2
+ ε

)−1
2

⎞
⎠ (16)

∂Ξki
∂ξk

=
ePξk

ns
∑

ki=1
ePξki

[1 + P(ξk − Ξ)] (17)

For more details on the combination of SEMDOT and Langelaar’s AM filter, see
the work presented in [33,34]. As the authors’ previous works regarding smooth self-
supporting topologies [33,34] were based on the very initial version of SEMDOT, we
therefore also refer readers to the paper about the latest version of SEMDOT [16] for
further reference.
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3. Numerical Experiments

The 3D Matlab code of SEMDOT was developed based on the codes presented by
the authors [16] and Liu and Tovar [39], and the 3D Matlab code of Langelaar’s AM filter
was developed based on the 2D code provided by Langelaar [5]. Several benchmark opti-
mization problems are solved to validate the effectiveness of the combination of SEMDOT
and Langelaar’s AM filter. Parameters in the SEMDOT algorithm are set as presented
in [15]. An isotropic linear elastic material model is assumed with a Young’s modulus of
1 MPa and Poisson’s ratio of 0.3 for all examples. A grid with 5 × 5 × 5 points in each
element is used to maintain a proper balance between the smoothness of boundaries and
computational cost. Unless otherwise stated, the prescribed value of the allowable volume
V∗ is set to 0.3, meaning that 30% of materials within the design domain will be retained;
the filter radius rmin is set to 1.5 time elements width (rmin = 1.5), a dimensionless size; and
the critical overhang angle is set to 45◦ in Langelaar’s AM filter. In addition, the maximum
number of iterations is set to 500. The method of moving asymptotes (MMA) proposed
by Svanberg [40] is used as the optimizer. Default parameters in MMA are adopted for
compliance minimization design, and the move limit is set to 0.05 for compliant mechanism
design to improve the convergence stability.

3.1. Different Build Orientations

A deep cantilever beam shown in Figure 2 is considered to demonstrate the influences
of different build orientations on compliance, the number of iterations and topologies.
In AM, the build orientation is the accumulating orientation of materials when building
the part [41]. As illustrated in Figure 2, the left end is fixed and a unit vertical load
(Fy = 1 N—Figure 2) is imposed in the middle of the lower edge on the free end. In this
study, three build orientations—xmax, ymin and zmax—are considered (see Figure 2). The
design domain is discretized by a 60 × 40 × 30 finite element mesh.

x

y

z

F

Figure 2. Design domain of deep cantilever beam.

Figure 3a shows the reference design case, which converges at 5.226 J after 88 itera-
tions; the optimized topology with the build orientation xmax converges at 5.292 J after
201 iterations; the optimized topology with the build orientation ymin converges at 5.374 J
after 165 iterations; and the optimized topology with the build orientation zmax converges
at 5.378 J after 139 iterations. It is noted that the reference case is the topological design
obtained without using Langelaar’s AM filter (i.e., general topology optimization), and J
(N·mm) denotes the multiplication of the force (N) by displacement (mm). Performance
sacrifices of 1.25 %, 2.83 %, and 2.91 % are made to form self-supporting designs for build
orientations xmax, ymin and zmax, respectively. Even though the self-supporting design in
the build orientation ymin (Figure 3d) is the most similar to the reference design (Figure 3b),
the self-supporting design in the build orientation xmax (Figure 3c) is the closest to the ref-
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erence design in terms of performance. The self-supporting design in the build orientation
zmax (Figure 3e) obtains the worst performance, as great changes have to be made for this
specific direction.

0 20 40 60 80 100 120 140 160 180 200 220

5.2

5.4

5.6

5.8

6

6.2

6.4

Iteration

C
o
m
p
li
a
n
ce
/
J

Reference
xmax
ymin
zmax

(a)

(b) (c)

(d) (e)

Figure 3. Convergence processes and optimized topologies with different build orientations: (a) convergence processes,
(b) reference, (c) xmax, (d) ymin, (e) zmax.
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3.2. Different Target Volume Fractions

A simply supported deep beam, as shown in Figure 4, is used to investigate the effects
of different target volume fractions on compliance, the number of iterations and topologies.
As illustrated in Figure 4, four bottom corners are prevented, and a unit vertical load
(Fy = 1 N—Figure 4) is applied in the middle of the top surface. Six different target volume
fractions (i.e., 0.15, 0.2, 0.3, 0.4, 0.5 and 0.6) are considered in this study. The design domain
is discretized by a 60 × 40 × 20 finite element mesh.

x

y

z

F

Build Orientation

Figure 4. Design domain of a simply supported deep beam.

Figure 5a shows that with an increase in the target volume fraction, the performance
of optimized topologies gradually imroves, and there are some difficulties in convergence
when small target volume fractions (V∗ = 0.15 and V∗ = 0.2) are considered. Optimized
topologies with different target volume fractions are shown in Figure 5b–g. There is a thin
feature in the middle of the optimized topology, as shown in Figure 5b. The value of the
element at the bottom of this thin feature is small, whereas elements above this bottom
element have greater values, which violates the basic strategy of Langelaar’s AM filter.
The formation of this thin feature is because of the absolute error caused by the softmax
function (mentioned in Section 2.1).
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Figure 5. Compliance, number of iterations and optimized topologies with different target volume fractions: (a) compliance
and number of iterations, (b) V∗ = 0.15, (c) V∗ = 0.2, (d) V∗ = 0.3, (e) V∗ = 0.4, (f) V∗ = 0.5, (g) V∗ = 0.6.

The first solution to solve this specific thin feature issue is to introduce the weight-
ing factor of w∗ to the location of element X3 in the supporting region (see Figure 1).
Equation (7) is therefore rewritten as

Ξ(i,j,k) = max(ξ(i−1,j,k−1), ξ(i,j−1,k−1), w∗ξ(i,j,k−1), ξ(i,j+1,k−1), ξ(i+1,j,k−1)) (18)

The related equations are accordingly changed.
The reference design (Figure 6a) converges at 3.621 J after 86 iterations. For the rest

of the self-supporting designs (Figure 6b–d), the maximum number of iterations (500) is
reached. Among self-supporting designs, the use of a higher weighting factor w∗ will
generally contribute to relatively improved performance. More importantly, the thin feature
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issue in Figure 5b has been solved by introducing the weighting factor w∗, as illustrated in
Figure 6b–d.

(a) (b)

(c) (d)
Figure 6. Optimized topologies with different weighting factors w∗: (a) reference, C = 3.621 J. (b) w∗ = 1.01, C = 3.665 J.
(c) w∗ = 1.015, C = 3.662 J. (d) w∗ = 1.02, C = 3.659 J.

Another solution is to use a fine mesh, as it can provide more design freedom. The
mesh size of 90 × 60 × 30 is used as an example. As the element size is scaled with
a certain ratio, the filter radius is scaled with the same ratio to make sure its absolute
value remains constant. Figure 7a shows that the self-supporting design case with the
fine mesh for V∗ = 0.15 converges at 3.484 J after reaching the maximum number of
iterations (500), and the topological boundary error gradually decreases to almost 0%
when the converged topology is obtained. The performance of the fine mesh case is 4.32%
better than that of the optimized topology in Figure 5b (3.641 J). Figure 7b shows a much
better self-supporting design than that in Figure 5b in terms of manufacturability. There is
almost no structural resemblance between coarse mesh (Figure 5b) and fine mesh cases
(Figure 7b) as Langelaar’s AM filter is highly mesh-dependent. Compared to the strategy
of introducing the weighting factor w∗, using the fine mesh is a more general way to solve
the thin feature issue.
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Figure 7. Convergence process and optimized topology with a fine mesh for a target volume fraction of 0.15: (a) convergence
process, (b) Optimized topology.

3.3. Different Critical Overhang Angles

When Langelaar’s AM filter is integrated into traditional element-based algorithms
such as SIMP, the critical overhang angle is fixed at 45◦ because of the defined element
layout (see Figure 1). As intermediate elements can be cut during the formation of smooth
boundaries in SEMDOT, the possibility of exploring different critical overhang angles is
therefore provided by the combination of Langelaar’s AM filter and SEMDOT. To obtain
self-supporting topologies with different critical overhang angles, the weighting factor
of ws = 1/ tan α is introduced to the locations of elements X1, X2, X4, and X5 in the
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supporting region (refer to Figure 1) where α is the critical overhang angle. Equation (7) is
therefore rewritten as

Ξ(i,j,k) = max(wsξ(i−1,j,k−1), wsξ(i,j−1,k−1), ξ(i,j,k−1), wsξ(i,j+1,k−1), wsξ(i+1,j,k−1)) (19)

The related equations are accordingly changed.
Following Section 3.2, a simply supported deep beam with a finite element mesh of

30 × 20 × 20 is used to explore self-supporting topologies with different critical overhang
angles (i.e., 30◦, 45◦ and 60◦). The objective function value is multiplied by a scale factor
of 100.

Figure 8a shows that the reference design case converges at 326.4 J after 83 iterations,
and self-supporting design cases with different critical overhang angles of 30◦, 45◦, and
60◦ converge at 328.4 J after 133 iterations, 328.7 J after 109 iterations and 332.2 J after
261 iterations, respectively. Generally, a higher critical overhang angle will cause worse
performance as it provides less design freedom. Based on the results presented in Figure 8a,
the critical overhang angle of 45◦ requires the least number of iterations to converge among
self-supporting design cases. The optimized reference topology is shown in Figure 8b, and
optimized topologies with different critical overhang angles are shown in Figure 8c–e.

It should be acknowledged that the mentioned strategy of exploring different critical
overhang angles is not suitable for all test cases. For some specific cases, numerical issues
may occur during the optimization process, resulting in improper self-supporting designs.

3.4. Force Inverter Design

The force inverter design problem is demonstrated in Figure 9 where an input load
is defined in the positive direction, and symmetric constraints are applied on top and
side faces (two pink faces). In the case of force inverter design, the goal is to maximize
the negative horizontal output displacement. The design domain is discretized by a
40 × 20 × 5 finite element mesh.

Figure 10a shows that the reference design case converges at 1.195 mm after
131 iterations, and the self-supporting design case converges at 1.105 mm after 287 it-
erations. That is, a performance sacrifice of 7.53% is made to form the self-supporting
topology suitable for AM. Compared to the reference topology (Figure 10b), self-supporting
features are observed in the optimized topology with Langelaar’s AM filter (Figure 10c).
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Figure 8. Convergence processes and optimized topologies with different critical overhang angles: (a) convergence processes,
(b) reference, (c) 30◦, (d) 45◦, (e) 60◦.

183



Appl. Sci. 2021, 11, 238

In

Out

z
y

x

Build Orientation

Figure 9. Design domain of force inverter design.
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Figure 10. Convergence processes and optimized topologies solving the force inverter design case: (a) convergence
processes, (b) reference, (c) self-supporting design.

The compliant mechanism design problem itself is more challenging than the com-
pliance minimization design problem in terms of sensitivity analysis. The problems of
self-supporting design for a compliant mechanism in this study demand more accurate
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sensitivity analysis than general compliant mechanism design problems. Therefore, the
successful formation of the self-supporting topology for compliant mechanism design
(Figure 10c) further validates the effectiveness of the sensitivity analysis method assumed
in SEMDOT. More details on the mentioned sensitivity analysis method can be found
in [16].

Based on the results presented from Sections 3.1–3.4, it can be concluded that the
generation of a self-supporting design needs a longer convergence process than its corre-
sponding reference design. The similar phenomenon was also observed by the authors
when 2D self-supporting topologies were explored [33,34].

4. Conclusions

This paper integrates Langelaar’s AM filter into SEMDOT—a newly developed
element-based algorithm capable of forming smooth boundaries—to implement the smooth
design of 3D self-supporting topologies. The obtained conclusions are summarized
as follows:

• The integration of Langelaar’s AM filter in SEMDOT is capable of forming converged
3D self-supporting topologies with smooth boundary representation.

• As Langelaar’s AM filter is mesh-dependent, the fine mesh is recommended to form
proper self-supporting designs when the target volume fraction is small.

• Different critical overhang angles can be explored using the combination of Lange-
laar’s AM filter and SEMDOT.

• The effectiveness of the sensitivity analysis method adopted in SEMDOT is further
validated using a 3D compliant mechanism design problem for self-supporting design.

As overhang angle and length constraints interact to determine buildability, the over-
hang length constraint should be considered in terms of obtaining self-supporting designs
in the future. In addition, the experimental validation of the 3D self-supporting topologies
obtained using the combination of Langelaar’s AM filter and SEMDOT is required.
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Abstract: Cellular structures (CSs) have been used extensively in recent years, as they offer a
unique range of design freedoms. They can be deployed to create parts that can be lightweight
by introducing controlled porous features, while still retaining or improving their mechanical,
thermal, or even vibrational properties. Recent advancements in additive manufacturing (AM)
technologies have helped to increase the feasibility and adoption of cellular structures. The layer-by-
layer manufacturing approach offered by AM is ideal for fabricating CSs, with the cost of such parts
being largely independent of complexity. There is a growing body of literature concerning CSs made
via AM; this presents an opportunity to review the state-of-the-art in this domain and to showcase
opportunities in design and manufacturing. This review will propose a novel way of classifying
cellular structures by isolating their Geometrical Degrees of Freedom (GDoFs) and will explore the
recent innovations in additively manufactured CSs. Based on the present work, the design inputs
that are common in CSs generation will be highlighted. Furthermore, the work explores examples of
how design inputs have been used to drive the design domain through various case studies. Finally,
the review will highlight the manufacturability limitations of CSs in AM.

Keywords: cellular structures; additive manufacturing; cellular design; hierarchical structures;
lattice structures

1. Introduction

Cellular structures (CSs) are hierarchical materials that are composed of repetitive unit
cells. CSs are an intrinsic part of nature; examples are found in bones, wood and seashells.
Such materials are known to impart a balance between weight and strength. Over the
past decades, CSs have gained a growing focus in design for industrial and biomedical
applications. Such applications vary from structural components [1–3], where the stiffness
and strength of a part can be controlled based on external data, to vibrational [4,5], where
a well-selected CS can be used as a shock absorber in a car, as well as thermal [6,7] where
CSs may be used to enhance heat transfer, or in mass transport in the case of scaffolds for
implants [8].

The growing popularity of CSs correlates positively with the increasing popularity
and adoption of AM processes, where a design is printed layer per layer. As such, AM fab-
rication enables users to achieve higher design complexity than traditional manufacturing
methods [9,10]. For example, using AM technologies, porosity can be varied non-uniformly
across the volume of a product to tailor one side of a part to be stiffer than the other using
AM [11], without necessarily increasing the manufacturing cost. Using the layer-by-layer
AM principle, it is possible to build micro-architected materials with controlled proper-
ties [12]. This review paper presents recent research advancements in CSs; more precisely,
this work reviews how the advent of AM and Design for Additive Manufacturing (DfAM)
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have expanded the opportunities for manufacturing CSs and highlights the limitations and
opportunities in fabricating such structures. As such, the focus of this work is twofold:

1. To review the design and geometrical considerations for CS and their classification
based on unit cell feature properties.

2. To highlight the manufacturability limitations and opportunities in DfAM with CSs.

In recent years, a few other articles have focused on reviewing one specific or more
aspects of AM cellular structures [13–19]. Other reviews have focused on specific types of
porous structures, such as biodegradable structures for porous implants [20–22], Function-
ally Gradient Material (FGM) or Gradient Lattice Structures (GLS) [23,24]. Furthermore,
some reviews have touched to some extent on all the aspects CSs [25]. This review will
bring forth a new classification paradigm, in addition to highlighting the issues that are
specifically related to additively manufactured CSs.

2. Design and Geometrical Consideration

2.1. Cellular Structure Design Classification

There are numerous classifications of CS that have already been established, such
as the work by Tang and Zhao [26]. The basis for the classification, presented in the
present work, is inspired by these existing classifications and attempts to further harmonize
the available literature in this space. Tang and Zhao [26] have divided CSs into three
structural design classes: foam structures, two-dimensional (2D) CSs referring to extruded
2D cells and three-dimensional (3D) CSs referring to structures that periodically repeat
in 3D. They then described an emerging classification for 3D CSs, which is based on
how ordered the CSs are, ranging from randomized to pseudo-periodic and periodic
structures. The classification for this review work will consider both randomized and
ordered classifications. Other classifications, such as the one by Hadi et al. [27], rely on
the different types of design variables for CSs: patterns (referring to the characteristics
of the minimum CS unit replicated), surface limits (referring to the size of the shape of
the CS boundary), progressivity (referring to the variation of the CS unit cell’s thickness)
and conformity (referring to whether or not the CS unit cells are varied according to strict
parameters). Many advances in the design of CSs have shown that there is a growing
body of potential unit cells, with a push towards implicit modeling for the design of CSs.
Therefore, in the present review, the CSs will not be classified based on their unit cells.
In addition, some reviewers such as Tamburrino et al. [19] have divided CSs stochastic
structures into open cells and closed cell foams. That concept also has its limitations, as
there are examples of triply periodic minimal structures with a varying volume fraction,
which can be seen as open on one end and completely closed on the other. Hence, it is more
important to isolate the sources of morphology variation inside a CS rather than trying to
classify them in different distinct, non-intersecting groups.

The present review challenges the current paradigm, which aims at grouping CSs into
multiple distinct and non-overlapping groups. Instead, the current approach identifies the
main geometric degrees of freedom (GDoF) that come into play when designing a CS.

It is important to first define some concepts that will recur throughout the article. The
design space refers to the volume that contains the CS (the object being lightweight), and
the Representative Volume Element (RVE) refers to the smallest element that is replicated
throughout the design space. There are multiple types of RVEs and some of the most
famous will be discussed later in Section 2.2. The RVE can vary throughout the design
space in many ways: it can be transformed (scaled or rotated), its volume fraction can be
changed and its topology/type can also be changed. The RVE can be modified to optimize
the design space as a response to multiple factors: based on the boundary of the design
space (or the surface of the design), based on the loads that are applied to the CS and based
on random or external factors (such as trying to replicate the density of bones). All of those
have been considered when creating Table 1.
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Table 1. Cellular structure classification based on geometrical degrees of freedom and representative examples.

Change of RVE Morphology Volume Fraction Change of RVE Scaling & Rotation of RVE
Boundary induced variation [28] [29] [29–36]
Load induced variation [37] [30,37–49] [34,38–40,50–53]
Random and external sources
induced variations [54–56] [55,57,58] [33,55,59–64]

No variation [4,6,11,65–79]

The RVEs inside the CS may also vary based on both the loads and the boundary
conditions, whereas for other CSs, their RVEs may be transformed and changed based on
imposed volume fractions. Thus, certain case studies can appear in multiple entries on the
table. This is the case for the work of Tang et al. [30], wherein the authors have generated
a strut-based CS that considers the boundary of the design space where the strut-based
RVE are then modified towards the surface of the part. However, the thickness of the struts
is varied based on the load applied to the design space. That paper, therefore, appears in
two locations in the CSs classification table. It is important to notice that several design
paths can lead to the same design result. The purpose of the summary table is thus not to
show that every entry is unique, rather to showcase all the design freedoms the designer
has access to.

Another important thing to note is that it is extremely hard to create a classification
that is exclusive; no matter the classification, there will always be a CS that can belong
to multiple entries in any classification table. For example, the RVE can be changed in
multiple ways and for multiple reasons. There are also varying degrees of randomness
that can be attributed to a CS—some CS arrangement can be random in some locations
and ordered in others. Table 1 shows the GDoFs that go into making a CS. In addition,
the GDoFs that were selected to create the table did not include the type of RVE. With
the advent of implicit modeling, there are more and more RVEs that emerge as design
solutions, making a classification based on RVEs challenging to upkeep. The next sections
will focus on some of the most popular and emerging RVEs in literature.

2.2. Overview of Representative Volume Elements

The smallest replicated unit or the representative volume element (RVE) alludes to
the smallest unit that is replicated throughout the design domain or in a sub-region of a
design domain; such RVEs are also referred to as unit cells. Below are the different existing
types of RVEs or unit cells.

2.2.1. Strut-Based

Struts-based unit cells are RVEs with a specific arrangement of struts. Such examples
of unit cells are presented in Figure 1. An emerging type of investigated strut-based unit
cells are the ones used in bi-auxetic structures, from the Greek word “auxetos” mean-
ing “that may increase”. Bi-auxetic structures are structures with a negative Poisson’s
ratio [80], which means that when stretched in one direction, the structure expands in all
other directions, whereas when compressed, the opposite is expected to happen. Auxetic
materials have traditionally been fabricated through the use of foams; with the advent
of AM such structures can be better tailored based on the intended application. Auxetic
materials can be found in a few applications such as shock and sound-absorbing materials
for vehicles and aircraft [80]. Other works, such as by Queheillalt and Wadley [81], have
studied strut-based unit cells with hollow struts; hollow struts are not widely used as
of now in the AM domain. The manufacturing of hollow struts still poses a problem in
AM processes due to challenges in removing trapped powder or support materials within
the struts.
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Figure 1. Strut-based unit cells. From left to right: grid, X (or BCC), diamond, vintiles, octet. Made
using IntraLattice [82].

Sometimes, the strut-based unit cell can just be one strut. For the classification in
this review, when a CS is made of a truss network but does not contain any clear strut-
based unit cell (an arrangement of strut replicated throughout the design space) then the
RVE is considered to be a strut. An example is given by Smith et al. [39], whereby they
describe a design methodology based on layout optimization where nodes distributed
across the design space are interconnected by potential members. Those final members of
the structures are chosen to minimize the total structural volume. Following this step, the
size optimization algorithm uses the updated layout as the ground structure. Finally, in the
last step, every member is resized to ensure that none of the members buckle [39].

2.2.2. Extruded 2D Cells

Generally, 2D cellular structures can be described as CSs, where the repeated units
are extrusions of polygons. The type of polygon that is extruded defines the type of
extruded 2D CSs. Common extruded 2D CSs include Kagome, square, honeycomb [83],
and triangular, as can be seen in Figure 2. The recent work from Ongaro offers an in-depth
review of common extruded 2D CSs, as well as their mechanical simulation [69].

Furthermore, as it is shown by Hu and Wang [84], auxetic structures can also be made
from extruded 2D cells. However, in that case, the expansion/contraction can only be done
in the 2D plane perpendicular to the direction of the extrusion.

Figure 2. Extruded 2D unit cells with visualizations capturing a three-unit cell, a top view, and
an isometric view of each configuration: (a) circular (c = 9.8 mm, t = 0.6 mm); (b) hexagonal
(c = 3.125 mm, t = 0.6 mm); and (c) triangular (c = 9.14 mm, t = 0.6 mm) [85].

2.2.3. Triply Periodic Minimal Surfaces

Minimal surface areas have been researched for more than 200 years. A minimal
surface area is a surface with the smallest area bounded by a contour [86]. Triply Periodic
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Minimal Surfaces (TPMS) are minimal surfaces in all three x, y and z directions.They are
defined by an implicit function such as f (x, y, z) = t describing the locus of points at which
the function takes the value t. To generate a solid structure or to describe a volume, the
equation is replaced by an inequality, for instance f (x, y, z) < t. The function is used to
define one unit cell, and the unit cell is replicated throughout the structure. The constant t
can be adapted regionally to allow different volume fractions [13] (see Figure 3).

Figure 3. Gyroid structure for varying threshold, t = 0, t = 0.5 and t = 1.

More specifically, a change in t will result in a different volume fraction. Since TPMSs
are defined by functions, the transition between two unit cells is smooth, which means the
structure has fewer stress concentrations. Hao et al. [87] have described an image-based
algorithm and an implicit function to properly define a unit cell. Their unit cell is easy to
discretize using finite element and it also minimizes the use of overhangs. Figure 4 shows
a list of typical TPMS cells. Sometimes, there are simiarities between strut-based unit cells
and TPMS. For example, Zhao et al. [88] have highlighted that controlling the volume
fraction of the gyroid structure, one can get something close to the BCC lattice structure.

Figure 4. Examples of TPMS; from left to right—Schoen’s Gyroid, Schwarz’s Primitive, Shwarz’s
Diamond and Sherk’s first surface. In each case the bottom picture shows the results when the cells
are duplicated.

2.2.4. Unit Cells Obtained through Topology Optimization or Other Numerical Methods

According to Coelho et al. [73], TPMS-based RVEs are site-dependent, and it might
be difficult for TPMS-based unit cells to balance scaffold elasticity and permeability. In
contrast, Topologically Optimized Microstructures (TOMs) are microstructures that have
been topologically optimized and smoothed; such microstructures can be deployed as the
RVEs for CSs. Coelho et al. [73] suggest that such TOMs are advantageous over TPMS
as they allow for anisotropic optimal design (Figure 5). Another way to obtain a TOM is
described by Hollister [89]. The article shows one way to create libraries of unit cells to
allow hierarchical design. There are two ways to construct those boundaries, either by
image-based design approaches, or using CAD software. In the study, they rely heavily on
imaging techniques to create the scaffold architecture with 3D anatomic defects. Globally,
their process goes as follows: the microstructure is optimized for maximum permeability
and the effective modulus must match the human bone tissue. Subsequently, they use

193



Appl. Sci. 2021, 11, 3845

imaging techniques to design the scaffold exterior. Following this, the global anatomic and
architecture design are integrated. They then use AM to fabricate the design [89]. Similarly
to Coelho et al. [73], Takezawa et al. [74] have used topology optimization to optimize the
microstructures of parts.

Figure 5. Unit cell topologies A, B and C from design to fabrication: (a) solutions as they were ob-
tained via topology optimization on the top of the finite element mesh (20 × 20 × 20 or 30 × 30 × 30
of 8-node hexahedral isoparametric elements); (b) microstructures after thresholding, 0–1 design,
solid phase and cut views; (c) conversion into STL format. Figure by Coelho et al. [73].

2.2.5. Origami-Inspired Materials

An emerging class of RVEs are based on origami-inspired materials. Such designs
are comprised of stacked layers of material [90]. Figure 6 gives an example of how they
are parametrized.

Figure 6. (a) Parameterisation of the unit cell of the stacked Miura-ori design, and (i)–(iii) the
patterning of this unit cell to construct the cellular solid. A and B denote adjacent Miura-ori layers in
the stack. (b) Variation of the stacked origami structure with increasing fold angles V/S . Figure by
Harris and McShane [90].

2.2.6. Void RVE

In some cases, the RVE is not the solid that is being stacked to create CSs, rather the
RVE constitutes the solid material that is being removed to create the CSs. Some have
discussed the need to remove random spheres in order to generate the CS [91]; this concept
will also be discussed in further detail in Section 2.5.
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2.2.7. Further thoughts on RVEs and CSs

It is important to mention that not all porous structures are CSs. CSs are obtained
by the repetitiveness of an RVE, whether it is a solid RVE or a void RVE. Some examples
of porous structures that are not considered to be CSs are structures that may result
from topology optimization or other mathematical operations. Examples of other porous
structures that are not CSs include Spinodoids [92] and structures that are the result of the
thresholding of Gaussian fields Hyman and Winter [93]. Furthermore, many randomized
structures seem to use Voronoi cells. A Voronoi cell can be observed in different ways. The
RVE might be an edge of the cell, in which case the RVE is rotated and scaled throughout
the design space. In some other instances, the RVE can be a Voronoi cell, which would
mean that an RVE is defined by its number of vertices; in that case, since there are many
polygons (in 2D) with different dimensions but the same number of vertices, the RVEs are
varied (in type) but are also scaled or rotated.

2.3. RVE Variation Methods
2.3.1. RVE Morphology Variation

A CSs can vary in terms of the type of RVE (unit cell) present throughout the design
space. The first column of Table 1 is dedicated to illustrating cases where there are RVE
morphology variations. For example, Yang et al. [55] have proposed a method to vary the
morphology of the CSs based on the location within the design space (see Figure 7). The
authors were able to ensure a continuous transition between morphologies using control
points. Varying the morphologies of the RVE based on the location can pave the way
toward mimicking natural structures such as tissues by increasing the degrees of freedom
required to locally control the properties of the material.

Jin et al. [56] have presented an interesting way of changing the morphology by
superimposing two TPMSs. Varying the volume fraction of one TPMS based on the
location is like changing the morphology of the resulting structure.

Figure 7. RVE gradient in terms of morphology types and porosities. (a) Three control points. (b) The
3D structure integrates type Primitive of 30% porosity, type Diamond of 50% porosity, and type
Gyroid of 70% porosity [55].

2.3.2. RVE Volume Fraction Variation

Volume fraction can also be varied to create porous Functionally Graded Materials
(FGMs). In the case of a strut-based unit cell, volume fraction refers to the relative thickness
of the struts. Figure 8 shows the difference between a structure with a constant volume
fraction and a gradient volume fraction. The second column of Table 1 is dedicated
to highlighting examples of research where the volume fraction of the RVE is changed
throughout the CS to result in non-homogeneous properties.
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Figure 8. RVE gradient in terms of unit cell density grading across the CS [29]—ρΔ is the difference
between the maximum and minimum densities, ρavg is the average density.

Numerous papers have studied how to map the variation in the volume fraction (or
conversely density) of CSs based on the gray scale gradient obtained from structural topol-
ogy optimization algorithms. In such efforts, the typical goal is to ensure that the volume
fraction of the RVE in the volume neighborhood maps to the topology optimization results
in that region [11,30,51,94,95]. One such example is in the work by Alzahrani et al. [11],
whereby they propose a method where the relative density is adjusted using the strut size
in the structure. Similarly, Plocher and Panesar [29] have constructed multiple examples
of CSs for which they have varied the density in a linear manner based on topologically
optimized design spaces.

2.3.3. RVE Transformations

The third column of Table 1 is dedicated to cases where the volume fraction of the
RVE undergoes scaling or rotation mathematical transformations. An example is shown
in Figure 9. In some cases, RVEs can undergo scaling, rotation or any other type of
geometric transformation, while still being recognizable. Plocher and Panesar [29] have
also constructed multiple CSs for which they have varied the scale. There are numerous
cases that have been included in that column that might seem a bit more subtle. For
example, in many of those case studies, the unit cell that is being scaled and rotated
throughout the design space is simply a strut [40,50].

The next subsections will tackle the second question—”why or according to what
factor does the RVE vary throughout the design space?”.
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Figure 9. RVE transformation of a gyroid structure with scaled unit cells.

2.4. RVE Variation Factors
2.4.1. RVE Variation Based Boundary Information

Sometimes, the CS unit cells can vary based on the boundary of the design space; this
is the case for conformal CSs. For conformal CSs, Tang et al.’s approach consists of using
conformal CSs to create a lightweight structure [30]. There are different advantages in
using conformal CSs, most importantly, the non-uniformity can potentially increase the
strength of the CS.

Figure 10 shows the difference between a uniform and a conformal strut arrangement
for a lattice structure. Other authors such as Nguyen et al. [31] have written about conformal
CSs; they suggested a novel method of generating conformal CSs by offsetting the surfaces
of the design space and dividing the result into tetrahedra. The same method had been used
by Engelbrecht et al. [96]. Another interesting application of conformal CSs structures was
showcased by Brennan-Craddock et al. [97]. The team used CSs for body protection and
investigated their ability to absorb energy from the impact. The conclusion was that foams
are suitable for energy absorption use. They defined four types of what they call conformal
methods. In their framework, only the swept and the meshed structures correspond to
the definition of conformal CSs. This framework is also used in this paper. As the name
“conformal” implies, in the trimmed method the struts are cut at the boundaries. The
“swept method” requires two surfaces, often parallel, in which unit cells are swept in the
normal direction between the two surfaces. The mesh method is more robust as it does not
require any specific surface configuration, nor does it require them to be parallel. The main
disadvantage of the trimmed method is that unit cells near the boundary are weakened.
To remedy that, the same authors have suggested wrapping a skin around the design
space. Furthermore, Melpal [98] discussed a conformal CS technique in his PhD thesis; the
technique consists of slicing design spaces (in STL format), taking some of the resulting
intersection points and then generating conformal structures by offsetting the original
design space [98]. An accurate example is given by Yang et al. [28]. Another example of the
volume fraction varied between two boundaries is in the work by Plocher and Panesar [29];
a custom example of that case was made in Figure 11.
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Figure 10. Representative volume element variation based boundary information—illustration of the
difference between uniform and conformal lattice structure [99].

(a) (b)
Figure 11. Representative volume element variation based on boundary information—illustration of
the difference between a cellular structure cell sizes are (a) not influenced by the boundary and (b) a
cellular structure in which the cells’ size vary based on their distance to the boundary.

2.4.2. RVE Variation Based on Load Conditions

In the context of CSs, the designer typically deploys such architectures towards
structural performance customization. One example is the use of CSs in the frame of
structural topology optimization to balance lightweight and compliance requirements
(see Figure 12).

When it comes to “load adaptive” cellular structures, the shape of the cellular structure
wireframe is based on a response to loads applied on the surface. Chen [45] explains how
space warping can be used to properly distribute the load. For example, in order to
maximize strength, the CS will be deformed using a warping function. Another example is
given by Reinhart and Teufelhart [50]. The authors developed a method that uses stress
fields in order to create CSs. Robbins et al. [100] described an example of a multi-step
optimization procedure where geometry is topologically optimized and then discretized
using a hexahedral mesh. The mesh is then populated with unit cells.

198



Appl. Sci. 2021, 11, 3845

(a) (b)( )

(c)

Figure 12. Representative volume element variation based on structural load conditions starting
with (a) design space with boundary condition(s), followed by (b) topology optimization results,
then finally (c) generated cellular structure.

A similar concept can be applied in other types of “loads”. Another type of assumed
“load” is permittivity for dielectric structures, as mentioned by Larimore et al. [47]. The
idea is to create dielectric structures with spatially varying electromagnetic properties
via AM. The unit RVE structures obtained by the researchers are made based on a curve
wrapped within a rectangle. The curve is wrapped into multiple cells, such that when they
are combined, they are able to change the permittivity of the cells by changing how dense
the curve is wrapped at each of the cell’s locations (see Figure 13).

An example of stiffness maximization using lattice structure is given by Alzahrani et al. [11].
In their paper, they have redesigned a micro aerial vehicle, used for surveillance in hazardous
areas. They have done so using a relative density mapping. Their technique consists of the
following steps. First, they analyze the boundary conditions as well as the loads acting upon
the vehicle. Then, they topologically optimize the part via the SIMP method. Afterward, they
select the type of microstructure required. Finally, they fill each element on the part with a unit
cell. The density of the element is what dictates the size of the unit cell struts. Furthermore, a
minimum strut thickness can be imposed in order to properly fill every element. This addresses
the problem of discontinuity in topologically optimized parts caused partially by elements with
zero density.
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Figure 13. Representative volume element variation based on permittivity conditions. (a) Illustration
showing examples of the space-filling curve geometry used to create spatially varying permittivity
distributions. By varying the order N, the user can tune the local volume fraction of printed material
and thus the local effective permittivity. (b) Illustration showing how the unit cell geometries can
be connected end-to-end resulting in a single continuous curve with spatially varying effective EM
properties [47].

The CS parameters (or implicitly the local RVE properties) can be changed in order
to meet a specific optimization objective. One of those objectives is thermal applications.
In the article written by Seepersad et al. [7], the authors show an example of a two-
stage optimization of a CS. The first optimization is meant to reach certain customized
structural properties and the second optimization to improve heat transfer without affecting
the structural properties of the part. To do a multifunctional optimization, the typical
force equation was replaced with the following: K · D = F + G, Where K is the global
stiffness matrix for N elements stiffness matrices frame elements, D is the vector of global
displacements, F is the vector of applied nodal loads and G is the vector of loads that
account for thermal heating. The result has revealed itself to be promising toward structural
and thermal multi-objective design optimization.

The article by Liu et al. [37] shows a rare example of varying the RVE (unit cells)
using topology optimization results. The team has first constructed a unit-cell library in
which they have analyzed the connectivity of the cell as well as some of their mathematical
properties. In parallel, they have topologically optimized a structure and they have filled
each element with a unit cell based on the density of the element. The volume fraction of
the struts can then be optimized as well.

2.4.3. RVE Variation Based on Random and External Sources

Random and external sources are grouped together because they both have little to do
with the geometry of the part, nor with what the part is going through. Many definitions
have been given to randomized CSs; however, in this article, the following definition is
given: a CS is called randomized if a designer goes through the process of designing a
specific CS twice with the same inputs without any guarantee that the resulting structure
will be exactly the same.

When generating a randomized CS, one might not be able to predict the exact layout
of the material; however, it can be possible to approximately predict the stiffness of a
randomized CS. This can be done through the global or localized control of porosity or
conversely, density. An example can be shown in Figure 14. There are many applications
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of randomized CSs within the medical field, one of them is described by Fantini et al. [101].
The authors have developed a method to design biomimetic scaffolds using a Voronoi
diagram. In the article, they describe an algorithm that takes as inputs the information
from the scan of a patient’s bone, the desired porosity, and a target pore size. Then, based
on the scattered points within a volume, the proposed algorithm creates Voronoi cells. The
edges of the Voronoi cells are then thickened. The resulting CS will mimic the structure of
the human bones. Their process is randomized because when generating the points or the
seeds of the Voronoi cells, the user does not precisely control the location of those points
but they can control the distribution or density of those points inside the design space.
Similar work is done in Brackett et al. [51], where they use an error distribution method to
map a Voronoi diagram to a grayscale image. Almonti et al. [54] have also proposed an
approach for a completely customized structure using the Voronoi tessellation of a specific
region to realize cellular structure typical of metal foams. In their case, the random change
affects the topology of the cells.

Figure 14. Manufacturing workflow from specimen design to build file generation to manufacture.
Note: 1–3 are simplified for clarity and not to scale [63].

In the work by Savio et al. [46], the authors have classified cellular structures for AM
in the biomedical field; they have classified the conformal lattice in the pseudo-random
category and Voronoi in the random category in a few instances. A Voronoi diagram is
not necessarily a randomized CS, it all depends on how the seeds are generated, if the
seeds have a fixed position then the Voronoi diagram will always be the same; hence, it
cannot always be classified as random. The main difference with Voronoi diagrams is
that the design variables are the seeds’ position and it is easier to generate random points
than to directly generate randomly placed unit cells. In the latter case, one has to ensure
connectivity, which is an issue that does not occur when working directly with a Voronoi
diagram. According to Martínez et al. [102], the absence of a regular structure (for example,
the stacking of more complex strut-based unit cells) affords for a simple approach to grade
the foam geometry. To create randomized shapes, the vertices of existing unit cells can be
varied in a random fashion, as is the case for Zhang et al. [61]’s work. A similar method is
captured in the work of Reis et al. [62]. They create a network of struts that it subtracted
from an original design space. This shows that sometimes, the unit cells are not the solid,
but the voids.

Furthermore, the variations in a CS are not in response to a load nor to a boundary,
but rather to an external source such as the CT scan of a part. For example, in the work
by Cadman et al. [58], the authors have examined the microstructure of cuttlebone (bones
of cuttle fish) and they have extracted properties such as the local volume fractions to try
and reproduce the properties of the cuttlebone. Other sources that can induce a variation
of unit cells often involved CT scans. The field of biomimicking contains a number of
such examples.

As alluded to previously, the authors acknowledge that they can be multiple factors
combined that result in RVE variations throughout a CS. For example, in the work by Tang
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and Zhao [103], the authors first used the boundary of the shapes to design a tetrahedral
mesh and then, based on the stress within the part, they have been able to dictate the
thickness of a strut. Similarly, the work by Martínez et al. [102] illustrates CS based on both
random and load response. In this work, points (seeds) are scattered randomly, but the
density of points follows a probability that is related to the level of localized stress within
the parts.

Lim et al. [34] have used a tetrahedral mesh from FEA. Tetrahedral mesh vary based
on the boundary of the structure. However, the authors have changed the way the density
of strut is based on the stress level. Tetrahedral mesh is an example of boundary-induced
cell transformation because the arrangement of the strut (the RVE in that case) is affected
by the boundary of the shape.

2.5. CS Generation

This section will go over how one can generate and store CS digital information. There
are many types of CS generation methods. However, only three of them will be discussed
here: voxels, Constructive Solid Geometry (CSG), and implicit modeling.

2.5.1. CS Generation via Voxel-Based Approaches

Generally, CSs are built by populating a design space with existing cells, as seen in
Figure 1. Voxels are a relatively new concept, but an intuitive manner of representing solids.
Each solid is created by adding small cubes in 3D (or voxels). The main disadvantage
of this method is the computational cost, discretizing a shape accurately requires a high
number of voxels [104].

As an example, in the work by Aremu et al. [104], the authors use voxels to generate
CSs. The target geometry is first voxelized, as shown in Figure 15, then a grid was
mapped onto the domain and trimmed, as shown in Figure 16. The main advantage
of this method is that trimming and filling gaps becomes trivial when using a voxel
representation. Unfortunately, the voxel representation cannot exactly represent any curved
surface; therefore, staircases arise around such features. This problem can be minimized
by using smaller voxels (i.e., higher resolution); however, this increases the computational
cost. Another issue is that voxel representation is not well supported in the current CAD
software and AM ecosystem. Most CAD software or AM build environments only accept
geometry using Boundary REPresentation (BREP) or CSG. Unfortunately, the conversion
from voxel to standard CAD file format nulls out the computational cost advantage of
using voxels. When converting from voxel to mesh, the resulting STL file is extremely large
as well [105].

Figure 15. Illustration of cellular structure generation via voxel-based approaches. (a) Low-resolution
pixel image of a circle. (b) Similarly low-resolution voxel model of a sphere [104].
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Figure 16. Generation of a trimmed structure slice—analogous to a Boolean intersection [104].

2.5.2. CS Generation via Constructive Solid Geometry

Constructive solid geometry (CSG) uses a sequential approach to represent a complex
solid. CSG performs boolean operations on a set of primitives (cones, prisms, spheres)
and stores the operations in a tree, as seen in Figure 17. A common method to represent a
lattice structure using CSG is by creating CSs via representing the lines as cylinders and
the nodes as spheres [4] and then joining them. Many problems arise from this method.
First, the “join” operation can take a long time; this is because the only primitives that can
be joined at once are the ones that are in contact. The second problem is the lack of smooth
transition at the junction of the primitives. Eventually, when the structure is printed, the
rough transition may result in stress concentrations. One simple way that has been found
to overcome this challenge is to represent each node as a sphere where all the cylinder tips
lie inside, as illustrated in Figure 18. Consequently, a boolean operation can be done to
merge all cylinders and spheres into an RVE or a collection of RVEs into a more complex CS.
Another way is to calculate the intersection between the cylinders and trim them such that
they are flush with each other and then fill any gaps, as illustrated in Figure 19 [105,106].

In an effort to tackle the issue of nodes connection, Goel and Anand [42] have sug-
gested using an additional unit cell. Overall, their methodology goes as follows: they
perform topology optimization, then they use a mapping function, they then populate the
space with Functional Gradient Lattice (FGL). The interesting part of their work is how they
connect the different unit cells; they create a different unit cell to take care of the connection
between the regular unit cells. That connection is made using B-spline principles, which
comes in handy when the initial unit cells have different diameters.

Figure 17. Example of a CSG tree: The “U” symbol stands for union and the “-” symbol stands
for substraction.
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Figure 18. Cellular structure generation via CSG where spheres represent nodes and cylinders
represent struts [4].

(a) Interference around the extremities of two connected beams

(b) Displacement of vertices

(c) Hole Filling

Figure 19. Cellular structure generation via CSG—resolving beam intersection using lattice structure
lightweight triangulation algorithm [105].
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The work of Zeinalabedini et al. [91] presents a method similar to Aremu et al. [104],
where the authors resorted to subtracting a set of randomly spaced spheres from the design
space to obtain the CS, as seen in Figure 20. In this methodology, the user can control the
size of the spheres, and thus the overall porosity, as well as the overlap between spheres to
control the degree of pore necking and inter-connectivity. In this particular case, the RVE is
the void itself. Uhlířová and Pabst [107] have discussed a similar technique. There are two
disadvantages to this approach. Firstly, there is a high computational cost of the boolean
difference because the spheres are not necessarily overlapping, the number of subtractions
that need to be done can be as high as the total number of spheres in the set. Secondly, the
other drawback is the potential failure of such an operation; depending on the software
used, subtracting two intersecting solids may not be possible. The main advantage of this
is that it uses existing functions available in most CAD software; therefore, it is easy to
implement for users with low experience.

Figure 20. Cellular structure generation via CSG—foam structure generation [91].

Presently, most CAD software uses a combination of BREP and CSG [108] to capture
the complexity of the CS design space and to visualize such structures. The BREP format
describes geometry as a combination of vertices, edges, and faces [108], while in CSG,
it is done through union, intersection, and difference of primitive solids (e.g., squares,
spheres) [108].

2.5.3. CS Generation via Implicit Modeling and Mesh Data Structures

Solids can be represented by the volume enclosed within their representative surfaces.
Such surfaces can be seen as the boundary between void and solid. To represent void and
solid domains, numbers can be attributed to points within the design space volume, where
the values of the points that are below a threshold value are seen as void while the ones
above the threshold value are seen as solid. Two-dimensional examples of this concept
can be seen in Figure 21). This procedure is known as level sets or implicit modeling.
In order to create the contours in 3D, many algorithms can be used; one of the most
famous is the marching cube algorithm [109]. This algorithm discretizes the surface with
triangles and stores the coordinate of each vertex as a mesh. This process leads to meshes
that can be exported as Standard Tessellation Language (STL) files, which can be used to
visualize structures.

One advantage of this method is that it allows a smooth transition between the
primitives without the need for fillets, as seen in Figure 22. The other advantage of such
a method is that the computational cost is mainly affected by the density of the points’
grid. The number of operations done on the grid to change the value at each point also
affects the computational cost; however, some could argue that an intricate CS will require
a highly dense grid, which will greatly increase the computational cost.
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Figure 21. The images above show a 2D version of grid points and some of their isocontours. From
left to right: 2D grid points with their respective values, isocontour at 0.5, and isocontour at 0.8.

Figure 22. Intersection of cylinders using implicit modeling (left) and CSG (right).

Researchers such as Tang et al. [110] have done some work towards helping to improve
solid modeling of lattice structures. To do so, they have designed a hybrid approach, where
the method first starts by designing and generating the lattice frame, then implicit functions
are used to thicken the frame. The final structure is then voxelized such that it can be
directly used for AM. Similarly, strut-based unit cells can be thickened using implicit
functions. An example of this generation method is given by Intralattice [82], a plug-in for
the Rhinoceros3D CAD software. In this platform, the unit cell is first defined and then
replicated in the design space periodically or pseudo-periodically. Finally, the resulting
wireframes are thickened, as seen in Figure 23.
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Figure 23. Cellular structure generation via implicit modeling—intralattice lattice generation frame-
work [82]. From right to left: design space (unit cell in green), lattice wireframe, lattice mesh.

Triply Periodic Minimized Structures (TPMS) are examples of structures that are
implemented using implicit modeling. Some algorithms, such as highlighted by Hsieh
and Valdevit [111] have used implicit functions to represent triply periodic minimum
surfaces. In the article by Kumar et al. [92], structures were also built using implicit
modeling. In the article by Yang et al. [55], an example is shown of the transition that
can be made between the primitives. Furthermore, as topology optimization can also
be done using level sets; it is only a matter of time before TOMs can be rendered using
implicit functions. In other occasions, meshes that already exist can be modified using
known mesh operations. In Savio et al. [46]’s work, an FE model is first built based on
loads and the surface is subdivided using computer graphic techniques. Researchers such
as Stadlbauer et al. [112] have worked on an approach to interactively generate cellular
structures on existing meshes. With surface meshes as inputs, they can decompose their
meshes into hollow cellular structures that act as a skeleton on the surface and a set of
thin shells. Liang et al. [113] have given an example of a lattice structure that is built using
implicit functions. The values of the grid points are given based on the distance to the
closest point on the lattice core (skeleton).

For digital storage and handling of the resulting geometry, the de facto standard in
AM is the STL file. With the advent of multi-material printers and the increasing complexity
of additive manufactured parts, the STL format is starting to become limiting, mainly in
its inability to store other types of information (such as materials, colors, copyrights), in
addition to geometry data. New file formats (3MF and AMF) were created to address
such shortcomings. Both 3MF and AMF are XML (extensible markup language)-based,
which enables them to store other information in addition to geometry. In the 3MF and
AMF file, geometry is still stored as a mesh. In AMF, a porous structure can be specified
as a material. On the other hand, 3MF now supports the representation of CSs as a set of
beam elements. Since file formats store geometry information as a surface, most of the
algorithms described in the previous sections aim at obtaining a mesh-based representation
of CSs. Here lies the challenge in generating cellular structures; as the complexity of CSs
increases, the complexity of the mesh needed to describe it increases exponentially [27].
This drives the computation time and file size upward when processing and generating
CSs. The complexity of CS also pushes CAD technology to the limit. Representing large
numbers of features using BREP and CSG becomes impractical [104]. Hence, there is a
continued interest in representing and generating CSs either as beam elements, implicit
models or voxels.
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3. Highlights of Manufacturability Challenges of Cellular Structures

One of the main challenges in AM is that the manufacturability of components is at
the intersection of the design space, material properties and process physics, where the
interactions are not fully understood. Furthermore, the effect of the process parameters on
the manufacturability of lattices depends on the AM technique used. This section presents
the set of design limitations relevant to each technology.

The parameters that affect manufacturability can be divided into two categories: the
lattice design parameters and parameters related to the AM process. For the lattice design,
this includes the size of the RVEs (unit cells) and the primitive properties (the strut angles
and diameters), which is typically be dictated based on the resolution of the AM technology
(design guidelines) and experience with each material and machine (design rules). For
AM parameters, each technology has a specific set of inputs; such brief examples are the
scanning speed, in the case of powder bed processes, or the extrusion speed in the case
of material extrusion processes. In the context of this work, manufacturability refers to
the capacity to achieve three things: dimensional fidelity, low surface roughness, and low
porosity defects. It is important to have a firm understanding of those elements to be
able to determine how the mechanical properties, among others, will be affected. Table 2
summarizes the various design constraints with example works across the more common
AM fabrication techniques [114]. Mechanical properties will not be explored in this context
since such properties are dependent on the material used.

One design limitation is the need to remove unused material from inside the lattice
structure. For the powder bed AM process such as Laser Powder Bed Fusion (LPBF)
or Selective Laser Melting (SLM), Selective Laser Sintering (SLS), Binder Jetting (BJ),
and Electron Beam (EBM) powder bed fusion, the lattice inner voids need to be large
enough to allow powder to flow freely and to exit the volume during de-powdering.
Adam and Zimmer [115] mention a minimum size requirement for SLM and SLS, although
such requirement is likely dependent on the powder size distribution and material rheo-
logical properties. For stereolithography (SLA), the unused resin flows freely out and only
requires an exit opening if the lattice is fully enclosed. For Fused Deposition Modeling
(FDM) and Material Jetting (MJ), internal material removal requirements are largely driven
by the need to remove support structures via mechanical or chemical processes, if such
support structures are present.

If the lattice structures contain overhangs as defined by a technology class-specific
threshold angle, the overhanging features need to be supported through the generation
of expendable support structures. This can be mitigated either by changing the lattice
design, or by modifying the build orientation of the product. For multi-material capable
systems like FDM or MJ, support structures can be printed out of dissolvable materials.
For FDM, all overhang needs to be supported due to gravity. Adam and Zimmer [115]
and Qattawi et al. [116] illustrate a few design rules for FDM. Support structures are also
necessary for LPBF and EBM. For LPBF, support structures act as thermal dissipation
structures, to prevent warping and material vaporization due to the accumulation of
residual stress and thermal insulating properties of powders [117], respectively. Adam and
Zimmer [115] and Kranz et al. [118] show a few design guidelines regarding overhangs and
slopes for LPBF. For EBM, support structures are technically only necessary for anchoring
components to the build plate, as the powder around the part is sintered by the process into
a powder cake. The powder cake provides enough mechanical support and heat dissipation
properties for the object [117]. For SLS and BJ, support structures are generally not necessary
for overhangs, as the powder provides enough gravity support [115,117]. Furthermore,
such processes do not experience excessive thermal gradients. For SLA, although not
robustly documented in literature, design guidelines by 3D Hubs and Materialise specify
that support structures are only needed to anchor the object to the build plate and ensure
print object continuity in respect to the build plate [119,120].
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Table 2. The common process design constraints for manufacturability of CS.

Typical RVE Design Constraints LPBF SLS SLA FDM BJ EBM MJ

Need for dimensional fidelity x x x x x x x
Need for material removal x x - - x x -

Need for support overhang structures x - - x - - x
Need for avoidance of pore defects x x - x x x -

Another design limitation stems from the material–process–design relationship, where
the minimum feature size of an RVE correlates with the resulting porous defects in the
CS. For LPBF and EBM, the dimension of the energy source, the powder size and the
minimum desired feature size in an RVE, as well as the surrounding RVE neighbors result
in a complex set of melt pool and heat transfer phenomena. Such interplay can often
result in pore defects; the mechanism of pore formation, the classification of pores, and
strategies to mitigate such defects in powder bed fusion processes have been reviewed
and summarized by Echeta et al. [121] and Sola and Nouri [122]. For BJ technologies,
the scale of the interaction between the layer resolution, the liquid binder droplets, and
the powder morphology and size can pose limitations in terms of the lattice structure
geometric and green density quality [123]; such qualities are also impacted by the sintering
and densification process. For SLA, pore defects are only mentioned when printing ceramic-
loaded polymers into complex-shaped objects, where the pores are mainly created by the
sintering post-processing steps rather than the AM process itself [124]. As for FDM,
the minimum feature size of an RVE and the nozzle diameter play a role in pore defect
generation. The RVE inner features may be inadequately filled due to discontinuity in the
toolpath and gaps between the extruded plastic filament [125]. For MJ, pore defects are not
mentioned [126] except in the context of polymer-loaded ceramic production [127].

4. Conclusions

The advent of AM has expanded the horizons of cellular structure design. In this
paper, a new cellular structures classification paradigm has been developed. The design
methods for cellular structures have been classified by identifying all the geometric degrees
of freedom that are involved in the construction of cellular structures. The classification
was brought forth by reviewing the numerous case studies, with representative works
highlighted. Moreover, cellular structure generation and CAD manipulation techniques
have also been reviewed. The review explored the different design constraints imposed
by AM processes on the quality of cellular structures. Finally, manufacturability issues
that occur when printing CSs are also highlighted. In the future, more work is needed to
develop new simulation methods and design tools for CSs, to also analyze the printing
parameters that have an effect on the dimensional accuracy and the properties (mechanical,
thermal, etc.) of CSs, to then establish CS design rules that should be implemented at the
design stage.
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Abbreviations

Abbreviations
The following abbreviations are used in this manuscript:

AM Additive manufacturing
BEM Boundary element method
BESO Bi-directional evolutionary structural optimization
BJ Binder Jetting
CAD Computer Aided Design
CpTi Commercially pure titanium
CS Cellular structure
CSG Constructive solid geometry
EBM Electron beam melting
ESO Evolutionary structural optimization
FDM Fused deposition modeling
FEA Finite element analysis
FFF Fused filament fabrication
FGM Functionally graded material
GDoF Geometrical degrees of freedom
GLS Gradient lattice structures
HIP Hot isostatic pressure
LPBF Laser powder bed fusion
MJ Material Jetting
SIMP Solid isotropic material with penalization method
SLA Stereolithography
SLS Selective laser sintering
STL Standard Tessellation Language
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107. Uhlířová, T.; Pabst, W. Poisson’s ratio of porous and cellular materials with randomly distributed isometric pores or cells. J. Am.
Ceram. Soc. 2020. [CrossRef]

108. Hoffmann, C.M. Solid Modeling. In Handbook of Discrete and Computational Geometry; Goodman, J.E., O’Rourke, J., Eds.;
Chapman |& Hall/CRC: Boca Raton, FL, USA, 2004; Volume 56, pp. 1257–1278.

109. Lorensen, W.E.; Cline, H.E. Marching cubes: A high resolution 3D surface construction algorithm. In Proceedings of the ACM
Siggraph Computer Graphics, Anaheim, CA, USA, 27–31 July 1987; Volume 21, pp. 163–169.

110. Tang, Y.; Dong, G.; Zhao, Y.F. A hybrid geometric modeling method for lattice structures fabricated by additive manufacturing.
Int. J. Adv. Manuf. Technol. 2019, 102, 4011–4030. [CrossRef]

111. Hsieh, M.T.; Valdevit, L. Minisurf–A minimal surface generator for finite element modeling and additive manufacturing.
Softw. Impacts 2020, 6, 100026. [CrossRef]

112. Stadlbauer, P.; Mlakar, D.; Seidel, H.P.; Steinberger, M.; Zayer, R. Interactive Modeling of Cellular Structures on Surfaces with
Application to Additive Manufacturing. In Computer Graphics Forum; Wiley Online Library: Hoboken, NJ, USA, 2020; Volume 39,
pp. 277–289.

113. Liang, Y.; Zhao, F.; Yoo, D.J.; Zheng, B. Design of conformal lattice structures using the volumetric distance field based on
parametric solid models. Rapid Prototyp. J. 2020. [CrossRef]

114. I.S.O. ASTM52900-15, Standard Terminology for Additive Manufacturing—General Principles—Terminology; ASTM International:
West Conshohocken, PA, USA, 2015

115. Adam, G.A.; Zimmer, D. Design for Additive Manufacturing—Element transitions and aggregated structures. CIRP J. Manuf.
Sci. Technol. 2014, 7, 20–28. [CrossRef]

116. Qattawi, A.; Ablat, M.A. Design consideration for additive manufacturing: fused deposition modelling. Open J. Appl. Sci. 2017,
7, 291–318.

117. Diegel, O.; Nordin, A.; Motte, D. A Practical Guide to Design for Additive Manufacturing; Springer: Berlin/Heidelberg,
Germany, 2019.

118. Kranz, J.; Herzog, D.; Emmelmann, C. Design guidelines for laser additive manufacturing of lightweight structures in TiAl6V4.
J. Laser Appl. 2015, 27, S14001. [CrossRef]

119. Armstrong, C. How to Design Parts for SLA 3D Printing. Available online: https://www.3dhubs.com/knowledge-base/how-
design-parts-sla-3d-printing/ (accessed on 20 April 2021).

120. Design Guidelines—PerFORM—Stereolithography. Available online: https://www.materialise.com/en/manufacturing/
materials/perform/design-guidelines (accessed on 20 April 2021).

121. Echeta, I.; Feng, X.; Dutton, B.; Leach, R.; Piano, S. Review of defects in lattice structures manufactured by powder bed fusion.
Int. J. Adv. Manuf. Technol. 2020, 106, 2649–2668. [CrossRef]

122. Sola, A.; Nouri, A. Microstructural porosity in additive manufacturing: The formation and detection of pores in metal parts
fabricated by powder bed fusion. J. Adv. Manuf. Process. 2019, 1, e10021. [CrossRef]

123. Mirzababaei, S.; Pasebani, S. A review on binder jet additive manufacturing of 316L stainless steel. J. Manuf. Mater. Process. 2019,
3, 82. [CrossRef]

124. An, D.; Liu, W.; Xie, Z.; Li, H.; Luo, X.; Wu, H.; Huang, M.; Liang, J.; Tian, Z.; He, R. A strategy for defects healing in 3D printed
ceramic compact via cold isostatic pressing: Sintering kinetic window and microstructure evolution. J. Am. Ceram. Soc. 2019,
102, 2263–2271. [CrossRef]

125. Eiliat, H.; Urbanic, R.J. Minimizing voids for a material extrusion-based process. Rapid Prototyp. J. 2018. [CrossRef]
126. Egan, P.; Wang, X.; Greutert, H.; Shea, K.; Wuertz-Kozak, K.; Ferguson, S. Mechanical and biological characterization of 3D

printed lattices. 3D Print. Addit. Manuf. 2019, 6, 73–81. [CrossRef]
127. Fayazfar, H.; Liravi, F.; Ali, U.; Toyserkani, E. Additive manufacturing of high loading concentration zirconia using high-speed

drop-on-demand material jetting. Int. J. Adv. Manuf. Technol. 2020, 109, 2733–2746. [CrossRef]

214



applied  
sciences

Article

Data-Efficient Neural Network for Track Profile Modelling in
Cold Spray Additive Manufacturing

Daiki Ikeuchi 1,2,*,†, Alejandro Vargas-Uscategui 2, Xiaofeng Wu 1 and Peter C. King 2

Citation: Ikeuchi, D.;

Vargas-Uscategui, A.; Wu, X.; King,

P.C. Data-Efficient Neural Network

for Track Profile Modelling in Cold

Spray Additive Manufacturing. Appl.

Sci. 2021, 11, 1654. https://doi.org/

10.3390/app11041654

Academic Editor: Marco Mandolini

Received: 25 January 2021

Accepted: 9 February 2021

Published: 12 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 School of Aerospace, Mechanical and Mechatronic Engineering, The University of Sydney,
Sydney, NSW 2006, Australia; xiaofeng.wu@sydney.edu.au

2 Commonwealth Scientific and Industrial Research Organisation Manufacturing, Private Bag 10,
Clayton, VIC 3169, Australia; alejandro.vargas@csiro.au (A.V.-U.); peter.king@csiro.au (P.C.K.)

* Correspondence: di261@cam.ac.uk; Tel.: +44-012-2376-4772
† Now at: Department of Engineering, University of Cambridge, Cambridge, CB2 1PZ, UK.

Featured Application: This study presents a data-efficient modelling approach for a single-track

profile in Cold Spray Additive Manufacturing using an artificial neural network. The approach

presented in this study can be extended to modelling cases of other deposition-based additive

manufacturing technologies with a high deposition rate, such as Wire and Arc Additive Manu-

facturing and Laser Cladding. The developed model can serve as a tool in simulation software by

defining a realisable feature size at product design phases and predicting an as-fabricated prod-

uct in these near-net-shaped manufacturing technologies. Hence, it allows designers to form a

better idea of product design limitation and potential material waste after post-machining, as

well as assessing and minimising economic and environmental impact with the aid of an appro-

priate toolpath planning algorithm.

Abstract: Cold spray is emerging as an additive manufacturing technique, particularly advantageous
when high production rate and large build sizes are in demand. To further accelerate technology’s
industrial maturity, the problem of geometric control must be improved, and a neural network
model has emerged to predict additively manufactured geometry. However, limited data on the
effect of deposition conditions on geometry growth is often problematic. Therefore, this study
presents data-efficient neural network modelling of a single-track profile in cold spray additive
manufacturing. Two modelling techniques harnessing prior knowledge or existing model were
proposed, and both were found to be effective in achieving the data-efficient development of a neural
network model. We also showed that the proposed data-efficient neural network model provided
better predictive performance than the previously proposed Gaussian function model and purely
data-driven neural network. The results indicate that a neural network model can outperform a
widely used mathematical model with data-efficient modelling techniques and be better suited to
improving geometric control in cold spray additive manufacturing.

Keywords: cold spray; neural network; additive manufacturing; data-efficient; model; profile;
geometry; spray angle; limited data; machine learning

1. Introduction

Cold spray is a solid-state materials deposition technology that employs a supersonic
gas jet to accelerate powder particles to 500–1000 m/s. Due to the particles’ kinetic energy,
local metallurgical bonding and mechanical interlocking are achieved without in-flight
melting. This characteristic provides unique advantages that are difficult to achieve other-
wise, including deposition free of melting-induced microstructure changes, the ability to
handle oxygen-sensitive materials without a protective atmosphere and a high deposition
rate with a narrow nozzle diameter [1–4].
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Cold spray has recently been recognised to possess great potential as an alternative
additive manufacturing technology and in this context is referred to as Cold Spray Ad-
ditive Manufacturing (CSAM) [5–8]. This potential is particularly important when high
production rates, large build sizes and repair or building on an existing structure are in
demand, e.g., in aerospace industries [8,9]. The protective atmosphere-free environment
allows for the fabrication of large components that are not possible with other additive
manufacturing technologies, e.g., powder bed fusion, while providing a flexible selection
of oxygen-sensitive powder materials [8,10,11]. These benefits have resulted in several
successful demonstrations of the technology at different levels of fabrication complexity,
ranging from a simple tubular structure [12], pyramidal fin array [13], to more complex
parts such as topologically optimised components [14].

However, several fundamental and practical challenges need to be addressed to
fully adopt the CSAM technology in commercial applications. One of these is geometric
control, which is a common problem for other high production rate additive manufacturing
(HPRAM) processes, including Wire and Arc Additive Manufacturing (WAAM) [15,16] and
Laser Cladding (LC) [17,18]. Poor geometric control places many limitations on applying
HPRAM technologies; examples include varying geometric quality, difficulty producing
complex geometries, and geometry-induced property variations [7,8,19]. Hence, geometric
control must be addressed to facilitate further development and commercial integration of
CSAM and other HPRAM technologies.

Given the track-by-track and layer-by-layer nature of HPRAM, a high-accuracy process
model based on the shape of a characteristic processing unit (e.g., single-track profile)
provides a promising solution to the problem and often forms a basis for the modelling
of higher geometric processing units, such as overlapping and overlayer models [20,21].
The single-track profile modelling in HPRAM was previously attempted using two distinct
approaches: mathematical and data-driven modelling.

In WAAM, the symmetric single-track bead profile has been approximated using
various basic mathematical function models ranging from parabolic, cosine and arcs [22,23].
These mathematical function models are often combined with another regression model
to provide predictive capabilities. For example, Suryakumar et al. developed a quadratic
regression model based on experimental data, computing the coefficients of the parabolic
function model to describe a single-track bead profile [22]. In CSAM, a mathematical
Gaussian function model is often chosen due to the mass distribution of jetted powder
being assumed to be of Gaussian function profile [24,25]. Some other studies have utilised
different mathematical function models, such as triangular [26,27] and trapezoidal [28].
Due to the complex processes underlying each HPRAM, there is no agreement on the
choice of a single mathematical function model with simplifying assumptions, and the
suitable model often depends on process conditions and their combination [23], leading to
limited prediction accuracy over a wide range of process conditions using only a single
mathematical functional model.

Data-driven modelling has emerged as an alternative approach due to its excellent non-
linear mapping capability and increased accessibility of available software options [18,29].
Xiong et al. developed an Artificial Neural Network (ANN) model to predict the height and
width of a single-track bead profile in WAAM [30]. The results were compared with those
of a quadratic regression model and showed that the ANN model outperformed in the
prediction of key geometric features. However, data-driven modelling has previously been
limited to only predicting the height and width in HPRAM, and unlike the mathematical
modelling approach, it has not been adopted to describe an entire track profile. Thus,
there has been no exploration of the technique beyond symmetric single-track profiles or
predicting details in track profiles. Our previous study attempted to address this issue in
CSAM, focusing on the ANN modelling of a single-track profile with high morphology
at normal and off-normal spray angles [31]. Our results demonstrated the potential of
a data-driven modelling approach for better prediction accuracy than a mathematical
counterpart, i.e., the Gaussian function model.
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However, the limitation of a data-driven modelling approach was also observed in
our previous study [31], namely, the necessity of a large amount of process training data
to achieve a high prediction accuracy, which has also been identified recently in relevant
manufacturing studies [32,33]. This data scarcity issue is associated with high experimental
costs and the lack of an automated measurement system in HPRAM. Liu et al. applied
a grey modelling technique for the first time in a thermal spray process in an attempt
to overcome the issue, harnessing both mathematical (or white box) and data-driven (or
black-box) modelling approaches [32]. Despite the reasonable prediction accuracy achieved
in this study, the authors concluded that more complex and nonlinear phenomena existed
and suggested further exploration of data-efficient modelling approaches to improve
prediction accuracy.

Therefore, this study focuses on the prediction of a single-track profile in CSAM, at
both normal and off-normal spray angles, using a data-efficient ANN (DANN) approach
to demonstrate that data-driven modelling can achieve better prediction accuracy than its
mathematical counterpart that has already been adopted in CSAM. Inspired by the study
by Liu et al. [32], we leverage a mathematical function model as domain knowledge or the
existing model at hand into the development of a DANN model. Specifically, a Gaussian
function model, the model adopted elsewhere in CSAM studies, is selected with its coeffi-
cients computed by a quadratic regression model as applied in [22]. The significance of
this study is four-fold: (1) the application of a data-driven modelling approach with a data-
efficient focus in the prediction of a single-track profile in CSAM; (2) the comparative study
among purely mathematical function, purely data-driven and data-efficient data-driven
modelling approaches, in the context of HPRAM; (3) the demonstration that data-driven
modelling can outperform more widely used mathematical modelling with appropriate
data-efficient techniques in HPRAM; and (4) that existing models at hand can contribute
to the development of a new data-driven model with better prediction accuracy without
further experimentation.

2. Materials and Methods

An ANN is a feed-forward network model for supervised machine learning that
performs the mapping of an input–output relationship based on appropriate training
data. The development of an ANN with sufficient prediction accuracy depends on several
pre-processing factors, including selecting appropriate input variables, quality of data
and network architecture [34,35]. In this study, three experimental process variables were
selected as inputs to an ANN model: spray angle, traverse speed and standoff distance,
together with other input variables subsequently introduced in Section 2.2. This selection
was made based on previous studies, demonstrating their influence on the geometry of a
track profile in CSAM [24,36] and precise control with a robotic system [37].

A full factorial method was employed to define the experimental process variables’
values in the ANN training dataset and design the set of experimental conditions. This
approach was selected due to the nonlinear nature of CSAM and the affordable number
of the process variables in this study. Here, three levels were considered for traverse
speed and standoff distance, while four levels were adopted to effectively capture the
effects of spray angle on track profiles in CSAM. The values of these process variables at
each level are listed in Table 1. The minimum and maximum level values of each process
variable corresponded to their operating limits to ensure the sufficient quality of track
profiles. The intermediate level values were then equally placed between the values at each
extreme level to maximise possible interactions between the process variables [38]. The
resulting experimental design matrix in the full factorial method required 36 experimental
single-track profiles for the proposed ANN modelling as a training dataset. The detailed
experimental conditions of each single-track profile are summarised in Tables S1 and S2 in
the Supplementary Materials.
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Table 1. The levels of process variables in the experimental design matrix for the preparation of
single-track profiles used for the training of the proposed data-efficient neural network model.

Level Spray Angle (◦) Traverse Speed (mm/s) Standoff Distance (mm)

1 45 25 30
2 60 100 40
3 75 200 50
4 90 - -

2.1. Sample Preparation

All experimental single-track profiles were prepared using a commercial Impact
Innovations (Haun, Germany) 5/11 cold spray gun guided by an ABB (Zurich, Switzerland)
4600 robot with 6 degrees of freedom, as can be seen in [39]. The gun was equipped with
a long pre-chamber and an OUT1 tungsten carbide de Laval nozzle with a 6.2 mm exit
diameter from Impact Innovations. The powder feedstock in this study was commercial
purity grade −2 titanium from AP&C (Boisbriand, Canada) which was prepared by gas
atomisation and distributed within the size of 15 to 45 μm (i.e., D10 = 19 μm, D50 = 34 μm
and D90 = 45 μm). The working gas was Nitrogen, preheated to 600 ◦C at a pressure of
5 MPa, accelerating the powder particles injected into the nozzle upstream at a feed rate of
1.9 kg/h. All spray variables and conditions were held constant during all experiments,
except those listed in Table 1. A strip of commercial purity grade −2 titanium was used
as a substrate with a dimension of 6 × 30 × 200 mm, having its surface processed with
a milling machine from Avemax Machinery (Taichung City, Taiwan) and subsequently
ground with a P120-SiC emery paper from LECO (Moenchengladbach, Germany). This
surface processing was followed by cleaning with ethanol before the experiments. The
fabrication of experimental single-track profiles was randomised to ensure statistically
unbiased results with minimal effects of potential extraneous factors [40]. RobotStudio®

software version 6.08 (ABB Robotics, Zurich, Switzerland) was used to confirm that there
was sufficient distance beyond the substrate’s edge to ensure that the robot’s trajectory and
traverse speed were stabilised before fabricating the profiles.

The geometry of each single-track profile was measured at five randomly selected
locations using a LEXT OLS4000 confocal laser scanning microscope (Tokyo, Japan) and
scanControl 2950–100 laser scanner from Micro-Epsilon (Ortenburg, Germany) with a
z-axis measuring precision of at least 12 μm. These measurements were processed with
the in-built filtering methods: flat Surface filtering in LEXT OLS4000 and average filtering
with a filter size of 7 in scanControl Configuration Tool version 6.0. Additional filtering
was applied with a local regression method using weighted linear least square and second-
order polynomial model in MATLAB version R2018a. The five filtered track profiles were
averaged to form each sample profile, as depicted in Figures S1–S3 in the Supplementary
Materials, which was then considered for all modelling approaches in this study.

2.2. Data-Efficent Artificial Neural Network Model Design and Training

To demonstrate the effectiveness of leveraging a previous modelling attempt or ex-
isting model, a mathematical Gaussian function model, previously proposed in [24] and
expressed in Equation 1, was selected and built with its free coefficients, A and σ, being
predicted using a quadratic regression model as applied in [22].

y =
A

σ
√

2π
e−

1
2 (

x
σ )

2
, (1)

This selection was due to the mathematical model framework being capable of pre-
dicting an asymmetric single-track profile at off-normal angles and being often used in
cold spray and CSAM [24,25,36]. For preparing the training dataset of outputs for the
quadratic regression model, appropriate free coefficients were found through a Gaussian
function equation curve fitting to each single-track profile shown in Figures S1–S3 of the
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Supplementary Materials. The Curve Fitting Tool in MATLAB version R2018a was used
with the trust-region-reflective algorithm and nonlinear least square method. The resulting
free coefficients are summarised in Table S3 of the Supplementary Materials. With the
experimental process parameters listed in Table 1 as inputs, the quadratic model was de-
veloped with the QR decomposition algorithm using the iterative reweighted least square
method in Statistics and Machine Learning Toolbox, MATLAB version R2018a.

The proposed DANN modelling framework is shown in Figure 1, using a static ANN
model for the geometric prediction of a single-track profile in CSAM. The DANN was
developed to predict a polar length at a polar angle from the Tool Centre Point (TCP).
A data-driven model for predicting a complete single-track profile can be developed by
sampling a sufficient number of geometric points from the fabricated single-track profiles,
as demonstrated by the area validation method in our previous work [31]. The polar
length was sampled at 2.72◦ intervals around the TCP, resulting in 67 points from each
single-track profile.

Figure 1. The proposed data-efficient artificial neural network modelling framework for the prediction of a single-track
profile in cold spray additive manufacturing. The CSAM process part represents a digital version of the experimental
equipment and setup described in Section 2.1.

Two data-efficient techniques were adopted in the proposed modelling framework,
leveraging the Gaussian function model as an existing model, discussed above, to de-
velop an ANN model. In Technique 1, the polar length approximated from the Gaussian
function model was used as another input variable in addition to spray angle, traverse
speed, standoff distance and polar angle. This technique explicitly leverages the partial
domain knowledge of cold spray deposition, represented by the previously proposed
Gaussian function model. At the same time, the DANN model learnt to compensate for
the discrepancies between this knowledge and the true CSAM process, as successfully
observed in other physical science fields [41,42]. Technique 2 was the augmentation of
training data with a virtual input–output subset generated by the Gaussian function model.
Therefore, the overall training dataset consisted of an empirical dataset prepared using
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the DOE method in Section 2.1 and a virtual dataset created using the Gaussian function
model. The virtual dataset was generated from Gaussian function profiles using identical
CSAM process parameters to those employed to make the physical test tracks and com-
prised of 804 training data points (i.e., 67 geometric sampling points from 12 simulated
Gaussian function profiles). Both Technique 1 and 2 were independently employed in the
preparation of training data and then simultaneously utilised in the development of the
proposed DANN model.

For the development of the DANN model, this study iteratively changed the hidden
layer architecture with the different number of hidden neurons (i.e., 1–15 neurons) per
hidden layer and of hidden layers (i.e., 1–2 layers) to determine the optimal architecture
using Mean Squared Error (MSE) as a performance evaluation function on an independent
testing dataset. This range of hidden structures and evaluation function were selected
given the limited data availability and frequent use in relevant studies respectively [29,30].
Following the 75–25 division method for the training-testing dataset, 12 single-track pro-
files were fabricated using the experimental methods described in Section 2.1 to form
the testing dataset. The experimental process parameters for these testing profiles were
randomly determined within the boundary of each parameter in Table 1 with the aid of
the default random number generator in MATLAB version R2018a, summarised in Table
S2 of the Supplementary Materials. Due to the limited training data, Bayesian regularised
back-propagation was selected as the training method, eliminating the need for a vali-
dation dataset [43]. With this training method, hyperbolic tangent sigmoid and linear
activation functions were selected for hidden and output layers, respectively, and all input
and output variables were scaled to [−1 1] for improving a training process [44]. The
training of a DANN model was performed using the Deep Learning Toolbox in MATLAB
version R2018a. Each architecture candidate was retrained 100 times to avoid local optima
convergence due to initially allocated weights and biases. A purely data-driven ANN
model was also developed for comparison in predictive performance, using the same
methods presented above for the DANN model. The difference was two-fold: (1) the num-
ber of input variables was four without the approximated polar length by the Gaussian
function model, and (2) only the original training dataset prepared from the experimental
single-track profiles was used.

3. Results

The quality of the fabricated single-track profiles was validated against the cold spray
and CSAM studies in our previous study [31], confirming that each process parameter’s
effects were consistent with previous relevant studies for the geometry of a single-track
profile. Therefore, relevant and meaningful datasets could be generated from these single-
track profiles that contained true representation of the CSAM process.

3.1. Data-Efficient Artificial Neural Network Model Validation

The Gaussian function model was built and evaluated on the coefficients taken from
the testing single-track profiles (listed in Table S4 of the Supplementary Materials), showing
the mean absolute error of 6.407%.

The iterative investigation of different hidden layer architectures found that the pro-
posed DANN model, having two hidden layers with 11 and 4 hidden neurons respectively,
provided the best predictive performance (i.e., [5 11 4 1]). During the training process, an
MSE of 1.032 × 10−4 was achieved on the normalised independent testing dataset. The
normalised predictive results are shown in Figure 2a with the resulting Mean Absolute
Percent Error (MAPE) of 1.230% and Maximum Absolute Percent Error (MXAPE) of 5.748%.
These predictive performances were comparable to another study of data-efficient ma-
chine learning modelling in manufacturing, e.g., MAPE of 5.483% [32]. Figure 2b shows
the developed DANN model’s training process, confirming that the model was free of
overfitting and underfitting and achieved the best performance at 445 epochs (or train-
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ing iterations). Consequently, these results demonstrate the successful application of a
data-efficient data-driven modelling approach to predict a single-track profile in CSAM.

Figure 2. The results of the developed data-efficient neural network model with [5 11 4 1] architecture: (a) normalised
data-efficient ANN predictions vs. target outputs (or polar lengths) with a Mean Squared Error (MSE) of 1.032 × 10−4; (b)
the training process of the developed data-efficient ANN model, showing no overfitting and underfitting.

3.2. Data-Efficient Artificial Neural Network Model Evaluation and Comparison

The proposed DANN model, incorporating Techniques 1 and 2, was evaluated and
compared with other modelling approaches, including a mathematical Gaussian function
model [24] and a purely data-driven ANN model [31]. Here, the mathematical Gaussian
function model was not the Gaussian function model used for the data-efficient ANN
model as the existing model, but one with the optimal coefficients, listed in Table S4 of the
Supplementary Materials, that were found through the curve-fitting method described
in Section 2.2. The resulting model was referred to as the curve-fitted Gaussian function
model and prepared to allow for the comparison of the proposed data-efficient ANN
model against the best predictive performance that could be achieved using the previously
proposed framework for mathematical Gaussian function modelling [24]. For the purely
data-driven ANN model, the best performance was achieved with the architecture [4 5 7 1],
resulting in an MSE of 3.852 × 10−3. Furthermore, to investigate the effectiveness of
each data-efficient technique, the data-efficient ANN models built using Technique 1 or
Technique 2 solely were evaluated and compared. The prediction results of each model are
summarised in Table 2 in absolute percent error and visually presented in Figure 3.

Compared with the purely data-driven ANN model, the data-efficient ANN model
with Technique 1 or 2 alone showed better predictive performance with lower MAPEs
and MXAPEs. This result indicates that both Technique 1 and 2 effectively achieved data-
efficient learning and development of a data-driven ANN model. Furthermore, Technique
1 was more effective than Technique 2, with a MAPE half that of Technique 2. This result
might be attributed to Technique 1 being more direct in guiding the learning process
of weights and biases through the approximated target output (or polar length) than
augmentation of the training dataset.
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Table 2. Summary of the prediction results in absolute percent error for the testing single-track profiles in CSAM. The
results are presented for: data-efficient ANN with the two techniques applied individually (Tech. 1 and Tech. 2), both
applied (Tech. 1 + 2) also presented in Figure 2, curve-fitted Gaussian function model and purely data-driven ANN model.
R2 values are also listed.

Absolute
Error %

Data-efficient ANN Curve-Fitted
Gaussian

Purely Data-Driven
ANNTech. 1 Tech. 2 Tech. 1 + 2

Mean 2.060 4.040 1.230 1.873 7.174
Minimum 0.003 0.003 0.006 0.001 0.060
Lower Q 0.8147 1.113 0.3724 0.2682 2.510
Median 1.719 2.795 0.9081 0.8204 5.306
Upper Q 3.004 5.173 1.753 2.619 9.831

Maximum 9.685 20.78 5.748 11.83 33.26

R2 0.9984 0.9964 0.9988 0.9931 0.9925

Figure 3. Graphical summary of the prediction results in absolute percent error for the testing single-track profiles in Cold
Spray Additive Manufacturing (CSAM). The proposed data-efficient Artificial Neural Network (ANN) model is shown as
Tech. 1 + 2 data-efficient model.

Hence, the proposed DANN model that combined the two data-efficient techniques
achieved better predictive performance than the purely data-driven ANN model, showing
that all of the prediction errors fell below the MAPE of the purely data-driven ANN model.
The DANN model was also found to outperform the curved-fitted Gaussian function
model with a lower MAPE and MXAPE. Notably, there was a lower number of predictions
with large absolute percent errors (i.e., narrower upper quartile), as seen in Figure 3. This
predictive capability became more significant when the entire single-track profile was
predicted in the CSAM profiles, as presented in Figure 4.
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Figure 4. The experimental single-track profiles of the two selected profiles in the testing dataset as illustrative cases (black),
plotted with the corresponding prediction results of the curve-fitted Gaussian function model (blue), purely data-driven
ANN model (green) and the data-efficient ANN model (red): (a) Sample 48 (spray angle: 90◦, traverse speed: 39 mm/s,
standoff distance: 39 mm) and (b) Sample 39 (spray angle: 39◦, traverse speed: 34 mm/s, standoff distance: 41 mm).

Figure 4 shows the single-track profile of the two selected testing samples as an
illustration: (a) symmetric Sample 48 at a normal spray angle of 90◦ and (b) asymmetric
Sample 39 at an off-normal spray angle of 39◦. The prediction results of all other testing
profiles are shown in Figure S4 in the Supplementary Materials. It was observed that the
purely data-driven ANN model showed a higher track profile in Sample 48 and physically
inconsistent predictions around the peak region in Sample 39. In contrast, the proposed
DANN model outperformed in these regions. This result suggests that the lower prediction
accuracy caused by the data-scarcity around profile peak regions, as also identified in our
previous study [31], was overcome in this study by using the data-efficient techniques.

Compared with the curve-fitted Gaussian function model, the DANN model showed
better predictive performance in both illustrative cases in Figure 4. For the symmetric
Sample 48, the single-track profile was rather a triangular-shape, as previously observed
in other cold spray studies [26,27], resulting in the curve-fitted Gaussian function model
showing cyclic errors across the entire single-track profile. For the asymmetric Sample 39,
the curve-fitted Gaussian function model showed a larger deviation on the spray-tilted
side (i.e., the right end of the profile). In this particular region of single-track profiles,
the particles land on the deposit closer to the normal angle, which combined with a
shorter effective standoff distance results in an increased local accumulation in the deposit
with improved deposition efficiency [26]. In contrast, the proposed DANN model could
capture this physical phenomenon and predict significantly better at the profile end regions
in Figure 4.

4. Conclusions

This study presented the application of a data-driven modelling approach with two
techniques for leveraging the existing model at hand (i.e., the Gaussian function model
as a demonstration) to achieve data-efficient learning and development of a new ANN
model. The comparative study was performed for the prediction of the testing single-track
profiles in CSAM; both DANN models with Technique 1 or 2 alone outperformed the purely
data-driven ANN model with lower MAPE and MXAPE, demonstrating the effectiveness
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of the data-efficient techniques. Furthermore, the proposed DANN model, incorporating
both Techniques 1 and 2, was compared against the curve-fitted Gaussian function model
and found to provide better predictive performance. This result demonstrates that a data-
driven modelling approach can outperform a conventionally used mathematical function
model in CSAM, both at normal and off-normal spray angles, with appropriate data-
efficient modelling techniques. Moreover, these techniques harnessed the existing model
in developing a new data-driven ANN model without further experimentation. This result
may indicate that previously built models of HPRAM can be improved by following this
study’s modelling strategy. In future works, we plan to incorporate the developed data-
efficient ANN model into our toolpath planning algorithm to improve geometric control
and achieve more complex-shaped product designs in cold spray additive manufacturing.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-341
7/11/4/1654/s1, Figure S1: the experimental single-track profile S1–S12, Figure S2: the experimental
single-track profile S13–S24, Figure S3: the experimental single-track profile S25–S36, Figure S4: the
experimental single-track profile S37–S48 with the prediction of all models presented in this study,
Table S1: Process parameters for the single-track profiles S1–S36 in the training dataset, Table S2:
Process parameters for the single-track profiles S37–S48 in the testing dataset, Table S3: Curve-fitted
coefficients of mathematical Gaussian function model for the single-track profiles S1–S36, Table
S4: Curve-fitted coefficients of mathematical Gaussian function model for the single-track profiles
S37–S48.
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Abstract: This paper aims to collect in a structured manner different computer-aided engineering
(CAE) tools especially developed for additive manufacturing (AM) that maximize the capabilities of
this technology regarding product development. The flexibility of the AM process allows the manu-
facture of highly complex shapes that are not possible to produce by any other existing technology.
This fact enables the use of some existing design tools like topology optimization that has already
existed for decades and is used in limited cases, together with other novel developments like lattice
design tools. These two technologies or design approaches demand a highly flexible manufacturing
system to be applied and could not be used before, due to the conventional industrial process limita-
tions. In this paper, these technologies will be described and combined together with other generic or
specific design tools, introducing the study case of an additive manufactured mechanical design of a
bicycle stem.

Keywords: additive manufacturing; industrial design; fused deposition modeling; parametric design;
industrial design; CAD computer aided design; topology optimization; lattice design

1. Introduction

Additive manufacturing (AM) is a set of manufacturing processes that consist in
the generation of three-dimensional models from digital files, using different equipment
and technologies that build objects layer by layer [1–4]. These technologies are reaching
the age of maturity due to their effective incorporation in different industries, besides
the pioneering aerospace and automotive industries, such as consumer products. There
are many advantages that additive manufacturing technologies offer to designers and
engineers for the development of new parts and products.

Advantages, the freedom of constructed geometries, which allows the elaboration of
complex shapes that would not be possible by other technologies [5], the reduction of parts
in the assemblies, by simplifying them or allowing the printing of the assembled parts [6–8],
the capability of locating the necessary properties in specific areas or developing variable
properties in the geometries of the parts and the possibility of manufacturing optimized
structures that modify their properties according to the scale to which they refer, from the
micro to the macro scale [9,10], are the most remarkable.

Through these advantages, additive manufacturing in the current state of development
is increasingly finding its place in industry, while understanding that it is not a substitute
technology, but rather complementary to current production technologies, in cases where
some of the characteristics mentioned above are required. That is, it will take its place within
the production processes and coexisting technologies, while having special importance in
parts with highly complex geometries, in small series and in customized products.
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The limitations of these processes have also been identified: the geometric characteris-
tics (tolerances in the definition of wall thicknesses, holes, rounding, cantilevers, bridges
and angles) and the anisotropy of the process that affects the mechanical properties of
printed parts [11,12]. Those inherent to the execution of the process, such as the orientation
of the part or the definition of the supports, deposition rates, finishes or production times,
are decisive for the correct definition of the geometries [13–15], as well as other factors
such as scale limitations, the absence of specific design and simulation tools and economic
considerations. All these factors are related to the execution of the design for additive
manufacturing [16,17].

Currently, new design prescriptions and standards are appearing, providing the
designer a way to mitigate the limitations of the technologies and increase the functional
performance of the final fabricated parts, known as design for additive manufacturing
(DfAM) [18–22]. Some aspects to be considered and that are directly related with the
manufacturing process are the disposition of holes that enable the evacuation of the
residual material in the powder bed or liquid resin material or the deposition orientation
in fused deposition modeling (FDM), for example.

In this context, in recent years, there has been an important advance in the field
of specific engineering technologies for additive manufacturing, with the continuous
appearance of numerous tools that consider the materials and their properties as variables,
allowing for the prediction of their behavior and thus optimizing designs for manufacture.
Prior to the description of these tools, we will review in a general way the main stages of
the work process for the design and additive manufacturing of parts.

2. The Additive Manufacturing Workflow

The approach to the additive manufacturing processes establishes an orderly workflow,
so that by relying on different tools, processing files are generated for subsequent printing
and post-processing. There are five fundamental stages in the additive manufacturing
process, which are listed below and shown in a diagram in Figure 1.

Figure 1. Additive manufacturing (AM) workflow. Note: CAD (Computer-Assisted Design); CAE (Computer-Aided-
Engineering).

(a) Design: For the development of the parts and products that will be manufactured
by additive processes, the first stage consists of the generation of three-dimensional
designs by means of computer-assisted design tools (CAD). The characteristics of the
processes allow the generation of complex geometries, however, not all shapes are
always viable and they are closely linked to the technology used. The construction
of 3D models can be done with conventional solid and surface modeling programs;
likewise, due to the flexibility of the process, the use of advanced modeling tools,
such as polygonal meshes or NURBS surfaces, is very common.

(b) Verification: Once the design process is completed, the next step is to export the files
to the 3D printing standards. The most common file format is STL, which consists of
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a triangulated surface mesh that defines the complete geometry [23]. The export of
files is done for their correct inclusion in the lamination tools or slicers. However, a
previous step of surface verification is recommended, since sometimes discontinuities
or incorrect orientations of the normals that define the surface triangles could be
produced.

(c) Slicing: The lamination programs or slicers previously mentioned are the tools that
generate the machine code with the characteristics of the process and the parameters,
as well as the trajectories. It is important to define the correct parameters of the process
according to the characteristics of the design and materials. The main parameters
shared by most processes are: layer height, manufacturing speed, temperature and
percentage of filling. The result of this process definition is the machine path files,
which are transferred to the printing equipment for process activation.

(d) 3D printing: This is the physical process in which the materialization of the parts
using the 3D printers in question is done. Its characteristics vary depending on the
technology selected. A common feature in all the technologies is that this is a long pro-
cess and usually requires post-processing compared with traditional manufacturing
processes such as injection molding.

(e) Post-processing: Depending on the characteristics of the process, more or less inter-
vention is necessary to achieve the specific finish and properties of the printed parts.
Tasks common to all technologies are the removal of parts from the printing surface,
the removal of supports and mechanical processes of surface finishing, as well as heat
and surface treatments, if necessary.

3. Additive Manufacturing Design Tools

In order to take advantage of and mitigate the limitations of these AM processes,
different tools have appeared in recent years that maximize the potential of the constructive
capabilities offered by additive manufacturing technologies. These programs consist of
engineering and CAD platforms such as mesostructured design and optimization programs,
along with process management and simulation solutions.

One of the main objectives set in the development of this work is to configure an
updated workflow, ordered and structured to optimize processes from the integration and
exchange of files, as well as to maximize the potential of the possibilities of forming that
AM technologies present, supported by these specific tools.

In Figure 2 is presented different CAD and computer-aided engineering (CAE) tools
currently available for the AM design process. Some of these programs previously existed
on the market and have been adapted to these technologies, as well as other new specific
tools that are appearing as the development and implementation of them advance.

Within the software tools, in addition to the traditional CAD programs, such as para-
metric design programs, e.g., Catia and Solidworks (Dassault Systèmes, Vélizy-Villacoublay,
France), Inventor (Autodesk, San Rafael, CA, USA) or NX (Siemens, Munich, Germany),
we have to consider expanding the range of tools. Thanks to the design freedom offered
by layer-by-layer construction in the AM technologies, which allows us to shape virtually
any geometry, we must add other surface design tools, which include the above programs,
and other new ones such as Rhino (Robert McNeel & Associates, Seattle, WA, USA) or
Alias and 3D Studio (Autodesk, San Rafael, CA, USA). AM allows us to create objects with
organic shapes and geometric complexity without a great impact on the cost or complexity
of manufacturing. This freedom already existed in digital design for animation or video
games, while CAD software traditionally associated with mechanical design had limited
capabilities. Although in the latest versions of the abovementioned CAD software, the
possibility of making complex geometries more easily has already been implemented,
certain specialized software is still required. These programs usually work with 3D design
tools based on NURBS or editable polygonal mesh that allow a freer and more organic
design without limitations when generating geometries or parts.
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Figure 2. Tools that can be used in the AM process.

Another trend in AM is the use of optimization software, based on developments
that have had more than 20 years of use in the industry, however, they have never had
an extensive use, because the solutions they provide, in geometric terms, are always very
complex and traditional production processes for machining or casting did not meet the
requirements for proper production. However, with the emergence of AM technologies
and their layer-by-layer production systems, these geometries resulting from different
optimizations, whether volumetric, shape or topological, as schematized in Figure 3,
are perfectly achievable. The optimization tools determine formal solutions to different
requirements through the application of numerical models in iterative processes, based
on different calculation algorithms of shape, volume or load [24], trying to obtain ideal
solutions with respect to the geometries of the parts.

 
Figure 3. Simple beam parametric optimization (a) of shape (b) and topology (c). Adapted from [1].

Among the most widespread tools in the processes of AM, we must highlight the
topological optimization (TO). In this type of tool, starting from some established objectives
(usually minimizing mass or maximizing rigidity) and some requirements of load and
restrictions of design, an orientated solution adapted to the defined objectives is obtained.
The solutions provided by this tool serve as a reference shape of the part designs. Some
commercial solutions are TOSCA, from Dassault Systems, a tool integrated in the Gen-
erative Design module of Catia V.6, multi-materials such as Paramatters (Paramatters,
Ventura, CA, USA), Inspire based on Optistruct (Altair, Troy, NY, USA), Pareto (Sciart
Software, Madison, WI, USA) or the Limitstate Form (Limitstate, Sheffield, UK). There are
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also processes defined in traditional CAE tools, such as finite element calculation software
Ansys (Ansys Inc., Canonsburg, PA, USA), Abaqus (Dassault Systèmes, Vélizy-Villacoublay,
France), Comsol (Comsol Group, Stockholm, Sweden) or Nastran (Autodesk, San Rafael,
CA, USA), HyperWorks (Altair, Troy, NY, USA), which usually incorporate the simulation
of the optimized parts for verification of the modifications, although they do not consider
the anisotropic behavior of the printed parts. We differentiate in this section the topological
optimization tools, continuous and discrete, differentiated according to the type of algo-
rithm and the way of locating the load vectors. The first is based on continuous volumes
and the second on systems of beams interconnected to the points that are subjected to
maximum stress.

The most used algorithms for the optimization of these structures are the solid isotropic
microstructure with penalty (SIMP) algorithm and the bidirectional evolutionary struc-
tural optimization (BESO) algorithm [24]. The established algorithms for topological
optimization focus on conventional manufacturing systems and can be used in additive
manufacturing if the constraints, usually volumetric and strain energy, are minimized.

Currently, TO is used in different sectors, such as wind [25] and automotive sectors [26]
or the redesign of casting parts [27]. Additionally, one of the latest trends in TO is the
use of a topology optimization algorithm while considering the space–time of the process.
This concept has been well implemented in the bridge created by MX3D [28]. The process
considered the evolution of the structure to self-support the weight of two robotic arms
during the manufacturing, using wire arc additive manufacturing (WAAM) technology.

With the same objective of minimizing weight and trying to maintain mechanical
properties, other programs, called mesostructure, trusses, lattices or lattice design tools are
appearing, mainly oriented to powder bed technologies, which allow for modifying solids
by generating lattices or trusses with different geometric characteristics that maximize
properties, reducing weight significantly. These tools present methods for the definition of
these mesostructures, controlling their densities, and are even able to define the mass center
of the pieces. Programs like Netfabb (Autodesk, San Rafael, CA, USA), 3-Matic (Materialise,
Lovaina, Belgium) or Simpleware (Synopsys, San Jose, CA, USA), or the renewed nTop
suite (Ntopology, New York, NY, USA), usually incorporate the simulation of the optimized
parts for verification of the modifications, again without considering the laminar character
of the process and the anisotropy of the parts.

The identification of problems prior to 3D printing using simulation tools is a key
factor for the correct implementation of these technologies. The deformation of the parts
by thermomechanical processes or warping, together with the accumulation of tensions,
inform us about the stability and success of the printing, with these being the main bottle-
necks that block the wide expansion of these technologies. The advances in the materials
and the design will allow the best control of these processes. However, the correct simula-
tion of the 3D printing processes will help in the early detection of possible errors, with
notable savings in materials and time [29].

The simulation of printing processes is a novel process that is still in its early stages of
development. There is further development within metal AM technologies, especially for
powder bed fusion processes, and not for direct energy deposition or powder bed fusion
processes, notably the tools Simufact™, Ansys or Netfabb. However, in March 2017, the
first commercial tool for the simulation of polymer materials processes appeared, Digimat
(e-Xstream). Until then, the only existing developments were for metals. By means of these
simulations, we can calculate the geometric deformations of the printed parts, as well as
the residual stresses, once the printing process is completed.

These process simulations allow us to obtain different types of information: (i) they
allow optimizing the process parameters to minimize the accumulated tensions and the
deformations of the pieces, during and after printing; (ii) they allow us to determine the
most suitable printing position; (iii) they allow us to determine the characteristics of the
material that better adapt to the printing process; or (iv) they allow the optimization of the
support structures.
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All these processes bring the solution closer to the optimum solution as the parameters
are modified. These tools also allow for integration with other finite element calculation
systems, which will make it possible to predict the behavior of printed parts subjected to the
loads and contour restrictions of the parts in service, taking into account the deformations
and stresses of the parts once they have been produced.

The pre-production tools include different solutions that go through the revision and
repair of the 3D printing files obtained from the three-dimensional model, generally of the
STL type, where the polygons define the 3D model, ensuring closed surfaces and that the
normal is correctly oriented. Examples of programs in this line are MeshMixer (Autodesk,
San Rafael, CA, USA) MeshFix and MeshLab (Visual Computer Lab, Pisa, Italy); some
are private and others are free pieces of software that are available and executable online.
On the other hand, following the same line of free and private software, there are tools
that help to manage production by optimizing the use of printing volume or by defining
support structures, where necessary, that facilitate subsequent post-processing and space
utilization. Examples are Netfabb, Magics or the application for powder bed fusion AM by
Delmia (Dassault Systèmes, Vélizy-Villacoublay, France).

At this point, we cannot leave aside essential tools in the process of AM. These are
the slicers or software that transform the geometric models in the machine code. There are
free and private software tools; we highlight Cura (Ultimaker, Utretch, The Netherlands),
Slicer3D (Harvard, US) and Simplify 3D (Cincinnati, OH, USA), and the main difference
is the control possibilities, with these last ones offering more control options and the
recreation of the 3D printing process in virtual media. This functionality helps in the early
detection of printing errors. In these applications, it is possible to carry out an exhaustive
control of the position, size and orientation of the piece as well as a multitude of process
control variables, from the most essential ones, such as layer height, temperature and
printing speed, to other more specific ones, such as the speed and retraction of the material
in fused filament fabrication (FFF) processes.

In Table 1, a summary of the described tools that cover different needs and design
approaches to exploit the capabilities of AM throughout the design, simulation and pre-
production processes is described. This list intends to give an overview to different
stakeholders and other researchers to understand the capabilities and different metrics of
the tools, in order to facilitate the decision-making process of selecting a specific tool that
could match their specific need. In this table, specific software descriptions are given with
the main function of every tool, its relation to AM, whether it is directly related or not, the
characteristics of usability, the complexity of the tool and price.

Table 1. List of remarkable software used in additive manufacturing design processes.

Scheme Oriented to AM Main Functions Related to AM Ease of Use Cost *

SolidWorks/Inventor/
PTC Creo/

Not specifically but
useful

Solid and surface parametric
modeling and basic FEA Easy Medium

NX/Fusion360 Yes Solid and surface modeling/Basic
simulation Easy Low/Free student

version

Free CAD Not specifically but
useful Solid and surface modeling Medium Free

Catia Yes Solid and surface modeling Easy High

Rhinoceros 3D Not specifically but
useful Surface and freeform modeling Easy Low

Blender Not specifically but
useful Organic modeling and animation Medium Free

3D Max Not specifically but
useful Organic modeling and animation Medium Medium/Free

student version
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Table 1. Cont.

Scheme Oriented to AM Main Functions Related to AM Ease of Use Cost *

Inspire Yes Optimization/Lattice/Simulation/
Printing setup Easy Medium/Free

student version

Abaqus, HyperWorks,
Ansys

Not specifically but
useful Simulations and TO Complex High

Ntop Yes
Basic model-

ing/Lattice/TO/Simulation/Printing
setup

Complex Medium/Free
student version

3D Matic Yes Modeling/Lattice/Mesh
editor/Topology optimization Medium Medium

Netfabb Yes Lattice/Mesh editor Medium High

Pareto Yes TO Low Medium

Tosca Yes TO and printing setup Medium High

Paramatters Yes TO Low Low

Digimat AM Yes Process simulation (polymers) Low Medium

Simufact Yes Process simulation (metals) High High

Alphastar Yes FEA/Process simulation Medium High

Cura/Prusa Slicer Yes Process condition definition and
G-code generation Low Free

Simplify3D Yes Process condition definition and
G-code generation Medium Low

Meshmixer Yes Mesh edition Low Free

Magics Yes Mesh edition, process conditions
definition and G-code generation Low High

* Cost is an estimation from the academic environment based on a comparative analysis. Suppliers give specific quotations depending on
final use. They can change depending on whether the client belongs to industry, academia or a research center. Note: TO (Topological
Optimization).

4. Results and Discussion. Case Study: A Bicycle Stem

Next, the case study design of a bicycle stem will be presented. This part is exposed to
different loads and is optimized with two different strategies that will create a more efficient
design. The part will undergo a topology optimization process and a lattice approach
redesign. The goal of both processes is to reduce the part’s weight while preserving the
defined mechanical requirements.

There are several publications that show the design process with advanced tools for
additive manufacturing. The application of topological optimization in different aero-
nautical supports [30] or in classical mechanical elements such as beams or hooks is very
common [31,32]. Different studies show the possibilities of lattice structures regarding their
behavior and mechanical properties. However, there are not many specific applications or
study cases that illustrate the use of these tools for specific cases in terms of their procedure
of use and execution with the combined use of these design tools [33].

The bicycle stem has maximum dimensions of 95 mm, and is loaded with to two
main loads of 1500 N that simulate the weight of the user, increasing up to 3000 N to
consider possible jumps or overloads, as shown in Figure 4. The bicycle stem also contains
screws that are simulated with a load of 100 N in every hole due to the screw pressure
and the pressure direction simulates the tightness of the screws. It also has a restriction
of movement in all degrees of freedom due to the connection to the bicycle frame. The
material selected for the manufacture and redesign of the part is polyamide 6 or nylon, due
to its mechanical strength, hardness, rigidity and good toughness, in addition to a strong
mechanical damping capacity and good resistance to fatigue and wear.
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Figure 4. Main dimensions of the bicycle stem designed in the software SolidWorks™.

The initial design was developed with SolidWorks, a parametric design tool, for the
problem specifications. Through simple sketching and basic modeling operations, we can
configure the geometry. This will be the starting point for the redesign of the part. The file
was exported in STEP format, which allows its import into the Inspire™ tool of Altair™.
This topology optimization tool is intuitive and useful for novel users and works with
the same calculation engine as the HyperWorks tool from the same company, as well as
the OptiStruct software solver. The first action for a TO approach consists of assigning
the material from the library to the imported pieces and, as we have mentioned, it will be
polyamide 6. It is important to define within the assembly which volumes will be used
for optimization and which will not. We will refer to the optimizable volumes where the
material removal happens “design spaces” and those that cannot be altered “non-design
spaces”, as illustrated in Figure 5. The volume of the design spaces will be increased as
much as possible to allow the solver to identify the most suitable solution.

Figure 5. Definition of loads and constraints, as well as design and non-design spaces in the Inspire™
tool for the modified stem geometry.

The first step is to perform a static stress calculation according to the defined loads
to verify that the part meets the objectives and, above all, that the parts have room for
improvement for subsequent redesign. We make a stress simulation and observe the safety
coefficient of each of the parts of the piece, as illustrated in Figure 6.
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Figure 6. Result of the finite elements analysis expressed as safety factors of the part using the
Inspire™ tool.

The result clearly expresses that the part is susceptible to optimization since the values
of the safety factor greatly exceed a factor of 1.2 that we accept as the admissible limit.
Once the need to reduce the mass of this part has been determined, we define a topological
optimization that maintains the mentioned safety factor of 1.2, minimizing the mass and
maximizing the rigidity of the part. The result will be a poorly defined organic geometry
that we will reconstruct using NURBS surfaces that help us to generate a continuous and
well-defined surface, as illustrated in Figure 7. This result will also be analyzed by a static
calculation to validate the adopted design solution.

 

Figure 7. Result of the topological optimization on the left, the middle image shows the highest stress concentration areas
and, on the right, the smoothed surface using NURBS, carried out with Inspire software.

With this approach to the redesign of the piece, a notable decrease in weight has been
achieved, going from 46.36 g to 24.93 g, which mean a reduction of 53.8% in the optimized
piece without losing functionality and according to the design specifications defined at the
beginning. Again, this solution is validated by means of finite element analysis (FEA) tools.
This solution not only will reduce costs and production times but can also mean important
savings in energy consumption with the use of the redesigned part.

This optimized model is intended to take a further step towards weight reduction.
Using the lattice tools that have already been mentioned and, more precisely, Ntop software,
we intend to further reduce the weight by replacing the continuous material of the part of
the piece that can be optimized by generating a microstructure of trusses without losing
mechanical properties and maintaining its resistance. It is important to emphasize that
the tools used do not allow the validation of the results by means of calculation by finite
elements. The simulation strategy should be based on a multiscale homogenization based
on the analysis of a representative volume element. Therefore, the result presented below
is merely illustrative of the redesign process for mesostructure gratings.
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The import/export of files is again done with STEP files. The lattice structure will be
applied in the main bodies in a combination of a shell operation and the internal lattices.
Ntop software offers a wide range of structures to be applied, which are different in their
geometry and are structured by continuous beams or walls, which can be hexagonal,
tetrahedral, cubic or random, among others, with different configurations of each of their
definitions. In this case, we apply a specific structure, octec, that is an octahedral structure
with only eight beams. The result is a 2 mm shell that covers the entire part together
with a wired structure infill that will allow, depending on the load requirements, a certain
thickness that can also be variable. This allows us to modify the density of the piece by
region and even define the position of the center of mass of the part.

The steps followed to obtain the lattice structure, illustrated in Figure 8, are (i) de-
termination of the optimization area, in this case the central body of the bicycle stem. (ii)
Definition of the shell thickness and type and size of the structure. (iii) Modification of the
wire structure to ensure that there is connection to the parts, and that there are no open
structures that reduce their mechanical characteristics. (iv) Definition of the thickness of
the cellular structure or lattice, in this case, 1 mm in diameter for each segment. (v) The
Boolean union of all the parts that will provide a continuous piece capable of being printed.
(vi) Finally, the exportation of the new part in a printable file, such as STL.

 

Figure 8. Section view of the result of the redesign using lattice-type tools with Ntop platform
software.

The result, as observed in Figure 7, presents a topology-optimized geometry that
has reduced weight due to the application of the octec lattice, while maintaining the
performance of the product, with lower weight, production time and cost.

5. Conclusions

This article presents an introduction to design for additive manufacturing, illustrating
the main advantages and disadvantages of these technologies along with the different
stages that make up the process. The main part consists of a review and explanation of
the different tools involved in each stage of the process, focusing on additive manufac-
turing design. In this way, different computer-aided design tools are presented. Some
of these tools are well known in the scientific and engineering community, while other,
less traditional tools, are new and exclusive for design oriented to additive manufacture.
These tools, in their application, will allow us to extract the maximal capacities of these
processes, when it is a question of obtaining robust and light design for pieces that need
reduced masses. Likewise, this article illustrates the redesign process oriented towards the
additive manufacture of a characteristic part of mechanical design: a bicycle stem. In this
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process, significant improvements in mass reduction are achieved through the application
of topological and mesostructural optimization tools, illustrating their use step by step.
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Abstract: In this paper, a numerical method is proposed to simulate the mechanical behavior of a
new polymeric pre-structured material manufactured by fused filament fabrication (FFF), where the
filaments are oriented along the principal stress directions. The model implements optimized filament
orientations, obtained from the G code by assigning materials references in mesh elements. The
Gauss points are later configured with the physical behavior while considering a homogeneous solid
structure. The objective of this study is to identify the elastoplastic behavior. Therefore, tensile tests
were conducted with different filament orientations. The results show that using appropriate material
constants is efficient in describing the built anisotropy and incorporating the air gap volume fraction.
The suggested method is proved very efficient in implementing multiplex G code orientations.
The elastic behavior of the pre-structured material is quasi-isotropic. However, the anisotropy
was observed at the yield point and the ultimate stress. Using the Hill criterion coupled with an
experimental tabular law of the plastic flow turns out to be suitable for predicting the response of
various specimens.

Keywords: pre-structured material; additive manufacturing; finite element modeling; mechanical
behavior; fracture mechanics; Acrylonitrile Butadiene Styrene; 3D printing; smart material

1. Introduction

With the recent development in manufacturing techniques, smart materials become
more effective at answering the requirement of highly advanced industrial applications.
Those materials have the ability to react to external stimulations and can adapt their
behavior according to the environment. This research constitutes a relatively recent area,
which has emerged from the prospect of producing topologically optimized and complex
shapes using additive manufacturing. In [1], Gardan defined a class of smart materials
applied to additive manufacturing (AM) as follows: “advanced structured materials, which
are based on a static definition of complex shapes or a material’s combination to achieve
one or more properties that respond to a predefined functionality”.

The concept of designing advanced structures by AM materials is widely applied
to enhance structural performance and manufacture custom materials with specific func-
tionality. For instance, Li et al. [2] worked on a toughening method of fracture properties
using 3D printed topological patterns on a sample surface which effectively delayed crack
initiation and deflected crack propagation. In a like manner, Madugula et al. [3] proposed
an optimization method that uses continuous extrusion in 3D printing. It consists of an
iterative procedure using re-meshing and analysis by finite element simulations. The
proposed approach was applied to enhance the strength of a four-point bending beam
made with Polylactic Acid PLA material.

Appl. Sci. 2021, 11, 5075. https://doi.org/10.3390/app11115075 https://www.mdpi.com/journal/applsci239
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A new stress-based criterion for filament deposition in FFF FDM 3D printing has been
suggested and tested [4]. The work reported herein is based on reproducing principal
stress orientations in the sample to define the filament’s trajectory deposition in the manu-
facturing process. It was inspired by the reinforcement principle of composite materials
where the fibers are oriented toward the in-plane tensile stress. Experimental studies have
reported that this “enhanced” deposition method tested on an Acrylonitrile Butadiene
Styrene (ABS) material generates an improvement by over 20% of fracture toughness and
leads to a ductile-like fracture behavior [5–7]. In the same spirit, Kim et al. [8] developed a
customized 3D printing tool-path for carbon fiber reinforced polymer where the carbon
fibers reproduce the principal stress directions. This tool was used to print a spur gear
geometry leading to a considerable improvement in the gear stiffness. The previously
described deposition method has been proposed to surmount the problems caused by
classical deposition methods such as layers alternation +45◦/−45◦ or 0◦/90◦ raster angle
orientation. In those configurations, a locally heterogeneous structure is created because of
the weld lines and the residual air gaps between the deposed filaments. These trajectories
do not necessarily respect the use requirements of the part since a misplaced weld line,
considered as a weakness, can lead to the reduction of the structure’s strength.

Materials fabricated by fused filament fabrication (FFF) are supposed to exhibit strong
anisotropy due to the filaments’ orientation and the presence of an air gap [9]. Therefore,
modeling their behavior will require a deep understanding of local phenomena occurring
while loading the material. Rankouhi et al. [10] reveal the effect of the air-gaps size on
the fracture morphology of the specimens announcing that larger air-gaps can cause inter-
raster fusion bonds to fail which results in a more discretized surface area. In the study
by Roy Xu et al. [11], a dual-notch void model was used to provide an explanation of
the anisotropic tensile strengths of a 3D printed polymer. Most recently [12] Allum et al.
demonstrated that the interface between layers in 3D printed PLA material has isotropic
strength equivalent to that of the bulk filament. This study suggested that the anisotropy
is caused by the welding lines’ geometries and a localized strain represented by a stress
concentration. It opposes the assumption of the weaker behavior of weld lines. The
previously mentioned studies stand as proof of the complexity of 3D printed parts behavior
and reveal many issues to model such materials.

Numerous studies investigate the effect of raster orientation on the mechanical behav-
ior of 3D printed parts through experimentation [13–19]. To investigate the orthotropic
elastic properties of 3D printed parts, Biswas et al. [20] developed computational models
based on microstructures of 3D printed ABS using micromechanics of a representative
volume element (RVE). In a similar fashion, Nasirov et al. [21] employed asymptotic ho-
mogenization as a tool for predicting the mechanical properties of fused filament fabricated
thermoplastics with line infill and grid infill structures. Both Ghandriz et al. [22] and
Li et al. [2] used the extended finite element method (XFEM) with cohesive segments to
capture the dependency of fracture behavior on build/raster orientations. The classical
laminate theory was also utilized to model orthotropic mechanical properties of 3D printed
parts [19,23].

Although research has illuminated the effect of raster orientation through different
modeling methods and experimentation, no study to date has studied complex deposition
trajectories. Previous studies have almost exclusively focused on modeling unidirectional
or bidirectional raster orientations. No numerical study to date has examined complex
deposition trajectories.

In this paper, the authors intend to propose a simplified finite element method that
surmounts the weld lines and the air-gap problems by approaching the behavior in a global
way. The model considers the material as homogenous and reproduces the built trajectories
using local references assignment in the mesh element [24]. A transverse isotropic law
is therefore defined at each integration point to model the behavior in the elastic region.
The material constants were determined from a tensile specimen fabricated using the
same parameters as the pre-structured material. Then, the Hill criterion coupled with a
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plastic flow model was identified to go until the fracture limit. The finite element software
ABAQUS has been used to implement the identified elastoplastic behavior. Nevertheless,
local phenomena such as filaments buckling and air gap repartition are not modeled. The
related problems will be discussed later on where this numerical tool will be tested on
the compact tension CT specimen [4] and the Single Edge Notched Bend SENB specimen
defined in [7] where both the optimized deposition and the classical deposition trajectories
will be modeled and compared.

The structure of the paper is as follows. In Section 2, the modeling strategy adopted
for the 3D printed material is presented. First, the local references assignment technique
is explained. Then the pre-structured material behavior definition is presented. Next,
the experimental setups and results are displayed. In Section 4, the implementation of
the material’s behavior in ABAQUS is detailed. In Section 5, the model will be used to
predict the tensile tests. Afterward, it will be applied to the CT and SENB specimens. Here,
its capability of implementing complex deposition trajectories will be checked and the
limitations of the proposed method will be resumed in Section 6.

2. Modeling Methodology

The proposed modeling method is based on a simplification of the built configuration
by considering a homogenous material. The complex structures containing the weld lines
and the air gaps will be represented by implementing equivalent mechanical behavior
constitutive equations. The developed workflow is presented in Figure 1 and will be
detailed in the following subsections.

Figure 1. Workflow of the modeling methodology.

2.1. Local References Assignment in Mesh Elements

The purpose is to reproduce the printing trajectories inside a finite element model.
The finite element code ABAQUS is used in this study. From the CAD file representing the
part, the geometry is generated. Then an adaptive mesh is generated using an eight-node
brick element with reduced integration C3D8R (i.e., one integration point per element).
The use of C3D8R elements is motivated by the need to reproduce the layer by layer built
in the model. This choice allows a simplification of the problem. The elements heights are
fixed and must be equal to the layer thickness in order to ensure the reproduction of the
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built trajectories in a layer by layer process and facilitate the localization of elements in a
certain layer (see Figure 2).

 
Figure 2. Correspondence between the layers heights (a) and the elements heights in ABAQUS mesh (b). Every layer from
the G code contains different deposition trajectories.

The procedure starts by treating the G-code and defining the trajectories that only
correspond to the real material deposition. This means that the trajectories where the
extrusion nozzle is off are eliminated. Assigning the material’s references goes through
associating the material deposition trajectory with the elements of the numerical model.
In each element, the vector tangent to a representative trajectory that intercepts the ele-
ment faces is identified. This step requires distinguishing several cases according to the
configuration of interception between the deposition trajectories and the element faces.
Figure 3 demonstrates the possible cases. (i) If numerous trajectories belong to the element,
the nearest to its Gauss’s point is chosen. (ii) If a discontinuity between the two trajectories
is the closest to its Gauss’s point, the first trajectory analyzed is chosen with respect to the
printing history. (iii) In the case where no trajectory intercepts the elements, the closest
deposition trajectories are again selected.

Figure 3. Possible interception cases between one mesh element C3D8R and the deposition trajectories.

The representative trajectory selected previously is considered as the first vector of
the local reference. The third vector is always the same since it is the built direction (Z)
perpendicular to the building plate (XY). A complete coordinate system is defined in each
element by computing the cross-product of the first and the third vectors already known.
This method was successfully applied on a compact tension CT specimen where complex
trajectories were reproduced inside a finite element model after assigning the adequate
materials’ references [24].
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2.2. Mechanical Behavior Definition

After assigning local references inside the mesh elements, a mechanical behavior
must be defined at the integration points. An orthotropic behavior is commonly used
to model the mechanical behavior of FFF parts in the elastic domain. For the sake of
simplification, both directions 2 and 3 defined in Figure 4 are considered equivalent since
the built-in of both orientations have similar deposition patterns and weld lines structure.
A transverse isotropic is therefore chosen. It requires the identification of five independent
elastic constants; (i) EL: The Young’s modulus in the longitudinal direction of the filament,
(ii) ET: The Young’s modulus in the transverse direction of the filament, (iii) νLT: the
in-plane Poisson’s ratio, (iv) νTT : the out of the plane Poisson’s ratio, and (v) GLT : the
in-plane shear modulus. Tensile tests with digital image correlation (DIC) are used to
identify them. Thus, three orientations for the tensile specimens were chosen 0◦, 90◦, and
45◦. The tensile specimens must be printed using the exact same printing parameters as
the studied pre-structured material. This will ensure the reproduction of the mesostructure
of the pre-structured material. As described previously, the authors decided to approach
the material as homogenous. This means that the air gap portion is not subtracted from the
geometrical cross-section. Therefore, the effect of the air gap volume fraction is directly
incorporated in the identified material’s constants.

Figure 4. Transverse isotropic behavior for 3D printed parts; 1 is the longitudinal direction of the
filaments, 2 is the transverse direction in the built plane illustrated in (a) and 3 is the second transverse
direction that represents the built direction (b) [25].

3. Experimental Setups

3.1. Fabrication of the Specimen

The specimens were designed according to the ASTM D638-03 norm “Standard Test
Method for Tensile Properties of Plastics” [26]. The fused deposition modeling fabrication
process was conducted on a Makerbot replicator ×2 with a flat printing configuration. The
filament is made of white ABS (Acrylonitrile Butadiene Styrene) material so that a better
contrast can be achieved while performing the DIC analysis. The printing parameters
described in Table 1 are the same for all the specimens studied in this paper.
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Table 1. Printing settings.

Printing Configuration Built Flat

Layer thickness 0.25 mm (0.35 for the first one)
Extrusion temperature 235 ◦C
Built plate temperature 120 ◦C

Thread diameter 1.7 mm
Infill density 100%

Material ABS (white)

The slicing software Slic3r [27] was used to generate the G codes. This software was
chosen since it allows a unique infill angle for all layers via the modifier feature. Three
infill angles are used 0◦ representing the longitudinal direction of the filament, 90◦ for
the transverse direction of the filament, and a 45◦ angle to study the shear behavior. Six
specimens were fabricated for each orientation.

3.2. Tensile Tests with Digital Image Correlation

The tensile test machine Instron 4411 was used to perform the tensile tests. The
loading rate was fixed at 1 mm/min. A camera with a resolution of 1280 pixels × 960
pixels was used to record a snapshot every 0.6 s while performing the test. This frequency
gives an accurate reproduction of the tensile curves. The speckle was applied manually
through a black paint spray. After collecting the snapshots, the DIC software NCORR [28]
allows a quantitative analysis of the strain. It tracks the displacement of the speckles on
each snapshot during the loading phase and uses it to interpret the kinematic field maps
on a specific region of interest (ROI). A subset size of 15 pixels and a spacing of 2 pixels
were used for data treatment. The images were treated as described in [29]. The method
uses specific dummy sensors placed next to the jaw’s location in order to calculate the true
value of displacement.

3.3. Tensile Tests Results

For every performed tensile test, the calculated Young’s modulus value will indirectly
take into account the existing air gap by computing the engineering stress via the geometri-
cal section. The calculations are made with respect to the D638 ASTM norm [26]: Young’s
modulus is calculated as the slope of the tangent to the true stress-strain curve at low stress.
To get such a curve, the assumption of volume conservation was made since the volume
variation data is not available. The DIC analysis gives an estimation of the average value of
the transversal and the longitudinal strain, which are used to calculate the Poisson’s ratio
values. The yield strength is calculated via the 0.2% strain offset method. The results are
displayed in Table 2.

Table 2. Results of tensile tests.

Orientation
0◦ 90◦ 45◦

Mean Std * Mean Std Mean Std

Young’s modulus (MPa) 1680 71 1414 133 1484 53
Offset yield strength 0.2% (MPa) 23.54 1.59 13.3 0.78 17.53 0.95

Tensile strength (MPa) 28.67 0.79 13.86 0.65 20.25 1.16
Elongation at fracture (%) 4.90 1.31 1.12 0.18 3.65 0.46

Poisson’s ratio 0.371 0.032 0.312 0.032 0.342 0.028

* Std: standard deviation.

The experimental tensile curves show that the material exhibits different behaviors
according to the filament orientation (see Figure 5). For the 90◦ orientation, the elongation
at break is almost equal to the elongation at yield strength. Thus, the behavior can be
assumed perfectly elastic with a brittle fracture. On the other hand, the 0◦ specimens
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display the highest tensile strength of 23.54 MPa since the loading is directly applied on
the longitudinal direction of the filament considered as the strongest direction. Here the
behavior has a pronounced plastic behavior directly linked to a ductile fracture. In addition,
a softening was observed in this direction. This softening behavior can be explained by
referring to the work of Dundar et al. [30]. In fact, ABS material exhibits a strain-softening
behavior at a low strain rate, which was around 10−4 s−1 for the tensile tests. Finally, the
45◦ specimen displays an intermediary behavior between both 0◦ and 90◦ with an almost
elastic perfectly plastic behavior. The yield strength is found equal to 17.53 MPa. The
fracture is also ductile and occurs at a 45◦ angle at the welding line direction.

Figure 5. Tensile curves of three samples with different filament orientations (0◦, 45◦, and 90◦).

These findings are coherent with the work of Alaimo et al. [31] which showcased the
same behavior for the studied orientations. Young’s modulus is slightly lower but this can
be explained by the difference in the extrusion temperature. The extrusion temperature
used to fabricate the specimen is 235 ◦C while the temperature of extrusion used by Alaimo
was around 255 ◦C. A higher extrusion temperature enhances the bonding between the
filament and thus, the mechanical stiffness increases [32]. For the Poisson’s ratio of the
0◦ oriented sample, the same value was found by Rodriguez et al. [33]. For the yield
strength, Alaimo [31] found a yield strength equal to 26.3 MPa, 14.6 MPa, and 18.54
MPa while the authors found 23.54 MPa, 13.3 MPa, and 17.53 MPa for 0◦, 90◦, and 45◦
respectively. It should be noted that all comparisons with the bibliographic references must
be done with a similar printing configuration to avoid any perturbation from one of the
printing parameters.

Conclusively, the material exhibits an overall quasi-isotropic stiffness. The difference
between the 0◦ Young’s modulus and the 90◦ Young’s modulus does not exceed 16%. This
means that welding lines are not affecting the material stiffness in the elastic domain. The
anisotropy was mainly observed at the yielding and fracture points. Therefore, it was
decided to employ an anisotropic yielding criterion to model the transition between elastic
and plastic domains.
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4. Implementation of the Pre-Structured Material Behavior

4.1. Transverse Isotropic Law Identification

As described previously, a transverse isotropic law is chosen to model the 3D printed
material behavior. Thus, five independent elastic constants must be identified. Both
Young’s modulus EL and ET and the in-plane Poisson’s ratio νLT are directly identified
from the tensile test results. The longitudinal Young’s modulus and the in-plane Poisson’s
ratio are the ones calculated on the 0◦ specimen. The transverse Young’s modulus is the
one calculated with the 90◦ specimen.

4.1.1. The In-Plane Shear Modulus GLT

By establishing the relationship between the global reference and the local reference
defined in Figure 6, where the plane stress assumption is presumed, Young’s modulus in
the loading direction (global reference 1) can be expressed as a function of the transverse
isotropic elastic constants and the printing angle. The same relation (see Equation (1)) [34]
is used to study the stress analysis of fiber-reinforced composite materials.

E1 =
EL

cos4θ+
(

EL
GLT

− 2νLT

)
sin2θcos2θ+ EL

ET
sin4θ

(1)

where:

• θ: Printing angle
• EL: Young’s modulus in the longitudinal direction
• ET: Young’s modulus in the transverse direction
• νLT: The in-plane Poisson’s ratio
• GLT: The in-plane shear modulus
• E1: Young’s modulus in the loading direction (global reference)

 
Figure 6. Local and global references definition for the 45◦ specimen.

By using the 45◦ specimen, the following equation is deducted:

GLT =

(
4

E45◦
− 1

EL
− 1

ET
+

2νLT

EL

)−1

(2)
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where: E45◦ is the experimental Young’s modulus from the 45◦ specimen. A value of
545 MPa of the in-plane shear modulus was calculated. A higher value was given by
Alaimo et al. [31] equal to 641 MPa, which was already explained by the difference of the
extrusion temperature.

4.1.2. The Out-of-Plane Poison’s Ratio νTT

The compliance matrix C −1 of the transverse isotropic material shows that the out-
of-plane Poisson’s ratio νTT is not activated in the case of the plane stress assumption unless
the out-of-plane displacement is calculated. However, the DIC analysis employed here
provides only the displacement field in 2D ROI. Therefore, the out-of-plane Poisson’s ratio
νTT cannot be identified using the available data. Otherwise, it was proven that its value
would not influence the 2D material behavior because it only affects the out-of-plane strain
component. For the developed model, νTT was taken as the average value between νTL
and νLT . A value of νTT =0.3416 will be employed.

4.1.3. Stiffness Matrix C

The transverse isotropic behavior is implemented in ABAQUS by computing all the
components of the stiffness matrix C as shown by Equation (3).

C =

⎛
⎜⎜⎜⎜⎜⎜⎝

2592.3 1229.5 1229.5
1229.5 2184.1 1130.1
1229.5 1130.1 2184.1

0

0

545
545

527

⎞
⎟⎟⎟⎟⎟⎟⎠

(3)

This stiffness matrix C is defined at each C3D8R element with respect to the local
reference defined in its integration point. This allows a local description of the material
behavior based on the deposition trajectories at each point of the structure.

4.2. Anisotropic Yielding Criterion: Hill Criterion

The anisotropy was mainly observed at the yielding point. Indeed the 0◦ sample has
the highest yield strength while the 90◦ sample has the lowest one. Where an anisotropic
yielding criterion must be used, Hill’s criterion is used for this type of problem. It general-
izes the Von Mises criterion by introducing anisotropy coefficients [35]. It has been used
to describe the elastoplastic behavior of composites reinforced with short carbon fibers
from 3D printing [36]. Likewise, it was efficient in underlining the anisotropy of the tensile
strength of parts printed in PLA material.

The material has four different yield strengths according to the loading state, as
described in Table 3, which must be identified to implement the Hill criterion. σ0

L is the
yield strength obtained from the 0◦ tensile tests and σ0

T is obtained from the 90◦ tensile
tests. They are equal to 23.54 MPa and 13.3 MPa respectively. The in-plane shear yield
strength σ0

LT is calculated by applying the laminate theory on the 45◦ specimen. The stress
analysis described in Figure 6 is utilized. The tensile stress in the loading direction (global
reference) is related to the stress components in the local reference and the printing angle
through Equation (4).

σ11(θ) =

[
cos4θ

σ2
L

+
sin4θ

σ2
T

− cos2θsin2θ

σ2
L

+
cos2θsin2θ

σ2
LT

]− 1
2

(4)

where

• σ11(θ): The tensile strength in loading direction (global reference)
• θ: Printing angle σL: The stress in the longitudinal direction of the filament
• σT: The stress in the transversal direction

247



Appl. Sci. 2021, 11, 5075

• σLT: The in-plane shear stress

Table 3. Yield strengths designation for the transverse isotropic material.

Yield Strength Designation Loading State on the Filaments

Tensile yield strength in the longitudinal direction: σ0
L

Tensile yield strength in the transversal direction: σ0
T

 

In-plane shear yield strength: σ0
LT

Out-of-plane shear yield strength: σ0
TT

 

To access the in-plane shear yield strength, results from the 45◦ specimen are used.
The following relation (see Equation (5)) is then established by taking θ = 45◦ and replacing
σ11(θ) by the experimental yield strength of the 45◦spceicmen.

σ0
LT =

(
4

σ2
45◦

− 1

σ2
T

)− 1
2

(5)

A value of 11.65 MPa was found similar to the value found by [31] 12 ± 0.7 MPa.
For the out-of-plane shear yield strength, the torsion test is commonly used to identify

its value. The experimental results reported in [37] by Balderrama-Armendariz et al. show
that the out-of-plane shear yield is about 25 MPa. However, this value cannot be utilized
herein since the printing parameters are substantially different. Therefore, both in-plane
and out-of-plane shear yield strengths were assumed equal

(
σ0

TT = σ0
LT
)
.

The Hill criterion was implemented in ABAQUS software using the user-defined Hill’s
potential function in ABAQUS [38]. It implies the definition of six different anisotropic
yield stress ratios. As σ0

TT = σ0
LT, three independent ratios must be introduced as inputs.

Those ratios (see Table 4) are expressed using a reference tensile yield stress σ0, which was
chosen as the tensile yield strength in the longitudinal direction σ0

L, and a reference shear
yield stress τ0 where τ0 = σ0√

3
.
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Table 4. Implementation of Hill’s potential function in ABAQUS using the yield stress ratios for the
transverse isotropic material.

Ratio RL RT RLT=RLT

Expression σ0
L

σ0

σ0
T

σ0

σ0
LT

τ0 =
σ0

TT
τ0

Value 1 0.565 0.857

4.3. Plastic Flow Curve of the Filament (0◦ Specimen)

In order to study the material behavior in the plastic domain, it was decided to couple
the Hill criterion with the curve flow for the 0◦ orientation. For the 0◦ specimen as shown in
Figure 5, when the stress is below the yield stress, the material behaves elastically. After the
yielding point, an isotropic hardening is observed and will be modeled via an exponential
law defined by Equation (6) where: σ0

L is the yield stress and εp is the plastic strain and
σlimit is the hardening limit for the material and m is a positive dimensionless exponent.

σ = σ0
L + σlimit

(
1 − e−mεp

)
(6)

Using the experimental data, a least-square fit was used to identify those constants
(see Table 5).

Table 5. Exponential law fitting results.

σlimit(MPa) m

Mean value Std Mean value Std
6.58 3.41 221.6 96.19

This model is only valid until reaching the tensile strength. The observed softening
was discarded for the sake of simplicity. A stress saturation is assumed up to the fracture
point with only an increase of the plastic strain. This model was implemented in ABAQUS
using a tabular law that describes the evolution of the plastic strain from the yielding point
up to the breaking point.

5. Results and Discussions

All the simulations in this study were carried out using ABAQUS implicit solver. A
quasi-static time-independent loading step is defined to model the various tests with an ap-
plied displacement as a loading condition. All models utilized C3D8R mesh elements with
adequate mesh sizes according to the geometry and the deposition trajectories requirement.
The implementation of the mechanical behavior as defined in the previous section is used
for all simulations.

5.1. Tensile Tests Prediction

The finite element model for the tensile specimen geometry was created in ABAQUS
software. Three models were later defined by assigning local material references with
respect to the printing trajectories. Three different simulations have been carried out to
simulate the behavior of each of the specimens according to the suggested model. The
part of the specimen pinched between the fixed jaws is encastered and a displacement is
applied on a reference point coupled with the part pinched between the mobile jaws.

Figure 7 compares the stress-strain curves obtained experimentally with those ob-
tained by finite element simulations. The results show that for all three cases, the elastic
behavior is well reproduced with a slight difference because of the simplifications described
before. Thus, the model predicts well the stress evolution until the yielding point. By com-
paring the model response for the three different orientations, it is clear that the anisotropic
yielding criterion taken in the model captures the yield point in the experimental curves.
The transition between the elastic and the plastic domain for the 0◦ specimen occurs around

249



Appl. Sci. 2021, 11, 5075

the value of σ0
L. In addition, for this orientation, the saturation of the stress at the average

tensile strength is noticed (see Figure 7a). The onset of plastic behavior observed for the
45◦ tensile sample is well simulated (see Figure 7b) by coupling Hill’s criterion with the 0◦
flow curve. Therefore, the numerical approach is able to highlight the anisotropic strengths
according to the filament orientation. For the sample with 90◦ (Figure 7c), orientation
exhibits a brittle fracture. However, a plastic behavior appears in the numerical response.
This behavior was intentionally discarded since it does not appear in the experimental
tests. The elongation at fracture was managed by applying the appropriate corresponding
displacement value without implementing a fracture initiation criterion. The average
values reported in Table 2 of the fracture elongation were respected.

The model allows good prediction of the elastic domain without any estimation of the
air gap. The plastic component was defined in order to demonstrate the ability of Hill’s
criterion to predict the anisotropy with the material yield strength. By only implementing
the plastic flow curve for the 0◦ orientation, it has been shown that it is possible to predict
the mechanical response of the material in different orientations.

5.2. Compact-Tension Specimen

In this section, the model’s ability to predict the global response of a compact tension
CT specimen, defined in [6], will be checked. After treating both the classical and the
optimized G codes of the corresponding geometries, two finite element models were
created. The numerical model definition with the boundary conditions is described in [24].
The part is sliced along the Z direction to match the layers from the G code. The local
material’s references are assigned for both kinds of samples. Figure 8 shows the vectors
that correspond to the deposition trajectory in each element. For the optimized specimen,
since two principal directions were reproduced, only two material’s references definition
per layer can be observed. The model’s responses will be compared with the experimental
data collected from the work of Gardan et al. [6]. The boundaries conditions defined in [24]
are maintained the same for this study. Two rigid bodies are used. One to model the fixed
pin and the other represents the mobile one.

(a) 

Figure 7. Cont.
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(b) 

(c) 

Figure 7. Model response of the tensile test specimens compared to a representative experimental
curve. (a): 0◦ raster orientation and (b): 45◦ raster orientation and (c): 90◦ raster orientation.
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Figure 8. Numerical models of the CT specimen. (1) Corresponds to the classical deposition with
±45◦ layers alternation. (2) For the optimized deposition; (a) denotes the first principal direction
while (b) is for the second principal direction.

Figure 9 compares both experimental and numerical results. The drop of the stress
observed in the experimental curves results from the crack initiation and growth from the
notch tip. Therefore, the simulation cannot reproduce this behavior because the material
damage and fracture are not taken into account by the model. Regarding the linear behavior
of the samples, the model gives a good prediction of the stiffness for the optimized specimen
and slightly overestimates it for the classical one. For the optimized specimen, where a
ductile-like curve is obtained by the test, the model underestimates the load values (see
Figure 9a). This is mainly related to a numerical plastic behavior along the transversal
direction that is not omitted in the model.

5.3. Beam Specimen

The work reported in Lanzilotti et al. [7] focused on applying the optimized deposition
method on the Single Edge Notched Bending SENB specimen. It reproduces the principal
stress direction in the V notch tip vicinity and keeps a classical deposition ±45◦ elsewhere.
The printing trajectories from the G code are shown in Figure 10.
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(a) 

 
(b) 

Figure 9. Load-displacement curves of CT test. Numerical model response is compared to experi-
mental results. (a) Classical samples are printed with ± 45◦ and (b) Optimized samples; the filament
is oriented according to the principal direction of the stress.

Figure 10. Deposition trajectories from the G code of the SENB specimen after applying the optimiza-
tion method on the V notch vicinity. (a) First principal direction and (b) second principal direction.
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The SENB specimen dimensions and the boundary conditions used for the simulations
are shown in Figure 11. A mesh size of 0.56 mm was used in the V notch area to better
capture the deposition trajectories. This value is equal to the thread width used during the
printing. A bigger mesh size can still capture the trajectories elsewhere since they have
unidirectional orientations. This will also allow a reduction in computational time. The
first vectors representing the deposition trajectories of all the local references are showcased
in all the integration points in Figure 12.

Figure 11. SENB specimen geometry’s definition and the boundary conditions for the
numerical model.

 

Figure 12. Numerical models of the SENB specimen. (1) Corresponds to the classical deposition
with ±45◦ layers alternation. (2) For the optimized deposition with principal stress reproduction
in the V notch tip vicinity; (a) denotes the first principal direction while (b) is for the second
principal direction.

Interestingly, the numerical response seems to be practically the same for both mod-
els (classical and optimized). The mesh elements’ orientations have almost no effect on
the global numerical response. A numerical stiffness equal to 253.15 N/mm was cal-
culated for both models. Although, the classical specimen has an average stiffness of
174.3 ± 11.8 N/mm, the stiffness of the optimized sample is 224.3 ± 12.7 N/mm. This
is related to the quasi-isotropic stiffness of the material since no large difference in the
elastic modulus was found between the longitudinal and the transversal directions (16%).
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Moreover, the modification of the raster orientation is only carried out locally in the notch
tip vicinity. The remaining domain is built by ±45◦ stacked layers. Although this local
modification leads to the improvement of the sample fracture toughness, however, no
substantial difference was found in the elastic response of the model. The model assumes
the material continuum. This assumption omits any potential effect of the air gaps, weld
lines, and even the anisotropy of the filament itself. This partially interprets the difference
found between the sample stiffness measured experimentally and numerically. On the
other hand, the simulation results show that the influence of the local modification of
filament orientation in the notch tip vicinity is vanishingly small so that the model cannot
capture it.

The model uses a stiffness matrix and materials constants from tensile tests printed
so that the filaments are stacked in the same direction. This is supposed to maximize the
bonding conditions between layers, and can therefore explain why the model overestimates
the experimental stiffness. The biggest area of the specimen is printed using stacking layers
at ±45◦. A 90◦ crossing angle between filaments in two different layers would accordingly
decrease the bonding conditions.

6. Conclusions

A simplified numerical model to predict the mechanical behavior of FFF 3D printing
parts has been proposed. The model tackles successfully the anisotropic built configuration
by assigning local material references in mesh elements. It approaches the material as
homogenous and uses specific materials constants to introduce the anisotropy related to
complex deposition trajectories. The present findings confirm that the material has a quasi-
isotropic elastic behavior since both longitudinal and transversal Young’s modulus are
roughly equal. Hill’s criterion coupled with the plastic flow curve of the filament has been
used to identify the strength anisotropy in tensile specimens with different raster angles.
The longitudinal direction has the highest yield strength and a ductile behavior while the
transversal one is the weakest and exhibits a fragile behavior at the yielding point.

The model is not able to capture the behavior where the optimized deposition method
is applied to a small zone compared to the area of the specimen. Future work could
fruitfully explore this issue further by taking into account the bonding conditions between
the filaments. Axiomatically the model can be upgraded by assigning local materials’
properties according to local bonding conditions.

Despite its limitations in reproducing local phenomena, the model is a key component
in future attempts to understand the relation between the local deposition orientation
and the material performance. The possibility of utilizing this model in the simulation of
the mechanical behavior of 3D printed parts by FDM warrants further investigation and
development. Finally, the model can be enriched with another simulation method (e.g.,
continuum damage mechanics or extended finite elements) in order to study the fracture
behavior after crack initiation.
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Abstract: Fused deposition modeling (FDM) is one of the most common additive manufacturing (AM)
technologies for thermoplastic materials. With the development of carbon fiber-reinforced polymer
(CFRP) filament for FDM, AM parts with improved strength and functionality can be realized. CFRP
is anisotropic material and its mechanical properties have been well studied, however, AM printing
strategy for CFRP parts has not been developed. This paper proposes a systematic optimization
of the FDM 3D printing process for CFRP. Starting with standard coupon specimen tests to obtain
mechanical properties of CFRP, finite element analyses (FEA) were conducted to find principal
directions of the AM part and utilized to determine fiber orientations. A specific tool-path algorithm
has been developed to distribute fibers with the desired orientations. To predict/assess the mechanical
behavior of the AM part, the 3D printing process was simulated to obtain the anisotropic mechanical
behavior induced by the customized tool-path printing. Bolt hole plate and spur gear were selected as
case studies. FE simulations and associated experiments were conducted to assess their performance.
CFRP parts printed by the optimized tool-path shows about 8% higher stiffness than those printed at
regular infill patterns. In summary, assisted by FEA, a customized 3D printing tool-path for CFRP
has been developed with case studies to verify the proposed AM design optimization methodology
for FDM.

Keywords: Fused Deposition Modeling (FDM); tool-path; FEA; CFRP

1. Introduction

Additive manufacturing (AM) technologies have been rapidly advancing and widening its
applicability to complex geometries and range of material choice [1–6]. Fused deposition modeling
(FDM) is one of the widely used in AM technologies for the thermoplastic material. In contrast
to traditional subtractive manufacturing, FDM parts are built by adding materials layer by layer.
This layered nature of FDM causes some defects of the printed objects, such as staircase effect, coarse
surface, and anisotropic mechanical properties [3,4]. To address these challenges, improvement of
the quality of FDM parts has been an active research area. For example, printing process techniques,
such as heat treatment [7], machining [8], and chemical treatment [9–12], were investigated to have
a better surface quality of the parts. Printing parameters, including the effect of raster angle [13]
and building direction [14], were optimized to obtain better bonding strength. However, there is a lack
of design strategy to address the anisotropic characteristics of FDM parts. Moreover, the development
of carbon fiber-reinforced polymer (CFRP) for FDM requires the optimization of material anisotropy for
its best performance. For CFRP, extensive research has been carried out to investigate the anisotropic
mechanical properties of CFRP, including ABS, PLA, and nylon. Generally, the anisotropic structural
property of FDM parts is highly dependent on the building direction. Short carbon fiber provides 3D
printing flexibility to improve the mechanical properties of parts than those printed by continuous
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fiber-reinforced filaments [15]. The effect of build orientation has been studied to enhance structural
performance [16–18]. For FDM 3D printing, commercial slicer programs provide several limited
infill patterns to choose a building direction. Once a pattern is selected, it is not allowed to edit its
route. This is because the tool-path for FDM was originally developed to control the movement of
the CNC machine cutter. When the tool-path algorithm was developed for FDM, it was for printing
process improvement, structural strength enhancement of final products was not recognized. In this
research, a novel design methodology for short carbon fiber composite built by FDM 3D printing
is proposed. It starts with FEA stress analysis to determine principal stress directions of the FDM
part with which customized tool-paths are developed. Structural performances of FDM parts built
by the proposed tool-path method are verified by both FEA analyses and experiments. Tensile tests
and related microstructural analyses using scanning electron microscope (SEM) for CFRP-Nylon
were performed to investigate mechanical properties and fiber orientations. The framework for this
methodology is shown in Figure 1. The primary contributions of this research are as follows:

(1) A novel design methodology for FDM parts assisted by finite element analysis;
(2) A customized tool-path algorithm for FDM that maximizes the effect of fiber reinforcement under

the given loading and boundary conditions.

Figure 1. The workflow of the design approach.

2. Background

2.1. Anisotropy of FDM Parts

Many experimental studies have shown that FDM printed parts exhibit anisotropic mechanical
properties. Ahn et al. investigated the anisotropic mechanical properties of ABS parts built by FDM [17].
The mechanical properties of PEEK and PC fabricated by FDM were studied by El-Gizawy et al. [19]
and Hill and Haghi [20], respectively. They proved that FDM induces a significant structural anisotropy
for thermoplastic materials.

There have been several computational methods to address this issue. Hildebrand et al. proposed
a computational design methodology to apply different build orientations to each section of an FDM
part based on its stress map [20]. Zhou et al. developed a worst-case analysis method assuming
the material is orthotropic to find the structurally weak sections [21]. Farbman et al. reported the effect
of infill pattern on the mechanical properties of FDM parts by FEA simulation [22].

Besides, build orientation selection methods to control the anisotropy has been proposed.
Domingo-Espin et al. investigated the effect of building direction by FEA modeling of FDM parts with
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orthotropic materials [23]. Richard and Crawford developed a build orientation selection algorithm
using the Tsai–Wu failure criterion [24]. However, their works did not try to find the build orientation
to minimize internal stress. Similarly, Umetani and Schmidt proposed a method to find the best build
orientation for FDM parts [25]. This method accounted for structural anisotropy to stacking layers
of extrusion, assuming those are laminate composites. They found that different level of structural
performances was captured depending on build direction.

2.2. Carbon Fiber Reinforced Polymer (CFRP)

In 3D printing, various fiber-reinforced polymers have been studied to improve mechanical
properties using Jute fibers [21], metal [22], glass fibers [23], vapor-grown carbon fiber [24],
and continuous fibers [25]. For FDM 3D printing, short fiber reinforced filaments are most commonly
used in manufacturing high strength AM part. It has been reported that short carbon fibers
reinforced thermoplastic filaments significantly improve the strength of AM parts. These filaments
are now commercially available from several manufacturers, such as CarbonXTM, MatterhackersTM,
and ColorFabbTM. Figure 2 illustrates a printing extrusion of a short fiber reinforced filament.

Figure 2. Short fiber alignment during the extrusion process [26].

2.3. Tool Path for FDM

It has been demonstrated that tool-path or build orientation affects the quality and strength
of objects. Concerted efforts have been made to optimize tool-path planning for various
applications [27,28]. Currenly, contour-parallel and direction-parallel methods are the most widely used
for FDM in practice. The contour-parallel tool-path is to move the extruder parallel to the boundaries
of cross-sections [29]. Fabrication is precise, but it is computationally expensive. By contrast,
the direction-parallel path is to move the extruder in zig-zag motion along a fixed direction within
the boundary in the interior region. This method is simple and fast. The algorithm using both methods
has been developed and is widely adopted in major slicer programs, such as Simplify3D [30]. Figure 3
illustrates the difference between the contour-parallel and directional-parallel tool-path.

Figure 3. Comparison of different tool-path generation strategies; (a) direction parallel path, (b) contour
parallel path, [31].
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3. Material Characterization

3.1. Mechanical Property Measurement

As various materials for FDM have been developed, associated test methods have been
reported. Nevertheless, American Society for Testing and Materials (ASTM) test protocols for additive
manufactured objects officially has not been developed [32,33]. In this study, CFRP is treated as
a laminated plastic polymer. CFRP-Nylon (20% fiber volume fraction) coupon specimens with printing
orientation of 0◦, 45◦, and 90◦ were fabricated, and relevant mechanical properties were measured.
As shown, direction 1 (red color) is the FDM line of deposition, and direction 2 is perpendicular to
this line of deposition. From the printed specimens oriented at 0◦, tensile modulus in the deposition
direction E1, Poisson ratio ν12 and tensile strength S1 were determined. From the specimens oriented
at 90◦, tensile modulus perpendicular to the deposition direction E2, Poisson ratio ν21 and tensile
strength S2 were determined. From the specimens oriented at ±45◦, shear modulus at the 1–2 plane
G12 and shear strength S12 were determined. Three specimens per sample were tested for each one of
the three orientation cases, and each printing material, totalizing 9 test runs.

For the determination of stiffness and strength properties at material directions 1 and 2, the ASTM
D638 test standard was applied. As shown in Figure 4, I-type (dog-bone) specimen was used, with
length and width of 165 mm and 19 mm, respectively. Letter-size sheets (11′ × 8.5”) were printed by
the designated printing orientations and cut by a CNC machine to obtain specimens. The nominal
specimen thickness was 3.3 mm, with 11 printed layers. ASTM D3518 test method was conducted to
obtain the 1–2 plane shear stiffness and strength properties. Rectangular specimens (25 mm × 200 mm)
were printed. The nominal thickness is 4.8 mm with 16 printed layers, and the stacking sequence was
[±45◦]4s (symmetric).

Figure 4. Illustration of printing orientations (0◦, 90◦, and ±45◦) [34].

Ultimaker 2+ was used to produce test specimens. It was one of the popular 3D printers at
the time of study, allowing users to upgrade it to apply CFRP filaments. The printing envelope of 215
mm × 210 mm × 180 mm was used. For the size of the nozzle, it has been reported that a 0.4 mm
nozzle is frequently clogged with short fibers. On the other hand, 0.8 mm is too big to obtain precise
fabrication. Manufacturer of Ruby nozzle, which can endure weariness from short fibers, recommended
0.6 mm. Therefore 0.6 mm was chosen in this study. The printing parameters employed were; nozzle
extrusion temperature: 260 ◦C, heat bed temperature: 100 ◦C, deposition line (layer) height; 0.15 mm,
and printing speed: 20 mm/sec. Carbon-fiber nylon filament (NylonXTM from Matterhackers, filament
diameter: 2.85 mm) made of 4043D resin reinforced with chopped short carbon fibers (20% weight
fraction) was used. The experiments were performed using SHIMAZUTM AGS-X HC universal testing
machine (Figure 5b). A fully calibrated extensometer was utilized to precisely capture displacement
change. All the specimens were loaded up to material failure at a displacement rate of 1 mm/min.
The data acquisition rate was 10 Hz.
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Figure 5. Test specimens (a) tensile (“dog bone”, lower) and shear (rectangular, upper) and (b)
SHIMAZU tensile machine.

Figure 6 shows the stress-strain curves for the specimens printed in the three different directions.
Captured data from the machine was 10 points-average smoothed. As shown, the directional
dependency of material properties is noted. Table 1 shows the mechanical properties of CFRP-Nylon
(NylonXTM) which were extracted from the stress-strain curves and used in the FE modeling analysis
of FDM parts. Young’s moduli and tensile yield strengths, as well as Poisson’s ratios, were obtained
for the printing directions of 0◦ and 90◦. Moreover, shear strength was experimentally determined per
ASTM D3518.

Figure 6. Stress vs. strain data for CFRP-Nylon printed at 0◦ (a), 90◦ (b), and ±45◦ (c).

Table 1. Mechanical properties of carbon fiber-reinforced polymer (CFRP)-Nylon.

Property Direction CFRP-Nylon ASTM

Young’s Modulus 0◦ 4.14 GPa
D63890◦ 2.15 Gpa

Shear Modulus ±45◦ 1.12 Gpa D3518

Tensile Strength 0◦ 56.6 Mpa
D63890◦ 28.3 Mpa

Shear Strength ±45◦ 11.9 Mpa D3518

Elongation 0◦ 2.30%
D63890◦ 1.59%

Poisson’s ratio
ν12 0.391

D638
ν21 0.203

3.2. Fiber Orientation

The major assumption underlying the proposed method is that short fibers are fully aligned with
the direction of extrusion. Although the fiber orientation of parts was indirectly verified through lab
tests, visual verification is required to understand the potential and limitation of the proposed method
caused by the inherent drawback of short carbon fibers. The orientation of short fibers embedded in
printed parts was investigated by an optical microscope. For this task, the specific method developed
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by Bay and Tucker [35] was followed to characterize the short fiber orientation of the printed samples.
Figure 7. Shows an SEM image of CFRP-Nylon fractured surface, as shown, most of the fibers are
aligned in a single direction. Figure 8. shows an optical microscope image of a printed CFRP part.
The methodology for fiber alignment analysis is based on the simple geometrical assumption that,
ideally, cylindrical fiber should appear on the section as either circular or elliptical shape. However, as
shown in Figure 9a, due to variations of fiber tip geometry, such as covering of the matrix material on
the fiber tips surface or breakage of fiber tip surface, some of the cross-sectional shapes of fibers are not
suitable for fiber alignment analysis—thus, those were excluded.

Figure 7. SEM image of CFRP specimen printed at 45◦ direction.

Figure 8. Sample micrographs of a polished specimen obtained from optical microscope: (a) Cross-section
at 0◦ (printing direction), magnitude 50×; (b) cross-section at 0◦, magnitude 20×; (c) cross-section at 90◦,
magnitude 50×; (d) cross-section at 90◦, 20×.
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Figure 9. Pixel conversion to white/black. (a) original, (b) converted.

Assuming the length and diameter of the short carbon fibers are uniform as approximately 100 μm
and 5 μm, the measurement was processed to find only the ends of the major axis. Each image was
broken into pixels; each pixel has a value corresponding to the intensity of light at its Cartesian location.
These digital images are first subjected to a threshold operation, making each pixel either black or
white, as shown in Figure 9b.

The next step is to identify a group of pixels representing each fiber and determine the relevant
dimensions. It measured the chord length in several directions and then took the maximum
and minimum values as the major and minor axes, respectively. Using the cross-sectional area
and major/minor diameters, each cross-section is checked to confirm they are roughly either circular or
elliptical. If those fibers whose cross-sections are not circular or elliptical, they would not be used for
fiber orientation analysis, and these fibers are filtered out, as shown in Figure 10b.

Figure 10. Filtering fibers with circular and elliptical cross-sections. (a) before, (b) after filtering.

Using the processed fiber images, such as Figure 10b, second-order tensors of fiber orientations
in the directions of 1, 2, and 3, were computed. Table 2 shows the values of each component, as
shown, the majority of the orientation tensor for the FFT sample is a11, an indication that practically
most of the short carbon fibers are oriented in the 1-direction, which is the desirable load-bearing
direction. This fiber orientation analysis indicated the inherent characteristic of high fiber orientation
by the FDM process.

Table 2. Fiber orientation distribution of printed CFRP-Nylon sample.

Orientation a11 a12 a13 a22 a23 a33
% 0.825 0.123 0.082 0.03 0.004 0.0056

4. Customized Tool-Path Development

FEA stress field is computed to obtain principal directions of elements, Figure 11 illustrates
an example showing element-based principal directions of a cantilever beam under uniformly
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distributed load. Centroids of elements are connected to create a printing path. The created printing
path are aligned with the principal directions of individual elements. Square shell elements are
utilized to reduce computational time by creating straight path lines. The size of the shell element is
determined based on the printer extruder diameter. The small size of elements guaranteed a more
precise printing path; however, if it is smaller than the extruder diameter, the extruding width is set
to be invalid and linked to neighboring elements. Figure 12 shows a framework of the optimized
tool-path development; more details are explained below.

Figure 11. Principal directions of elements [36].

Figure 12. Optimized tool-path framework.

4.1. FE Analysis

In this step, principal stress [Pi] and direction [βi] matrices of elements are generated from the FEA
analysis output. Those are adopted as a basis to create a tool-path to assign fibers aligning with
the principal direction of the structure under a given loading condition.

4.2. Location Angle and Radius Filter

The curvature of the printing path may affect the quality of the product. This means a sharp
curve of the path usually produces more voids, which could lead to poor product quality. To address
this issue, an effort to make the printing path straight has been made. Location angle matrix [α]ixi

is defined to set the geometrical relationship between two elements on the Cartesian coordinates
system. As illustrated in Figure 13b, the angle between connecting lines of adjacent element centroids
is computed. The center element (element 23) in Figure 13b is denoted as ‘starting element’ in this
framework, as illustrated in Figure 13a. Then, a radius from the centroid of the starting element is
defined to cover neighborhood elements only around the starting element. Neighborhood elements
which are filtered by the radius are denoted as ‘candidate elements’. Figure 13a describes the concept
of elemental printing path connection.
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Figure 13. (a) Concept of elemental printing path connection; (b) concept of angle difference filtering.

4.3. Angle Difference Filter

Since the printing path must align with the principal directions of elements, the next connecting
elements are selected by the principal direction of the starting element. In this step, the angle difference
filter is defined as follows.

[λ]ix8 → [λ]ix2 if [λ]ix8 < 45◦ Where, [λ]ix8 = [α]ix8 − [β]i

To keep only two elements as candidate elements, ±45◦ is added to the principal direction of
the starting element. As shown in Figure 13b, the red boundary line indicates the final two elements
for the printing path connection.

4.4. Creation of Printing Path and Sections

From the selected two candidate elements (e.g., Figure 13b), the element with larger principal
stress is finally selected to be connected. If there are no candidate elements whose angle differences
are less than 45 degrees, the printing path stops the connection. Through the procedure, a set of
connecting lines is then created and referred to as a printing path section. Next, the contour-parallel
or direct-parallel printing method is determined based on the computed path line and curvature of
the path. If a path line moves to align with the product profile, the contour-parallel method is applied;
otherwise, the direct-parallel method is applied. For the direct-parallel method, the angle of the infill
pattern is determined by the average principal direction of elements occupied the section. To avoid
overlapping of printing paths, if an element is selected multiple times for the next connecting element,
the principal stresses of starting elements on each path are checked. Then, a printing path with larger
principal stress is chosen to continue. Elements covered by similar patterns create a printing section.
Printing path of elements having the end of the path, thus, creates section boundaries. Figure 14 shows
the workflow of section generation and corresponding printing path.

Figure 14. Principle of printing path and section development.
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In contrast, if an element is not chosen by any path, groups of those elements are merged into
neighborhood sections. For those elements, the stress level is usually low, and thus, any printing pattern
is allowed, since it has a low impact on the strength of the final product. However, to achieve better
product quality a uniform single printing path is applied to the merging section rather than generating
printing section boundaries, which could lead to producing voids during the extruding. Lastly, 5%
of overlapping is applied to guarantee adequate material bonding. Figure 15 shows an example of
an optimized tool-path for a plate with a circular hole under tensile loading.

Figure 15. Optimized tool-path.

4.5. FE Modeling of Printed Object

Generally, slicer programs, such as Simplify3D, generate G-codes for FDM printing, including
controlling of extruder movement. In this research, G-codes are then converted into ABAQUSTM input
to define outer boundary lines, material orientations of elements, and mesh size. Specific MatlabTM

codes were created to process this step, which provides angle values in the Cartesian coordinates of
the FE elements. Material orientations were directly computed from G-codes, as illustrated in Figure 16.
Moreover, the orthotropic material properties matrix was applied to elements from the experimental
data in Section 3.1.

Figure 16. Determination of material orientation.

5. Case Study-Hole Plate

5.1. Problem Statement—Hole Plate

Stress concentration in a plate with a hole was chosen to demonstrate the advantage of
the customized tool-path printing method. Figure 17 shows the maximum principal stress flow
and a printed CFRP sample.

5.2. Tool Path Development—Hole Plate

To compute principal directions of each element, FEA stress analyses were carried out using
ABAQUSTM. For simplicity, 2D shell elements were applied. As described earlier, square elements
were employed to connect elements to generate a custom tool-path for printing paths and sections.
The height, width, and radius of the hole are 120 mm, 40 mm, and 10 mm, respectively.
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Figure 17. (a) Stress flow and (b) an FDM built CFRP sample of a plate with a circular hole.

Figure 18 shows the maximum principal stress field and the corresponding principal directions of
individual elements. As expected, high stresses occurred around the center hole, and their principal
directions are aligned with the hole (shown as short length arrows in Figure 18b).

Figure 18. (a) maximum principal stress field and (b) principal directions of the plate with the circular
hole under tensile loading.

Figure 19 shows the section division of the plate for tool-path based on the proposed method.
Each element is connected to create sections. A customized tool-path is created for each section based
on principal directions of elements. For example, the tool-path around the center hole is aligned with
the circle as principal directions are parallel to the circle. Moreover, the low-stress region in Figure 19a
has a 0◦ uniform tool-path, which is the same as the tool-path in other major regions. Figure 19b shows
the complete tool-path development of the whole plate.

Figure 19. (a) Section division for tool-path and (b) complete optimized tool-path of stress concentration plate.
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5.3. FE Modeling—Hole Plate

Figure 20 shows the maximum principal stress distribution of the plate with the updated
orthotropic material properties induced by the customized tool-path. Non-linear explicit analysis
with eight brick elements was performed using ABAQUSTM. The thickness of the model was reduced
by applying only two layers to reduce the running time. As shown, high stresses (with 8% less
magnitude) still occurred around the hole, but were much confined compared to the stress distribution
of plate with isotropic material (Figure 18a). Moreover, as an illustration, to show the benefit of
tool-path optimization assisted by FEA, Figure 21a is a uniform 0◦ printing path (i.e., no optimization),
and Figure 21b is the optimized printing path. Figure 21c,d show its corresponding shear strain
distributions. As shown, for the case of no optimization (Figure 21c), high shear strains at the edge of
the hole will be the likely failure initiation site. As for the optimized case (Figure 21d), the magnitude
of the highest shear strain is 16% less than the non-optimized case; moreover, the high shear strain
regions are away from the hole edge, due to the optimized printing paths.

Figure 20. Stress distribution of the plate printed based on optimized tool-path.

Figure 21. (a) 0◦ uniform; (b) customized tool-path; (c) shear strain distribution of samples printed by
0◦ uniform; (d) customized tool-path.

5.4. Tensile Test—Hole Plate

As shown in Figure 22, relevant tensile tests for the printed plates were conducted [37] to validate FEA
simulation results. The loading rate was 1 mm/min, with data recorded at every 0.01 sec. Using the force
and displacement data, the stiffness response was computed. Figure 22b shows load vs. displacement
curves for each case. Averaged test results of each case are shown in Table 3.

The plate printed by the optimized tool-path shows the highest stiffness (6% higher than
the direct-parallel (0◦) case). However, there is no significant improvement in overall failure strength.
Figure 23 represents the comparison of stiffness response results between FEA simulations and tensile
tests. Discrepancies between analysis and test for 0◦, contour, ±45◦, and optimized tool-path show
9.4%, 10.1%, 10.2%, and 11%, respectively, which suggests the optimized tool-path generated slightly
more voids than other conventional tool-path methods.
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Figure 22. (a) Tensile test and (b) test result of stress concentration plate.

Table 3. Tensile test results of stress concentration plate printed by various tool-paths.

Stiffness Response (N/mm) Failure Strength (N) Max. Displacement (mm)

Direct-parallel (0◦) 2544.0 3087 1.39
Contour-parallel 2161.7 2592 1.30

Direct-parallel (±45◦) 1983.4 2262 1.25
Optimized 2687.0 3349 1.50

Figure 23. Comparison of stiffness response between finite element analyses (FEA) simulations
and experiments.

6. Case Study—Spur Gear

6.1. Problem Statement—Spur Gear

Gears are mechanical components used for transmitting motion and torque from one shaft
to another. A spur gear is the most common type of gear, and the tooth regions are prone to
failure, due to high contacting stresses. Figure 24 shows an example of a failed Nylon spur gear in
a ball-milling machine.

Figure 24. Spur gear failure in a ball-milling machine.
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6.2. Determination of Fiber Orientations—Spur Gear

Using ABAQUSTM, FEA analyses were carried out for the pre-described spur gear geometry
under the prescribed loading and boundary conditions. The central main steel gear (Figure 24) was
considered as rigid in the FE analysis (shown as the white section in Figure 25a). Figure 25 shows
the maximum principal stress field (Figure 25a) and principal directions (Figure 25b) of elements at
the spur gear tooth region.

Figure 25. (a) Maximum principal stresses; (b) principle directions at spur gear tooth region.

6.3. Tool Path Development—Spur Gear

Figure 26 shows principal directions and section divisions for FDM printing. Different printing
patterns were applied to individual sections based on output from the steps described in Section 4.
Figure 27 shows the optimized tool-path for the gear. Noted that principal directions of elements in
the tooth region are oriented along with the gear tooth profile such that the ideal way to reinforce
the gear is to align fibers with the tooth profile in the high-stress region.

Figure 26. (a) Section division of spur gear for tool-path; (b) principal directions of teeth section.

Figure 27. Optimized tool-path for spur gear.
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6.4. FE Modeling—Spur Gear

Coordinate information was exported from G-codes and converted into material orientations of
individual elements. Only the initial eight layers were applied to reduce the running time. A total
of 180,000 Hexahedron elements having an extruder width (0.6 mm) was generated. Figure 28a
is a captured image from the process of mesh generation. Figure 28b shows a FEA simulation of
the experiment test (Figure 29). The pushing hammer was treated as rigid, vertical displacement of 1.0
mm was applied.

Figure 28. (a) FE modeling of spur gear; (b) FE simulation of the experimental test in Figure 29.

Figure 29. Spur gear stiffness test for CFRP-Nylon.

Stiffness responses from several different build orientations, including optimal fiber orientations,
unidirectional orientation with [0◦], [±45◦]s, and contour direction were obtained to compare
structural performance.

6.5. Stiffness Test—Spur Gear

To validate the FEA simulation results, relevant compression tests for spur gear were conducted, as
shown in Figure 29. As previously discussed, high stress was generated in the teeth region. The corresponding
displacement was measured by a digital dial indicator with a resolution of 0.001 mm. The loading rate is 1
mm/min, and the data was recorded every 10 s.

Figure 30 shows load vs. displacement curves for each case. Averaged test results at three different
locations are shown in Table 4. For repeatability of the test results, three different locations were tested,
and variation was less than 1%.
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Figure 30. Load vs. displacement curves of CFRP spur printed by various tool-path.

Table 4. Test results of stiffness response of CFRP-Nylon.

Stiffness Response (N/mm) Failure Strength (N) Max Disp (mm)

Contour 778.6 1330 2.18
Optimized 834.6 1430 2.19

[±45◦]s 754.6 1287 2.10
0◦ only 607.0 1073 1.87

As shown in Figure 30, gear printed by the optimized tool-path shows the highest stiffness
response and failure strength. It shows approximately 7% higher in stiffness response than gear printed
by contour-parallel. For the failure strength, optimized gear shows 8% higher than contour-parallel.

For the result of FEA simulations, the principal stresses at the critical location of each case were
measured, and the stiffness response was computed. The gear with the optimal fiber orientation shows
the highest stiffness response of 981 N/mm. For other cases, contour-parallel, [±45◦]s, and [0◦] showed
894 N/mm, 847 N/mm, and 682 N/mm, respectively. Approximately 9% improvement of stiffness
was observed when compared with the contour-parallel tool-path. Figure 31 shows a comparison
of stiffness response results between FEA simulation and laboratory experiments. The discrepancy
between FEA modeling analyses and experiments is 12% for the optimized tool-path and 9% for other
conventional tool-path.

Figure 31. Comparison of results between FEA simulation and experimental tests.

7. Summary

A 3D printing methodology for fused deposition modeling (FDM) integrating fiber placement
and tool-path development has been proposed. It starts with FEA to obtain principal stress
fields and principal directions. Optimal fiber orientations of individual elements were determined.
Using the stress output data from ABAQUSTM, a tool-path optimization algorithm to maximize the effect
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of fiber reinforcement of CFRP was developed. To predict the mechanical behavior of the printed parts,
G-codes from the tool-path were used to model printed objects.

The proposed methodology demonstrates that the optimized tool-path can be applied to the 3D
printer to extrude fibers aligned with principal directions. The flow distribution of printed fibers was
verified by image analysis, which showed that approximately 83% of fibers were oriented as intended.
Both FEA and preliminary experimental case study results show that CFRP-Nylon parts printed by
the optimized tool-path achieved approximately 8% improvement in structural performance over
parts printed at regular uniform printing direction. Associated experimental test results represent 15%
lower stiffness responses than those from FEA predictions. Although 8% improvement is insignificant,
nevertheless, with further AM printing process optimization to better control the fiber orientation,
as well as advanced material development, the proposed customized tool-path method presented
in this paper can be utilized as a design and printing methodology for CFRP structural parts by
FDM technology.

The proposed methodology can be extended to other materials. Moreover, with the development of
a dual extruder system, dual material optimization would be another topic to overcome the brittle nature
of CFRP. To predict their durability more accurately, fatigue tests are required. Due to the limitation
of the current FDM printing system, only in-plane tool-path optimization has been allowed in this
research. However, if AM with a tilted bed is fully developed, it may provide research opportunities
for three-dimensional tool-path optimization.
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Abstract: Direct additive manufacturing (AM) of sensors has in recent years become possible, but still
remains a largely unexplored area. This work proposes a novel resistive sensor design that utilizes
the geometric freedom offered by AM, especially by material extrusion, to enable a customizable and
amplified response to force and deformation. This is achieved by using a multi-material design made
of an elastomer and an electrically conductive polymer that enables a physical shortening of the
conductive path under compressive load through a specific definition of shape. A number of different
variants of this novel sensor design are tested, measuring their mechanical and electrical behavior
under compression. The results of these tests confirm a strong resistive response to mechanical
loading. Furthermore, the results provide insight into the influencing factors of the design, i.e., the
gap size between the conductive pathing and the stiffness of the sense element support structure are
found to be primary influencing factors governing sensor behavior.

Keywords: 3D printing; additive manufacturing; design for additive manufacturing; resistive sensors;
electrical conductive filament; material extrusion; fused deposition modeling

1. Introduction

Additive manufacturing (AM), also known as 3D printing, is a family of manufac-
turing processes in which parts are generated based on a 3D model, building them in a
layer-by-layer fashion. Some of the most commonly applied AM processes are vat pho-
topolymerization, powder bed fusion for polymers or metals using sintering or melting,
and material extrusion (MEX) [1,2]. Of the aforementioned, MEX has a distinct advantage
when it comes to producing multi-material parts and integrated electronics, as it can easily
employ multiple extruders with distinct materials. By comparison, the other commonly
applied processes operate using either a fluid bath or powder bed, in which multi-material
parts are difficult to realize. While it is technically possible to manufacture multi-material
parts with functional electronics using AM processes other than MEX [3], the present work
will focus on MEX due to its advantages in process simplicity and productivity when
producing multi-material parts [4] and due to the large variety of technical and functional
polymers, e.g., elastomers and electrical conductive polymers [5,6].

Through recent advancements, it has become possible to use MEX to manufacture
components from electrically conductive polymers [1,7,8]. Previously, indirect inclusion of
conductors and sensors into AM parts had already been demonstrated, e.g., by interrupting
the build to embed strain gauges [9], silver paste [10], copper wire, or copper mesh [11].
By applying conductive polymers, it has now become possible to directly include con-
ductive traces, resistors [12], capacitors, inductors, filters [13], capacitive sensors [14,15],
piezoresistive sensors [16], thermal sensors [17], and tactile sensors [18], all within the
same production process. Conductivity in the plastics is realized through the inclusion of a
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conductive filler within the polymer matrix. Examples of such fillers include single-wall
or multi-wall carbon nanotubes (SWCNT/MWCNT), carbon back (CB), graphene, carbon
fibers [19,20], copper nanowires [21], silver nanoparticles, or combinations of different
particles [22].

Table 1 provides a literature overview regarding directly produced MEX force and
pressure sensors, sorting the sources by sensor working principle and the mechanical loads
used to demonstrate its behavior.

Table 1. Overview of working principles and tested loads in existing literature on additive manufac-
turing (AM) of sensors.

Working Principle Tensile Load Compressive Load Flexural Load

Capacitive [7,14,23]
Piezoresistive [16,22,24–27] [7,23,28–30]

Resistive path adjustment [31] [31]

Leigh et al. [23] were amongst the first to demonstrate AM of electrically conductive
polymers, using a polycaprolactone (PCL) polymer matrix with a CB conductive filler in a
MEX process. The material was applied in piezoresistive flexural load sensing, capacitive
detection of touch, and the detection of a fluid within a container. Although there are
limitations to the work, such as a low gauge factor and a lack of in-depth consideration of
the influences of sensor geometry and process parameters, it provides a proof of concept
for directly manufactured AM sensors. Zapciu et al. [7] demonstrated both a capacitive
touch sensor and a piezoresistive bending sensor using acrylonitrile butadiene styrene
(ABS) polymer with CB conductive particles. Xiang et al. [22] developed a mixture of
carbon nanotubes (CNTs) and silver nanoparticles within a thermoplastic polyurethane
(TPU) matrix, demonstrating its piezoresistivity under tensile load and the effects of
different mixtures of the conductive fillers on the sensor behavior. Dijkshoorn et al. [27]
demonstrated the use of polylactide (PLA) with CB to build piezoresistive sensors, and
qualitatively validated their response under tensile loading. Maurizi et al. [25] applied
the same polylactide (PLA) with CB polymer to build piezoresistive sensors applied in a
dynamic strain loading scenario, and their work also gave consideration to the geometric
design of the strain gauges and the possibilities of improving output linearity by using
two gauges. Dul et al. [26] developed an ABS polymer with CNT conductive filler, and
demonstrated its behavior with 0◦ and 45◦ infill and strain loading in ramp, creep, and
dynamic scenarios. A further development regarding the geometry of a piezoresistive
flexural load sensor was carried out by Kim et al. [29], demonstrating a sensor that utilized
three sense elements produced from a TPU matrix with MWCNT conductive filler. When
combined, the three sense elements are intended to allow for independent detection of
forces along three axes, though as noted by the authors there remains a non-negligible
cross talk between the sense element signals (i.e., unwanted responses from an element on
an unloaded axis). Hohimer et al. [30] also investigated TPU with MWCNT conductive
filler, exploring in depth the influences of filler concentration, build orientation, layer
height, infill angle, and temperature settings during the build. Their work included the
creation of a pneumatic actuator built entirely out of the conductive polymer, which showed
piezoresistive sensing properties.

Schouten et al. [14] demonstrated the use of MEX to directly manufacture capacitive
force sensors from flexible TPU material with a conductive CB filler. The functionality
of these sensors was demonstrated in quasi-static and sinusoidal compressive loading.
Using the same TPU with CB material, a piezoresistive sensor in a bending load scenario
was also demonstrated, using two mirrored sense elements to allow for improved output
linearization [28], though imperfections in the mirrored set-up were reported to negatively
affect the result of the linearization attempt. Christ et al. [24] also investigated flexible
sensors, applying a TPU matrix with MWCNT. Notably, the work includes experiments
performed on various strain gauge geometries to evaluate their effectiveness.
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Mousavi et al. [31] demonstrated a PLA matrix with conductive MWCNTs, but used a
geometry designed to improve upon the low gauge factors often exhibited in AM piezore-
sistive sensors. This design resulted in a considerably higher gauge factor, accomplished
by a resistive path that is physically lengthened under tensile or flexural loads, thereby pro-
viding an amplified response compared to the piezoresistive behavior of the material alone.

Though the feasibility of AM sensors has been demonstrated, and the need to combine
electronic design and printing technology acknowledged [32], only limited attempts to
use AM’s geometric freedom as a means of improving sensor performance have been
reported. The use of a pair of AM sensors in a symmetric set-up [28] or with a gauge on the
zero strain axis [25] as means of output linearization was reported, but the sense elements
themselves retained a geometry similar to traditional strain gauges. In addition, the effect
of different trace patterns was tested [24], but this was done largely within the confines
of an essentially 2D design. Finally, the work of Mousavi et al. [31] used the geometric
freedom of AM to enable a working principle based on resistive path adjustment, but its
geometry would not readily translate to compressive loads due to buckling.

In summary, there is limited consideration of AM-enabled freedoms in existing sensor
design, which presents an opportunity for further research. For compressive loads, the
commonly used solution, as can be seen in Table 1, is a capacitive measurement. However,
capacitive measurement requires more complicated circuitry than resistive measurement.
This work presents a novel design for a resistive sensor for compressive loads—using
the working principle of resistive path adjustment—which utilizes the multi-material
properties and the geometric freedom provided by AM. When compared to capacitive
compression sensors, this provides an advantage both in circuit simplicity and in a sensor
response that is much larger and therefore easily distinguished from noise. This is especially
the case when considering AM capacitive sensors, where the capacity deltas reported under
load are low compared to the initial values. For example, Schouten et al. [14] reported a
160 fF response, with an unloaded initial value of 105.22 pF, making for a change of only
0.15% from the initial value. Thus, the presented sensor design will provide an alternative
to additively manufactured capacitive sensors to measure contact forces or deformation,
for example, in gripping systems or robotic hands.

2. Materials and Methods

2.1. Design Methodology

AM’s new design freedom is often considered too late in the design development
process, and therefore, the design potentials are only used selectively [33]. Based on
limitations of previous works (see Table 1) a novel sensor design (see Figure 1a) for
measuring compressive loads using resistive path adjustment is developed by considering
AM’s unique design possibilities. The systematic development of the novel resistive
sensor with customizable force-resistance-behavior is supported by different design tools
in order to overcome thinking barriers and ensure a goal-oriented utilization of the design
possibilities provided by AM. In the conceptual design phase, the semantic network of
AM design potentials by Kumke et al. [34], the design heuristics by Blösch-Paidosh and
Shea [35], and the design principles for multi-material AM by Watschke et al. [36] were
used. Thus, different design principles and features were identified to realize a novel
sensor design with tailored electrical and mechanical properties. Based on these design
possibilities and the different sensor principles shown in Table 1, the following design
potentials were identified to develop a novel sensor design for adjusting the force-resistance-
behavior at specific deformation under compressive load:

• Incorporation of electrical functionalities by using different materials in one part [34–36]
• Tailoring the change in electrical resistance under compressive load by using the prin-

ciple of shortening the conductor length [31,36], freeform surfaces, and undercuts [34]
• Tailoring the mechanical properties of the substructure by freeform surfaces, wall

thickness combinations, and hierarchical structures (e.g., internal structures) [34,36]
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Figure 1. Render showing the sensor design (a). The black top is electrically conductive polymer, the
white substructure is flexible elastomer to control the mechanical behavior of the sensor. Details (b–e)
show substructure variants 1 to 4 respectively, each structure with increasing stiffness. For variant 3,
the toolpath from the underside is depicted, as the CAD (computer-aided design) models for variants
3 and 4 are identical. The difference in stiffness is created through lower infill during printing for
variant 3, whereas 4 is solid.

The novel sensor design, as shown in Figure 1, utilizes a conductive spiral-shaped path
that shortens under a compressive load, enabling an increased resistive response compared
to material piezoresistivity alone. The non-conductive flexible structure underneath the
conductor allows for precise control over the sensor’s stiffness, and thereby its response
under a specific load. The multi-material approach allows the tuning of the mechanical
behavior, and thus the force range of the sensor, independent of its resistive range. If, by
comparison, a mono-material approach was used, increasing the stiffness would require
additional material, which would decrease the electrical resistance. This demonstrates
the advantages of both a multi-material solution and of utilizing AM’s freedom in design
regarding shape complexity. Eight different sensors were designed and manufactured
in order to realize specific force-resistance-behaviors. These consisted of four different
substructure variants of increasing stiffness, as shown in Figure 1b–e. These substructures
were covered by a conductive spiral that had either a 0.3 mm or a 0.5 mm gap between
its windings. In all samples, the conductive spiral had a width of 2.4 mm, a thickness
of 2.0 mm, and made three windings. The substructure had a height of 5.0 mm and a
thickness of 0.8 mm for variant 1 (Figure 1b), a thickness of 0.8 mm—each bar—for variant
2 (Figure 1c), and thickness of 2.4 mm for variants 3 (Figure 1d) and 4 (Figure 1e). However,
the outer shapes of variant 3 (Figure 1d) and 4 (Figure 1e) were equal, and a variation of
the stiffness of variant 3 (Figure 1d) was achieved by using a honeycomb infill structure
with an infill of 20% (see Table 2).

Table 2. Process settings for sample production.

Parameter Conductive PLA TPU Variants 1,2, & 4 TPU Variant 3

Extrusion width (mm) 0.4 0.4 0.4
Nozzle temperature (◦C) 230 235 235

Bed temperature (◦C) 40 40 40
Layer height (mm) 0.2 0.2 0.2
Infill (%, pattern) 100, only shells 100, only shells 20, honeycomb

Extrusion speed (mm/s) 30 35 35
Perimeter shells (-) 3 3 2

PLA: polylactide; TPU: thermoplastic polyurethane.

2.2. The Additive Manufacturing Process and Design Variants

The sensor designs were manufactured by material extrusion, because of the multi-
material capability and the variety of commercial available technical polymers, especially
regarding elastomers and electrical conductive polymers [6]. In order to ensure a reliable
multi-material design, the compatibility of the material combination had to be taken into
account. The compact design allowed no additional measures for improving the interface
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strength between the substructure and the conductive spiral, e.g., interlocking features [37],
without a negative impact on the sensor function. In accordance with Freund et al. [37], the
material combination of TPU and PLA was chosen because of the good interface strength.
The substructure was made using NinjaTek® Ninjaflex TPU [38], and the conductive
spiral was manufactured using Protopasta Conductive PLA [39], which is a PLA with
approximately 21.5 wt% CB conductive particles. Aside from favorable multi-material
behavior, the conductive PLA was selected based on its easy processability, low geometrical
deviations, and relatively high electrical resistance. As demonstrated in Watschke et al. [6],
resistivity of the extruded material lies in a range of 0.07–0.11 Ωm. Though materials with
lower resistivity exist [40], a relatively high initial electrical resistance was considered to
be a desirable property in this case, as it enables a larger change in resistance when the
resistive path is shortened during sensor operation.

Parts were sliced using Simplify3D® (4.1.2, Simplify3D, LLC, Cincinnati, OH, USA,
2020), and built on the pro-consumer machine X400 by German RepRap GmbH (Feld-
kirchen, Germany), that comes with a dual extrusion system. The process settings were
used as listed in Table 2 (Section 2.1). The build orientation was such that the conductive
spiral faces downwards on the build platform. This resulted in only a single tool change
per build. Build times ranged from 10 to 15 min per sensor, depending on the density of
the substructure.

2.3. Experimental Set-Up

Mechanical forces were applied using a uniaxial material test machine (Zwick Z0.5,
Zwick GmbH & Co., Ulm, Germany). Force was measured using a 500 N Xforce P load cell
(accuracy class 0.5). A custom actuator was used to compress the parts without touching the
electrical contact points. The sensor was placed on a flat surface with double-sided tape to
prevent unwanted slipping. To enable electrical measurements with low contact resistance,
copper wires were attached to both ends of the conductive plastic using MG Chemicals
8331-14G silver epoxy adhesive. The electric signal was passed to an Arduino via a voltage
divider and ADC 1115 (Adafruit Industries, LLC, New York City, NY, USA), allowing the
logging of a voltage measurement from which resistance was easily derived. Figure 2a,b
show the test set-up, and Figure 2c shows a close-up of a sensor with substructure variant 2.

Figure 2. (a) Overview picture of the test set-up prior to measurement. (b) Close-up of the measure-
ment set-up. (c) Detail image of substructure variant 2.

During measurement, sensor behavior was determined while compressing each sam-
ple by 2.0 mm, then retracting and waiting for 2 s, and repeating this five times. Compres-
sion and retraction cycles were performed at constant velocities of 5, 10, and 20 mm/min
for each sample.

3. Results

3.1. Mechanical Behavior

Table 3 and Figure 3 show the mean peak force and its standard deviation for each
sensor measurement cycle, which consisted of five actuations. The substructure variants
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achieved the intended goal of increasing the stiffness of the structure, as shown by the
increase in peak force for each variant. A larger gap size between the windings was shown
to lead to a lower peak force. This was to be expected, as the increased gap size lead
to reduced contact between the windings of the sense element at the same compression.
Velocity did not have a pronounced effect on the peak force value in variant 1. In variants
2 to 4, there was a minor increase in peak force with an increase in actuation velocity.
Reproducibility of the peak force values with a measurement cycle was generally good,
as shown by low standard deviations which ranged from 0.48% to 3.93% of peak force.
In measurements where the standard deviations were higher, this was due to a gradual
decrease in peak force with repeated actuation, an example of which can be seen in Figure 4.
This effect was more pronounced in the stiffer variants 3 and 4, where higher stresses cause
creep. The relative standard deviations were also higher in these samples. Lastly, a graph
comparing the relationship of force and distance for variants 1–4 (see Figure 1b–e) is shown
in Figure 5; the influence of the different substructure variants is clearly visible, as is a
degree of hysteresis.

Table 3. Mean peak force and its standard deviation in newtons, for each cycle of five actuations.

Gap Size
(mm)

Velocity
(mm/min)

Force (N)
(Variant 1)

Force (N)
(Variant 2)

Force (N)
(Variant 3)

Force (N)
(Variant 4)

0.3
5 52.05 ± 0.35 110.89 ± 0.56 316.46 ± 3.51 350.99 ± 12.75
10 52.68 ± 0.35 112.93 ± 0.54 326.28 ± 7.98 435.64 ± 17.14
20 51.58 ± 0.54 114.64 ± 0.61 332.75 ± 10.67 427.37 ± 7.69

0.5
5 40.28 ± 0.25 92.05 ± 0.69 203.54 ± 2.27 317.16 ± 10.02
10 40.65 ± 0.30 99.87 ± 1.60 207.25 ± 2.76 328.47 ± 7.54
20 39.24 ± 0.34 100.74 ± 0.66 206.29 ± 5.88 328.65 ± 4.99

Figure 3. Bar chart of mean peak force and its standard deviation for each cycle of five actuations
of the eight sensor variants at different speeds and for the gap sizes of 0.5 mm and 0.3 mm (see
Figure 1b–e).
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Figure 4. Force and resistance plots for the measurement with the highest standard deviation:
variant 4 (Figure 1e), gap of 0.3 mm at 10 mm/min velocity. A decrease in peak force is visible with
repeated actuation.

Figure 5. Force–distance relationship for variants 1 to 4 (Figure 1b–e), all with gaps of 0.3 mm and
velocities of 10 mm/min. All variants show hysteresis, and the stiffer geometries show a decrease in
peak force with repeated actuations.

3.2. Resistive Behavior

Mean values and standard deviations of the extremes in resistance for each sensor
measurement cycle are presented in Table 4. In this case, the values shown are the lowest
values reached, as the resistive path shortening under load leads to a reduction in resis-
tance. A decrease in gap size led to stronger resistive response, i.e., lower extreme values.
This was to be expected, as with a reduced gap size more windings will contact under
identical compression.

The effect of velocity in the 0.3 mm gap size group was not immediately apparent, as
different geometric variants appear to exhibit different trends. Closer inspection revealed
that the trend observed aligned with the order in which measurements were performed,
which is indicated by the arrows in Table 4. Measurements were not performed in identical
order on each sensor, specifically to allow for the detection of any unwanted behaviour
related to the test order rather than the variable being tested. In this case, sequential
measurements showed a reduction in resistance. This reduction in resistance is possibly
the result of insufficient wait time between the measurements, rather than an influence of
velocity. The effect of this is minor relative to the total resistance change, never exceeding
1% of the total resistance change, and thus was not considered to be problematic. A similar
reduction in resistance in the sequential order was not present for the samples with gap
size of 0.5 mm.
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Table 4. Mean values and standard deviation of resistance in ohms, calculated from the lowest resistance value reached in
each of the five actuations for each measurement. Note that due to resistive path shortening, a high force and deformation
coincide with a low, rather than a high extreme in resistance. The arrows indicate the order in which measurements
were performed.

Gap Size 
(mm) 

Velocity 
(mm/min) 

Resistance ( ) of 
Variant 1 

Resistance ( ) of 
Variant 2 

Resistance ( ) of 
Variant 3 

Resistance ( ) of 
Variant 4 

0.3 
5 379.01 ± 1.81 349.51 ± 2.85 339.64 ± 2.91 369.54 ± 7.01 

10 383.87 ± 3.18 345.60 ± 2.50 341.41 ± 2.49 353.37 ± 3.11 
20 406.44 ± 3.54 342.56 ± 3.73 347.43 ± 5.47 350.44 ± 1.43 

0.5 
5 560.32 ± 4.03 469.12 ± 9.24 633.45 ± 17.11 622.88 ± 5.93 

10 553.52 ± 0.69 455.27 ± 9.58  652.59 ± 4.69 642.16 ± 14.99 
20 559.84 ± 3.53 461.97 ± 3.59 631.50 ± 15.98 653.15 ± 2.68 

Despite the minor variances observed in peak resistance, the actuation velocity did
not influence the sensor behavior, as can be seen in Figure 6. To ensure this was not related
to the limited range of 5 to 20 mm/min, an additional measurement at 100 mm/min was
performed which elicited no further change in the sensor response.

Figure 6. Effect of different velocities on the force-resistance behavior of the sensor. Depicted for
variant 4, with a gap of 0.5 mm, at velocities 5, 10, 20, and 100 mm/min.

Table 5 demonstrates the high sensitivity of these sensors under the applied load,
showing the percentage of the initial resistance R0 that remains at the highest compression
levels. Values range from 17.43% to 32.08%, inversely, this means R0 is in the range of 3.1
to 5.7 times higher than the sensors’ extreme output value.

Table 5. Relative extreme values in resistance, shown as percentage of the initial resistance value R0.

Gap Size (mm)
Velocity

(mm/min)

Relative Peak
Resistance (%)

(Variant 1)

Relative Peak
Resistance (%)

(Variant 2)

Relative Peak
Resistance (%)

(Variant 3)

Relative Peak
Resistance (%)

(Variant 4)

5 19.48 29.47 17.55 21.98
0.3 10 19.72 28.56 17.43 18.68

20 23.79 27.23 27.08 18.14

5 27.64 22.9 30.99 30.62
0.5 10 27.24 22.37 31.81 31.57

20 27.41 22.73 30.68 32.08

The relationship between the distance the part is compressed and its resistive response,
for parts with a gap size of 0.5 mm, is displayed in Figure 7. The initial part of the
deformation caused no resistive response, which can be attributed to the gap that must first
be bridged before the resistive path shortening mechanism has an effect. Once the gap was
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closed, the resistive response was similar and near linear with compression for variants 1,
3, and 4, with variant 2 showing a non-linear response. Based on the test variables, this
effect cannot be readily explained, and further investigation will be performed to find the
cause of the observed behavior. Figure 8 displays the relationship between the applied
force and resistive response for the same 0.5 mm gap size parts. Like in the distance graph,
there is an initial section of force being applied that does not lead to a resistive response.
Once the gap was closed, the relationship between force and resistance was initially linear
and the resistive response covered the majority of the force range. Only in variants 2 and 3
was there a flattening of the curve towards the end of its deformation.

Figure 7. Resistance relation to compressed distance for measurements with a gap of 0.5 mm at 10
mm/min.

Figure 8. Resistance response upon force application for measurements with a gap of 0.5 mm at
10 mm/min.

Figure 9 displays the relationship between the distance the part is compressed and its
resistive response, but for parts with a 0.3 mm gap size. The parts initially responded more
rapidly to deformation than those with a 0.5 mm gap. The variants displayed a comparable
response to a certain distance of deformation, though most of the resistive change occurred
in the first millimeter of deformation. Figure 10 displays the relationship between applied
force and resistive response for the parts with a 0.3 mm gap size. The substructure variant
has an effect on the resistive response to force. However, because most of the peak force
is reached in the last millimeter of deformation, which does not relate to a substantial
further resistance change, the effect of the substructure was less pronounced than might be
expected from observing peak force values alone. The lack of resistive change after the first
millimeter of deformation showed that in the 0.3 mm variants, the sense element windings

287



Appl. Sci. 2021, 11, 113

were engaged too quickly to correctly measure 2.0 mm deformation. This is also visible in
Figure 4 above, where resistive response flattens off before the peak force is reached.

Figure 9. Resistance relation to compressed distance for measurements with a gap of 0.3 mm at
10 mm/min.

Figure 10. Resistance response upon force application for measurements with a gap of 0.3 mm at
10 mm/min.

During the measurements, there were some light audible snaps as the parts deformed.
It is believed these were caused by stair-stepping in the angled side walls of the conductive
spiral, introduced during the production process. Figure 11 shows a magnified image of
this stair-stepping effect, including a tangent line denoting how the part will move along
the adjacent surface. These prevent a smooth sliding motion, which could also explain the
brief plateaus that are visible in the resistance curves and the slight kinks that are visible in
the earlier presented Figure 5. Further investigation is required to confirm if this effect is
indeed related to stair-stepping.

Figure 11. Magnified image of the side profile with a tangent line, to highlight the stair-stepping in
the shape of the conductive spiral.
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4. Discussion

The results show that the novel sensor design successfully created a resistive path
that is physically shortened under mechanical compression, thereby providing a strong
signal response.

A schematic overview of the relationships between the different variables and the
sensor resistive behavior is shown in Figure 12. The final resistive response of the sensors
is related to the deformation distance, and affected by the gap size. Deformation dictates
how much of the shortening resistive path mechanism is engaged. The initial gap size
modulates this behavior both through the number of windings that will be engaged at
a certain deformation level, and through the distance required to close the first gap and
thereby the delay in response.

Figure 12. Chart showing the relationship between influencing factors in sensor behavior.

The deformation distance in turn is related to the applied force, and affected by the
gap size and the stiffness of the substructure variant used. The gap size influences the
amount of physical interference, and thereby force, required for deformation, while a
stiffer substructure directly resists deformation and affects the force-displacement curve.
The actuation velocity has little to no influence on sensor behavior and is omitted from
the figure.

For the successful design of a sensor utilizing this working principle, this means that
gap size and substructure should be selected in a combination suitable for the force range
to be measured. The combination should lead to the forces causing gradual sense element
engagement over the whole range.

There are opportunities for further research and improvement on the presented design.
The parts with gap size of 0.5 mm allowed a larger measurement range, but had a delayed
response to force being applied, whereas the 0.3 mm variants responded more quickly, but
nearly all their resistive response occurred in the first millimeter of deformation, limiting
the measurement range. A possible improvement might therefore be found in the use of
a non-constant gap size that combines both a quick response and a large measurement
range. Alternatively, an optimized substructure of different height or graded stiffness could
achieve similar results. The application of foaming materials in the substructure could
enable use in very low force scenario.

There may also exist more possibilities to optimize the conductive spiral or the sub-
structure, e.g., by using other freeform surfaces or graded lattice structures (see [34]). The
spiral sense element can be modified by laying it out on a 3D cone path, rather than as a
2D spiral. This could improve the engagement of the outer windings of the sense element,
and allow further design freedom in sensor customization. Another possibility is the use
of substructures with auxetic properties, enabling a further amplification of the resistive
path shortening mechanism under load. The observed effects of stair-stepping in the side
walls of the sense element leading to discontinuous deformation may be improved upon
by optimizing the side wall angle, as well as reducing the layer thickness selected during
part production.

Further research opportunities also exist in the effects of materials and process pa-
rameters. Different polymers and different conductive fillers or combinations thereof may
allow for further customization of the sensor performance. In addition, by varying the
process parameters, the resistivity, geometry, and mechanical behavior of the sensors could
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all be influenced and controlled. Lastly, establishing a low-resistance contact to outside
equipment currently requires the application of a silver paste, silver ink, or similar medium.
Further investigation might eliminate the need for this extra handling after the build.

5. Conclusions

The current work presents a novel design for an AM-designed resistive sensor for use
under compressive loading. Through the use of a shortening resistive path, this design
enables a stronger resistive response than piezoresistive behavior alone. The use of a
flexible TPU substructure demonstrates the strength of multi-material AM, allowing both
the sense element and the substructure that modulates sensor behavior to be built within
the same process. Aside from the substructure, the size of the gap between the sensor
windings is shown to be an important design consideration, allowing the designer to
control the initial delay in response, as well as the force-distance-resistance relationship.
Actuation velocity is shown not to be a major contributing factor. The various interactions
in the sensor have been summarized into a model, highlighting the factors that can be
readily controlled by the designer. The sensor design can be applied in a wide range of
applications in order to measure both contact forces and deformation, such as gripping
systems, robotic hands, or prosthesis and, thus, be an alternative to capacitive touch sensors,
e.g., [41].
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Featured Application: The customizable clip system opens new possibilities for occupational

health professionals since the basic design can be altered to hold different kinds of samplers

and tools. The solution is shared using an open source methodology to allow for distributed

manufacturing of the free designs.

Abstract: Design for additive manufacturing is adopted to help solve problems inherent to attaching
active personal sampler systems to workers for monitoring their breathing zone. A novel and
parametric 3D printable clip system was designed with an open source Computer-aided design (CAD)
system and was additively manufactured. The concept was first tested with a simple clip design, and
when it was found to be functional, the ability of the innovative and open source design to be extended
to other applications was demonstrated by designing another tooling system. The clip system was
tested for mechanical stress test to establish a minimum lifetime of 5000 openings, a cleaning test,
and a supply chain test. The designs were also tested three times in field conditions. The design cost
and functionalities of the clip system were compared to commercial systems. This study presents an
innovative custom-designed clip system that can aid in attaching different tools for personal exposure
measurement to a worker’s harness without hindering the operation of the worker. The customizable
clip system opens new possibilities for occupational health professionals since the basic design
can be altered to hold different kinds of samplers and tools. The solution is shared using an open
source methodology.

Keywords: design for AM; 3D printing; open source; personal exposure; parametric universal clip

1. Introduction

The field of occupational health varies with the monitoring of working environment air quality
being important in traditional fields ranging from mining to pig farming and new emerging areas
such as 3D printing [1–3]. One of the important ways to assess worker’s personal exposure is to
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sample the breathing zone of the workers, which is conventionally defined as the area immediately
surrounding a worker’s nose and mouth within 30 cm [4]. The purpose of air sampling in a worker’s
breathing zone in the workplace is to identify and especially, quantify levels of impurities that worker
is exposed during working hours. This is to ensure that workers are not exposed to dangerous levels
of airborne contaminants such as dust, biological agents, toxic chemicals, or nanoparticles [5–7] and
that the protective measures are adequate. With the onset of the COVID-19 pandemic, it has become
increasingly important to maintain sufficient working and social distances to avoid the transmission of
aerosol SARS-CoV-2 by inhalation [8]. Depending on the compounds, there are several commercial
samplers available. For example, cyclone samplers can be utilized to measure respirable dust [4].
For such work, an active personal sampler system is a combination of sampler, which collects emissions
from the air, an air pump, which pulls in air at a calibrated speed, and hose, which connects them.

The need to sample the air that workers breathe creates a challenge for attaching samplers, tubes,
and air pumps to the workers without interfering with their work. In the worst case, poorly attached
samplers can change workers maneuvers which can have an impact to the sample results. Often
instructions for samplers include presuppositions of worker’s clothing/equipment such as “attach to
the label of the worker’s coat”, “Clip pump to the worker’s belt”, and “put sampler to the pocket” [9].
This can lead to problems when worker’s clothing does not include these aforementioned items. The
current state-of-the-art of sampler placement is a clamp with serrated edges, which can usually be
attached to the clothing, but slippery fabrics of the work clothes and safety gear may cause problems
with it. To enable definite sampler system placement, quite often some kind of harness or back bag
system is used [4]. Worker’s differing sizes (heights, weights, etc.) and different types of worn safety
equipment pose challenges for designing harness systems as the same equipment is routinely reused.
Furthermore, additional attachment points are needed to ensure that the sampler system stays in the
correct position. For example, the hose leading from the air pump needs to be tightly attached so it will
not get caught and cause dangerous situations. Some samplers, such as cyclone samplers, have strict
guidelines for staying in the correct position to function properly. The solutions for these problems are
either custom fabricated components of high costs or on-the-spot solutions such as the use of duct tape,
safety pins, and zip-ties, which are subject to appear as unprofessional; and in the worst case scenario,
it can lead to poor data collection e.g., if the sampler becomes loose or poses a contamination risk for
some industries e.g., food preparation.

Additive manufacturing (AM) has enabled the production of parts with unparalleled freedom of
design, and it is widely adopted in the medical [10–12], dental [13], automotive [14], aerospace [15,
16], and industrial machines [14,17,18] industries. It is mainly used to manufacture functional
prototypes [14], rapid tooling [19,20], and end-use parts [17]. AM is also known as 3D printing, and in
this study, the term “3D printing” is used for low cost desktop printers. Recently the widespread
growth and accessibility of desktop 3D printers [13,21] brought on by the open source development
of material extrusion 3D printing [22,23] offers a potential solution to this challenge. The principle
of material extrusion is that a filament is extruded through a heated nozzle to create objects layer by
layer [24]. 3D printing has been successfully used to make bespoke scientific tools in a number of
disciplines for substantially lower costs than commercially available systems [25–28].

Designing for AM offers more geometric freedom, possibility to create easily customizable designs,
new creative ways to manufacture instruments, decentralized manufacturing, and a range of material
selection [12,18,29–31]. During the COVID-19 outbreak, AM has shown a great potential in mitigating
the disruption in global medical and nonmedical supply chains [21].

In this study, the viability of using desktop 3D printing is analyzed to solve problems associated
with attachment of sampler systems to workers for monitoring the breathing zone. A parametric
and novel 3D printable clip system is designed, manufactured, and tested. The tests included a
durability mechanical stress test to establish a minimum lifetime, a chemical solution test to ensure
that the system can be appropriately cleaned, and a supply chain test to ensure occupational health
professionals can use the digital files to customize and fabricate a custom system for their applications.
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The solution is shared using an open source methodology to allow for distributed manufacturing of
the free designs, and the costs and functionalities of this system are compared to commercial systems.
The open source methodology is a way to easily share designs and research [26]. The best practices of
Open-source Hardware (OSHWA) contains guidelines for correctly sharing and properly documenting
the studies [32]. The results are analyzed and discussed along with a description of future work.

2. Materials and Methods

User needs based on the problems of the current sampler systems and wishes for the improvements
were determined in consultation with occupational specialists who use samplers on a daily and weekly
basis. A universal clip system for personal exposure measurement in the breathing zone of workers
was then designed as free and open source hardware [33] following a general procedure for designing
Free and Open-source Scientific Hardware (FOSH) equipment [34].

The first challenge designing the universal clip system was to have a design, which is not reliant
on the harness’s features and can be attached to any location on the harness. This would eliminate
the need to alter the existing harness (e.g., no added hooks or holes). The second challenge was to
find a design, which firmly stays in place. The third challenge was to make the design parametric,
so that it can be easily altered to fit any harness on the market or can be further developed in the future.
Fourth, the design should feature built in instructions so that users do not need to refer to external
documentation to use it in the field. Finally, the design should also act as a universal base for different
tooling options.

The design concept consists of two parts: (1) the sheath that holds the attachment features and
contains the necessary instructions for correct orientation using arrows (Figure 1, middle/bottom left)
and (2) the slider that locks the clip in place and also contains necessary tooling for example to hold
the hose/sampler in place (Figure 1, middle/bottom right). The mechanism for the clip system works in
the way that the harness is inserted inside the sheath by folding it. Then, the slider is slid to the sheath,
which provides the necessary friction forces to hold the harness in between the two components in
a single location and prevents sliding. The stopping mechanism inside the clip allows for the slider
to level with the clip by clicking in place and stopping the sliding. This is done by installing click
stoppers at the end of the clip. The release mechanism aids in unlocking the clip system by providing a
sufficient amount of friction when a force is applied to it to uncouple the slider from the sheath by the
user’s hand. This was accomplished by installing grippers to the slider.

The clip concept design was first developed for a simple hose holder clip, which can be used to
keep hoses in place and avoid potentially dangerous loops. Previously, this was often prevented by
taping the hose in place that resulted in sticky tape residue, which is inappropriate for some work
environments (e.g., high ISO class cleanrooms [35]). After the hose holder clip was printed and the
concept was found to be functional, the ability of the open source design to be adaptable to additional
applications was demonstrated by extending the clip concept to another tooling system—the cyclone
sampler holder to the slider.

The principles of fastening and releasing mechanisms, CAD design of the clip with hose holder
tooling, and redesigned cyclone sampler tooling are shown in Figure 1.

Two parametric models were created using FreeCAD version 0.16, which is a free, open source
software that is readily available over the internet [36]. The parametric nature of the models allows for
making changes to the model with ease according to the used harness. The parameters associated
with the clip system that is equipped with a hose holder are shown in Figure 2a,b. Parameters that
can be modified are harness width, harness thickness, clip thickness, clip height, and assembly print
clearance, which is dependent on the used 3D printer. Three variants of the clip system with varying
parameters are presented in Figure 2c, however, the most probable changed parameters would be
harness width and thickness. In the hose holder clip FreeCAD design, the hose diameter including the
clearance is also one parameter that can be changed according to the used hose. The full designs are
available on the Open Science Framework (OSF) for downloading [37]. The file formats available are
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STL (the standard file format for AM) and FCStd (FreeCADs file format, which enables parameter
changing). Printing instructions can be found in Appendix A.

Figure 1. FreeCAD renderings of the fastening mechanism on the sheath (top left), releasing mechanism
on the slider (top right), clip system from the back (middle left), clip system with hose holder tool
from the front (middle right), redesigned clip system for the cyclone sampler from the back (bottom

left), and redesigned clip system for the cyclone sampler from the front (bottom right).

The design of the clip system was modelled according to the Fused Deposition Modeling (FDM)
Design Guidelines [38] that ensured the ultimate tensile strength of at least 33 MPa according to the
datasheet of ABS (acrylonitrile butadiene styrene) material that was used for printing [39]. It should
be noted that FDM is a trademark registered by Stratasys and thus, a subset of material extrusion
(ME). Any material extrusion-based 3D printing system capable of appropriate polymers (e.g., ABS,
PC, etc.) can be used to fabricate the design. The uPrint SE Plus ME printer from Stratasys was used to
print the clips with ivory ABS filament. Minimum layer thickness and assembly clearance was set
as 0.254 mm. The parts were printed in “upright position” for maximum strength in the X-Y planes
following guidelines [38]. The printing times were 2 h 44 min for the hose holder clip and 4 h 13 min
for the redesigned cyclone sampler holder clip. For the purpose of testing the clip systems, a prototype
harness was fabricated and used for testing.
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(a) (b) 

 
(c) 

Figure 2. (a) The 5 + 1 input parameters of the parametric clip system equipped with a hose holder;
(b) the 5+1 input parameters spreadsheet of the parametric clip system equipped with a hose holder;
(c) three variants of the parametric clip system equipped with a hose holder.

Due to the nature of the measuring done in different environments from food industry to mining
industry, cleaning the clip systems between different environments is important to avoid contamination.
The hose holder clip was cleaned by wiping and immersing in an 80% ethanol–water solution.
One cleaning cycle lasted for approximately 55 s, which was reiterated 50 times.

The mechanical properties of additively manufactured ABS are well established that range from 21
to 39 MPa in tensile and 38 to 41 MPa in compressive strength [40–46]. Low-cost desktop printers have
been used to produce parts with these proprieties reliably for mechanically taxing applications from
bicycled parts [47] to surgical tools [48]. The known issue of additively manufactured components
is the lower tensile stress values in the Z-direction (upwards). The designs of the tensile and/or
compressive specimens in the aforementioned literature ensured that no stress concentration was
built up around the fillet of the specimens due to raster termination. This was accomplished either by
completely removing the fillet and adapting a flat rectangular specimen according to ASTM D3039 [49]
and/or improvising the specimens of ASTM D638 [50]. Likewise, the current design of the clip system
ensured that no rasters were terminated at edges of the clip system that were loaded with the most
stress during usage. Furthermore, fatigue strength of ABS is recorded as 17.8 MPa with 1.9 × 104
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cycles [51] and 40% of the ultimate tensile strength in the order of thousands of cycles [52]. The stresses
induced in the clip system during fastening or releasing can be considered as negligible due to the
nature of light weight tooling that is used for this study.

Nevertheless, after the cleaning test, the clip system was then put through a durability test
similar to those on medical diagnostic equipment [53] consisting of mechanical testing of the clip
system through sliding the slider to sheath on and off repeatedly when it was attached to a harness.
This procedure was executed 5000 times. This would correlate to 500 clicks annually and is an
estimated use case for a 10-year lifecycle if two measurements per week are made. This durability
testing consisted of an expected failure analysis at the system designs weakest point. In this failure
testing, the clip system was subjected to elastic deformation similar to what would be expected in the
application of attaching the system to the harness, but to a greater extent as in this case it was repeated
immediately allowing for heat to be generated by the friction of repetitions. The heat generated in the
testing was not near notable values. In addition of mechanical friction testing, the clip system was
tested by putting it on and off a harness for 500 times.

Before the field testing, both the hose holder clip and cyclone sampler clip were subjected to lead
user testing. This test covered ease of use and aesthetics of these clips compared to the traditional
systems. During the field testing, test subjects were interviewed to provide feedback concerning the
functionality and ergonomics of the clips. Two occupational specialists placed the harness on and
used the previous systems of attaching the hose and cyclone sampler. These previous solutions were
a custom made metal hose holder and original cyclone sampler holder with a serrated edge clamp.
After testing the previous solutions, they tested prototype harness and placed the cyclone sampler
with the redesigned clip into it and used the hose holder clip to attach the hose. The clips were also
tested if they could be used with commercial harnesses as well as the prototype harness.

Field testing of the hose holder was carried out in three different measurements and workplaces
in May, June, and October 2018. Duration of the first measurement was 20 min, and similarly, it was 6
h for the second, and 5 h for the third measurement. During the first measurement, the clip as well as
prototype harness was attached to an operator in an industrial workplace. Volatile chemical compounds
were measured. The work was partly physical but also included driving a forklift. The hose holder
kept the sampling hose attached to a harness and an air pump, although plastic clamps of the prototype
harness released during the measurements. A second measurement was also done in an industrial
workplace where maintenance worker’s exposure to inhalable dust was measured. The worker had
hose holder clip(s) with original harnesses. In the third measurement, the cyclone sampler attached to
the original harness was used in a machine workshop during welding. A respirable dust was measured
from the breathing zone for manganese analysis to evaluate worker’s exposure. A hose holder clip
was also used. After every measurement, the clip holders were detached from the harness and cleaned
according to a cleaning test.

To simulate the situation where environmental experts would decide on their own clip needs,
generate correct files, and send the files to be printed in (e.g., using 3D printing services like 3D Hubs,
3DSD, etc.) or print their own systems using low-cost 3D printers, a test was designed. The test
occupational specialist/possible end user with no CAD experience was given a link to the files, the
FreeCAD software, and instructions for printing. They downloaded the hose holder clip files (FCStd)
and opened them in the downloaded FreeCAD. Then, they decided which harness width they wished
to use and changed it in the parametric model to generate correct 3D data. Then, they sent the STL
data to be printed. There were three cases, in the first case, Aalto University acted as a service provider
and printed both clip systems with an industrial level printer (uPrint SE Plus) and printed the hose
holder clip with a low-cost printer (Lulzbot Mini). In the second case, a test person’s organization,
Finnish Institute of Occupational Health (FIOH), had their own in-house printer (Uprint SE Plus) and
they tested the printing of their own clips as well. FIOH acted as a pilot organization for this study.
Thirdly, an STL file was generated and uploaded to four internet 3D printing service providers to get
cost and lead time quotations. These service providers were 3D Hubs [54–57].
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The systems were massed with a digital scale (Mettler AE 200 +/− 0.0001 g). The material cost of
each systems was calculated by multiplying the aggregate of the component weight by the cost of ABS
per gram ($19.99/kg Amazon) for Lulzbot Mini and by the cost of ABSplus + SR30 soluble support
per gram (317.25 €/kg + 288.84 €/kg +VAT) for uPrint SE Plus, as previous work has shown that the
electrical consumption costs are not necessary [58]. Both the hose holder clip and cyclone sampler
holder clip were printed with harness width of 30 mm.

Operating costs per hour were calculated with an assumption of price of the machine, which is
amortized in certain amount of years during the expected usage. Price of the machine was 16,000 €,
amortizing time was 3 years with an expected usage of 1500 h/year for uPrint SE Plus. Similarly, the
price was 1100 € assuming an amortization time of 3 years with 500 h/year of usage for Lulzbot Mini.

3. Results

The hose holder parametric clip systems were additively manufactured successfully through
uPrint SE Plus (Stratasys, Eden Prairie, MN, USA) and Lulzbot Mini (Aleph Objects Inc., Loveland,
CO, USA) in Aalto University and with uPrint SE Plus in pilot organization. Further, cyclone sampler
holder clips were printed with uPrint SE Plus in both locations. The hose holder clip was printed
with two different harness widths (25 and 30 mm) to prove that the parametric design functioned
as planned.

Figure 3 showcases both old traditional and new components along with assembled systems on a
prototype harness. Firstly, Figure 3 shows four printed hose holder assemblies in the printing bed with
support structures that display recommended printing orientation (a), and instructions on the way in
which the slider should slide in the sheath when in the harness (b). Figure 3 also shows the assembled
cyclone sampler holder with additively manufactured holder (d), and comparison of new ABS hose
holder and traditional metal version, which was attached with green tape (c). Further, Figure 3 shows
the blue hose holder clip, which was printed with low-cost 3D printer (f), and also the black hose
holder and cyclone sampler holder clip, which were printed as part of supply chain testing in FIOH (e).
Finally, Figure 3 demonstrates both the cyclone sampler and hose holder in practice, with the new
prototype harness from the front (g) and back (h).

Cleaning test had no significant effect on the test clip, as was expected based on previous work that
has shown that additively manufactured ABS is chemically compatible with ethanol–water solutions
as well as hydrochloric acid (HCl, 37%), ammonia (NH3, 25%), hydrogen peroxide (H2O2, 30%),
phosphoric acid (H3PO4, 85%), and nitric acid (HNO3, 69%) [59].

In the expected mechanical failure analysis, the parametric clip system passed a series of altogether
5000 openings and closings without any significant plastic deformation that would inhibit the proper
use of the device over a 10-year lifetime. The deformation was too minor to have an impact on the
functional integrity of the clip system and was barely noticeable with a naked eye.

Lead user feedback gave the clips good results. Clips could be used with commercially purchased
harnesses as easily as with a prototype harness as long as they were the correct width and thickness.
Testing subjects gave feedback for both the hose holder clip and cyclone sampler holder clip. They found
ergonomics of the new clips to be the same as the traditional design or better. In functionality, they
preferred the new clips. The new clip design did not require tape to secure certain placement, which
was found to be excellent. Aesthetically, both testers found the new clips to be more professional
looking than the tape set-up. In usability, one of them preferred the old attachment of the cyclone
sampler, because it had involved less steps for placing it on. They then admitted that the new cyclone
sampler clip system gave more secure grip and would less likely be dislocated than serrated clamps.
Otherwise in usability, new clips were preferred but difficult to attach in field circumstances when
there is usually a hurry.
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Figure 3. (a) Five hose holders with support structures in the printing bed; (b) sliding the slider into
the sheath; (c) new (white) and old hose holder (green and metal original cyclone sampler assembly);
(d) cyclone sampler assembly with the redesigned holder; (e) black hose holder clip and cyclone
sampler clip printed as part of supply chain testing; (f) blue hose holder clip printed with Lulzbot Mini;
(g) sampler system with cyclone sampler clip from the front; (h) harness with sampler system from
the back.

The hose holder clips performed adequately in field tests. Zip-ties were used to ensure that no
accidental dislocation would happen as the field tests were done in real life sampling situations where
it is imperative that sampling is done correctly in one go. These zip-ties did not interfere with working
of clips. The occupational specialist was satisfied with performance of the clips and speculated that
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when they get used to using clips, the zip-ties might be unnecessary. All the clips performed well
in the active measuring situation. After the first field test, one of the hose holder clip’s prongs were
broken during transportation in a bag, presumably because something heavy was placed on top of it.
After the third test, one of the hose holder clip’s “prongs” broke during removal of the hose. All other
clips were a whole and no visible cracks were observed.

The cyclone sampler holder clip test was also successful. The occupational specialist noted that
the cyclone sampler clip’s hold had been very secure. After the field tests, the occupational specialist’s
comments about the clips were enthusiastic and several suggestions of future work were mentioned
such as longer hose holder, double hose holder, and parametric markings to the clips to express which
width and thickness they are meant to have. Reinforcing of the hose holder clip’s “prongs” was also
suggested including changing the material to a more flexible one.

The supply chain tests showed that a person with no background in AM or experience in CAD
designs can change an open source parametric model and generate the needed model with only links
and basic written instructions. The occupational specialist had slight problems with FreeCAD, which
were already known and are described in Appendix A. Upon following the instructions described
in Appendix A, the user was able conveniently solve the Kernel related problems of the open source
software. Subsequently, the user was able to generate the necessary models for AM and was able to
send it to Aalto University and a pilot organization for production.

The experimental average mass of the hose holder clip system was 13.00 g, which resulted in
a range of costs for the components detailed in Table 1. Clip variants 1 and 3 were printed with
uPrint Plus SE, and clip variant 2 with Lulzbot mini. Clip variants 1 and 2 were hose holder clips and
variant 3 is a cyclone sampler holder clip. All clip variants were designed for 30 mm harness width.
The operating cost was calculated, and total price of the clip was obtained by adding together the
material cost and operating cost.

Table 1. Cost of different variants of the clip system according to experimental average mass.

Clip Properties

Clip Variant ABS Mass [g] Support Mass [g]
Print Time

(Lulzbot Mini)
Print Time (uPrint)

Printer Operating
Cost (Lulzbot Mini)

[€/h]

Printer Operating
Cost (Uprint) [€/h]

(1) hose 12.2946 5.1068 2 h 44 min 3.56

(2) hose 13.7139 2.6949 1h 47 min 0.73

(3) cyclone 25.1874 11.1652 4 h 13 min 3.56

In House

Clip Variant
Generic Filament

Cost [€/clip]

Proprietary
Filament Cost

[€/clip]

Printer Operating Cost
(Lulzbot mini) [€/clip]

Printer Operating
Cost (uPrint)

[€/clip]

Cost [€/clip]
(Lulzbot + generic

filament)

Cost [€/clip]
(Uprint +

proprietary
filament)

(1) hose 5.38 9.72 15.10 €

(2) hose 0.33 1.31 1.64 €

(3) cyclone 11.20 14.99 26.19 €

Service Providers

Clip Variant
SD3D Cost [€/clip]

(Sd3d.com)
Craftcloud [€/clip]

(craftcloud.all3dp.com)

iMaterialise Cost
[€/clip]

(i.Materialise.com)

3Dhubs Cost
[€/clip]

(3dhubs.com)

(1) hose 21.94 21.67 73.5 100

(3) cyclone 32.38 27.05 86.8 100

This amounts to savings per replica of 23.36 € for Amazon generic material printed with Lulzbot
Mini and 9.9 € for proprietary material printed with uPrint SE Plus, when the price of the original hose
holder clip purchased was estimated to be 25 €. These are the cases for in-house production.

The hose holder clip was also uploaded to four different 3D printing service providers via internet
and quotes from 21.94 € upwards were received. This is most probable use case for acquiring the clips,
because the AM production knowledge and printers are not yet common enough.
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4. Discussion

Sampling in the worker’s breathing zone is one of the most applicable way to assess worker’s
personal exposure. To get correct positioning in the breathing zone, both commercial and custom-made
harnesses may be used. Clamps, tapes, and zip-ties are currently used to attach sampler systems to
the harness, creating issues with secureness of the hold, unprofessional looks, and hygienic problems.
Designing specifically for AM and 3D printing, the novel design of a universal clip system will help
create an aesthetically professional and securely attachable sampler. In this study, such a clip system
was designed and tested, first with the hose holder clip and then, the cyclone sampler clip. Both clip
systems performed well, although strengthening of hose holder’s “prongs” is suggested. The field
test showed that especially the cyclone sampler clip is ready for real life sampling situations. For the
occupational specialists, a short learning curve is needed before use of clips is instinctual. However,
this can be compared with the initial introduction of conventionally used attachment gear and can be
circumvented through the supporting documents provided in Appendix A. Field tests also showed
that it is important to have back-up clips in case of surprises.

Parametric design of the clip can ensure that the fit of the clip can be made to fit any harness as
long as width and thickness of the harness is known. Depending on the 3D printer, some adjustments
may be needed to find the correct process parameters which is supported by the parametric settings, in
particular the clearance.

The open source files of the design and availability of 3D printing mean that the clip is obtainable
to any person, who needs these kind of clip systems. 3D printing also enables the selection of a range
of materials and colors.

Using affordable 3D printers means that the costs of the clip systems stay low and the open source
nature of the clip system will be able to accommodate customization with minimal additional costs.
Therefore, the cost comparison made only on a material level is justified; purchased traditionally
manufactured components are compared to the direct material and operating costs of 3D printing.

This customization of the clip system could easily be extended to other tooling options as well
since the basic design can be altered to hold other kinds of samplers and tools. To which areas the clip
system design can be extended, and what are the limitations, is work for the future studies.

The cost savings shown in Table 1 are the materials and 3D printer operating costs only and they
do account for any labor costs. This is a valid assumption as the time needed to customize the system
for specific users is comparable (and perhaps shorter) to the time needed to shop for the correct size
of the system online. 3D printers do not need to be monitored during use. Thus, the time to print
on any of the systems, although hours, is irrelevant as only the time to set up a print is taken into
consideration, which is approximately equivalent to ordering a commercial product online. The time
to remove the supports, which is less than 10 min for the devices, can be compared to the time it
would take to accept delivery of a package and unpack it. Lastly, once all of the components are
gathered, they must be assembled. Assembling the complete system takes a similar amount of time to
commercial systems. Finally, it is important to point out the life cycle cost advantages of this system.
As all the files are shared, regardless of the source of failure of any of the components, the system is
easily repaired from readily available components (e.g., reprint a broken plastic component). This ease
of repair and upgrading is simply not available for all the commercial systems, which would demand
the purchasing of replacement devices. Thus, the value of the open source additively manufactured
universal clip system for personal exposure measurement in the breathing zone of workers can be
considered higher than the commercial functional equivalent, even though the open source tool costs
less money to build upfront.

5. Conclusions

This study successfully described the development, design, and testing of a novel 3D printable
open source clip system for attaching personal exposure samplers to harnesses. This clip system was
extended from a simple hose holder clip to a redesigned cyclone sampler holder. The hose holder

302



Appl. Sci. 2020, 10, 6671

clip system proved to be 3D printable with affordable desktop 3D printers, which gives considerable
savings compared to custom solutions used before and allows for distributed manufacturing through
free designs. The clip system also improved functionality and security of sampler placement. The
testing of the clip system showed minimum of 10 years of lifetime.

Secure and user-friendly research instrumentation is essential to ensure consistency and reliability
of personal exposure measurements. The open source clip system described here could serve as a
reference design for future improvements. The design allows easy customization and modification for
other types of instruments. Modifications to the reference design are expected to be faster and more
cost efficient than completely new untested clip designs.
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Appendix A

Printing instructions
Link to the clip system files can be found osf.io/6u3zr.
Hose holder clip and cyclone sampler holder clip can be printed with the STL files provided in the

above link using any ISO/ASTM Standardized Additive Manufacturing Method. These STL files are
for harness, which width is 30 mm and thickness is 1.4 mm. The printing materials are recommended
to be polymers.

To create new STL files from parametric models, use the following instructions:

1. Download the open source FreeCAD software from https://www.freecadweb.org/.
2. Download the model files provided in the link above.
3. Open the necessary FreeCAD [.FCstd] file using open source FreeCad Software.
4. To access parameters, double click the spreadsheet (left, under Model and labels and Attributes

page). Depending of the printer, you may need to adjust assembly clearance and/or
harness thickness.

5. Change the required parameters in the Spreadsheet. Please note that regeneration may take some
time depending on your hardware specs.‘*’

6. Export model as STL to print the model. (Files-> Export). Remember to click the model to activate
it before exporting.

7. Use STL file to print the model with (material extrusion) 3D printer. Depending on the printer,
you may need to use the brim command to avoid bending. You may also consider printing the
hose holder clip arrow downward to ensure good detail of the stopper mechanism.

8. Remove the support structures. They can be removed by hand or with a sharp knife.

‘*’Please note that Boolean operations can fail upon regeneration because of the CAD kernel of
the open source software. Always use the latest version of the software and try different values of
the parametric parameters or delete the Boolean operations to overcome this limitation. Likewise,
the fillet operation(s) may fail upon regeneration as well. Remove fillets and redeploy the necessary
operation(s) after regeneration to overcome these limitations.

Using the clip with the harness
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1. Remove slider from sheath.
2. Place the harness in the slot of the sheath through its open side. The open side will be the front of

the harness and the back (arrow) side will be against the person.
3. Slide the sheath on the harness to the needed position. Please note that arrow at the back of the

sheath should be pointing up. When using in horizontal harness placement, that arrow points to
the direction where slider will be inserted from.

4. Insert the slider with the release mechanism first to the sheath.
5. Push the slider until it clicks. It should be same level as the sheath.
6. Push the release mechanism (segmented arrowhead) upwards to unlock the clip and to separate

the components. Please do not push the hose holder or any other parts of tooling.
7. Remove sheath from the harness.
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Abstract: 3D printing allows the fabrication of ceramic implants, making a personalized approach
to patients’ treatment a reality. In this work, we have tested the applicability of the Function
Representation (FRep) method for geometric simulation of implants with complex cellular
microstructure. For this study, we have built several parametric 3D models of 4 mm diameter
cylindrical bone implant specimens of four different types of cellular structure. The 9.5 mm long
implants are designed to fill hole defects in the trabecular bone. Specimens of designed ceramic
implants were fabricated at a Ceramaker 900 stereolithographic 3D printer, using a commercial 3D
Mix alumina (Al2O3) ceramic paste. Then, a single-axis compression test was performed on fabricated
specimens. According to the test results, the maximum load for tested specimens constituted from
93.0 to 817.5 N, depending on the size of the unit cell and the thickness of the ribs. This demonstrates
the possibility of fabricating implants for a wide range of loads, making the choice of the right
structure for each patient much easier.

Keywords: bones implants; stereolithography; 3D printing; aluminum oxide; Function Representation
(FRep) method

1. Introduction

Ceramic materials demonstrate excellent mechanical performance, high dimensional stability,
high wear and corrosion resistance, and exceptional chemical stability. Current advances in 3D printing
can potentially solve the problem of efficient production of custom made complex ceramic parts of
arbitrary geometry [1–4]. Today, 3D printing is used to manufacture complex shaped ceramic parts for
various applications, such as integrated ceramic casting molds [5,6], cutting tools [7], sensors [8–10],
structural parts [11–13], photonic crystals [14,15], and dental components [16,17]. Besides, 3D printing
is used to manufacture ceramic implants for various applications [18–23], mostly for the replacement
of lost bones or restoration of damaged bone tissues [24].

Various porous structures (scaffolds) can be used to ensure successful proliferation of cells,
demonstrating good biocompatibility and adhesion of live cultures. Scaffolds can have an irregular [25]
or regular structure formed by way of 3D printing processes [26]. 3D printing allows the fabrication of
scaffold structures with dimensions varying from several nanometers to several meters [27]. As was
already shown in the previous studies, synthetic scaffolds can be designed based on various unit cell
models, such as cube, gyroid, diamond, dispheroid, and others [26]. These models make it possible
to obtain materials with different mechanical properties and biological activity. Such scaffolds can
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be used to splice both bone [28] and soft tissues [29] such as nerves. Pores in such scaffolds should
have a certain size to ensure effective splicing of tissues. The effect of the pore size on bone tissue
splicing efficiency is studied in [30], using 3D printed scaffolds with various pore sizes, fabricated from
Al2O3-based materials. The optimal pore size for bone tissue proliferation was shown to constitute 390
to 590 μm.

Alumina-based ceramics are biologically inert and resistant materials [31]. High compression
strength and wear resistance make these materials an ideal choice for use in stomatology and hip
joint surgery. Ceramic parts are produced by sintering at high temperatures (1600–1700 ◦C) and have
residual porosity of about 1–3%. The size of the pores depends on thermal treatment conditions and
on the micromorphology of feedstock powders, and usually does not exceed dozens of microns [32],
which impedes the growth of tissues, blood vessels, and other nutrient ducts. Alumina-based ceramics
can perform a supporting function in the defected bone or in joining two broken bone parts, but they
cannot be used for full bone remodeling during treatment. A macroporous architecture is suggested
to stimulate bone tissue ingrowth in the region of implant placement. There are several methods
of producing highly porous ceramic materials, allowing a trade-off between ceramics porosity and
the strength of implants. These are, in particular, the use of foaming [33] and burnt-out additives,
and the method of replicas [34]. However, these methods are difficult to control. 3D printing allows the
fabrication of parts of any shape [35], implementing a personalized approach to patients’ treatment [36]
that involves the use of computerized tomography, while controlling porosity and the size of pores
(from 400 μm and higher) [37], necessary for better implant acceptance within the damaged area.
Considering this, the design and fabrication of 3D printed ceramic implants with complex tailored
porous structure becomes an urgent issue.

In this work, we use a promising stereolithographic (SLA) method of 3D printing of ceramic
parts, based on the layer-by-layer polymerization of photocurable ceramic suspension or paste [38],
consisting of photocurable multicomponent binder and ceramic powder. Each layer (slice) of a 3D
model is solidified by laser hatching in a working area and then, a new layer of paste is applied by
spreading blades. Figure 1 shows an illustration of the stereolithographic printing process. The process
allows fabrication of materials with high spatial resolution (about 40μm in the printing plane, and 10μm
in the direction perpendicular to the printing plane). Printed green parts are then heated for several
hours to remove polymer binder. Further on, the parts are sintered to impart the final shape and
desired mechanical properties. Both these processes are traditional for ceramics manufacturing.

Figure 1. Stereolithographic printing process.

There are multiple applications of SLA and a large variety of commercially available 3D printers
and ceramic pastes. This method is used for 3D printing of ceramics for at least 20 years. SLA (and
its modification, a Digital Light Processing (DLP) method is considered one of the best methods for
ceramics manufacturing due to the high precision, low defects, and high density and strength of
the produced parts. Other methods, such as Fused Deposition Modeling (FDM) or Selective Laser
Sintering (SLS), produce inferior results in terms of resolution and microstructural properties of the
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material. A video demonstrating the 3D printing process of ceramic parts based on the SLA process
can be found at the 3D Ceram company website [39].

In practice, all fabricated ceramic implants would be customized, i.e., tailored to individual patient
needs. This raises the question of the quick design of parts with complex porous structure. Traditional
methods of geometric modeling based on surface representation of a model cannot be applied here due
to a very large amount of computations required to build models with complex internal structure [40].
Considering the above, we used the Function Representation (FRep) approach for geometric modeling
of complex shapes with porous, cellular, and irregular microstructure [41]. This approach defines any
geometrical object by non-negative values of a real continuous function procedurally evaluated at
any given point of coordinate space. Whether a point belongs to an object depends on the sign of the
defining function evaluated at that point. Typically, points with positive and zero function values are
included in a set, while a zero-level subset is considered a boundary. Basically, FRep modeling is the
“extended” implicit modeling [42] with explicitly introduced elementary objects (primitives).

Compared to boundary representation-based Computer-aided design (CAD) systems, the FRep
approach offers significant advantages for microstructure modeling. First, the FRep format always
ensures the accuracy of the obtained model, as opposed to traditional polygonal representation used
in CAD systems where the probability of ending up with cracks or nonmatching edges in a model
is rather high, even in simple operations such as offsetting. Second, the FRep has the advantage of
complete parametrization of obtained microstructures, giving high flexibility in fast generation of
variable 3D models. Third, the FRep offers a wide variety of tools to model various meshed structures,
including periodic functions, Triply Periodic Minimal Surfaces (TMPS) [43,44], and replication of a unit
cell, based on the method of skeleton-based surfaces [45]. In addition, FRep-based software makes it
possible to use controlled blending versions of set-theoretic operations on geometric primitives. It is
important for most applications to be able to combine a microstructure with the given external shape
of an object or with a rigid platform.

In this study, we investigated the applicability of 3D printing for fabrication of easily modified
cellular ceramic structures. While FRep is not a novel method, there are no publications on such
application of this approach. Here, we used the FRep method to design 4 mm diameter cylindrical
implants. The designed 9.5 mm long implants are intended to fill hole-like defects in the trabecular
bone. The implants reproduce the structure of the trabecular bone, having a dense cylindrical base
similar to the structure of cortical bone tissue, and porous main body similar to the structure of
cancellous bone tissue. Besides, the dense base improves the adhesion of an implant to the building
platform during the 3D printing process. The implants were designed on the request of a local medical
research institute for the testing of bone substitute materials on rabbits under laboratory conditions.
The primary loading mechanism in the implants was specified as compression. Only small tensile or
flexural loads were expected for the implants. The cubic diamond-type cell was used as a basis for
modeling the cellular microstructure. In the design, we varied the diameter of ribs (from 500 to 700 μm,
with 100 μm increment) and the distance between ribs (from 500 to 1000 μm, with 250 μm increment).
The size of cells was selected so as to ensure optimal conditions for bone tissues proliferation after
sintering and shrinkage. Ceramic implant specimens were fabricated by a stereolithographic 3D
printing process at a Ceramaker 900 printer, using a commercial 3DMix alumina feedstock paste. Then,
implant specimens were tested in axial compression.

2. Materials and Methods

2.1. Design

In the FRep approach, the geometry of an object can be represented by the real function, and a
general model can be represented as a certain ensemble (M, Φ, W), where M—the set of geometric
objects; Φ—the set of geometric operations; W—the set of relationships over the set of objects [46].
Generally, geometric objects of a given model represent closed subsets of the N-dimensional space, En.
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In our case, a 3D Euclidean space, E3, will be considered. The geometry of an object is specified by
the function of 3 variables; by using various rules of points classification, we can obtain surfaces or
geometric solids. Thus, expression (1) specifies the boundary surface and expression (2) specifies a
geometric solid:

f (x, y, z) = 0, (1)

f(x, y, z) ≥ 0. (2)

In each point in space P = (x, y, z) ∈ E3, the classification is done by the value of function f(P),
such that f(P) > 0, if the point P is located within the object; f(P) = 0, if the point P is located at the
object’s boundary; f(P) < 0, if the point P is located outside the object.

FRep uses R-functions as set-theoretic operations [46]. The controlled blending versions of
set-theoretic operations are applicable to FRep objects. The bounded blending operation [47] is useful
for combining a microstructure with the other primitives. This operation allows for the addition or
removal of material to/from specified regions of a 3D object, using expression (3) for the bounded
blending operation.

Fbb ( f1, f2, f3) = R(f1, f2) + a0dispbb (r), (3)

dispbb (r) =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
(1−r2)

3

1+r2 , r < 1

0, r ≥ 1
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r2

1
r2

1−r2
2
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1, r2 = 0
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+
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, r2
2(f3) =

⎧⎪⎪⎨⎪⎪⎩
(
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)2
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0, f3 ≤ 0
,

where f1, f2—the implicit functions of 2 geometric primitives; f3—the implicit function of a primitive
restricting the region of blending operations; R—the R-function; a0, a1, a2, a3—blending operation
parameters controlling the symmetry and a resulting shape.

In the course of 3D modeling, we used Function Representation of 3D objects and, particularly,
the skeleton-based surfaces approach in combination with the definition of a scalar field and a distance
function [48]. As the unit cell, we take a tetrahedral structure built as a crystal lattice of a diamond,
where each atom (red points in Figure 2) forms bonds with its 4 nearest neighbors (blue points in
Figure 2), with angles between the bonds constituting 109.47◦.

Figure 2. Tetrahedral structure of a diamond.

Implant models were built in Rhinoceros suite (version 5), using the Symvol FRep plugin for
Rhino version 1.5. Figure 3 shows the workflow of the modeling process consisting of 7 general steps:
1. Construction of the wireframe of the unit cell; 2. Replication of the unit cell; 3. Trimming the frame
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to its external form (cylinder); 4. Removing unnecessary parts; 5. Application of vTube operation; 6.
Adding a cylindrical base plate; 7. Applying the bounded blending operation.

Figure 3. Workflow of the modeling process with Symvol FRep plugin for Rhino version 1.5.

2.2. Fabrication

To analyze the possibility of fabricating Al2O3 ceramic implants by 3D printing, we conducted
several experiments to fabricate cylindrical specimens. As a ceramic feedstock, we used 3DMix alumina
paste produced by 3DCeram (Limoges, France). The weight fraction of the alumina powder in the
paste constitutes 84%. We used a Ceramaker 900 (3DCeram, Limoges, France) stereolithographic
printer to print green body specimens. The printing scene was prepared in the Netfabb suite (Autodesk,
San Rafael, USA). Slicing of the model was done with a slicer tool of DMC software (Direct Machining
Control, Vilnius, Lithuania). Processing parameters for the 3D printer were provided by the 3DCeram
company in the form of an encrypted formulation file, together with the feedstock material. The precise
parameters of the laser system are proprietary information not disclosed by the manufacturer.

After printing, we cleaned all specimens from the excess uncured ceramic feedstock at the
CeraKleaner cleaning station (3DCeram, Limoges, France), using the pulverized proprietary solvent
provided by 3DCeram. Then, printed specimens were debinded in the Kittec CLL-15 laboratory
kiln (Kittec, Rosenheim, Germany). Specimens were gradually heated to 500 ◦C in the course of 6 h
to remove organic binder, constituting over 30% of the volume of the green body. To improve the
mechanical strength of the material for further processing, specimens were additionally heated for an
hour at a temperature of 1100 ◦C in the same kiln without prior cooling, for presintering.

Then, specimens were further sintered in the ThermConcept HTL 20/17 furnace (ThermConcept,
Bremen, Germany), using the procedure proposed by the furnace manufacturer. After placing the
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specimens in the kiln, a dome of ceramic bricks was constructed around specimens in order to mitigate
spatial temperature gradients. The specimens were heated to a temperature of 1700 ◦C and held at this
temperature for 1.5 h and then, cooled down. The heat up and cooldown rate constituted 3 ◦C/min.

2.3. Scanning Electron Microscopy

After sintering, we analyzed the shape and microstructure of implants using the Apreo scanning
electron microscope (SEM) from Thermo Fisher Scientific (Waltham, MA, USA). No additional surface
treatments were applied to the specimens before the SEM study. For the SEM study, we used the
following parameters: working distance of 13 mm, accelerating voltage of 5 kV, and beam current of
50 pA. Secondary electrons were collected with the in-lens detector.

2.4. Mechanical Testing

Fabricated implant specimens were tested under axial compression. Such type of implants can be
used for compression tests because the top and the bottom contact faces of the implants are parallel.
The bottom face has a tight contact with the compression plate of the mechanical press. The top surface
contacts the compression plate at a number of points.

We tested specimens at the Instron 5969 electromechanical testing machine equipped with a 50 kN
load cell. We used two 150 mm diameter hardened, polished compression plates, with an adjustable
upper plate. Before the test, the plates were brought together with a small load and the upper plate
was adjusted so as to ensure parallelism. To avoid premature failure of the ceramic specimens at
spots of contact with the metal, thin cardboard pads were glued onto both compression plates with
double-sided adhesive tape. For full-field strain measurements, we applied speckles of black acrylic
paint onto the specimens, using a spray bottle.

The upper plate was brought to the position of approx. 5 mm above a specimen, then the load
was balanced, and the test started with the constant traverse speed of 0.2 mm/min. Tests were stopped
manually, on visible signs of specimen fracture. We used a Digital Image Correlation (DIC) system
from Correlated Solutions, taking one photograph a second from a 5 MP camera with a Tokina 100 mm
F2.8 Macro D lens with simultaneous recording of force via a National Instruments Data acquisition
(DAQ). Speckle correlation was performed in the VIC-2D-2009 program. After obtaining the strain
field, we applied a virtual extensometer incorporated in the program to extract the tabulated data of
engineering strain vs. force relationship.

In this study, we do not consider the testing of specimens with cylindrical base plates at both faces
of a cylinder due to the following reasons. The proposed design with a single base plate represents a
real implant to be used in further clinical testing. As the mechanical performance of such items is a
very important part of the engineering design for biomedical applications, the real implants need to be
tested “as is”, without artificial parallelization of surfaces.

2.5. Mechanical Simulation

For mechanical simulation of implant specimens under compression testing, we used the Abaqus
finite element analysis (FEA) suite (version 6.14) [49]. To build the finite element model of the implant,
we used its geometrical model in STL format. The model was built with quadratic tetrahedral elements
of C3D10-type. To model the printed ceramic material, we used a linear elastic material with elastic
modulus of E = 350 GPa and Poisson’s ratio of ν = 0.21.

3. Results

3.1. Design

Four different types of parametric models of bioimplants were built, using four different types of
unit cells and filling. Implant models were built by replicating unit cells along three coordinate axes
(X,Y,Z) to obtain a wire frame with the addition of a cylindrical base plate. The following unit cells
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were constructed (see Figure 4): UC001—the cell built on the basis of tetrahedral diamond structure,
with rib thickness of 0.4 mm, cell length (L) of 2.3 mm, cell width (W) of 2.3 mm, and cell height (H) of
1.7 mm; UC002—the cell built on the basis of the UC001 unit cell by removing dangling ribs, with rib
thickness of 0.7 mm, L = 1.6 mm, W = 1.6 mm, H = 2.3 mm; UC003—the cell built by duplicating the
UC002 unit cell along the X and Y axes, with the offset along the Z-axis by H/2, and along the X-axis
by W/2, with rib thickness of 0.7 mm, L = 3.5 mm, W = 3.5 mm, H = 3.8 mm; UC004—the cell built
by compressing the UC003 unit cell along X and Y axes by a factor of 2, with rib thickness of 0.3 mm,
L = 2.0 mm, W = 2.0 mm, H = 4.1 mm. Based on the unit cells data, we modeled the bioimplants
with the following wireframe (mesh) types: BI001—the wireframe built by replicating the UC001 unit
cell along three coordinate axes—by a factor of 3 along X and Y axes, and by a factor of 5 along Z
axis; BI002—the UC002 unit cell is replicated by a factor of 2 along X and Y axes, and by a factor of 4
along Z axis; BI003—the UC003 unit cell is replicated by a factor of 1 along X and Y axes, and by a
factor of 3 along Z axis; BI004—the UC004 unit cell is replicated by a factor of 3 along X, Y, and Z axes.
The above structures were limited by a 5 mm thick cylinder of 3.8 mm in diameter. These structures
were then trimmed by using the SelBoundary operation. Dangling ribs in the structures were also
deleted. A 2.5 mm thick cylinder of 4 mm in diameter was modeled as the implant base plate, allowing:
(a) better adhesion of a part to a modeling base for 3D printing; (b) tight closure of the inlet hole of a
bone defect; (c) machining of a part to the shape of the bone for better implantation into the defect.
Modeling and unit cell replication parameters are given in Table 1. Implant models are shown in
Figure 5.

Figure 4. Unit cells used for implant modeling: (a) UC001—the unit cell built on the basis of tetrahedral
diamond structure (rib thickness = 0.4 mm, cell length (L) = 2.3 mm, cell width (W) = 2.3 mm, cell height
(H) = 1.7 mm); (b) UC00202—the cell built on the basis of the UC001 unit cell by removing open ribs (rib
thickness = 0.7 mm, L = 1.6 mm, W = 1.6 mm, H = 2.3 mm); (c) UC003—the cell built by replicating the
UC002 unit cell along the X and Y axes by a factor of 2, with the offset along Z-axis by H/2, and along
X-axis by W/2 (rib thickness of 0.7 mm, L = 3.5 mm, W = 3.5 mm, H = 3.8 mm); (d) UC004—the cell
built by compressing the UC003 unit cell along X and Y axes by the factor of 2 (rib thickness =0.3 mm,
L = 2.0 mm, W = 2.0 mm, H = 4.1 mm).
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Table 1. Implants modeling parameters.

Model Unit Cell
Rib Thickness

T (mm)

Cell Length L; Cell Width
W; Cell Height H (mm)

Comments

Unit Cell Replication Factor
along Coordinate Axes

X Y Z

BI001
Figure 5a

UC001
Figure 4a 0.4

L = 2.3,
W = 2.3,
H = 1.7

Unit cell based on the tetrahedral
diamond structure. 3 3 5

BI002
Figure 5b

UC002
Figure 4b 0.7

L = 1.6,
W = 1.6,
H = 2.3

Built of UC001 unit cell by removing
dangling ribs. 2 2 4

BI003
Figure 5c

UC003
Figure 4c 0.7

L = 3.5,
W = 3.5,
H = 3.8

Built by replicating the UC002 unit cell
along the X and Y axes by a factor of 2,

with the offset along Z-axis by H/2,
and along X axis by W/2.

1 1 3

BI004
Figure 5d

UC004
Figure 4d 0.3

L = 2.0,
W = 2.0,
H = 4.1

Compression of the unit cell along X
and Y axes by the factor of 2 3 3 3

Figure 5. The models of implants. Combination of a wireframe with a cylindrical base plate:
(a) BI001—the wireframe built by replicating the UC001 unit cell along three coordinate axes, by a factor
of 3 along X and Y axes, and by a factor of 5 along Z-axis; (b) BI002—the UC002 unit cell is replicated
by a factor of 2 along X and Y axes, and by the factor of 4 along Z axis; (c) BI003—the UC003 unit cell is
replicated by a factor of 1 along X and Y axes, and by a factor of 3 along Z-axis; (d) BI004—the UC004
unit cell is replicated by a factor of 3 along X,Y, and Z axes.

To improve stiffness of the structure, we added an extra material between the cylindrical base plate
and the wireframe, using the bounded blending operation. Figure 6 shows the result of the bounded
blending operation applied to assign stiffness to the implant structure. In our case, the bounded
blending operation includes the implicit functions of two geometric primitives: the cylindrical base
plate and the wireframe; the R-function is union.

Figure 6. Application of bounded blending operation to assign stiffness to the implant structure.

The files of the BI001–BI004 models designed in Rhino software with the Symvol plugin can be
found in the Supplementary Materials. The screenshots of the executed operations are also shown in
the Supplementary Materials. File sizes of the models in various formats are given in Table 2.

314



Appl. Sci. 2020, 10, 7138

Table 2. File sizes of the models in various formats are given in MB.

Model Symvol for Rhino STL

BI001 0.193 24.347
BI002 0.128 39.920
BI003 0.110 11.694
BI004 0.141 24.180

Table 3 shows porosity values for the models built both with and without account for the cylindrical
base plate.

Table 3. Porosity of the models with and without account for the cylindrical base plate (%).

Model
With Account for the Cylindrical

Base Plate (%)
Without Account for the

Cylindrical Base Plate (%)

BI001 52.7 68.3
BI002 53.0 70.5
BI003 53.7 70.6
BI004 63.9 84.4

To demonstrate the capabilities of the method described here, we have built an array of 20 × 20
BI004 models (see Figure 7), consisting of 10,800 unit cells. The file size of the array model built in
Symvol format constitutes 0.201 Mb (see the Supplementary Materials).

Figure 7. The array of 20 × 20 BI004 models.

3.2. Fabrication

Four cylindrical implant specimens with dimensions of d = 4 mm, h = 9.5 mm were fabricated for
the study. The structure of the implants is described in Table 1. Implant models were additionally scaled
to account for shrinkage, using standard shrinkage coefficients for 3DMix alumina paste (kX = 1.159,
kY = 1.146, kZ = 1.187). To prepare the models for printing and to set up printing parameters (laser
power, slicing, etc.), we used the Ceramaker software (3DCeram, Limoges, France). With a slice
thickness of 50 μm, the printing of the specimens took approximately 5 h. Specimens were printed at
71% of the power of the laser system, which is equivalent to 120 mW/cm2. To remove excess uncured
ceramic feedstock, we used a CeraKleaner cleaning station. Due to the complex macroporous geometry
of the implants, an ultrasonic cleaning bath was used to speed up the cleaning process. Figure 8 shows
photographs of the obtained specimens after printing.
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Figure 8. Photographs of printed implants fabricated from models developed earlier and shown in
Figure 5.

Parts were debinded in the Kittec CLL-15 laboratory kiln at a temperature of 550 ◦C, using the
multistep procedure, and presintered at 1100 ◦C. Presintered specimens were then placed in the
Thermoconcept HTL 20/17 high temperature furnace and heated for 1.5 h at a temperature of 1700 ◦C
for final sintering. Figure 9 shows BI002 model specimens after printing (left) and after sintering (right).

 

Figure 9. BI002 model specimens after printing (left) and after sintering (right).

Thus, the full manufacturing cycle for the porous Al2O3 implant (see Figure 10) constituted
approximately 7 days.

 
Figure 10. Fabrication of Al2O3 ceramic implant at the Ceramaker 900 stereolithographic 3D printer.
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We manufactured 11 specimens of each type. Ten specimens were given to a local medical institute
for bone substitute testing on rabbits. The remaining specimens were subjected to mechanical testing.
The authors also intend to conduct biomedical testing including cytotoxicity and osteogenic studies.
The results of those studies will be reported in future publications.

3.3. Scanning Electron Microscopy

According to the SEM images, fabricated structures feature pore sizes of 440 to 700 μm, which is in
good agreement with the results obtained earlier [6]. Such structures feature the optimal morphology
for bone tissue proliferation. Figure 11 shows the typical example of BI004 structure: (a) scaffold;
(b) and (с) pores and ribs after sintering, enlarged view; (d) ceramic microstructure. The average size
of grains constitutes several micrometers and the surface of the structure has no pronounced pores
and defects. The density of the obtained structures was studied in our previous work and constitutes
approximately 3.8 g/cm3 [50]. The porosity of the sintered ceramic material does not exceed 5%.

 
Figure 11. SEM images of the BI004 implant after sintering: (a) scaffold; (b) enlarged view of a pore;
(c) enlarged view of a rib; (d) sintered ceramics.

3.4. Mechanical Testing

Figure 12 shows loading curves for implants tested under axial compression. The testing machine
crosshead travel (mm) is plotted on a horizontal axis; the testing load (N) is plotted on the vertical axis.
Shown also are the photographs of implant specimens after fracture. Table 2 shows maximum load
values for specimens under axial compression. The results show that the BI001 specimen is almost three
times stronger, compared to the other three specimens. This can be explained by a denser packing of a
wireframe, resulting from the use of the UC001 unit cell with rib thickness of 0.4 mm and dimensions
of L = 2.3 mm, W = 2.3 mm, H = 1.7 mm. Moreover, the BI001 specimen features three rows of contact
surfaces in the upper part of the model, thus forming a larger area of contact with the loading plate
and providing more uniform and less intense redistribution of load from the testing machine. At the
same time, the BI004 specimen also features three rows of contact surfaces at the upper part of the
model; however, the thinner and longer ribs of the UC004 unit cell (thickness = 0.3 mm, L = 2.0 mm,
W = 2.0 mm, H = 4.1 mm) make the structure susceptible to premature local buckling and result in a
significantly lower strength of the implant. The BI002 specimen has two rows of contact surfaces in the
upper part of the model and features higher strength compared to that of the BI004 specimen, due to
the higher thickness of the ribs of the UC002 unit cell (rib thickness = 0.7 mm, L = 1.6 mm, W = 1.6 mm,
H = 2.3 mm). The lowest strength was demonstrated by the BI003 specimen, having only one row
of contact surfaces. The increase in unit cell dimensions (from UC001 to UC004) results in lower
maximum load the specimen can carry and in significantly lower physical permeability of an implant,
which is necessary for successful integration of the implant into the patient organism. Reducing unit
cell dimensions while keeping the thickness of the ribs the same or lower is currently impossible with
the SLA printing process. Due to the low strength of the printed layers, they tend to be destroyed
by a printer spreading blade when applying new layers of ceramic paste (see Figure 1). Smaller unit
cell dimensions in combination with an increase in rib thickness result in a collapse of gaps between
neighboring ribs, thus making the removal of excess feedstock from printed parts almost impossible
(even in an ultrasound bath).
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Figure 12. Loading curves for implant specimens tested under axial compression. The crosshead travel
(mm) during testing is plotted on the horizontal axis; the load (N) is plotted on the vertical axis.

Table 4 also shows the effective compressive strength of implants, calculated by division of the
maximum load by the area of a cylindrical base plate of 4 mm in diameter. According to the available
data, the ultimate compression strength in the longitudinal direction constitutes 193 MPa for a cortical
bone and ~50 MPa for a trabecular bone [51], which is comparable to the effective compressive strength
of the BI001 implant (65.1 MPa) shown in Table 4.

Table 4. Implants modeling parameters.

BI001 BI002 BI003 BI004

Maximum load at a specimen, N 817.5 279.9 93.0 221.6
Effective compressive strength of the implant 1, MPa 65.1 22.3 7.4 17.6

1 The cross-section area of the implant is taken to be the area of a circle of 4 mm in diameter.

Figure 13 shows the distribution of vertical strains at the surface of the BI002 specimen during
testing at the 185.7 N load, obtained by digital image correlation. We also measured strains between
reference points A and B, located at the cylindrical base plate and in the lower part of the wireframe,
respectively (see Figure 13). Before loading, the distance between points constituted 7.26 mm. At the
load of 185.7 N, the distance between reference points A and B decreased by ΔUABexp = −0.00356 mm;
thus, the resulting strain constituted εABexp = −0.000492.
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Figure 13. The distribution of vertical strains at the surface of the BI002 specimen during testing at the
187.5 N load, obtained by digital image correlation (DIC).

3.5. Mechanical Simulation

Figure 14 shows the compression test simulation results for the BI002 specimen. The computational
model includes the implant model and the discrete rigid plane (see Figure 14a) located at the distance
of 0.45 mm from the edge of the wireframe part of the implant. The number of C3D10-type finite
elements in the model constitutes 432265. General contact conditions are imposed between the implant
model and the discrete rigid plane. The implant model is fixed to the foundation of the cylindrical
base plate. The loading of the implant is given by the displacement of the discrete rigid plane.

Figure 14b shows the distribution of vertical displacements at the load of 185.7 N. Calculated
displacement of the reference points B relative to the point A constituted ΔUABcal = −0.00342 mm.
Thus, the difference between predicted and measured changes in distance between reference points A
and B does not exceed 5%. Figure 14c shows the distribution of maximum principal stresses at the
load of 279.9 N (see Table 4). The region with maximum principal stress is located in the bridged area
between lateral and central rows of pillars. Stresses in this area constitute 400 MPa, exceeding the
tensile strength of Al2O3-based ceramics. During tests, the initial fracture was also observed in this
area (see Figure 14d).
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Figure 14. Compression test simulation results for the BI002 specimen: (a) Computational model;
(b) distribution of vertical displacements (mm) at the load of 185.7 N; (c) distribution of maximal
principal stress (Pa) at the load of 279.9 N; (d) initial fracture of the specimen during compression test.

4. Discussion

The FRep approach allows an engineer to build parametric 3D models of implants, while providing
flexibility in the generation of variable 3D objects for further fabrication. The FRep provides an analytical
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description of models, reducing the volume of data necessary to describe a single model to several
hundred kilobytes of a source file, which is several dozen times less compared to the traditional
definition of a model that uses boundary representation and a polygonal format (such as STL,
for example).

After modeling, the models should be exported to the polygonal STL format suitable for 3D
printers for further slicing and 3D printing. The size of the obtained STL files constitutes approximately
20 Mbytes. Polygonization of a model is a time-consuming operation and is often the cause of errors in
generated surfaces of 3D objects. However, Jamieson and Hacker in [52] have proposed a method of
direct 3D printing, which was further modified and tested for FRep models in [53,54]. The method
makes it possible to slice an FRep-model and prepare the job for a 3D printer directly, without the
intermediate stage of polygonization, thus reducing the total time required for 3D processing and
eliminating the errors related to polygonization. Therefore, the further developments in this field may
include the application of a direct 3D printing method.

The ultimate compressive stress of implants studied here corresponds to the strength of
porous ceramics and lies between the compressive strength of trabecular (0.1–50 MPa) and cortical
(150–200 MPa) bone tissues. Therefore, by varying the size of a unit cell and the thickness of ribs,
we can obtain implants with effective strength in the range of 7.4 to 65.1 MPa, making it easier to
choose the right material for each patient.

Advantages of studied structures are their high porosity and sufficient distance between ribs,
optimal for the ingrowth of bone tissue during treatment. The combination of chemical composition
(alumina) and macroporous 3D structure makes it possible to obtain highly porous, permeable,
strong bone implants.

In future research, we intend to conduct biomedical testing of fabricated implants, including
cytotoxicity and osteogenic studies. The results of these studies will be reported in further publications.

The authors also intend to conduct in-depth finite element analysis of the experimental data in order
to obtain a validated computational model. This model will be used for the topological optimization [55]
of bioimplants with account for geometric requirements, loading conditions, and anisotropy of
mechanical properties of printed ceramics.

5. Conclusions

In this study, four types of macroporous ceramic implants based on Al2O3 have been designed and
printed. The BI001 type implant has demonstrated effective compressive strength comparable to that
of the trabecular bone, making it a promising bone substitute able to withstand high operating loads.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/20/7138/s1,
Models.zip: the files of the models designed in Rhino software with the Symvol plugin, Description.docx:
the description of the modeling process in Rhino software with the Symvol plugin.

Author Contributions: Conceptualization, A.S. and E.M.; methodology, A.P. and E.M.; software, D.P.; validation,
A.P., E.M. and S.C.; formal analysis, S.C.; investigation, A.T. and E.M.; resources, S.C.; data curation, S.K. and
S.E.; writing—original draft preparation, A.S., A.T. and E.M.; writing—review and editing, E.M., S.E. and A.T.;
visualization, E.M. and A.T.; supervision, A.S.; project administration, A.S.; funding acquisition, I.A. All authors
have read and agreed to the published version of the manuscript.

Funding: S.C. and I.A. acknowledge financial support by the Ministry of Science and Higher Education of the
Russian Federation in the framework of the project with a unique identifier RFMEFI61820X0006.

Acknowledgments: The authors would like to express their sincere gratitude to the handling editor Joy Sun
for the invaluable help in preparation of the manuscript. The authors also would like to thank the anonymous
reviewers for their thoughtful and detailed comments on our paper.

Conflicts of Interest: The authors declare no conflict of interest.

321



Appl. Sci. 2020, 10, 7138

References

1. Travitzky, N.; Bonet, A.; Dermeik, B.; Fey, T.; Filbert-Demut, I.; Schlier, L.; Schlordt, T.; Greil, P.
Additive Manufacturing of Ceramic-Based Materials. Adv. Eng. Mater. 2014, 16, 729–754. [CrossRef]

2. Zocca, A.; Colombo, P.; Gomes, C.M.; Günster, J. Additive Manufacturing of Ceramics: Issues, Potentialities,
and Opportunities. J. Am. Ceram. Soc. 2015, 98, 1983–2001. [CrossRef]

3. Deckers, J.; Vleugels, J.; Kruth, J.-P. Additive manufacturing of ceramics: A review. J. Ceram. Sci. Technol.
2014, 5, 245–260. [CrossRef]

4. Chen, Z.; Li, Z.; Li, J.; Liu, C.; Lao, C.; Fu, Y.; Liu, C.; Li, Y.; Wang, P.; He, Y. 3D printing of ceramics: A review.
J. Eur. Ceram. Soc. 2019, 39, 661–687. [CrossRef]

5. Zhou, W.Z.; Li, D.; Chen, Z.W.; Chen, S. Direct fabrication of an integral ceramic mould by stereolithography.
Proc. Inst. Mech. Eng. Part B J. Eng. Manuf. 2010, 224, 237–243. [CrossRef]

6. Chen, Z.; Li, D.; Zhou, W. Process parameters appraisal of fabricating ceramic parts based on stereolithography
using the Taguchi method. Proc. Inst. Mech. Eng. Part B J. Eng. Manuf. 2012, 226, 1249–1258. [CrossRef]

7. Zhou, M.; Liu, W.; Wu, H.; Song, X.; Chen, Y.; Cheng, L.; He, F.; Chen, S.; Wu, S. Preparation of a defect-free
alumina cutting tool via additive manufacturing based on stereolithography—Optimization of the drying
and debinding processes. Ceram. Int. 2016, 42, 11598–11602. [CrossRef]

8. Nguyen, N.T.; Delhote, N.; Ettorre, M.; Baillargeat, D.; Le Coq, L.; Sauleau, R. Design and Characterization
of 60-GHz Integrated Lens Antennas Fabricated Through Ceramic Stereolithography. IEEE Trans.
Antennas Propag. 2010, 58, 2757–2762. [CrossRef]

9. Leigh, S.J.; Purssell, C.P.; Bowen, J.; Hutchins, D.A.; Covington, J.A.; Billson, D.R. A miniature flow sensor
fabricated by micro-stereolithography employing a magnetite/acrylic nanocomposite resin. Sens. Actuators
A Phys. 2011, 168, 66–71. [CrossRef]

10. Tian, Z.; Yang, Y.; Wang, Y.; Wu, H.; Liu, W.; Wu, S. Fabrication and properties of a high porosity h-BN–SiO2

ceramics fabricated by stereolithography-based 3D printing. Mater. Lett. 2019, 236, 144–147. [CrossRef]
11. Wu, H.; Liu, W.; He, R.; Wu, Z.; Jiang, Q.; Song, X.; Chen, Y.; Cheng, L.; Wu, S. Fabrication of dense

zirconia-toughened alumina ceramics through a stereolithography-based additive manufacturing. Ceram. Int.
2017, 43, 968–972. [CrossRef]

12. Liu, W.; Wu, H.; Tian, Z.; Li, Y.; Zhao, Z.; Huang, M.; Deng, X.; Xie, Z.; Wu, S. 3D printing of dense structural
ceramic microcomponents with low cost: Tailoring the sintering kinetics and the microstructure evolution.
J. Am. Ceram. Soc. 2018, 102, 2257–2262. [CrossRef]

13. He, R.; Liu, W.; Wu, Z.; An, D.; Huang, M.; Wu, H.; Jiang, Q.; Ji, X.; Wu, S.; Xie, Z. Fabrication of
complex-shaped zirconia ceramic parts via a DLP- stereolithography-based 3D printing method. Ceram. Int.
2018, 44, 3412–3416. [CrossRef]

14. Chen, W.; Kirihara, S.; Miyamoto, Y. Fabrication and Measurement of Micro Three-Dimensional Photonic
Crystals of SiO2Ceramic for Terahertz Wave Applications. J. Am. Ceram. Soc. 2007, 90, 2078–2081. [CrossRef]

15. Kirihara, S.; Niki, T. Three-Dimensional Stereolithography of Alumina Photonic Crystals for Terahertz Wave
Localization. Int. J. Appl. Ceram. Technol. 2015, 12, 32–37. [CrossRef]

16. Sarment, D.P.; Al-Shammari, K.; Kazor, C.E. Stereolithographic surgical templates for placement of dental
implants in complex cases. Int. J. Periodontics Restor. Dent. 2003. [CrossRef]

17. Lian, Q.; Sui, W.; Wu, X.; Yang, F.; Yang, S. Additive manufacturing of ZrO2 ceramic dental bridges by
stereolithography. Rapid Prototyp. J. 2018, 24, 114–119. [CrossRef]

18. Scalera, F.; Corcione, C.E.; Montagna, F.; Sannino, A.; Maffezzoli, A. Development and characterization of
UV curable epoxy/hydroxyapatite suspensions for stereolithography applied to bone tissue engineering.
Ceram. Int. 2014, 40, 15455–15462. [CrossRef]

19. Du, D.; Asaoka, T.; Ushida, T.; Furukawa, K.S. Fabrication and perfusion culture of anatomically shaped
artificial bone using stereolithography. Biofabrication 2014, 6, 045002. [CrossRef]

20. Ribas, R.G.; Schatkoski, V.M.; Montanheiro, T.L.D.A.; De Menezes, B.R.C.; Stegemann, C.; Leite, D.M.G.;
Thim, G.P. Current advances in bone tissue engineering concerning ceramic and bioglass scaffolds: A review.
Ceram. Int. 2019, 45, 21051–21061. [CrossRef]

21. Yelten, A.; Yilmaz, S. A novel approach on the synthesis and characterization of bioceramic composites.
Ceram. Int. 2019, 45, 15375–15384. [CrossRef]

322



Appl. Sci. 2020, 10, 7138

22. Liu, Z.; Liang, H.; Shi, T.; Xie, D.; Chen, R.; Han, X.; Shen, L.; Wang, C.; Tian, Z. Additive manufacturing of
hydroxyapatite bone scaffolds via digital light processing and in vitro compatibility. Ceram. Int. 2019, 45,
11079–11086. [CrossRef]

23. Wang, Z.; Huang, C.; Wang, J.; Zou, B. Development of a novel aqueous hydroxyapatite suspension for
stereolithography applied to bone tissue engineering. Ceram. Int. 2019, 45, 3902–3909. [CrossRef]

24. Samavedi, S.; Whittington, A.R.; Goldstein, A.S. Calcium phosphate ceramics in bone tissue engineering:
A review of properties and their influence on cell behavior. Acta Biomater. 2013, 9, 8037–8045. [CrossRef]

25. Evlashin, S.; Dyakonov, P.; Tarkhov, M.; Dagesyan, S.; Rodionov, S.; Shpichka, A.; Kostenko, M.; Konev, S.;
Sergeichev, I.; Timashev, P.; et al. Flexible Polycaprolactone and Polycaprolactone/Graphene Scaffolds for
Tissue Engineering. Materials 2019, 12, 2991. [CrossRef]

26. Yang, Y.; Wang, G.; Liang, H.; Gao, C.; Peng, S.; Shen, L.; Shuai, C. Additive manufacturing of bone scaffolds.
Int. J. Bioprinting 2019, 5, 148. [CrossRef]

27. Gibson, I.; Rosen, D.W.; Stucker, B. Additive Manufacturing Technologies; Springer: New York, NY, USA, 2010.
28. Zhou, X.; Nowicki, M.; Cui, H.; Zhu, W.; Fang, X.; Miao, S.; Lee, S.-J.; Keidar, M.; Zhang, L.G. 3D bioprinted

graphene oxide-incorporated matrix for promoting chondrogenic differentiation of human bone marrow
mesenchymal stem cells. Carbon 2017, 116, 615–624. [CrossRef]

29. Jakus, A.E.; Secor, E.B.; Rutz, A.L.; Jordan, S.W.; Hersam, M.C.; Shah, R.N. Three-Dimensional Printing of
High-Content Graphene Scaffolds for Electronic and Biomedical Applications. ACS Nano 2015, 9, 4636–4648.
[CrossRef]

30. Entezari, A.; Roohani, I.; Li, G.; Dunstan, C.R.; Rognon, P.; Li, Q.; Jiang, X.; Zreiqat, H. Architectural Design
of 3D Printed Scaffolds Controls the Volume and Functionality of Newly Formed Bone. Adv. Healthc. Mater.
2019, 8, 8. [CrossRef]

31. Piconi, C.; Porporati, A.A. Bioinert Ceramics: Zirconia and Alumina. In Handbook of Bioceramics and
Biocomposites; Springer: Berlin/Germany, Germany, 2016; ISBN 9783319124605.

32. Ben-Nissan, B.; Choi, A.H.; Cordingley, R. Alumina ceramics. In Bioceramics and Their Clinical Applications;
Woodhead Publishing: Cambridge, UK, 2008; ISBN 9781845692049.

33. Su, B.; He, X.; Dhara, S.; Mansell, J.P. Porous and bioactive alumina ceramics for bone grafts and tissue
engineering scaffolds. In Key Engineering Materials; Trans Tech Publications Ltd.: Stafa, Switzerland, 2007;
Volumes 330–332.

34. Ohji, T.; Fukushima, M. Macro-porous ceramics: Processing and properties. Int. Mater. Rev. 2012, 57, 115–131.
[CrossRef]

35. Galante, R.; Figueiredo-Pina, C.G.; Serro, A.P. Additive manufacturing of ceramics for dental applications:
A review. Dent. Mater. 2019, 35, 825–846. [CrossRef]

36. Jariwala, S.H.; Lewis, G.S.; Bushman, Z.J.; Adair, J.H.; Donahue, H.J. 3D Printing of Personalized Artificial
Bone Scaffolds. 3D Print. Addit. Manuf. 2015, 2, 56–64. [CrossRef]

37. Gulan, G.; Jurdana, H.; Gulan, L. Personalized Total Knee Arthroplasty: Better Fit for Better Function.
In Personalized Medicine in Healthcare Systems; Springer: Cham, Switzerland, 2019; pp. 307–314.

38. Safonov, A.; Chugunov, S.; Tikhonov, A.; Gusev, M.; Akhatov, I. Numerical simulation of sintering for
3D-printed ceramics via SOVS model. Ceram. Int. 2019, 45, 19027–19035. [CrossRef]

39. Ceramic 3D Printing Solutions. Available online: https://3dceram.com/en/ (accessed on 5 August 2020).
40. Pasko, A.; Fryazinov, O.; Vilbrandt, T.; Fayolle, P.-A.; Adzhiev, V. Procedural function-based modelling of

volumetric microstructures. Graph. Model. 2011, 73, 165–181. [CrossRef]
41. Shapiro, V. Real functions for representation of rigid solids. Comput. Aided Geom. Des. 1994, 11, 153–175.

[CrossRef]
42. Bloomenthal, J.; Bajaj, C.; Blinn, J.; Wyvill, B.; Cani, M.P.; Rockwood, A.; Wyvill, G. (Eds.) Introduction to

Implicit Surfaces; Morgan Kaufmann Publishers Inc.: San Francisco, CA, USA, 1997; ISBN 978-1-55860-233-5.
43. Kapfer, S.C.; Hyde, S.T.; Mecke, K.; Arns, C.H.; Schröder-Turk, G.E. Minimal surface scaffold designs for

tissue engineering. Biomaterials 2011, 32, 6875–6882. [CrossRef]
44. Tikhonov, A.A.; Evdokimov, P.V.; Putlyaev, V.I.; Safronova, T.V.; Filippov, Y.Y. On the Choice of the Architecture

of Osteoconductive Bioceramic Implants. Inorg. Mater. Appl. Res. 2019, 10, 242–247. [CrossRef]
45. Fryazinov, O.; Vilbrandt, T.; Pasko, A. Multi-scale space-variant FRep cellular structures. CAD Comput.

Aided Des. 2013, 45, 26–34. [CrossRef]

323



Appl. Sci. 2020, 10, 7138

46. Pasko, A.; Adzhiev, V.; Sourin, A.; Savchenko, V. Function representation in geometric modeling: Concepts,
implementation and applications. Vis. Comput. 1995, 11, 429–446. [CrossRef]

47. Pasko, G.; Pasko, A.; Ikeda, M.; Kunii, T. Bounded blending operations. In Proceedings of the SMI 2002:
Shape Modeling International 2002, Banff, AB, Canada, 17–22 May 2002; pp. 95–103.

48. Sanchez, M.; Fryazinov, O.; Fayolle, P.-A.; Pasko, A. Convolution Filtering of Continuous Signed Distance
Fields for Polygonal Meshes. Comput. Graph. Forum 2015, 34, 277–288. [CrossRef]

49. Abaqus Analysis User Manual, Version 6.14. 2014. Available online: https://www.3ds.com/products-services/
(accessed on 5 August 2020).

50. Chugunov, S.; Adams, N.A.; Akhatov, I.S. Evolution of SLA-Based Al2O3 Microstructure during Additive
Manufacturing Process. Materials 2020, 13, 3928. [CrossRef] [PubMed]

51. Hart, N.H.; Nimphius, S.; Rantalainen, T.; Ireland, A.; Siafarikas, A.; Newton, R.U. Mechanical basis of bone
strength: Influence of bone material, bone structure and muscle action. J. Musculoskelet. Neuronal Interact.
2017, 17, 114–139. [PubMed]

52. Jamieson, R.; Hacker, H. Direct slicing of CAD models for rapid prototyping. Rapid Prototyp. J. 1995, 1, 4–12.
[CrossRef]

53. Song, Y.; Yang, Z.; Liu, Y.; Deng, J. Function representation based slicer for 3D printing. Comput. Aided Geom.
Des. 2018, 62, 276–293. [CrossRef]

54. Popov, D.; Maltsev, E.; Fryazinov, O.; Pasko, A.; Akhatov, I. Efficient contouring of functionally represented
objects for additive manufacturing. Comput. Des. 2020, 129, 102917. [CrossRef]

55. Safonov, A.A. 3D topology optimization of continuous fiber-reinforced structures via natural evolution
method. Compos. Struct. 2019, 215, 289–297. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

324



applied  
sciences

Article

Leveraging the Advantages of Additive Manufacturing to
Produce Advanced Hybrid Composite Structures for Marine
Energy Systems

Paul Murdy 1,*, Jack Dolson 1, David Miller 2, Scott Hughes 1 and Ryan Beach 1

Citation: Murdy, P.; Dolson, J.; Miller,

D.; Hughes, S.; Beach, R. Leveraging

the Advantages of Additive

Manufacturing to Produce Advanced

Hybrid Composite Structures for

Marine Energy Systems. Appl. Sci.

2021, 11, 1336. https://doi.org/

10.3390/app11031336

Academic Editor: Marco Mandolini

Received: 4 January 2021

Accepted: 29 January 2021

Published: 2 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 National Renewable Energy Laboratory, Golden, CO 80401, USA; jack.dolson@nrel.gov (J.D.);
scott.hughes@nrel.gov (S.H.); ryan.beach@nrel.gov (R.B.)

2 Department of Mechanical and Industrial Engineering, Montana State University, Bozeman, MT 59715, USA;
davidmiller@montana.edu

* Correspondence: paul.murdy@nrel.gov; Tel.: +1-303-275-4982

Featured Application: This work outlines the opportunities for producing novel hybrid struc-

tures for marine energy systems by leveraging the benefits of combining additive and composite

manufacturing techniques, and the potential this has for rapid prototyping.

Abstract: Many marine energy systems designers and developers are beginning to implement com-
posite materials into the load-bearing structures of their devices, but traditional mold-making costs
for composite prototyping are disproportionately high and lead times can be long. Furthermore,
established molding techniques for marine energy structures generally require many manufacturing
steps, such as secondary bonding and tooling. This research explores the possibilities of additively
manufactured internal composite molds and how they can be used to reduce costs and lead times
through novel design features and processes for marine energy composite structures. In this ap-
proach, not only can the composite mold be additively manufactured but it can also serve as part of
the final load-bearing structure. We developed a conceptual design and implemented it to produce a
reduced-scale additive/composite tidal turbine blade section to fully demonstrate the manufacturing
possibilities. The manufacturing was successful and identified several critical features that could ex-
pedite the tidal turbine blade manufacturing process, such as single-piece construction, an integrated
shear web, and embedded root fasteners. The hands-on manufacturing also helped identify key areas
for continued research to allow for efficient, durable, and low-cost additive/composite-manufactured
structures for future marine energy systems.

Keywords: marine energy; tidal turbine; design for additive manufacturing; composite manufactur-
ing; hybrid structures; composite structures

1. Introduction

Marine energy systems can take many forms, such as tidal/ocean current turbines,
crossflow turbines, wave point absorbers, and oscillating surge flaps and water columns [1].
Because of the nascent nature of the industry, system designers and developers are yet
to converge on a single design philosophy and may never do so because of the broad
variety of potential operating conditions (see Figure 1). Many marine energy developers
are still very much in the prototyping phases of their designs and system deployments. As
a result, there is a great opportunity for low-cost, short-lead-time prototype manufacturing
techniques to expedite the deployment of devices for testing and validation.

Appl. Sci. 2021, 11, 1336. https://doi.org/10.3390/app11031336 https://www.mdpi.com/journal/applsci325



Appl. Sci. 2021, 11, 1336

Figure 1. All six reference models developed by the Department of Energy Reference Model project [1]. Graphics courtesy
of Sandia National Laboratories.

Composite materials, such as fiberglass/epoxy, are an attractive material choice for
marine energy systems because of their low cost, high stiffness and strength, and resistance
to environmental degradation [2]. Material density and structural mass are of lower
importance because the structures are submerged underwater where buoyancy forces
offset gravity-induced forces. In fact, marine energy structures are often filled with ballast
such as concrete, epoxy slurry, or water to minimize buoyancy loads [3]. Naturally, a large
amount of design and manufacturing knowledge has been taken from similar industries,
such as wind blade manufacturing and composite boat building. Tidal turbine blades
in particular are very similar in design to wind turbine blades, but on a smaller scale
and with different loading and stiffness requirements [3]. They also rely on very similar
manufacturing techniques and processes; for example, vacuum-assisted resin infusion
molding (VARIM) of multiple shells and webs that are subsequently bonded together. The
mold making for this process is incredibly expensive and time-consuming [4]. Depending
on blade length, molds can cost in the order of hundreds of thousands to millions of
dollars, with lead times in excess of 6 months [4], although very little public information is
available in this area. This is acceptable on a mass-manufacturing scale in which hundreds
of components will be produced from the same set of molds but may be unattainable for
small-scale developers in the prototype testing phases of their development, particularly if
designs are continuing to evolve. Despite this, large-scale mold manufacturing processes
have changed very little in the last 20 years, highlighting a need for faster and cheaper
molding practices for large-scale composite structure prototyping and development.

A variety of additive manufacturing processes have the potential to fill these gaps in
the marine energy system structural design and validation process. In particular, recent
advances in large-scale fused deposition modeling (FDM) have shown exceptional promise
for reducing costs and lead times for wind turbine blade molds and components [5–7].
This is particularly exciting for exploring on-site manufacturing and prototyping unique
test deployment concepts [8,9]. Another area of interest in FDM style printing is the co-
extrusion of continuous fiber polymer composites [10], allowing for the direct printing of
fiber-reinforced polymers with no molding required at all. This technology is still relatively
new and only available at a small scale, with low-fiber-volume contents (<35%) [11] and
a high probability of manufacturing defects like poor consolidation, but may provide an
alternative to traditional composite manufacturing processes in the future.
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Based on these current advances in additive manufacturing and industry needs, this
research hypothesizes that they will allow for novel innovations in marine energy system
composite structure prototyping and manufacturing. Instead of using additive manu-
facturing to produce external/female composite molds, we propose that internal/male
composite molds can be additively manufactured and be a permanent part of the final struc-
ture, resulting in low-cost, short-lead-time hybrid structures. This approach would allow
for novel manufacturing and structural features previously not possible with traditional
composite manufacturing techniques. This article serves as a starting point to explore this
unique manufacturing approach by identifying several key features and process steps that
can be coalesced for potentially more efficient manufacturing and more reliable composite
structures. We demonstrated the innovations via a conceptual design and manufacturing
of a reduced-scale tidal turbine blade section, which enabled us to identify key features
that were particularly beneficial to the manufacturing process and blade structural design.
It also allowed us to pinpoint critical areas for future research into the additive/composite
hybrid manufacturing process. In this research, the conceptual design was solely a design
to demonstrate the manufacturing process, rather than complete holistic approach includ-
ing the structural and hydrodynamic design. Future research will concentrate on the full
structural design to allow for comprehensive structural, techno-economic and process time
analyses.

2. Design Methods

To show the true potential for using additive manufacturing to produce internal
composite molds for tidal turbine blades, we evaluated traditional mold and blade manu-
facturing practices to identify key process steps and features for innovation. We then used
the analysis to develop a conceptual design of a hybrid composite/additively manufactured
tidal turbine blade with novel integrated features.

2.1. Key Features

Figure 2 shows the general process steps for manufacturing a traditional tidal turbine
blade mold set. The mold set generally consists of two halves: one for the low-pressure
side of the turbine blade and one for the high-pressure side of the blade. First, a master
plug is machined from structural foam, which is then sanded, finished, and prepared
to create a splash mold from the low-pressure side of the blade plug. For the splash
mold, fiberglass/epoxy or a material similar to the final blade is typically laid over the
plug, cured, and removed from the plug. The same is repeated for the high-pressure side.
Support structures are then built around the splash molds and their surfaces are sanded
and prepared for composite manufacturing. Overall, the mold manufacturing process is
slow, expensive, and labor-intensive. Figure 2 also shows how additive manufacturing can
significantly simplify this process. In addition, using a permanent internal mold means that
only one mold is required instead of two halves. After printing, molds typically require a
moderate amount of machining and sanding to smooth the filament lines, which sometimes
can be integrated into the printing process [5,7,12]. Finally, the molds are typically sealed to
promote vacuum integrity for typical composite manufacturing techniques. Post et al. have
demonstrated these techniques at a large scale for female molds and shown that large-scale
additive manufacturing processes can significantly reduce the costs and lead times of large
composite molds [5,7]. The disadvantage of using an internal mold as a permanent part
of a hybrid structure is that one must be printed and prepared for every component to
be manufactured, whereas a pair of high-quality traditional female molds can be used to
produce hundreds of components, but structural or hydrodynamic design iterations cannot
be implemented.
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Figure 2. A comparison of the general process steps required to produce a traditionally manufactured
composite mold vs. an additively manufactured composite mold.

Manufacturing composite tidal turbine blades typically requires several significant
process steps (see Figure 3). Blades are made in multiple components: a high-pressure
skin, a low-pressure skin, and a shear web or box spar depending on the length of the
blade [4,13,14]. These components are often manufactured from fiber-reinforced composite
and composite sandwich structures. The components are bonded together using structural
adhesives. Several postprocessing steps are also required, such as trimming excess com-
posite from the two bonded skins, and sanding and grinding the outer surfaces to their
final hydrodynamic shapes. The root end of the blade must also be prepared for connec-
tion to the hub of the tidal turbine, typically in the form of a bolted connection. Bolted
connections in composite laminates and composite/metal interfaces can be particularly
problematic [15], and a variety of different designs exist in this area. The composite layup
in the root section is built particularly thick, so that lengthwise holes can be included or
drilled through the laminate and threaded sleeves can be bonded or secured inside. This
can be a particularly time-consuming and expensive manufacturing step, as a result of
expensive preforms, adhesives, and specialized equipment.

Figure 3. Comparison of the generalized traditional process steps required to manufacture composite
tidal turbine blades [4,13] vs. those that are proposed using the additively manufactured internal
molds with novel integrated features.
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Manufacturing a tidal turbine blade with a single internal permanent mold may allow
for significant innovations to reduce the manufacturing steps shown at the top of Figure 3
and potentially increase the reliability of the structural design. A major advantage of
internal molding is that composite plies can be wrapped around the outside of critical
design features, such as leading and trailing edges, to create a continuous construction
in failure-prone areas, with continuous fibers. Adhesive bond lines are a common place
for manufacturing defects, which have regularly contributed to structural failures of
wind and tidal turbine blades [16–19]. Structural adhesives are also significantly more
expensive per kg than the low-cost composites they typically bond together [4]. Eliminating
these adhesives has generally been hypothesized to lead to significant cost and time
savings [4,20].

The same could be achieved with shear webs and box spars. Instead of adhesively
bonding premade shear webs during the final blade assembly, an additively manufactured
mold could be designed in such a way that it could also serve as a fixture to hold a
premade shear web in place to be co-infused with the rest of the composite during the
VARIM process. Specifically, printed fixtures to hold mechanical fasteners in place during
composite layup have also proven to be beneficial for complex composite component
construction [21,22]. This technique could be used for root fasteners and other bolted
connections. A well-designed fixture could be printed into the mold to hold the fasteners
in place while glass or carbon fabric is wrapped on the top and bottom of the fasteners so
they can be co-infused into the structure. More expensive adhesive would be eliminated
from the structure, as well as a significant postprocess machining step.

During the layup of the composite for the VARIM process, resin infusion lines are
typically placed on top to direct and control the flow of resin through the glass/carbon
fabrics. It is often difficult to get good resin flow through thick stacks of fabrics, resulting
in porosity and dry areas. Additively manufactured internal molds could allow for the
integration of infusion lines directly into the mold for precise control of the resin flow
through all layers of fabric. Resin would flow from the mold and into the glass/carbon
fabrics, potentially reducing the likelihood of detrimental levels of porosity.

Blades for tidal/ocean current turbines are anticipated to grow to be in excess of 20 m
in length, depending on their site location [1]. Blades of this length can be expensive to
transport across land, so there is a desire for on-site manufacturing in shipyards and dry
docks to minimize these costs. Segmented mold construction would ensure easy on-site
manufacturing or transportation to the manufacturing site. Blade length would not be
limited by the size of 3D printers and manufacturing sites. Additively manufactured molds
could easily and efficiently be printed in sections and assembled on-site before beginning
the composite manufacturing process.

2.2. Conceptual Design

We selected a conceptual tidal turbine blade section for this manufacturing demonstra-
tion with an additively manufactured internal mold, incorporating all of the novel features
and unique innovations described earlier. The blade sections’ geometry was based on the
blades from the Reference Model 1 (RM1) tidal turbine from the U.S. Department of Energy
Reference Model Project [3]. RM1 is a turbine with 9-m rotor blades with NACA 631-424
primary airfoil shapes. The blade section was designed to include the root section through
to the maximum chord region (~1.5 m outboard). It should be noted that we simplified the
overall blade geometry to some degree for this research. The main goal was to focus on the
manufacturing aspects of the blade design, so it is not structurally or hydrodynamically
optimized in any way. The demonstration is primarily meant to be representative of a tidal
turbine blade.

The additively manufactured mold was to be printed in four separated sections (see
Figure 4): a root fixture (a), a root section (b), a transition section (c), and a main foil section
(d). The four sections were designed to join together with steel dowel pins for easy and
fast construction of the mold. Internal resin tubes were designed to be printed directly

329



Appl. Sci. 2021, 11, 1336

into the internal cavities of the sections, which were aligned by the dowel pins (see Figure
5b). They were designed so that during the VARIM process, resin could flow from the
resin inlet ports in the root section along the length of the blade and then to the high- and
low-pressure surfaces into the composite layers.

 
Figure 4. Models of the four mold sections to be printed for the conceptual tidal turbine blade section
design where (a) is the sacrificial root fixture, (b) is the root section, (c) is the transition section, and
(d) is the main hydrofoil section.

 

Figure 5. Full assembly drawings of the blade section mold, where (a) is fully assembled, (b) is
exploded to show the connections between sections, and (c) includes the composite overlay.

330



Appl. Sci. 2021, 11, 1336

A shear web fixture was also integrated into the main foil section. It was designed
so that a premade web could slide into the fixture, which was then sealed when the mold
sections were assembled. The integrated resin tubes were located so resin could flow into
the remaining free volume around the shear web before continuing to the surface of the
mold, co-infusing the web in place with the resin.

The root section and fixture are particularly unique. The root fixture is a sacrificial
feature, functioning as an alignment and fixturing member for the 12 threaded root inserts
around the printed root section. The 3D-printed root mold section is designed to account for
the glass/carbon fabric and the cylindrical shape of the inserts. To build up the composite
root, half of the root plies are laid down before attaching the root inserts, then the remaining
root plies can be laid over the top of the inserts. The inserts themselves are tapered at the
end to prevent a sudden change in geometry for the overlaying plies. The root fixture is
a sacrificial print to be faced off after the composite manufacturing process is complete,
leaving a clean, circular root section with the threaded fasteners in situ.

Overall, the outer additively manufactured mold shape and composite layup must be
designed concurrently. The outer shape of the mold accounts for the varying thicknesses of
the composite layup to preserve the intended hydrodynamic shapes and profiles. The root
of the blade has a thick composite buildup that gradually tapers in thickness toward the
transition section, hence the reverse taper of the root mold section to be printed. Thicker
spar cap sections are also included in the composite design to taper in thickness along
the length of the transition and foil sections. Their influence on the mold shape can be
observed at the center chord of the main foil section (Figure 4d). The blade is also designed
to have a thin, continuous skin layer covering the entire outer surface of the blade section.

Finally, a thick, reusable, machined steel plate was mounted to the root fixture, so
the fully assembled mold could be secured to a stand. This allowed the mold to be easily
maneuvered and rotated to expedite the composite layup and infusion process.

3. Manufacturing

To properly demonstrate the potential of internal molds for hybrid composite marine
energy structures, the conceptual design described above was used to manufacture a
reduced-scale model. The purpose of the model was not only to display the capabilities
but also to clearly identify specific features that were particularly useful, as well as those
that were not. It also helped us recognize key areas for continued research to allow this
design and manufacturing approach to be viable for future iterations. The blade section
was reduced to a blade approximately 0.75 m in length with a 0.3 m maximum chord length.
Manufacturing was conducted at the National Renewable Energy Laboratory’s Composites
Manufacturing Education and Technology (CoMET) facility.

3.1. Additively Manufactured Mold Preparation

The four mold sections were printed from acrylonitrile butadiene styrene (ABS) plastic
with a Stratasys Fortus 400MC FDM printer. The sections were printed with a double-dense
sparse in-fill to reduce material usage and printing times and ensure geometric integrity
when vacuum pressure was applied for the VARIM process. Before assembly, each mold
section was sealed to ensure that vacuum integrity could be maintained throughout the
resin infusion process. This was done following Stratasys’s recommendations for sealing
additively manufactured composite molds [12]. The internal and external surfaces were
sanded, coated with a fast-curing wet-layup epoxy from West Systems, and sanded again
(see Figure 6).
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Figure 6. The 3D-printed mold sections after being sanded, sealed with epoxy, and fully assembled, ready for the composite
manufacturing process. The root inserts were bolted in place for display purposes.

After sealing, the mold sections were joined and bonded using the prescribed dowel
pins, nylon bushings, and structural adhesive, although other techniques such as thermal
welding could have achieved the same effect without the expensive adhesive [12,20]. The
premade shear web was also installed before bonding the main foil and transition section
together, so it was secured in place for the VARIM process. The shear web was a flat
sandwich panel manufactured from epoxy-resin-infused triaxial fiberglass and a structural
foam core. Finally, the mold was vacuum-bagged, and a leak test was performed to confirm
adequate vacuum integrity for the VARIM process. Figure 6 shows the final assembled
additively manufactured mold ready for the composite layup and infusion process.

3.2. Composite Layup and Infusion

As mentioned in Section 2.2, we designed the composite layup concurrently with
the additively manufactured mold to achieve the desired outer hydrodynamic profiles. A
triaxial fiberglass fabric with an average ply thickness of 0.9 mm was used for all areas
of the blade section. The root was designed to incorporate 14 plies tapering in length
over the root section of the mold. The spar caps were designed to be four plies thick and
tapered in both length and width toward the main foil section of the mold. Finally, a single
skin ply was to be wrapped over the full length and chord of the mold. A structural flow
fiberglass media was used as the first ply to encourage resin flow across the entire mold.
As previously stated, this was not intended to be an optimized structural design, but rather
a representative design for manufacturing purposes.

Figure 7 shows the layup process. First, the structural flow media was applied to the
mold and held in place with spray adhesive. The first half of the root plies could then
be applied, followed by all 12 of the root inserts (see Figure 7a). The remaining 7 root
plies were then placed over the top of the inserts (see Figure 7b). The high-pressure and
low-pressure spar cap plies were then installed (see Figure 7c), followed by the final skin
ply, which was wrapped tightly around the leading and trailing edges to ensure tight
contours in those critical areas (see Figure 7d). The blade section was then vacuum-bagged
with vacuum lines installed along the leading and trailing edges to ensure resin flow from
the center of the mold over the entire surface and to control it during the infusion process.
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Figure 7. Showing the composite layup process with (a) the first half of the root plies and root inserts installed, (b) the
second half of the root plies, (c) the spar caps, and (d) the final skin ply.

For the resin infusion process, we used Hexion’s Epikote RIMR135/Epikure RIMH1366
two-part epoxy resin system, which is commonly used in the manufacturing of wind tur-
bine blades [23]. Figure 8 shows the VARIM process. The transition section wet out first,
followed by the thicker root section. The main foil section was last to fully saturate be-
cause the epoxy resin had to flow around the shear web before reaching the main surfaces.
Overall, the entire blade section became fully saturated with epoxy as intended.

 

Figure 8. Photo taken mid-infusion, showing the epoxy resin saturating the fiberglass around the
transition section and beginning to flow through the root and main foil sections.
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3.3. Final Finishing

Once cured, the vacuum bag and other infusion materials were removed from the
blade section. The root was then prepared by removing the fasteners and slicing off the
sacrificial root fixture portion of the mold. The surface was then faced to be flush with the
threaded root inserts. Figure 8 shows the draping of the triaxial fiberglass fabric around
the cylindrical insert and the remaining root section of the mold in place.

The end of the main foil section was also sliced to better observe the resin flow through
the fixture surrounding the premade shear web (see Figure 9). The epoxy resin flowed
well around the web, with no visible dry spots around the structural foam. This cross-
section also shows that the resin flowed into portions of the reduced density cavities in the
3D-printed mold.

 

Figure 9. The final faced surface of the root end of the blade section (top) showing the draping of the fiberglass plies over
and under the root inserts, and the main foil section (bottom) to show the profiles of the final spar caps and shear web.
Epoxy resin in the sparsely filled internal cavities of the 3D print can also be observed.

The surface was ground and sanded smooth using an orbital sander and gradually in-
creasing sandpaper grits, as is standard practice, until the surface was free of visible waves
and discontinuities. Figure 10 shows the final, finished, reduced-scale tidal turbine blade
section. Overall, the additively manufactured internal mold approach to manufacturing
the blade section required significantly less time and effort than applying conventional
mold manufacturing techniques to produce two half-blade section molds and then manu-
facturing a blade section from them. This is in comparison with the extensive experience
gained through conventional manufacturing of tidal and wind turbine blades previously
in the CoMET facility [13,14], as well as with a variety of industry partners. The facing
of the blade root was quick and simple, and there were absolutely no secondary bonding
processes required. Surface grinding and finishing was more time-consuming than typical
but was more than made up for by the reduction and elimination of other process steps.
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Figure 10. The final finished blade section with visible out-of-plane waves stemming from the root inserts and the
delamination along the leading edge of the transition region.

4. Discussion

The goal of this research was to identify the manufacturing potential for using additive
manufacturing for internal molding to produce hybrid composite structures for marine
energy systems. Through this research, we demonstrated the many potential benefits and
key features that permanent additively manufactured tooling could allow for. As a proof
of concept, we conceptually designed and manufactured a reduced-scale tidal turbine
blade section, which integrated a number of novel features made possible through additive
manufacturing. Gaining hands-on experience allowed for a much greater understanding
of how to properly implement the technology in a manufacturing environment and helped
identify important requirements for future research. This section provides a discussion of
the key findings from the design and manufacturing process.

4.1. Mold Design

The process of designing the additively manufactured mold itself did not have a
significant influence on the design process from a manufacturing perspective. Once the
composite ply layout had been designed, the composite thicknesses were subtracted from
the intended net external geometry of the blade section, leaving the final outer surface
geometry of the mold to be printed. This required some intuition during the CAD drawing
process but could be much more streamlined with the use of specialized composite design
and ply draping software. The implementation of the integrated shear web, resin infusion
lines, root fasteners, and mold segmentation were also straightforward in the design for
manufacturing approach, although ensuring that the complex internal structures of the
mold could be perfectly sealed required forethought. Nonetheless, there is plenty of room
for further optimization of this design in the future, especially from a structural integrity
perspective.

Another area for extensive optimization in the additively manufactured mold design
is the in-fill and wall thickness parameters for the internal cavities of the 3D print. We chose
a sparse, double-dense in-fill to reduce material usage and print times, and also to minimize
distortion of the mold as a result of vacuum pressure (see Figure 9). In future designs,
this aspect must be carefully considered, especially if the mold is intended to remain as
a load-bearing component in the full-scale hybrid additively manufactured/composite
structure. Segmented optimization or even full topology optimization of mold designs
could give way to highly efficient, advanced hybrid composite structures. In addition,
print and lead times, as well as material costs, could be significantly reduced for prototype
and large-scale-manufacturing marine energy structures. This will be a specific focus for
future research.
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Material selection for the blade section design and manufacturing was relatively con-
servative. The mold was printed with ABS plastic because of its low cost, and the composite
was fiberglass infused with a room-temperature-cure epoxy. We chose this specific epoxy
because of its low exotherm temperatures during curing, so it was compatible with the ABS
mold. ABS has a relatively low heat deformation temperature and may have permanently
deformed if a higher temperature cure resin was used. To 3D-print a mold also intended
to be a structural element, chopped fiber-filled or even continuous fiber thermoplastic
filaments would be a better choice, because of their higher stiffnesses, strengths, and heat
deformation temperatures. Their lower coefficients of thermal expansion would also be
beneficial. In turn, this would allow for a much broader selection of resin systems for the
VARIM process. Novel, infusible thermoplastic resin systems are showing great promise
for renewable composite applications [13]. They exhibit similar mechanical properties
to epoxy resin systems, with the added benefit of being recycled more easily [24]. The
combination of a thermoplastic, 3D-printed hybrid mold with a thermoplastic composite
would allow for fully recyclable structures at the end of their service life [25]. This would
be an important economic and sustainable benefit for the marine energy industry.

4.2. Manufacturing

Once printed, the mold sections were sanded and then sealed with a fast-curing,
wet layup epoxy resin system. This was by far the most time-consuming step of the
manufacturing process, mainly because of the complex internal shapes of the mold. The
inside of the resin infusion passageways and the shear web fixture could not be sealed.
This was sufficient to provide a good vacuum seal for the VARIM process but did lead to
other issues. The resin was drawn into the internal cavities of the 3D prints (see Figure 9),
leading to a significant increase in the resin required for the infusion. Based on estimates
from an assumed fiber mass fraction for the VARIM process, the total mass of the fiberglass,
and the volumes of the internal mold cavities, the part absorbed almost three times as
much epoxy as was calculated to be required. Because of this, better sealing methods are
required for 3D-printed molds with hard-to-reach, complex geometries and design features.
Techniques such as vapor smoothing with acetone [26] may be very useful for this type of
application, but will require stricter controls when applied on a larger scale. More research
is required in this area.

Hands-on manufacturing of the conceptual design provided a true understanding
of which design features were particularly beneficial for the manufacturing process. The
segmented mold construction was simple to implement and would be beneficial for trans-
portation or on-site manufacturing of large components. In fact, it made sealing the
harder-to-reach areas of the mold easier while it was still segmented. Integrating the root
fasteners also worked as intended, as well as the integrated shear web fixture. The premade
shear web was easily inserted and sealed into the mold for infusion. On a larger scale,
more considerations would need to be made for the thickness taper and hydrodynamic
twist of the tidal turbine blade. Both the integrated root fasteners and shear web features
proved to be incredibly useful, removed time-consuming steps from the manufacturing
process, and eliminated the need for costly, defect-prone adhesive bonding steps.

The only design features that proved to be a hindrance were the integrated resin
passageways. As described earlier, it was not possible to seal the inside of them, which
led to excessive resin uptake. In this case, they were not worth the additional design and
manufacturing effort, although their presence was useful for providing resin flow around
the shear web. Despite the disadvantages, this research has demonstrated that it is possible
to implement integrated resin passageways as a 3D-printed design feature. They may
still become useful for other more complex composite geometries in the future, wherein
accurate resin flow is critical.

Final finishing of the blade section was a critical step in the manufacturing process. It
was already understood that this was where the novel internal molding process would be
at a disadvantage to traditional female molding techniques. Overall, the finishing process
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was not much more time-consuming than is typically required for a tidal turbine blade
based on past manufacturing experience in the CoMET, but other issues were uncovered.
The spar caps needed a substantial amount of material removed to meet the designed
hydrodynamic surface geometry. This would be detrimental to the integrity of a full-scale
blade structure. Great care also needed to be taken around the trailing edge region to avoid
grinding through the skin plies to the mold surface. In light of these issues, the grinding
and sanding process could be accounted for in the design process. Low-cost “sacrificial”
plies, such as chopped-strand mats could be included in the composite layup design, so
that the critical skin and spar cap plies would not get damaged by the finishing process.

Figure 10 shows some visible out-of-plane waves in the composite around the root
of the blade section that were not removed during the final finishing process. Although
they were far away from the main hydrofoil portion of the blade section, manufacturing
defects like these can become damage initiation points under loading of the structure [27].
They were caused by the sharp changes in geometry of the mold surface and root inserts,
resulting in the triaxial fabric wrinkling. Further design of the root insert geometry or
different glass fabric selection would help alleviate these wrinkles. The triaxial fabric used
was relatively stiff and not easily draped over complex contours. The drapability of fabrics
should be carefully considered for future designs when sharp contours are present. The
scale of the blade section may have contributed to this issue. It is expected that the waves
would be much less prominent on a larger-scale component.

The final defect observed on the manufactured blade section was a large delamination
along the leading edge of the transition region (see Figure 10). This was caused by the
removal of the vacuum bag from the cured part. Ultimately, the 3D-printed mold will be
intended to be a load-bearing component of the composite structure, so delaminations
such as these would be unacceptable, and good adhesion between the 3D print and the
composite overlay is critical. The mold surface was prepared in a comparable way to
adhesive bonding surfaces but, clearly, that was insufficient. More research is required to
develop surface preparation practices for bonding these dissimilar materials. It appears
there is currently very little information available for such requirements.

To summarize, the main goal of this research was to investigate the potential for
additive manufacturing to be applied to the creation of marine energy composite structures
through internal molding to produce advanced hybrid structures. Our investigation has
indicated that additive manufacturing of internal composite molds can allow for a unique
design approach which can have the potential to reduce costs and lead times. Future
research will focus on a fully optimized structural design, which will then allow for proper
in-depth techno-economic analyses for comparison with conventional manufacturing
techniques. Ultimately, additive manufacturing of internal hybrid structural molds could
help pave the way for a new generation of low-cost, highly reliable, recyclable, and
advanced marine energy composite structures.
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