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Preface to ”Design and Applications of Additive

Manufacturing and 3D Printing”

Additive manufacturing (AM), more commonly known as 3D printing, has grown treme

mdously in recent years. It has shown its potential uses in the medical, automotive, aero

space, and spare part sectors. Personal manufacturing, complex and optimized parts, short

series manufacturing, and local on-demand manufacturing are just some of its current benefits. The

development of new materials and equipment has opened up new application possibilities, and

equipment is quicker and cheaper to use when utilizing the new materials launched by vendors and

material developers. AM has become more critical for the industry but also for academics. Since AM

offers more design freedom than any other manufacturing process, it provides designers with the

challenge of designing better and more efficient products.

The objective of this Special Issue was to provide a forum for researchers and practitioners

to exchange their latest achievements and to identify critical issues and challenges for future

investigations of the design and applications of additive manufacturing. The Special Issue consists of

five original full-length articles on the topic.

Mika Salmi

Editor
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Editorial

Design and Applications of Additive Manufacturing and
3D Printing

Mika Salmi

Department of Mechanical Engineering, Aalto University, 02150 Espoo, Finland; mika.salmi@aalto.fi

1. Introduction

Additive manufacturing (AM), or commonly, 3D printing, has been witnessed in
various applications and purposes such as industrial applications in consumer products,
energy, aerospace, medical, spare parts [1–6] and research and development activities such
as prototyping, testing and material development [7–9]. What is common to all of these
is that AM is not possible without the 3D model resulting from the design phase. Since
AM allows the manufacture of complex geometries, we can improve the performance of
the products through that. However, it is challenging to specify the best geometry for
each purpose since we can optimize different things such as the mass, strength, price,
manufacturing speed or performance. In addition, different AM processes require different
approaches. This Special Issue offers a platform for researchers to study and report different
design aspects of AM by taking into account differences between AM processes. Five
original articles were published in this issue.

For the powder bed fusion of Ti6Al4V, Akram et al. [10] established a linear relationship
between percentage elongation and the combined size of α lath and powder layer thickness
using the rule of mixtures. They studied the microstructure’s effect on the magnitude
and anisotropy of the resultant mechanical properties, such as the yield strength and
elongation. A Hall–Petch relationship was established between the α lath size and the yield
strength magnitude for the as-built, heat-treated, transverse, and longitudinal built samples.
Percentage elongation was affected by both α lath size and powder layer thickness, due to
its correlation with the prior β columnar grain size.

To increase the spanwise length of the wing of unmanned aerial vehicles (UAV),
Bishay et al. [11] studied a new design for the core of span-morphing. The purpose of
morphing the wingspan is to increase lift and fuel efficiency. The main components that
make up the structure are zero Poisson’s ratio honeycomb substructure, telescoping carbon
fiber spars and a linear actuator. The design maintains the airfoil shape and cross-sectional
area during morphing because of its transverse rigidity and spanwise compliance. The wing
model was analyzed computationally, manufactured, assembled and experimentally tested.

Guo et al. [12] compared the shape, porosity and mean curvature between triply
periodic minimal surfaces and tetrahedral implicit surfaces. For replacing the conventional
Cartesian coordinates, they developed a new coordinates system based on the perpendic-
ular distances between a point and the tetrahedral faces to capture the periodicity of an
implicit tetrahedral surface. For the triply periodic minimal surface, various tetrahedral
implicit surfaces, including P-, D- and G-surfaces, were defined by combinations of trigono-
metric functions. For demonstration, they made a femur scaffold construction to demonstrate
the process of modeling porous architectures using the implicit tetrahedral surface.

Topology optimization and laser-based powder bed fusion additive manufacturing
were utilized by Orne et al. [13] to develop space flight hardware. They redesigned and
manufactured two heritage parts for a Surrey Satellite Technology LTD (SSTL) Technology
Demonstrator Space Mission and a system of five components for SpaceIL’s lunar launch
vehicle. During topology optimization, they incorporated AM manufacturing constraints
such as the minimization of support structures, removing the unsintered powder and the
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minimization of heat transfer jumps. The designs were verified by finite element analysis.
The components were fabricated, and the AM artifacts and in-process testing coupons have
undergone verification and qualification testing.

Chadha et al. [14] explored the AM-enabled combination of function approach for
the design of modular products. The approach replaced sub-assemblies within a modular
product or system with more complex consolidated parts. This can increase the reliability
of systems and products by reducing the number of interfaces and optimizing the more
complex parts during the design. The fewer parts and the ability of users to replace or
upgrade the system or product parts on-demand should reduce user risk and life cycle
costs and prevent obsolescence. A case study for redesigning the AIM-120 AMRAAM
Airframe was presented to illustrate the concept.

These studies show many different design and optimization paths for AM. Part consol-
idation, topology optimization, porous and lattice structures, modularity and optimizing
mechanical properties can be performed with AM through design and AM process param-
eters. This opens a window where possibilities are endless, but finding the best ones is
highly challenging. Moreover, the development of new AM processes and materials such
as 4D printing will produce totally new challenges for design since dynamic behavior after
the 3D printing needs to be considered. These could example include combining topology
optimization with 4D printing and functionally graded adaptive metamaterials [15,16].

Funding: JAES Foundation.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: All the articles were refereed through a double-blind peer-review process. The
Guest Editor would like to thank all the authors for their excellent contributions. Special thanks to
the reviewers for their valuable and critical comments significantly improved the articles. Thanks to
the staff of the Designs journal, in particular, Ryan Pei, for his efforts and kind assistance.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Bogers, M.; Hadar, R.; Bilberg, A. Additive manufacturing for consumer-centric business models: Implications for supply chains
in consumer goods manufacturing. Technol. Forecast. Soc. Change 2016, 102, 225–239. [CrossRef]

2. Sun, C.; Wang, Y.; McMurtrey, M.D.; Jerred, N.D.; Liou, F.; Li, J. Additive manufacturing for energy: A review. Appl. Energy 2021,
282, 116041. [CrossRef]

3. Kestilä, A.; Nordling, K.; Miikkulainen, V.; Kaipio, M.; Tikka, T.; Salmi, M.; Auer, A.; Leskelä, M.; Ritala, M. Towards space-grade
3D-printed, ALD-coated small satellite propulsion components for fluidics. Addit. Manuf. 2018, 22, 31–37. [CrossRef]

4. Mäkitie, A.; Paloheimo, K.S.; Björkstrand, R.; Salmi, M.; Kontio, R.; Salo, J.; Yan, Y.; Paloheimo, M.; Tuomi, J. Medical applications
of rapid prototyping–three-dimensional bodies for planning and implementation of treatment and for tissue replacement.
Duodecim 2010, 126, 143–151. [PubMed]

5. Chekurov, S.; Salmi, M. Additive manufacturing in offsite repair of consumer electronics. Phys. Procedia 2017, 89, 23–30. [CrossRef]
6. Najmon, J.C.; Raeisi, S.; Tovar, A. Review of additive manufacturing technologies and applications in the aerospace industry.

Addit. Manuf. Aerosp. Ind. 2019, 11, 7–31.
7. Pham, D.T.; Gault, R.S. A comparison of rapid prototyping technologies. Int. J. Mach. Tools Manuf. 1998, 38, 1257–1287. [CrossRef]
8. Scaravetti, D.; Dubois, P.; Duchamp, R. Qualification of rapid prototyping tools: Proposition of a procedure and a test part. Int. J.

Adv. Manuf. Technol. 2008, 38, 683–690. [CrossRef]
9. Nilsén, F.; Ituarte, I.F.; Salmi, M.; Partanen, J.; Hannula, S.P. Effect of process parameters on non-modulated Ni-Mn-Ga alloy

manufactured using powder bed fusion. Addit. Manuf. 2019, 28, 464–474. [CrossRef]
10. Akram, J.; Pal, D.; Stucker, B. Establishing Flow Stress and Elongation Relationships as a Function of Microstructural Features of

Ti6Al4V Alloy Processed using SLM. Designs 2019, 3, 21. [CrossRef]
11. Bishay, P.L.; Burg, E.; Akinwunmi, A.; Phan, R.; Sepulveda, K. Development of a New Span-Morphing Wing Core Design. Designs

2019, 3, 12. [CrossRef]
12. Chadha, C.; Crowe, K.A.; Carmen, C.L.; Patterson, A.E. Exploring an AM-Enabled Combination-of-Functions Approach for

Modular Product Design. Designs 2018, 2, 37. [CrossRef]
13. Guo, Y.; Liu, K.; Yu, Z. Tetrahedron-Based Porous Scaffold Design for 3D Printing. Designs 2019, 3, 16. [CrossRef]

2



Designs 2022, 6, 6

14. Orme, M.; Madera, I.; Gschweitl, M.; Ferrari, M. Topology Optimization for Additive Manufacturing as an Enabler for Light
Weight Flight Hardware. Designs 2018, 2, 51. [CrossRef]

15. Bodaghi, M.; Damanpack, A.; Liao, W.H. Adaptive metamaterials by functionally graded 4D printing. Mater. Des. 2017, 135,
26–36. [CrossRef]

16. Zolfagharian, A.; Denk, M.; Bodaghi, M.; Kouzani, A.Z.; Kaynak, A. Topology-optimized 4D printing of a soft actuator. Acta
Mech. Solida Sin. 2019, 13, 137. [CrossRef]

3





designs

Article
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Abstract: Selective laser melting (SLM) is an attractive technology for fabricating complex metal
parts with reduced number of processing steps compared to traditional manufacturing technologies.
The main challenge in its adoption is the variability in mechanical property produced through
this process. Control and understanding of microstructural features affected by the SLM process
is the key for achieving desirable mechanical properties. Numerous studies have been published
related to microstructure and mechanical properties of SLM printed parts; however, few of those
reported end-to-end process–structure–property relationship. Therefore, the current study aims to
comprehensively present the widespread microstructure information available on SLM processed
Ti6Al4V alloy. Furthermore, its effects on the magnitude and anisotropy of the resultant mechanical
properties, such as the yield strength and elongation, has been established. A Hall–Petch relationship is
established between α lath size and yield strength magnitude for the as-built, heat-treated, transverse,
and longitudinal built samples. The anisotropy in flow stress is established using the α lath size
and prior β grain orientation. Percentage elongation was identified to be affected by both α lath size
and powder layer thickness, due to its correlation with the prior β columnar grain size. A linear
relationship was established between percentage elongation and combined size of α lath and powder
layer thickness using the rule of mixtures.

Keywords: selective laser melting (SLM); Ti6Al4V; structure–property relationship; microstructure;
Hall–Petch relationship

1. Introduction

Additive manufacturing (AM) is a method of fabricating 3D components where materials are
added in a layer-by-layer fashion [1]. It is an advanced manufacturing technology capable of fabricating
complex part geometries with low lead time and material consumption. Metal-melting AM technologies,
their feed systems, and energy sources are described elsewhere [2]. Among these, selective laser
melting (SLM) and electron beam melting (EBM) are widely used methods in order to avail printing of
complex geometries. A big challenge in the adoption of these methods is the variability in mechanical
properties, which can vary from machine to machine as well as with changing process parameters.
There are many process parameters which are responsible for this variability such as the power, velocity
and type of heat source (e.g., electron beam or laser, laser scan strategy, powder layer thickness, hatch
spacing, beam diameter, pre-heating) [3]. These parameters vary considerably with machine type and
most of them are either confidential or locked for a machine type and a material system. As a result,
it can be very challenging to reproduce a part with the same mechanical properties using different
machines. This leads to the motivation behind exploration for a unified approach to correlate process
parameter variations with resultant mechanical properties of additively manufactured materials, using

Designs 2019, 3, 21; doi:10.3390/designs3020021 www.mdpi.com/journal/designs5
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a thorough understanding of microstructural features and morphologies. The current study aims
to look into the published microstructure information and combine results in a meaningful form to
demonstrate how microstructure relates to the mechanical properties of a part processed through
SLM. The material system investigated in this article is Ti6Al4V due to its applications in a variety of
industries, such as automotive, aerospace, and medical sectors.

2. Background

Ti6Al4V is an attractive alloy for lightweight structural components due to its excellent
strength-to-weight ratio, corrosion resistance, and bio combability [4]. This alloy contains 6 wt.% of
aluminum and 4 wt.% of vanadium, which are α and β stabilizers, respectively. The α stabilizers
(Al, O2, N2, C, etc.,) extend the α phase field to higher temperatures, whereas β stabilizers (V, Mo,
Ta, etc.,) shift the β phase field to lower temperatures. Depending on the starting temperature, cooling
rate, thermomechanical process, and post processing heat treatment, the final microstructures could
be lamellar, martensitic, or equiaxed [4,5]. For example, when heated fully above the β-transus
temperature of 995 °C followed by a furnace quasi-static cooling, the final microstructure consists of a
lamellar structure of α and β, as shown in Figure 1a. Depending on the cooling rate, the resulting width
of the lamellae could be coarsened or made finer. Rapid cooling leads to a martensitic transformation
as shown in Figure 1b, which offers high strength-to-weight ratio, caused by high dislocation densities
as a function of the severity of cooling. Equiaxed grains, as shown in Figure 1c, formed during
recrystallization heat treatment on pre-deformed microstructures, also increase strength. Depending
upon the heat treatment temperature, the size of equiaxed grains could be large or small. Further,
at different combinations of solution heat treatments, the final distribution of microstructure could be
bimodal in some cases, such as a mix of equiaxed and lamellar structures [4,6,7], as shown in Figure 1d.
These microstructures have their specific roles on the mechanical behavior. Based on the literature [4,6],
it could be established that the fine microstructural features, such as the grain size, offers high strength
and ductility; coarse microstructure offers better resistance to creep and fatigue crack growth; equiaxed
microstructure offers good ductility and fatigue strength; and lamellar microstructure offers better
fracture toughness as well as superior resistance to creep and fatigue crack growth.

Figure 1. Cont.
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Figure 1. Example of (a) lamellar, (b) acicular, (c) equiaxed, and (d) bi-modal microstructure in Ti6Al4V
alloy [4,6].

3. Results and Discussion

In SLM processed materials, the as-built microstructure is mainly composed of a very fine α’
lath martensite structure due to excessively high rates of cooling. The typical α’ lath martensite
micro structure as processed using the SLM method is shown in Figure 2. Table 1 summarizes the
literature review of all the as-built and heat-treated microstructures (i.e., α colony width and prior β
columnar grain width), processed using different process parameters and corresponding mechanical
property variations. The resolution of fine α’ lath martensite ranged from 0.2 to 0.6 μm. In few
cases, these features could grow up to 2–3 μm during the heat treatment. Presence of acicular α’ in
as-built structures imparts a very high amount of dislocation density [8], which is responsible for high
strength compared to conventional processed materials. However, this high strength is compromised
by reduced elongation. Therefore, a post process heat treatment becomes essential. It can be seen from
the literature data presented in Table 1 that after post additive heat treatment (PAHT), a considerable
amount of gain in elongation value is achieved compared to the as-built parts at the cost of yield
strength, which is comparable to that of the wrought products.
p

Figure 2. Typical α’ lath martensite micro structure as processed using SLM method: (a) Lower and
(b) higher magnification [9].
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3.1. Correlation between As-Built and Heat-Treated Yield Strength and α/β Feature Sizes

The presented information in Table 1 clearly indicates that the width of α lath size is mainly
responsible for high yield strengths. Figure 3 illustrates the Hall–Petch relationship between α lath
size and yield strength of as-built and heat-treated samples. Although the inversely proportional
relationship between grain size and flow stress is known from Hall–Petch expression, the constant
of proportionality needs to be determined as a function of processing condition and given material.
Using information from literature as presented in Table 1, such constants have been evaluated for
Ti6Al4V alloy processed through SLM, as shown in Figure 3. The α lath size values presented in Table 1
were either taken as reported in a paper or calculated using image J software. It clearly reflects the
fact that the finer the lath size is, the higher the resulting yield strength is, and is in good agreement
with the conventional Hall–Petch relationship. It could be also observed that the samples built in the
longitudinal direction show higher strength when compared with their transverse counterparts, which
is common in all AM parts [22,23]. Although, the strength increases faster with respect to inverse
square root α lath size in the longitudinal direction than its transverse counterpart. This anisotropy in
mechanical behavior is not only observed in SLM but also in EBM- and DED-produced parts, and could
be attributed to strong texturing during SLM processing [24]. Texture in the AM parts occurs from
growth of columnar grains, which seem to preferentially occur in an epitaxial manner from one layer
to multiple layers in the building direction [24], driven due to strong −z thermal gradients towards the
heat sink. In Ti6Al4V, the columnar grains are a result of prior β grains, which are stable above the
β-transus temperature. Upon cooling, α grains nucleate at the columnar β grain boundaries and grow
according to the Burger orientation correlation during cooling [25]. Due to the rapid cooling in SLM,
these α grains grow in a very fine needle-like shape (acicular α’) with certain variant selection [25] by
diffusionless transformation mode. Therefore, the β phase is almost absent in the final microstructure.
These prior β grains in the as-built microstructure cannot be seen but are important in evaluating final
yield strength and elongation of a material, because final orientation of α laths are dependent on the
orientation of the prior β columnar grains. When these columnar grains are oriented transverse to
the loading axis, they impart high yield strength by dislocation pile-up at prior β columnar grain
boundaries. In longitudinally/horizontally built samples, these columnar grains are oriented transverse to
the loading direction and; therefore, high yield strength values are seen compared to transverse, as shown
in Figure 4. The grain boundaries of these columnar grains are not easy to identify and are sometimes
misinterpreted by laser vector hatch spacing. Careful identification or reconstruction of β grains using
electron backscattered diffraction data is a promising technique to resolve the width of these grains [26].

Figure 3. Hall–Petch relationship between α lath size and yield strength for as-built and
heat-treated samples.
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Figure 4. Schematic of spring arrangement in series and parallel case analogous to β grains in
longitudinal and transverse built samples.

3.2. Correlation between As-Built Elongation and α/β Feature Sizes

Apart from the yield strength, another important property specification of any engineering
material required for the structural integrity is ductility. Figure 5a is the plot between α lath size and
percent elongation of as-built and heat-treated SLM samples. It can be seen from the plot that there
is no clear relationship between elongation and α lath size, as seen for yield strength, as well as no
distinction in elongation values between longitudinally and transversely built samples. The wide
scatter indicates α lath size is not the only factor responsible for percent elongation. It could be possible
that prior β grain size and orientation does affect elongation values in a similar manner as yield strength
values. Although, the width of β columnar grains are not widely reported in the literature since β

phase becomes unstable at lower temperatures. By incorporating larger amounts of β stabilizers, the β

microstructure could be frozen at a relatively lower temperature to study these effects, if any. However,
powder layer thickness does appear to relate to elongation. Higher powder layer thickness combined
with large α lath size imparts high percentage elongation. Rule of mixtures is adopted to combine these
two parameters, where 0.8 and 0.2 fraction of contribution is given to α lath size and powder layer
thickness, respectively (0.8*(α lath size) + (0.2*layer thickness)). The combined size is plotted with
percentage elongation for as-built samples, as shown in Figure 5b. It can be observed from the plot
that a linear relationship is established, which shows layer thickness does affect the elongation values.

The powder layer thickness could be corelated with prior β columnar grain size by considering
the nucleation population in a specified build height. For example, the higher the layer thickness, the
lesser would be the number of melted layers for a specified build height. This considerably reduces
the total number of nucleation events, hence a larger prior β columnar grain width becomes probable.
This is also indicated in Table 1 with a few exceptions. By relating β grain size with powder layer
thickness, it can be inferred that a larger prior β columnar grain width combined with a large α lath
width imparts higher elongation as shown in Figure 5b. Like the yield strength relationship, the
orientation of prior β columnar grain also affects elongation. Higher elongation values are achieved
for transverse as-built samples when β columnar grains are aligned along the tensile loading axis,
as shown in Figure 5b. This higher elongation is the result of a higher Schmid factor value, which is
achieved due to nearly transverse orientation of α’ (~60◦ with prior β columnar grains) laths with
the tensile loading axis for transversely built samples [14]. Apart from higher elongation, the rate at
which elongation increases as a function of combined α lath widths and powder layer thickness, is also
faster in transverse samples compared to their longitudinal counterparts. One possible explanation
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is as follows: The effective spring coefficient decreases from 0.5 to 0.25 K resulting in a change of
0.25 K for loss of two springs (from four to two springs) in the series spring configuration on the left
(Figure 4). This effectively implies that the stiffness change per unit spring is 0.125 K. Similarly, the
stiffness change per unit spring is K for the parallel spring configuration. The reduction in the number
of springs in the parallel and series scenario is theoretically equivalent to the increase in powder layer
thickness. Increase in powder layer thickness corresponds to reduction in the number of nucleation
spots, which leads to increase in grain size. The stiffness change per unit spring stiffness is higher in
the transversely built samples when loaded in transverse direction compared to longitudinally built
samples when loaded in longitudinal direction. Henceforth, the increase in elongation with respect to
the decreasing number of grains or increasing powder layer thickness is also going to be higher in
transverse samples compared to their longitudinal counterparts.

 
Figure 5. Plot between percentage elongation and (a) α lath size for as-built and heat-treated samples
and (b) combined α lath and powder layer thickness (LT) using rule of mixture for as-built samples.

3.3. Correlation between Heat-Treated Elongation and α/β Feature Sizes

The percentage elongations of heat-treated samples for longitudinal and transverse oriented
samples are plotted with combined α lath and layer thickness (relating with β columnar) width using
rule of mixtures, as shown in Figure 6. The transverse-built heat-treated samples again showed good
linear relationship with combined α lath and layer thickness; however, longitudinal samples showed
an inverse relationship with increasing combined width. This discrepancy can be anticipated by
considering the effect of PAHT conditions. In heat-treated samples; holding time, temperature, and
cooling media are factors which affect the size of α lath and β columnar width. It can be seen from
Table 1 that the lower elongation values correspond to the samples that were either heat treated at very
low temperature or water quenched after heat treatment. Therefore, correct measurement of prior
β columnar grains and its orientation in addition to α lath size is needed to correctly evaluate or to
establish a relationship for yield strength and elongation.
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Figure 6. Plot between percentage elongation and combined α lath and powder layer thickness (LT)
using rule of mixture for heat-treated samples.

4. Conclusions

It could be concluded that widely reported tensile data for Ti6Al4V fabricated through SLM, when
combined with microstructural information (i.e., structure, α lath, and prior β columnar grain width
size), enables a Hall–Petch relationship to be established, showing that finer α lath size is responsible
for imparting high yield strength. Orientation of prior β columnar grains introduce anisotropy in
mechanical behavior, which is commonly observed in AM-fabricated samples. Transverse orientation
of prior β columnar grains with respect to tensile loading axis gives higher yield strength. Powder
layer thickness showed considerable effect on elongation due to its correlation with β columnar grains.
Rule of mixtures is adopted to establish a relationship between grain size and elongation. Results
show good correlation between combined α lath, powder layer thickness (related to β columnar),
and elongation.

Design Criteria: For a design perspective, the built material should have optimal elongation in
the as-build condition along with strength. Based on the observed results and inferred trends, the
combination of high strength and high elongation value can be achieved in the as-build condition
by properly choosing the powder layer thickness. A high powder layer thickness, which is related
to β columnar grains by the virtue of number density of nucleation sites, provides high elongation
and conserves the high strength in a part. This work can be very useful to improve the mechanical
properties of AM-printed parts by using larger layer thickness. As we mentioned, the powder layer
thickness values are related with β columnar grains, in future it would be very interesting to see if this
relationship still holds true using the β columnar grain size directly instead of layer thickness. If the
value of α lath size and powder layer thickness are known, the yield strength and elongation values
could be predicted or by using Integrated Computational Materials Engineering (ICME) tools which
can predict these microstructure features.
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Abstract: This paper presents a new design for the core of a span-morphing unmanned aerial vehicle
(UAV) wing that increases the spanwise length of the wing by fifty percent. The purpose of morphing
the wingspan is to increase lift and fuel efficiency during extension, to increase maneuverability
during contraction, and to add roll control capability through asymmetrical span morphing. The span
morphing is continuous throughout the wing, which is comprised of multiple partitions. Three main
components make up the structure of each partition: a zero Poisson’s ratio honeycomb substructure,
telescoping carbon fiber spars and a linear actuator. The zero Poisson’s ratio honeycomb substructure
is an assembly of rigid internal ribs and flexible chevrons. This innovative multi-part honeycomb
design allows the ribs and chevrons to be 3D printed separately from different materials in order to
offer different directional stiffness, and to accommodate design iterations and future maintenance.
Because of its transverse rigidity and spanwise compliance, the design maintains the airfoil shape
and the cross-sectional area during morphing. The telescoping carbon fiber spars interconnect to
provide structural support throughout the wing while undergoing morphing. The wing model has
been computationally analyzed, manufactured, assembled and experimentally tested.

Keywords: airfoil; 3D printing; carbon fiber tubes; telescoping spars; chevrons

1. Introduction

The aerodynamic properties of conventional airplane wings can be altered using flaps, slats,
and ailerons on the exterior of the wing. These components serve to alter the geometry and surface
area of the wing, but their use is accompanied by an unwanted drag and thus a lower fuel efficiency.
Conventional wings accomplish only limited mission objectives and cannot be optimized for the entire
flight envelope [1]. Morphing wings, in contrast, can change their geometric configurations at different
points of the flight envelope to significantly improve the aerodynamic performance at various flight
conditions in a variety of missions and functions [2]. However, the need to develop a wing structure
that is stiff enough to carry aerodynamic loads and, at the same time, flexible enough to morph, poses
many design challenges, especially if a seamless skin is sought.

The optimal wingspan required at different flight conditions is different from the fixed wingspan
selected in a traditional aircraft design based on the cruise condition. Wings with large span have good
range and fuel efficiency but have relatively low cruise speeds and lack maneuverability. Aircrafts with
low aspect ratio wings, on the other hand, can fly faster and can become more maneuverable, but show
poor aerodynamic efficiency [3]. Hence, wings with an adjustable wingspan are capable of improving
the overall flight performance. Changing the wingspan directly alters the surface area of the wing,
which affects the lift generated by the wing. Adjusting the span length, while maintaining a constant
airfoil cross-sectional area during flight, enables the optimization of endurance, maneuverability,
stability, fuel efficiency, and roll control at any specific flight condition [4]. Span morphing can be
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done symmetrically, where both wings are morphed identically and simultaneously, or asymmetrically,
where the morphing of one wing is different from the other one. Asymmetric morphing would allow
for roll control without the need for traditional ailerons [4]. The variety of modes in span length
morphing introduces added benefits, due to their adaptability to flight conditions and mission profiles.

Dramatic wing configuration changes have been explored [2]. The oldest and most common
concept of wing span morphing is the telescoping wing design. An example of such a design was
developed by Blondeau and Pines [5]. Telescoping wings do not need flexible skin, but are usually
heavier and more complex than other designs. In addition, telescoping usually takes place at the outer
surface of the wing leading to discontinuities or a wing with a nonuniform cross section. Designing
a successful and practical span-morphing wing requires developing a lightweight effective wing
core with an actuation system, and a compliant wing skin that maintains its shape at all morphing
configurations. The core should support the skin, carry the aerodynamic loads, and maintain the airfoil
shape during morphing. The skin should have a proper directional stiffness that can deform with
morphing without producing significant Poisson’s ratio effect and should maintain proper tautness at
all morphing configurations.

Different core designs for span morphing wings have been presented. Vocke III et al. [6] presented
a core with a zero Poisson’s ratio that can extend and slide over carbon fiber spars. Ajaj et al. [4]
introduced the idea of the Zigzag wingbox that is composed of various morphing partitions, where
each partition has some hinged beams that change the span of the partition upon actuation. Woods
and Fristwell [7] introduced the Adaptive Aspect Ratio (AdAR) concept that includes a telescopic
rectangular box spar, sliding ribs and a strap driven system for actuation. Ajaj et al. [8] developed a
span morphing wing with a compliant spar. This wing is also divided into multiple partitions, where
the spar in each partition is made of a series of compliant joints in the form of concentric overlapping
tubes that can change the span of the partition. Ajaj et al. [9] presented the idea of the Gear driveN
Autonomous Twin Spar (GNATSpar) wing for a mini-unmanned aerial vehicle (UAV). The spar of each
side of the wing in this design extends to the opposite side through a rack-and-pinion mechanism to
vary the wingspan length. Each of the aforementioned ideas comes with its own design challenges and
complexities. Accordingly, Ajaj and Jankee, in their recent work [10], designed, built and flight-tested
a span-morphing UAV, but relied on the old, well-established telescoping concept.

Span morphing wings require not just flexible skin, but stretchable skin that can significantly
expand without buckling or producing an excessive Poisson’s-ratio effect. Multiple studies presented
designs and fabrication details of flexible/stretchable skins with a near-zero Poisson’s ratio, for
morphing wing applications [11–14]. La et al. [15] recently presented a survey on the status and
challenges of designing skins for aircrafts with morphing wings. Ajaj et al. [9] used flexible elastomeric
skin on their GNATSpar wing design with 5% pre-tension. This 0.5 mm-thick latex skin increased the
required actuation force and had a significant Poisson’s effect that resulted in a nonuniform airfoil
shape along the span. Hence, it was suggested that flexible skins with a lower Young’s modulus, such
as Tecoflex and Rhodorsil V-330/CA-35 Silicone elastomers, be used to improve the skin behavior.
Bubert et al. [12] and Vocke III et al. [6] developed an elastomeric-matrix-composite (EMC) skin made
of Rhodorsil V-330/CA-35 silicone rubber with embedded chordwise unidirectional carbon fibers. This
skin had a near-zero Poisson’s effect. Recently, Jakubinek et al. [16,17] developed a stretchable skin
based on carbon nanotube-polyurethane sheets with approximately 25 wt% carbon nanotubes.

This paper presents an improved design for the core structure of the span-morphing wing
presented in Reference [6]. The new design features an assembled honeycomb substructure made
of flexible chevrons, integrated with rigid internal ribs. This results in spanwise compliance to
enable morphing, with a transverse rigidity to effectively carry the aerodynamic loads. This is in
contrast to the design in Reference [6] that was made of one flexible material, and hence lacked the
benefit of having varied directional stiffness. The new honeycomb substructure is also much easier to
manufacture than that reported in Reference [6], since it eliminates the need for 3D-printed support
structures, if a fused deposition modeling (FDM) 3D printer is used. It also avoids all complications
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that come from printing one large complicated structure in a single 3D printing job. In addition,
telescoping carbon fiber tubes are used to replace the idea of sliding ribs on a fixed spar, presented
in Reference [6]. The telescoping action is done in each partition, hence effectively and efficiently
utilizing the precious space inside the wing. The model in Reference [6] did not include any actuators.
The current work uses linear actuators in the core of each partition to morph the wing. Structural
analyses of the span-morphing partition have been performed to ensure the ability of the wing to
carry the aerodynamic loads without significant transverse deformations, and to assess the ability of
the linear actuators to generate the required forces to actuate the wing partitions in both directions.
The proposed design has been manufactured, assembled and tested. The testing results qualitatively
confirmed all computational simulations and proved the effectiveness of the new design. Appendix A
presents some of the aforementioned designs in the literature, some drawbacks based on the authors’
opinion, and the improvements that the proposed design offers in order to avoid such drawbacks.

The rest of this paper is organized as follows: Section 2 introduces the new design of the wing
core; Section 3 presents the structural analyses performed and the computational results; Section 4
addresses some manufacturing details; Section 5 covers testing. This is followed by a final summary
and conclusion.

2. Wing Core Design

The design requirements for the morphing wing core were: (1) change the wingspan by 50%
from the compressed state to the expanded state, (2) maximize the transverse and chordwise stiffness
while keeping the spanwise stiffness low to enable morphing, (3) support a seamless, stretchable
skin without changing the airfoil shape along the wing span, (4) use lightweight materials for the
wing load-carrying structure and ensure no failure or large deformations to this structure under the
expected aerodynamic loads. The UAV wing shape is rectangular, with a chord length of 27 cm and
baseline (non-morphed) span length of 102 cm. Compressed and extended span lengths of 81.6 cm and
122.4 cm, respectively, were chosen to reflect a fifty percent span length increase from the compressed
configuration. The NACA 0015 standard symmetrical airfoil was chosen for its high lift-to-drag ratio.
The wing comprises five partitions, as can be seen in Figure 1. Each partition can be compressed or
extended as shown in Figure 2.

Figure 1. The proposed span morphing wing assembly.

 
Figure 2. Three partitions: compressed, baseline and extended.

Three main components make up the structure of each partition, as shown in the cutaway view in
Figure 3: A zero Poisson’s ratio honeycomb substructure, two telescoping carbon fiber spars, and a
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linear actuator. The zero Poisson’s ratio honeycomb substructure allows for a fifty percent extension
while maintaining the airfoil shape and the cross-sectional area. The telescoping carbon fiber tubes
interconnect to provide the main structure of the wing. Linear actuators in all partitions provide the
means of actuating the entire wing.

 
Figure 3. Cutaway view of a single partition.

The whole wing can be covered by a seamless, continuous, pre-tensioned and stretchable latex
skin or composite skin of silicone rubber matrix with embedded unidirectional chordwise carbon
fibers. This skin allows for spanwise extension while maintaining chordwise stiffness. Along with the
honeycomb substructure, the chordwise orientation of the carbon fibers in the skin ensures a near-zero
Poisson’s ratio while morphing occurs. Similar skin designs have been developed by Bubert et al. [12]
and Chen et al. [14]. Compared to the designs in References [4,9] (figures in Appendix A), the proposed
design avoids the significant nonuniformity of the airfoil shape along the span because of the presence
of internal ribs and chevrons to support the skin between the main ribs.

2.1. Assembled Honeycomb Substructure

The honeycomb substructure, presented for the first time in Reference [6], was 3D printed of
acrylic-based photopolymer as one piece. This was replaced in the proposed design by an assembly of
flexible interconnecting beams or “chevrons” made of Nylon Alloy 910, connected to rigid internal
ribs made of polylactic acid (PLA) as shown in Figure 4 (left). Because of the rigid internal ribs, this
modified design has a much stronger transverse and chordwise rigidity to support the skin and carry
the aerodynamic loads without significant transverse deformations, while still featuring the spanwise
compliance provided through the flexible chevrons. The design maintains the constant airfoil shape
and cross-sectional area, which is not guaranteed in the flexible design in Reference [6]. Figure 4
(right) shows the internal rib design. The chevron design was also modified to take the shape of a
cosine wave, which reduces the stress concentrations that can develop around the sharp curves of the
honeycomb design in Reference [6]. The honeycomb substructure is fastened to the main spar/rib
structure of the wing as shown in Figure 5.

 

 

Figure 4. (left) The honeycomb substructure, (right) internal rib design.
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Figure 5. (left) Exploded view of a wing partition, (right) interconnected telescoping spars.

2.2. Interconnected Telescoping Spars

The spar assembly provides structural rigidity and resists bending of the wing under aerodynamic
loads. In contrast to past designs which relied on either a traditional single carbon fiber spar, with
telescoping taking place within the fuselage, or spars that fold within the morphing partition [4,6,18],
the proposed design relies on interconnected, telescoping carbon fiber spars, with the telescoping
action taking place within each partition of the wing. The benefit of this design is that it keeps the
actuation within the individual morphing partitions, thus utilizing the space inside the wing more
efficiently and providing more support to the honeycomb substructure than what the zigzag concept
offers [4], for example.

The central outer spar is attached to the central internal rib of the honeycomb to prevent unwanted
side-to-side motion. The inner spars pass through and are bonded to the main ribs, as shown in the
exploded view in Figure 5. In order to keep the spars from moving too far apart and the center spar
from becoming dislodged, the linear actuators limit the ultimate extension and contraction of the
system. This allows the system to achieve the motion necessary for morphing, while locking the
structure in place for both the compressed and extended configurations. A layer of Teflon between the
inner and outer spars is used to minimize the sliding friction.

The carbon fiber tubes are made of layers of interwoven T300 carbon fibers. The main ribs, 3D
printed of acrylonitrile butadiene styrene (ABS), are bonded to the inner carbon fiber hollow spars.
These inner spars have a total length of 16.7 cm, an outer diameter of 13 mm and inner diameter of 11
mm. Teflon tubes with an outer diameter of 15 mm are affixed to the outside of the inner spars. The
outer spars have an outer diameter of 18 mm, inner diameter of 16 mm and length of 16.3 cm.

3. Simulations

To analyze the effect of the aerodynamic loads on the major components of the proposed design,
SOLIDWORKS Simulation (version 2017 by Dassault Systemes, Vélizy-Villacoublay, France) was used
to perform a finite element analysis (FEA) on the developed model. A static analysis was performed
on the spars to determine the maximum displacement under aerodynamic loads. First, an elliptical
load distribution was assumed over the wing as shown in Figure 6.

 

Figure 6. Distribution of aerodynamic loads over a single wing.

Equation (1) represents the distribution of the load, q(x), the wing experiences based on the weight
of the aircraft and the weight of the wing [19].

q(x) =
2nWtotal

√
L2 − x2

πL2 − nWwing, (1)
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Wtotal is the total weight of the UAV (assumed to be 15 Kg, which is an average weight of a typical
UAV of the same size), Wwing is the weight of the wing (assumed to be Wtotal/8, which is a commonly
used estimate for the weight of the wing), n is the load factor (defined as lift/total weight, and taken to
be 1.5 here), L is the span length, and x is the position measured from the wing root along the span.
The load can be discretized and broken down into six individual distributed loads to be applied to
the six main ribs for analysis. Since the loads were transferred from the skin and the honeycomb
substructure to the spars via the six main ribs, only the six ribs and the interconnected spars were
used in this simplified bending analysis. Each rib had two spars running through it, as shown in
Figure 7. The reaction forces between the ribs and the spars were analyzed, showing that the rear and
front spars take 2/3 and 1/3 of the total load, respectively. Hence, another analysis was conducted
on the rear spar separately, where the root of the spar was constrained, and two-thirds of the total
load was applied at the locations of the six main ribs. Split lines were created in SOLIDWORKS to
simulate where the ribs are located on the spars. A convergence analysis was performed on both the
compressed and extended configurations. The maximum displacement occurred at the tip of the wing
for both configurations, as anticipated. The maximum displacement of the spar assembly was 7 mm
and 15 mm for the compressed and extended configurations, respectively, with large strength ratios.

 

Figure 7. Static analysis on the rib-spar assembly (loads are applied at rib locations).

Multiple studies were also conducted on the honeycomb substructure. First, a static study was
performed in order to find the force required to expand the honeycomb substructure through the full
stroke. This was done to ensure that the linear actuators would be able to supply the force required
to actuate the honeycomb substructure. One end of the honeycomb was fixed while the opposite
end was given a 4 cm-prescribed displacement to expand or compress the structure. The reaction
force in the direction of the actuation was found to be 8.05 N, which the linear actuators are more
than capable of delivering (L12-R Actuonix Linear Electric Actuator [20] provides 42 N output force).
Figure 8 displays the constraints of the honeycomb substructure in the FEA simulation, along with the
prescribed displacements and reaction forces.

Figure 8. Fixed constraints, a 4 cm prescribed displacement in the longitudinal direction and the
resultant reaction forces on the honeycomb substructure.

The honeycomb substructure and the internal ribs act as the main support for the skin of the
wing. Hence, another study was conducted to check how the structure reacts to a large vertical load
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while in the extended configuration. The honeycomb was simulated by removing the spar supports to
eliminate the rigid structure that would resist the vertical deflection. The magnitude of the vertical
load was 100 N and was applied to the top half of the structure while a 4 cm-prescribed displacement
was applied to the end of the honeycomb section. This large force was chosen to simulate an extreme
situation, with a greater vertical load than the wing would experience in real life. One of the end ribs
and the middle internal rib were fixed, simulating the honeycomb in the assembly.

The converged mesh that was used consisted of 1,077,564 nodes equivalent to 615,139 second-order
tetrahedral elements, created using the curvature-based mesher in SOLIDWORKS Simulation. Despite
the large vertical load, the maximum stress was well below the yield strength of Nylon Alloy 910,
with a 5.3 minimum factor of safety. The maximum displacement was 4.5 mm. This means that the
deformations of the chevrons will not interfere with the linear actuators or the internal spars. Figure 9
shows the deformed and stressed structure.

Figure 9. The static study on the honeycomb substructure with a 100 N load and a 4 cm-prescribed
displacement applied (maximum displacement = 4.5 mm, and minimum factor of safety = 5.3).

4. Manufacturing

Because of the complex geometry of the honeycomb, 3D printing was determined to be the only
viable option for manufacturing. The internal ribs and chevrons were 3D printed separately from PLA
and Nylon Alloy 910, respectively. Each row of chevrons was 3D printed as one piece, yielding 20
rows of separately 3D printed chevrons per honeycomb partition. The honeycomb substructure was
assembled afterwards with a tight press fit between the ribs and chevrons as shown in Figure 10.

 

Figure 10. The assembled honeycomb substructure.

This new design allowed the parts to be 3D printed at a much faster rate compared to that in [6],
because of the elimination of the 3D printing support material. The selected materials achieved the
correct combination of flexibility in the chevrons to allow for spanwise morphing and rigidity in the
ribs to eliminate transverse and chordwise deformations. Hence, it ensures a uniform cross section
throughout the wing span.

5. Testing

To test the spanwise compliance of the assembled partition, the structure was oriented with
the ribs parallel to the floor, known weights were hung from the partition to induce extension, and
the resulting displacements were measured. Similar tests were conducted with the partition under
compression as shown in Figure 11.
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Figure 11. Testing the compliance of the assembled structure.

The span morphing partition is shown assembled and under compression in Figure 12. Figure 13
shows the results of the honeycomb compliance tests. The relation between displacement, d, and input
force, F, was nearly linear in both cases, and can be expressed as

d =

{
0.1498F − 0.6156(cm)Extension

0.1172F + 0.3722(cm)Compression
, (2)

   

Figure 12. The span morphing partition (left) assembled, (right) under compression.

Figure 13. Honeycomb displacement vs. input force, in extension and compression tests.

The stiffness of the honeycomb during extension was approximately 6.67 N/cm while the stiffness
during compression was approximately 8.53 N/cm. Based on these experimental results, the geometry
and the material of the chevrons can be iterated to accommodate any changing design requirements.

The linear actuators were able to fully extend and compress the manufactured wing partition
smoothly, as shown in Figure 14. Fixing one end rib of the wing partition in a horizontal position
and hanging several weights on the opposite end rib, to induce bending moments equivalent to
the expected aerodynamic bending loads, did not prevent the actuator from fully extending and
compressing the model.
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Figure 14. The actuation of the assembled span morphing wing partition (left) extended,
(right) compressed.

Current work is focusing on covering the proposed core design by a seamless pre-tensioned latex
skin, as shown in Figure 15, and performing wind tunnel tests. The skin is bonded to the internal
ribs and will remain under tension in both actuation directions. This skin is the most suitable for the
proposed design because when the wing section expands, the in-plane stiffness of the skin increases,
allowing it to effectively transfer the applied aerodynamic loads to the ribs and spars. When the
wing section contracts, the skin will remain under tension because of the applied pre-tension and the
support of the chevrons and the internal ribs. The chevrons that are compressed between the internal
ribs in this case will compensate for the decrease in skin stiffness by providing support to the skin.

 

Figure 15. Pre-tensioned latex skin covering a wing partition.

6. Conclusions

This paper presented a new and improved design of a span-morphing UAV wing core model,
where an assembled honeycomb substructure with interconnected telescoping spars and a linear
actuator form one partition in a five-partition wing, able to make a fifty-percent span extension from
a compressed configuration. The honeycomb substructure, made of rigid internal ribs with flexible
chevrons, provides the necessary spanwise compliance to allow for actuation, and transverse rigidity
to carry the aerodynamic loads, while maintaining the airfoil shape. The interconnected spars are the
main load-carrying members in the design, and effectively enable the telescoping action to happen
inside each partition of the wing. The linear actuators have the necessary output force to drive the
system and can keep the partition at any desired configuration for any period of time. The new core is
believed to have multiple advantages over previously published designs and improves the viability of
a honeycomb-based span-morphing concept. The telescoping spar concept presented here resolves
the drawbacks related to discontinuity and nonuniformity in the traditional telescoping wing designs,
by bringing the telescoping mechanism inside the wing, rather than having it at the outer surface of
the wing. This results in a seamless, continuous and uniform span-morphing wing. By separately
3D printing the internal ribs and chevrons of the honeycomb, different materials can be selected for
the ribs and chevrons based on the design requirements, and components can be replaced easily
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during maintenance. Future work will focus on performing optimization studies on the wing with a
stretchable skin, wind tunnel testing, failure analysis and reliability analysis.
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Appendix A

Table A1. Drawbacks of previous span-morphing wing designs, based on the authors’ opinion, and
the improvements made in the proposed design.

Model Drawbacks Improvements in the Proposed Model

 

Vocke III et al. [6]

-The whole section is made of a
single, flexible material, hence
there is no directional stiffness.
-The whole section is 3D printed in
a single job (that will need a
support structure if FDM 3D
printer is used).
-No actuators reported.

-The section is divided into internal rigid ribs that
are connected to flexible chevrons. The spanwise
stiffness is significantly lower than the transverse
and chordwise stiffness because of the different
materials used.
-Internal ribs and chevrons are 3D printed
separately and easily assembled.
-Linear actuators are used.

 
Ajaj et al. [4]

-Six joints in each partition.
-No support to the skin.
-Morphing (zigzag) mechanism
occupies a lot of space.

-No joints at all in each partition.
-The internal ribs and the chevrons support the
skin and maintain the airfoil shape along the span.
-Minimum space is required since the telescoping
action is happening inside the spars.

 

Ajaj et al. [9]

-No support to the skin between
the main ribs, resulting in a
significant Poisson’s effect and
nonuniform airfoil shape.

-The internal ribs and the chevrons support the
skin and maintain the airfoil shape along the span.

 
Samuel and Pines [5]

 

Ajaj et al. [10]

-Nonuniform airfoil shape along
the span (telescoping is happening
at the outer surface of the wing).

-Uniform airfoil shape along the span (telescoping
is happening internally inside the spars).
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Abstract: This work explores an additive-manufacturing-enabled combination-of-function approach
for design of modular products. AM technologies allow the design and manufacturing of nearly
free-form geometry, which can be used to create more complex, multi-function or multi-feature
parts. The approach presented here replaces sub-assemblies within a modular product or system
with more complex consolidated parts that are designed and manufactured using AM technologies.
This approach can increase the reliability of systems and products by reducing the number of
interfaces, as well as allowing the optimization of the more complex parts during the design.
The smaller part count and the ability of users to replace or upgrade the system or product parts
on-demand should reduce user risk, life-cycle costs, and prevent obsolescence for the user of many
systems. This study presents a detailed review on the current state-of-the-art in modular product
design in order to demonstrate the place, need and usefulness of this AM-enabled method for systems
and products that could benefit from it. A detailed case study is developed and presented to illustrate
the concepts.

Keywords: additive manufacturing; modular design; design-for-manufacturability; design optimization;
part consolidation; product re-design

1. Introduction

As additive manufacturing (AM) technology becomes more widely used and accepted within
the engineering and production world, the many benefits it offers are becoming increasingly useful
in engineering design. One of the main advantages offered is the elimination of tooling and work
fixtures needed in traditional manufacturing processes [1–4]. AM builds parts in layers directly
from computer-aided design (CAD) data with few geometric restrictions, allowing the use and
manufacturing of parts with very complex features. This design freedom is very useful in the
production of optimized parts which could replace existing single parts or even several whole parts
which interact with each other. Formally, the design goal is to either consolidate several parts into one
or to decompose and recombine parts into new ones [4–8]. Ideally, these new parts are functionally
superior to the original ones; however, just having more control over the part geometry during
processing may provide many benefits on its own by simplifying the manufacturing process [9–11].
The variety of new and tailored materials available for AM processing could also allow the use of
materials which would be infeasible during more traditional design and manufacturing processes.
A good example of this is the recent widespread use of titanium alloys in the manufacturing of small
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and complex medical devices [12–16] ; most of these new designs would be impractical or infeasible to
manufacture using traditional methods due to the material and geometric design problems involved
in producing the devices.

Since no special tooling or fixtures are needed, it is also possible to produce replacement or
upgraded parts on-demand as the user needs them [17,18]. Additive technologies could also allow
the development of part families [19,20], allowing a single system to adapt to different jobs by the
simple exchanging of a few essential components as needed; an effective method for accomplishing
this is to produce a “parent” or “archetype” design and then modify as needed [21–23]. For many
systems which can benefit from AM during design and production, fixed design of every component
is not needed, as additional parts and part sets can be made on-demand, often even in the field [24–26].
Figure 1 shows the concept map of the general AM process flow. A plethora of additive processes
are available, based on several different parent technologies and are able to effectively process a
very wide variety of materials [17,27,28]. The process families are defined according to the state of
the raw material before processing, the method of material deposition, and method of layer fusion.
Consideration of the distinction between processes is important because various processes have
different strengths and weaknesses for different applications [17,28,29].

Figure 1. AM concept map.

Reduced integration complexity within many systems or products can serve to increase their
reliability, giving a longer useful life and higher customer satisfaction. It is well known that most
failures in any system happen at the interfaces between the system components, so the more interfaces
that exist in the design, the more failure modes exist as well. The whole system reliability is also based
on the reliabilities of the individual components, with the system or product reliability being based on
the product of the n component reliabilities [30–32] for a system of series components (Figure 2).

R = P(x1)P(x2)P(x3) · · · P(xn) (1)

Figure 2. System reliabilities and interfaces concept.

The system can be made more or less reliable with the addition of fail-safe components and
the system arrangement changes (e.g., using parallel components) [33,34]. However, the elimination
of interfaces in the system should improve it by simplification in itself; reduction in the part count
(i.e., fewer component reliabilities to monitor) and the careful arrangement of the components can
offer further improvements to system usefulness and reliability [35–38].

The informed designer can make use of these relationships and the strengths of additive
manufacturing processes during the design stage. In addition to increasing the system reliability
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and reducing the part count in some systems, considering design-for-AM (DFAM) principles during
design can drastically expand the available design space, as well as dodge many of the pitfalls
encountered during the production stage. Preventing poor manufacturability of features, preventing
material problems, and addressing other manufacturing concerns are a common theme for most
design-for-manufacturing (DFM) methods [11,39]. When the system under design is a “modular”
system which consists of a number of subsystems, this is particularly important. Expansion of the
design space is very useful in ensuring that the resulting system can be optimized and rendered
more reliable and useful to the stakeholders of the system. Some interesting practical examples of
“modular” systems from several recently-published studies are shown in Figure 3. Figure 3a is a
modular building addition system which can be used to add floors and rooms to existing buildings,
presented by Dind et al. [40]; similarly, Sharafi et al. [41] designed a system of foam-filled modular
building panels (Figure 3b) that can be used to rapidly put up new structures to be used by disaster
victims. Electrical, power storage, and communications grids are also common users of modular
systems, as discussed in the work by Zhang et al. [42] and shown in Figure 3c. Modular mechanical
systems are common as well, such as the robotic manipulator (Figure 3d) described in the work by
Mishra et al. [43].

Figure 3. Modular design examples: (a) design method to add sections to existing buildings [40];
(b) modular panels for emergency housing construction [41]; (c) battery storage system in an electric
grid [42]; and (d) modular mechanical manipulator [43].

Some unresolved issues exist within the DFAM paradigm, however, and restrict its applicability.
First and foremost, during the design process, the practicability of actually using part consolidation or
recombination in DFAM [5–7] must be carefully examined. This is not always a good approach for every
system or product and this must be carefully considered when choosing to which design or re-design
process to use [7,44]. Several previous studies have considered this question and have provided
case studies and some guideline for using part consolidation or recombination effectively [5–7,44–47];
a more general set of guidelines for this is an important ongoing research topic. From the manufacturing
perspective, AM processes tend to be at least as restrictive, if not more, in terms of manufacturability
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constraints than traditional processes. [29,48–50] The layer-based nature of all AM processes produce
anisotropic material properties in the final parts [17,51–53] , the surface finish of final parts can be
poor [17,54–56] , and the inherent residual stresses from some processes can dramatically reduce the
fatigue life of the parts [57–59] . Due to these and other considerations, AM-made parts can be prone
to fracture and may have poor dimensional accuracy for some processes and materials.

It should also be noted that not all materials can be effectively processed using AM, which adds
a further consideration when using AM principles in design. Parts where more than one material is
needed for correct functionality can be especially challenging to resolve under DFAM, as different
types of materials generally need to be processed using different kinds of AM processes, which may
have different levels of accuracy and material quality. Much progress has been made in all these areas,
but they are important areas of concern during design when AM processes are involved. It is clear that
using DFAM is a trade-off game for many systems, especially those requiring certification or which
could cost human lives if they fail, and this needs to be carefully considered by designers considering
the use of any DFAM method.

In the cases where AM is applicable and feasible to use in manufacturing the system and part
consolidation or recombination are useful, the concepts of DFAM can be applied to modular systems;
under this concept, components that were formerly designed as sub-assemblies can now be designed
as single parts with many built-in functions, drastically decreasing the time and cost involved in
designing, developing, integrating, and producing them. This definition of modular design by part
consolidation was first described in detail by Hernandez et al. [60] in the context of rocket airframe
design. The present study further explores and develops the concept for more general engineering
design. The main focus of this study is to explore the idea of modular product design based on the use
of large, complex, multi-function parts that can replace some sub-assemblies in modular design.

This study analyzes the concept in several sections, each presented in a section of the paper. First,
an extensive review of the literature will be done to find the overall working definition of modular
product design and explore traditional design modularization methods (Section 2. Next, AM-enabled
design and combination-of-functions approach will be carefully defined and discussed (Section 3).
The application space for the concept will also be discussed and a hybrid system proposed (Section 4).
Finally, a case study to demonstrate the concept that will be developed in this study will be presented
in detail and discussed (Section 5). Note that in this paper, the terms “system” and “product” are used
interchangeably; in the context of this work, the only significant difference between two consists of the
size and scale of the design.

2. Modular Design: Theory and Applications

The concept of modular design has been explored extensively, resulting in a wide variety of
different definitions and problem-specific applications. Chung et al. [61] defined design modularity as
the ability of a product to be producible via reconfiguration of existing parts or subsystems; another
perspective, proposed by Gershenson et al. [62] and Baldwin et al. [63] is to intentionally design the
system as a set of separable modules specific to that system or product. These definitions vary in their
approach, but they both agree that the degree of modularity of a system is its ability to be separated
and reconfigured. According to Bonvoisin et al. [64], modular design can be broken down into three
complementary activities: (1) design with modules; (2) identification of modules; and (3) design
of modules (Table 1). Concepts of “modularity” in design theory and practice have undergone
several modifications in recent decades; according to an extensive literature survey conducted by
Gershenson et al. [62], it is difficult to achieve a common consensus on definition and appropriate
application of the terms modular or modularity. Similarly, Bonvoisin et al. [64] conclude that different
researchers typically use their own interpretation of the definition and parameters used to produce
modular designs, making a universal definition even more difficult to achieve. According to Todorova
and Durisin [65], theories on modular management of products are often conflicted between increasing

32



Designs 2018, 2, 37

flexibility through manufacturing multiple products from few components and gaining flexibility
through faster component innovation.

Table 1. Basic modular design activities.

Design with Modules Involves designing a new product out of existing pools of pre-defined modules or
parts; conceptually, this is similar to assembling a set of Lego-blocks

Identifying Modules
Requires a deep understanding of the product or system and includes studying
the current product, evaluating the component grouping, clustering the
components accordingly, then redesigning and integrating the defined modules
and their interfaces

Design of Modules Necessitates the design of new modules to meet new requirements or to replace
obsolete or poorly-designed modules

Even with this ambiguity in definitions, the interest in modularization of product design has
increased over the years because of its many benefits in some applications. Gershenson et al. [62] and
Ulrich and Tung [66] studied the impact of modularity on different industries. These studies described
several benefits, including:

• Decrease in production cost due to re-usability of components across different families
• Ease of product updating due to functional modules
• Increased product variety from a smaller set of components
• Decreased order lead-time due to fewer different components
• Ease of design and testing due to the decoupling of product functions
• Ease of service due to differential consumption

Gershenson et al. [62] further concluded that, because of fewer assembly types and increase
utilization of part designs for several systems, production quantities for a given module can be
increased, while simultaneously reducing the learning curve for production personnel. In addition,
because of fewer unique parts, products can be produced in greater quantity, decreasing the production
cost. The development and production cost of modular components is strongly influenced by the
product architecture and optimization status. It has been suggested in recent studies that increases
in modularity of designs empowers environmental friendly end-of-life design and strategy planning.
Ozman [67] studied the impact on open innovation, concluding that modularity increases incentive
for open innovation during final stages of the design to make it compatible with different modules.
However, Ettlie and Kubarek [68] studied commercial design teams to understand the extent to which
the modularity is beneficial; after closely surveying 42 companies, they concluded that novelty in
design suffers after 33% of design reuse, and further innovation was absent above 55%. Kassai et al. [69]
studied the impact of modularity on agile manufacturing, during which the development of a
modularity matrix helped designers to better understand the product.

Based on the definition and desired impact of modularity, researchers have defined several sets of
parameters that drive modularity. Ericsson and Erixon [70] defined a modular driver as the driving forces
that impact product modularity and competitive advantages gained from using it. Through different
case studies, they obtained twelve modular drivers, which cover the entire life cycle. Kreng and
Lee [71] also studied this problem and identified fourteen drivers based on strategies of modular design,
product market characteristics, competitive advantages, and customer requirements. Okudan et al. [72,73]
categorized the methods developed for planning and using product modularization in design into
three broad categories, specifically: (1) data-mining approaches; (2) mathematical approaches; and
(3) design-for-X approaches.

The data mining approaches analyze information from databases and surveys concerning the
functions, geometry, supply chain information, and customer feedback to come up with new designs.
Agard and Kusiak [74] described a data-mining approach for modularity analysis, which defines
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product modules by creating function structures that define the variability and generates options
to satisfy design requirements. This approach helps to bridge gap between market and designers.
However, data collection may take a long time and incur high cost for the stakeholders. Some
researchers also proposed reverse engineering to modify existing products using adaptive redesign as
part of a data mining approach [75–77]. The mathematical modeling approach involves designing for
a set of constraints and objective functions using defined variables. In this method, a design structure
matrix is commonly used to represent relationships between components and objectives [78–80].
These methods are useful during product development and product planning while considering many
factors. Design-for-X considers conditions for multiple views such as assembly, sustainability, and life
cycle [81–83]. Typically, the X factor that is designed for is a set of defined characteristics, or even a
single characteristic. It differs from typical mathematical approaches as it focuses the bulk of design
resources on the optimization of a single characteristic or a small set of them. Design-for-X approaches
can also be used to generate design constraints to be used for a mathematical approach to designing
the system [29].

A methodology for defining modules for lifecycle engineering using an interaction matrix
in weighted average sense, and using algorithms for clustering the modules was developed by
Gu et al. [84]. Similarly, Ma et al. [85] developed an approach using characteristics such as cost,
environmental impact, and labor time to assess the sustainability at early design stage using fuzzy
algorithm. They also included end of lifecycle stage uncertainty to assess the environmental impact.
Mutingi et al. [86] also proposed application of a multi criteria fuzzy grouping genetic algorithm
approach during early design stage when exact evaluation criteria are unknown to model imprecise
information and evaluate possible solutions. Chung et al. [61] and Kristianto and Helo [87] studied the
performance of the modular structure during various stages of the supply chain, and using statistical
techniques concluded that modular structure optimization can reduce the environmental impact
during different stages. Yang et al. [88] and Wang et al. [89] proposed eco-design methods for life
cycle engineering of electronic and electricity equipment for improving maintainability, reusability
and recyclability of equipment.

Based on the review of the literature discussed in this section, a basic modular design concept
relevant to practical design-for-manufacturability problems can be generated. In this paradigm,
the modularization of a product or system is a design method where the system is divided into
well-defined units; ideally, these units can be designed and manufactured independently from each
other and then integrated together by the design teams or a dedicated team of systems engineers;
a secondary goal is often to use each unit in more than one product. The overall goal is to produce more
product flexibility, increase design and manufacturing efficiency, overcome manufacturing problems,
improve customer usability, and decrease overall product cost [20,60,84,90]. A number of generic
principles can be derived to best use and harvest value from the modular design process [60,91,92]:

1. Design of parts and subsystems should be done by specialized teams of experts
2. After design, an integration phase will be required for the system, during which the parts and

sub-assemblies are converted into a usable system or product
3. Every aspect of the system should be standardized as much as possible
4. Every design technique used or derived should be developed to be as widely applicable as possible
5. Integrate further plans for testing, maintenance, and upgrades into the original design process
6. Consider end-of-life disassembly, recycling, and retirement during the design process
7. Every component and subsystem should be easily upgradable and repairable
8. Systems should be easily reconfigurable for as many missions as possible

In traditional modular product design, these principles have been best achieved by designing and
building a series of independent sub-systems, each with its own mission and functionality; the sum of
these subsystems constitutes the overall system or product. This concept is shown in Figure 4, where
the circular connectors represent interfaces for n sub-assemblies, each with a number (q, p, r, . . . , s)
of parts for a total of q + p + r + · · ·+ s parts. While this method is widely used in practice [64,70],
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it is not without its disadvantages. The main issue is the problems that naturally arise from the
need to integrate the subsystems together, presumably made by different teams of designers [92].
Communication between these subsystems is key, but is not always effective due to integration issues
and subsystem incompatibility. It is well known that most system reliability issues and errors occur at
the interfaces within the system [32,93–95]. In order to effectively use modular design techniques in
practice, a robust method of integration is needed, as discussed in the modular design literature above.
The most effective systems engineering (SE) product lifecycle engines consider this in depth in their
procedures. Sophisticated examples of this are the SE Engine used by the United States (US) National
Aeronautics and Space Administration (NASA) [96] and System-of-Systems method used by the US
Missile Defense Agency (MDA) [97].

Figure 4. Modular design complexity levels (adapted from [60]).

3. AM-Enabled Modular Design (AMEMD) Concept

An effective, though not widely considered, method for modular or semi-modular design is
enabled by AM technologies [4,60,98]. The ability of AM to make parts of almost unlimited complexity and
with high functionality is the key [39,98]. The concept is simple: when possible, replace the subsystems
within the overall system with complex parts that each have the functionality of a subsystem [60].
The benefits of modular design can still be realized, but with many fewer system interfaces and with a
simpler design process. In theory, just the elimination of interfaces would dramatically improve the
reliability of the system [95]. Figure 5 demonstrates the combination-of-functions concept. In the lower
field, the functions are combined into a series of complex, multi-function parts which are essentially
“functional modules” [60,99,100]; these are single parts but have the behavior of a sub-assembly of
several parts, simply with the interfaces removed. When these are combined into the overall system,
they still need to be integrated (where the red dots indicated integration points) but there are far fewer
of these points than in the traditional system.
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Figure 5. Combination-of-Features concept (adapted from [24,60]).

On engineering grounds, the potential objection to this approach in design is that the technique
eliminates standardization and requires that the parts be highly specialized. Fortunately, one of the
most important aspects of AM is its ability for easy mass customization for parts [101,102]. Since no
special tooling or fixtures are required, batches of parts can be nearly infinitely customizable at the
design stage [17]. If applied correctly by a knowledgeable designer, considering both the strengths and
weaknesses of AM technologies, the need for a supply chain of standard off-the-shelf parts is greatly
reduced or eliminated in many systems [17,24,26,28,103].

While some systems are practical to additively manufacture as a single part themselves, this
effectively suppresses some of the main benefits of modular design. In particular, it is impossible
to produce systems that are easily reconfigurable or reparable without replacing any major parts.
It is also much more difficult to repair or maintain such systems or use them for purposes other
than their core missions. When systems are built as a single part, they are usually throw-away
products that are not meant to be repaired or reconfigured [60,104,105]. For most products that would
benefit from modularity in design, the subsystem-level is likely the highest where it is practical to
use a combination-of-functions approach. Hence the concept of feature cataloging in design [60,106],
which uses a function database of options in design instead of a parts or subsystem catalog, as was
often done in traditional design [107–110].

AM parts are, by definition, unique one-off or batch parts, where the cost of production depends
only on the volume of material used, printing time, and post-processing requirements, as well as
certification if needed. In functionally-modular systems, maintaining flexibility is paramount; AM is
the perfect tool to deal with this, as the layered nature of additive manufacturing allows for almost
infinite design flexibility during the design stage and allows easy part consolidation [4,60]. However,
AM can limit modifications to the design in the field when compared with traditional modular design.
From this perspective, it becomes clear that the use of AM in modular design requires the input of
some non-modular design principles as well. Several of the basic modularization principles discussed
in Section 2 are affected by this change in perspective, particularly standardization, serviceability,
and customization (Table 2).

With these aspects in mind, both positive and negative, of the concept in mind, a reasonable
definition of AM-enabled modular design (AMEMD) is:

The process of decomposing a system into sets of functionalities or functions which can
be performed by the design and additive manufacturing of multi-functional complex
parts. These complex parts will be integrated together to produce the whole system.
The functionality of the new system must be equal or superior to a system built from
sub-assemblies of off-the-shelf parts, while containing fewer physical parts and interfaces.

Specific characteristics of this design methodology are:
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• Complexity vs standardization: An increase in geometric complexity that results in fewer,
but more function-dense parts is preferred over standardization of the parts and the use of
assemblies of simple parts

• Optimization: Optimization for performance of complex parts is preferred over standardization
• Design and integration: Design teams for each of the complex parts focus on the design

optimization and integration of the part into the system or product
• Design prototyping: System design prototypes can be produced quickly using AM technologies,

aiding design and integration efforts
• On-demand manufacturing: For relatively simple systems, all AM parts, both original and

replacement or upgrade parts, are manufactured on-demand directly from CAD data and are
not kept in stock. For parts that belong to systems with certification requirements or that require
constant stand-by spares, batches of parts can be made and kept as spares, with the option to
make more on-demand if needed.

• Serviceability: While the parts are usually non-serviceable, they are easily replaced or upgraded,
as long as the system allows access to the parts after completion (i.e., a “line-replaceable unit”)

• Part disposal: Old parts that are worn out or upgraded are easily recycled due to the low-hazard
status of most AM-processes materials

• User customization: Parts of the system are almost infinitely customizable and optimizable
during the design, but usually not customizable in the field after production

• Mass customization: Several parts can be made at once using the same machine and the same
batch of raw materials; there may be several of the same part or several different parts in a batch

• Core mission: There is only one core mission or set of missions for each system configuration,
but this is offset by the increased speed and reduced cost of production and by the optimization
of the design before use

Table 2. Modular principles directly affected by the combination-of-functions approach.

Standardization AM allows the standardization of components, but it is usually more efficient and
effective to prioritize optimization of the parts over standardization.

Serviceability

Most AM parts do not allow service on the parts after they are built and must
simply be replaced when they wear out. The AM materials are typically highly
recyclable and may even be recycled and made into new raw material by the part
manufacturer, drastically reducing costs and simplifying the supply chain. The
great reduction in cost, both from the elimination of tooling and from recycled
materials, could offset the disadvantages of using non-serviceable parts.

User customization

AM-based design could potentially reduce the number of parts in the system,
reducing the ability of the customer to modify the system. However, this can be
offset by the ability to more completely customize the system during the design
stage, reducing the need for the user to modify or optimize it in service. The need
for a do-it-all system is greatly reduced when the system can be optimized for its
mission at a low cost, as is the case with AM-enabled design.

4. Domain Applicability

The method presented is not be universally applicable to all types of products and systems
and would require a defined domain of validity. The most important restrictions on the use of this
design methodology are the physical size of parts, the available batch sizes, material requirements,
and the designer’s level of skill and experience with the technologies. In addition to these concerns,
the designer must also ensure that the proper design-for-manufacturability constraints [29] are applied
on the design to ensure that it is feasible for AM. Not all parts and systems will be best made using
AM; this determination should be made early in the design process and the AMEMD only used if the
complex parts can be feasibly made using AM. As discussed in the introduction, the practicality of
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using any DFAM method is dependent on the satisfaction of basic manufacturability constraints and
the design considerations.

The three fundamental manufacturing aspects of all AM processes are the state of the raw
material, the method of producing layers of raw material, and the process for fusing the layers
together [17,18,27,29]. From these, the basic manufacturability constraints can be derived for a
particular process; there are seven basic process, defined by these aspects, and each have their own set
of constraints. Before any design can commence that may use AM, it should be ensured by the designer
that the constraints can be met, since AM will not be a feasible manufacturing method otherwise and
DFAM is not applicable.

For the combination-of-functions approach presented in this paper, the most important design
consideration is the feasibility of consolidating or re-combining the basic parts or functions of the
system. In cases where the design is new and the designer simply wishes to design several functions
into one part, this is typically not a problem as the design can consider DFAM from conception.
However, this method is likely most applicable to the re-design of systems which may benefit from
the use of larger and more complex parts to replace subsystems. Therefore, the domain restriction
on the design would be driven by the part consolidation. The primary issues that have come up in
the literature [5,7,44,106,111,112] concerning part consolidation or re-combination are in the areas of
repair, maintenance, and component upgrades to the system. As discussed in the previous section,
the difficulty in these three areas is inherent in AM-made parts and is not unique to consolidated or
re-combined parts. AM parts are typically not easily repairable, with the exception of some metal parts
which can be welded or otherwise repaired using traditional manufacturing methods. Maintenance
may or may not be a serious issue with AM parts, depending on the material being used and the
function of the part; for example, some sintered metal parts subjected to wear can be left only partially
dense and infused with oil to prevent the need for active maintenance. On the other hand, parts made
from plastics, ceramics, and some metals cannot be maintained easily and so must usually be replaced
when needed. One of the important advantages of using general modular design is the ability to
upgrade sub-assemblies and individual parts on demand; this advantage does not typically exist at all
for AM parts and this must be considered by designers.

In terms of the three main areas of concern for manufacturing constraints and three for part
consolidation/re-combination, as well as the “practical” considerations described above, the potential
drawbacks can be mitigated by careful planning and evaluation early in the design. Only from
careful analysis of these constraints can the domain applicability be established for a particular
design. Figure 6 shows some of the main decision variables that must be considered for this set of
considerations. Under each are some of the possible aspects or requirements for the system that need
to be identified or defined in order to best evaluate the benefits or drawbacks of DFAM; note that
this is not an exhaustive list and other considerations may be needed for large and complex projects.
The earlier in the design phase that DFAM can be considered, the better. Early adoption can serve
to both drive the design or re-design to ensure feasibility with AM and to provide an early (and less
costly) exit and adoption of another design method if it should become clear that the AM is not the
best choice for manufacturing the system.

In cases where the use of AMEMD is applicable for part of the system or product but not all,
a hybrid system could also certainly be developed, as shown in Figure 7. In practice, the hybrid system
would be more applicable, as the system components or sub-assemblies could be made using the most
feasible method for the design. Before using this or any other design methodology, the designer should
carefully complete a manufacturability analysis to ensure that no dead-ends are encountered when
completing the design. This is especially important when the product or system being designed will
be used in a dynamic system or otherwise pose a risk to human life if failure occurs during use. This is
an area that has not yet been explored well in the design literature and merits further consideration in
future research in this area.
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Figure 6. Some aspects to consider when evaluating the feasibility of DFAM.

Figure 7. Hybrid subassembly-AMEMD system design concept.

5. Case Study: Re-Design of AIM-120 AMRAAM Airframe

5.1. Overview and Model Details

Presented in this section is a simple case study that was developed to demonstrate the procedure
of re-design using AMEMD principles. In this case study, the system was taken and the parts combined
into as few parts as possible in order to reduce their number and to reduce interfaces. The parts
were then optimized on performance and mass to produce a system that is both optimized and has
fewer components. One of the case studies presented by Hernandez et al. [60] was a fixed-fin model
of an AIM-9X Sidewinder (Air Intercept Missile 9X). In the present work, another (more complex)
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missile airframe was studied, the AIM-120 AMRAAM (Advanced Medium-Range Air-to-Air Missile)
(Figure 8); the airframe for this missile can be re-designed in order to decrease the number of parts
while not fundamentally changing the external design. However, the internal design can be modified
to utilize lattice structures or topology optimization that can be made using AM to optimize the
design. Note that the exact design for this airframe is not available due to commercial and government
protection, so the one presented here is a simplified model [113–116] but is as accurate as possible and
will serve the purpose of this study.

Figure 8. AIM-120 AMRAAM missile model [113,117]

Table 3 shows the basic list of components for this model, which consists of tube sections, control
surfaces, and fasteners, for a total of 17 major parts and 60 fasteners; the exploded view of the airframe
is shown in Figure 9. In this model, the airframe parts are assumed to be made from tough polymer
materials, such as a phenolic, except for the fasteners and the rear control surfaces; those parts are
assumed to be made from aluminum. The walls of the airframe are assumed to be 4 mm thick.
The airframe will be subjected to some fatigue, but the duration of that fatigue will be limited to
the few hours that the missile will be attached to an aircraft and be in flight after launch. Therefore,
the anisotropic nature of the AM materials is not anticipated to be a threat to the integrity of the
structure during storage or use. In use, certification will be required, as it will be for all AM-build
flight hardware.

Figure 9. Exploded view: AIM-120 AMRAAM [113,117].
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Table 3. AIM-120 AMRAAM airframe components.

Item Component Number in Model

1 Nose cone 1
2 Front electronics and control section 1
3 Rear electronics and control section 1
4 Payload housing section 1
5 Front control surfaces (fixed) 4
6 Fuel and motor housing section 1
7 Nozzle and rear control housing section 1
8 Rear control surfaces (adjustable) 4
9 Rear control surface actuator hinges 4

10 Fasteners 60

Both phenolic materials [118,119] and aluminum [120,121] are feasible to additively manufacture
using the choice of one of several processes, and all of the parts are small enough to produce
using existing AM processes. Therefore, this airframe can be made within the AM manufacturability
constraints and therefore is a good candidate for AMEMD to improve its design and reduce the number
of parts. In reviewing the basic design of this system, it becomes clear that a hybrid modular-AMEMD
method would produce the most effective design since some of the sub-systems have moving parts
and need to stay intact. Some of the sub-assemblies (Table 4) need to remain as such, but re-design can
be accomplished on some other areas. The particular areas that should be examined are those where
large parts can be combined or an interface between several parts needs to be used.

Table 4. AIM-120 airframe parts and sub-assemblies.

Sub-Assembly Parts

Nose cone Nose cone

Electronics housing Front electronics and control section

Rear electronics and control section
Payload section Payload housing

Front control surfaces

Fuel and motor housing Fuel and motor housing section

Rear housing

Nozzle and rear control housing section
Rear control surfaces
Rear control surface actuator hinges

5.2. Examination of Part Combination Opportunities

Excluding the fasteners, there are 17 interfaces in the model as it is currently designed, each of
which should be examined to find opportunities to combine parts into larger and more complex ones:

1. Nose cone—upper electronics housing: The nose cone holds the guidance for the missile and
may need to be replaced or upgraded, so it is best to not eliminate this interface.

2. Upper and lower electronics housing: One of the details that can be derived from the
promotional literature for the AIM-120 is that the upper section which holds the electronics
is made in two pieces, which can be easily combined into a single piece, assuming that the
internal components will allow this. It is assumed that it was originally made in two parts to
allow customized connections to the internal parts; using AM to create an optimized internal
structure to connect to the electronics should allow the combination of these two parts. In addition
to removing an interface, 12 of the fasteners can also be eliminated. Preserving access to the
electronics for assembly and maintenance would be an important design consideration during

41



Designs 2018, 2, 37

the part re-combination. This should be checked to ensure that either no conflict exists or the AM
part can be modified to account for it.

3. Electronics housing to payload: It is obvious that the payload section needs to be easily accessible
to the user of the missile, so it would be best to retain this interface as-is.

4. Payload to upper control surfaces: For this missile, the upper control surfaces are fixed to the
airframe and assumed to be made from the same material as the airframe. Therefore, the upper
control surfaces can and should be integrated into the payload housing. The front fins could be
combined with either the payload section or the motor/fuel section, but the best choice is the
payload section; this is primarily to ensure that the air flows smoothly around the fins and that
interface issues will not affect the leading surface of the control fin.

5. Payload to motor/fuel section: As previously stated, the payload section should be independent
as much as possible, so this interface should remain. Access to the motor and fuel supply are also
reasons to retain the interface between the payload and motor/fuel sections.

6. Motor to nozzle section: The rear control surfaces are driven by actuators near the nozzle and
the nozzle and motor interface may need to be maintained and inspected.

7. Nozzle section to rear control surface hinges: Since the hinges need to be free-moving and
connected to internal actuators, no combination can be accomplished.

8. Hinges to rear control surfaces: Since the rear control surfaces and hinges are both made from
aluminum in this model, and their combination is relatively small, AMEMD makes sense for
these parts.

5.3. Part Re-Combination and New System Model

After examination, three areas can benefit from the use of AMEMD; three sets of parts (the
electronics housing, the mid-section fins and body, and the rear control surfaces) can be consolidated
for a total reduction of parts from 17 to nine major components, plus the elimination of at least
12 fasteners. The upper and lower sections of the electronics housing (Figure 10a), the payload housing
and its fins (Figure 10b), and the lower fins and their hinges (Figure 10c) can be recombined. In this
case, the focus will be on reducing part count and optimizing the parts; future work will need to focus
on other perspectives, such as ergonomics, safety, testing costs, and other such considerations.

Figure 10. Part recombination opportunities for the AIM-120 AMRAAM airframe, (a) electronics
housing; (b) payload section and upper fins, and (c) rear fins and actuator hinges.
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The best design is certainly a hybrid of the AMEMD and the original design of the airframe,
as shown in Figure 11. The nose cone and fuel/motor sections are left in their original design, the rear
fins/hinges, the electronics housing, and the payload sections are combined to eliminate interfaces,
and the rear housing section is a combination of both. Figure 12 shows the new airframe design,
with the modified parts being highlighted in red; note the significant reduction of part count for the
model with no fundamental change in the design.

Figure 11. Proposed new AMRAAM airframe system design.

Figure 12. Proposed new AMRAAM airframe system design.

5.4. Part Re-Design and Optimization

In addition to combining functions into larger and more complex parts, the parts under study can
be further optimized due to the design freedom offered by the use of AM to manufacture them.
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5.4.1. Electronics Housing Optimization

For the new electronics housing, the external design and interfaces between the payload and
the nose cone are fixed. However, internal modifications can be made using AM-enabled methods,
particularly topology optimization and lattice design. In addition to the basic housing, mounting
bosses and other internal structures can be integrated into the design. Figure 13 shows examples
of this for the section under study, where the Pareto® TopOpt software was used to optimize the
part. The basic housing (Figure 13a) can be redesigned with a box lattice structure, reducing the mass
significantly (about 40% for this section) while maintaining structural integrity. If integrated internal
features are needed, such as mounting bosses for the electronics, these can be integrated into the
lattice as well; Figure 13b shows this with a body-centered cubic (BCC) lattice design. Both of these
designs can easily be made using a variety of AM processes, subject only to the minimal length scale
requirement for manufacturing [122–124]. In addition to the reduction of mass, the use of a lattice
structure could also assist in cooling the electronics system.

Figure 13. Internal lattice designs for electronics housing section where (a) is a simple lattice and (b) is
a BCC lattice with integrated mounting bosses.

5.4.2. Payload and Upper Control Surfaces

In addition to the improvement of the internal structure, the payload section can also be integrated
more fully with the control surfaces via a smoother transition. The smoother transition could reduce
drag on the airframe, requiring less power to propel the missile; this, combined with the reduction
in housing mass, increases the allowable payload mass and size without increasing the size of the
missile or increasing fuel use. However, it is possible that other aspects could be negatively affected,
such as frame integrity and stability during flight or the effect of a lighter airframe on the native sensor
network in the missile.

Figure 14 shows an example solution for this, but many re-designs are feasible for this, determined
primarily by the design and composition of the internal components. The fundamental purpose of the
smoothing between the fins and the payload section is to reduce drag on the fins while also reinforcing
them and preventing failure during flight. Since this missile is usually launched from a horizontal
orientation, it is essential that the control surfaces are steady and reliable. The smoothing radius
is a simple parameter that is easy to control during design and analysis, so two levels are shown.
The radius can affect the streamlining of the missile, and therefore its stability and controllability
during flight. Therefore, the designer should consider the best radius using both computational tools
and physical testing.
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Figure 14. Redesign of payload section and upper control surfaces, where both new designs use an
internal lattice and (a) uses a corner smoothing of r = 10 mm while (b) uses r = 100 mm.

5.4.3. Rear Control Surfaces

The re-design of the rear control surface is the least complex of the three new parts generated in
this case study, requiring only the combination of the two parts and integrating. The combination
of the two parts can be used as-is (Figure 15a) or the control surface can be re-designed to be more
streamlined (Figure 15b), depending on the needs and preferences of the designer.

Figure 15. Redesign of rear control surface, (a) with a simple integration of the two functions and
(b) with a re-design to streamline the airflow around the fin.

5.5. Design Evaluation

After re-design, the new system should be evaluated to ensure that the new design is at least
equivalent to the old design; in theory, it should be superior to the old design but this must to be
established in order to justify using AMEMD. Three major areas should be considered:

1. Manufacturing: The manufacturing process for the system should have been improved, with
a particular focus on reducing production time and cost. In this case, a number of parts were
re-combined which may reduce the assembly time; however, it is possible that the assembly time
would increase if the condensed parts required any special tools or new processes to integrate
with the other parts. For the airframe re-design, this may be an issue for the electronics housing
if the internal components of the missile require easy access. The designer should consider this
a trade-off when it is a problem; this may be mitigated during the design by producing a new
assembly procedure which considers integration with the larger housing section.

2. Functionality and Performance: In order for AMEMD to be useful, it must produce some benefit
to the designer. Therefore, it must be established that the new design gives at least one measurable
benefit and that the general performance is at least as good as the old design. In this case,
the performance and reliability of the missile must be at least as good as a missile which follows
the original design. It was clear during the consolidation and optimization of the modified parts
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that the weight was certainly reduced, which may have a positive impact on performance and
control. An additional advantage which may be gained from using AM is the presence of a
layered surface if untreated; this may reduce drag on the airframe by providing a small surface
roughness to reduce the laminar fluid flow around the airframe.

3. Usability: In order for the new product or system to be useful, it must be reliable and useful for its
core mission. The particular considerations for this and all AM-related designs are those discussed
for the domain applicability, namely repairability, maintainability, and the possibility of upgrading
the system. No matter how reliable the system is, there will eventually be breakdowns and needed
part upgrades and so this must be considered during design. In terms of AM, repairability is
sometimes possible but it should not be assumed for most AM parts. Maintainability and
component upgrades are dependent on how the system is broken down; in general, any broken
or worn parts made using AM would need to simply be replaced instead of being maintained
or upgrades. However, this can be mitigated by the ability of AM to build complex and custom
geometry and tailored materials, as this can reduce the need for maintenance. The on-demand
manufacturability of AM parts would also reduce the need for part upgrades, as new part designs
can be built as needed and the old one thrown away or recycled. For the missile airframe, the basic
design is fairly well established, so it should be easy to design and manufacture new parts as
needed in the field. Since the usability of the design is already established any upgrades or repairs
would use a similar design to the old one, with similar reliability and usability.

6. Summary and Conclusions

The purpose of the present study was to explore the idea of using additive manufacturing to
improve modular design of products by providing the means to use multi-function parts instead
of sub-assemblies. Part consolidation and design modularity are often seen as conflicting design
methods, but in the context of DFAM, they can be complementary for many systems. The elimination
of the interfaces within the system is predicted to increase the reliability of the system, as well as
simplifying it. The concept presented follows most of the basic principles of modular product design,
as reviewed and discussed extensively, except for the principles of standardization, serviceability,
and in-the-field customization. However, the loss of these capabilities within the modular design
paradigm may not be a problem due to the design freedom from AM; standardization is no longer any
more efficient than customization and serviceability and field customization are not major concerns,
as new parts can be made on-demand in a few hours or days. This is, of course, subject to testing and
certification requirements for any manufactured flight hardware made using AM. All AM processes
have fairly restrictive manufacturability constraints, which must be considered carefully during design.
In addition to the standard manufacturability constraints, the domain of applicability for this method
is restricted by the size of the combined parts, the use of AM-processable materials, and on the skill
and expertise of the designer to ensure manufacturability in the design. AM technologies are not
efficient or preferable in all cases, so a study should be done before attempting such a design technique
to ensure that it is feasible. The option to off-ramp from using an AM-based method should be built
in as well, in case the design process proved non-feasible or too expensive for the problem as hand.
The three most important material considerations are the choice of materials, the presence of fatigue
stresses in the system (due to the anisotropic nature of the materials), and the smallest feature in the
built part.

A broad case study was presented to demonstrate the concepts and to provide a practical example
of applicability. A missile airframe was re-designed in a hybrid function-combination and traditional
modular design, which resulted in the reduction of almost 50% of the parts and elimination of a
number of fasteners. Optimization of the parts via AM-enabled digital means was demonstrated as
well with the lattice design and streamlining of the parts.

This method is potentially very valuable for some systems, but should be considered one of
several feasible methods until established as preferable and feasible by the designer. An important
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future research area for this concept is the certification of the resulting parts for use on actual systems.
The case study presented in this study will require flight-hardware certification before use, but not
all systems will require such a detailed and expensive process before use. For most simple systems
and many others, this method may provide a more efficient design or re-design process which takes
advantage of both the strengths of modularization and the design freedom of AM.
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Abstract: Tissue repairing has been the ultimate goal of surgery, especially with the emergence of
reconstructive medicine. A large amount of research devoted to exploring innovative porous scaffold
designs, including homogeneous and inhomogeneous ones, have been presented in the literature. The
triply periodic minimal surface has been a versatile source of biomorphic structure design due to its
smooth surface and high interconnectivity. Nonetheless, many 3D models are often rendered in the form
of triangular meshes for its efficiency and convenience. The requirement of regular hexahedral meshes
then becomes one of limitations of the triply periodic minimal surface method. In this paper, we make a
successful attempt to generate microscopic pore structures using tetrahedral implicit surfaces. To replace
the conventional Cartesian coordinates, a new coordinates system is built based on the perpendicular
distances between a point and the tetrahedral faces to capture the periodicity of a tetrahedral implicit
surface. Similarly to the triply periodic minimal surface, a variety of tetrahedral implicit surfaces,
including P-, D-, and G-surfaces are defined by combinations of trigonometric functions. We further
compare triply periodic minimal surfaces with tetrahedral implicit surfaces in terms of shape, porosity,
and mean curvature to discuss the similarities and differences of the two surfaces. An example of femur
scaffold construction is provided to demonstrate the detailed process of modeling porous architectures
using the tetrahedral implicit surface.

Keywords: porous scaffold design; tetrahedral implicit surface modeling; triply periodic minimal surface;
3D printing

1. Introduction

Tissue Engineering (TE), as an interdisciplinary discipline, is addressed to create artificial, functional
three-dimensional (3D) tissues and organs. The superb porous scaffold plays a critical role in cell
proliferation and differentiation phases. There are a few basic, widely accepted criteria for building
high-quality scaffolds. Firstly, the internal porous structure is required for interconnection and high
porosity, and also has proper pore size. Secondly, the materials of scaffolds have to be biocompatible
and bioresorbable with a controllable degradation rate. Thirdly, a certain level of mechanical strength
is necessary to maintain the structure and support the weight from other parts of the body. Fourthly,
a large surface area is of great importance to facilitate the delivery of nutrients and metabolic waste.
While replication of the tissue’s geometry is feasible when using advanced computer-aided design (CAD)
and medical imaging techniques, the design of internal microstructures with the same bio-mechanical
functionality as real tissue is more challenging.
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A variety of fabrication methods have been proposed for scaffold manufacturing. Earlier on, Mikos et al.
demonstrated a native scaffold design technique using salt leaching [1], while Mooney et al. proposed
fabricating porous sponges of poly using gas-foaming [2]. Meanwhile, a few other conventional manufacturing
methods, such as thermal-induced phase separation [3,4], porous ceramics [5], electrospinning [6,7],
biomineralization [8,9], and phase-separation followed by freeze-drying [10] were also suggested for
porous scaffold fabrication. Nevertheless, these methods have limitations with regard to accurately
controlling pore morphologies and sizes. With the rapid development of additive manufacturing (AM)
techniques and their applications in tissue engineering, a paradigm shift toward computer-aided design
has occurred in tissue engineering. Common additive manufacturing (also known as 3D printing)
technologies include fused deposition modeling (FDM), selective laser sintering (SLS), precision extrusion
deposition (PED), and stereolithography (SLA) [11–14].

Various commercial CAD softwares, either based on constructive solid geometry (CSG) or boundary
representation (B-Rep), have been commonly employed to assist in engineering design and modeling. Some
widely used tools are CATIA (Dassault Systèmes, Vélizy-Villacoublay Cedex, France), NX (Siemens PLM
Software, Plano, TX, USA), SolidWorks (Dassault Systèmes, Vélizy-Villacoublay, France), and Pro/Engineer
(PTC, Needham, MA, USA) [15,16]. These CAD tools combine diverse standard solid primitives (cylinders,
spheres, cubes, etc.) through Boolean operations to produce complicated 3D models. Since B-Rep methods
describe the solid based on a combination of vertices, edges, and loops, a preliminary check is usually
placed to ensure no gaps or overlaps among the boundaries of different cells [17]. In order to enrich the
parametric library of scaffolds structures, a set of unit cells with bio-inspired features have also been
revealed in some recent research [18,19]. Although the utilization of present CAD tools has largely reduced
the time taken for scaffold design and automated the manufacturing process, the biomechanical properties
of the resulting scaffolds are still relatively poor. As an alternative solution, a few image-based approaches
that combine image processing and free-form fabrication techniques are also used for modeling 3D scaffold
geometries. Due to their compatibility with real patient data, image-based methods can quickly create
porous architectures by intersecting two 3D binary images, among which one depicts the outline of
the defect and the other one consists of a stack of binary unit cells [14]. As an example, Hollister et al.
defined the craniofacial scaffold’s topology by specifically setting the voxels’ densities within image design
cubes [20]. Later, Smith et al. also used image-based design and CAD tools to generate an accurately
sized and shaped scaffold for osseous tissue via selective laser sintering (SLS) [21]. Compared to other
CAD scaffold design patterns, implicit surface modeling (ISM) methods allow for complex structures to
be easily fabricated using a single mathematical equation. It has high flexibility in describing cellular
architectures with the freedom to integrate diverse porous shapes with controlled porosity. One of the
most representative ISM methods is the triply periodic minimal surface (TPMS) which has been a topic of
great research interest over the past few years. TPMS has been widely used in the replication of natural
structures, especially in biological tissues. More details about the TPMS are given in Section 2.

This paper will introduce a new, advanced ISM method using a tetrahedral implicit surface (TIS).
A variety of tetrahedral implicit surfaces, including P-, D-, and G-surfaces, are constructed and
demonstrated. The major contribution of our work is to address the problem of porous scaffold design
from a different perspective based on tetrahedral basic elements, rather than the conventional hexahedrons.
The remainder of the paper is organized as follows. In Section 2, we give a brief introduction to TPMSs.
Section 3 focuses on the basic mathematical equations of the proposed TIS method and provides a proof
to the continuity of TIS surfaces between neighboring tetrahedrons. A flowchart of generating porous
scaffolds from a CAD surface model is elaborated on by using the proposed TIS method. In Section 4,
various results are compared between different types of TISs and TPMSs. Additionally, some essential
properties, such as porosity and mean curvatures, are presented and discussed. Conclusively, a summary
of the advantages and deficiencies of TIS is given in Section 5.
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2. Triply Periodic Minimal Surfaces

Among various state-of-the-art implicit surface modeling methods, the triply periodic minimal surface
has attracted the most attention over the past few decades due to its inherent advantages of geometrical
and biological arrangement of pore structure. A minimal surface is locally area-minimizing, which has
the smallest area for a surface spanning the boundary of it. The properties of minimal surfaces are very
similar to those of a natural biological structure. Many years ago, Galusha proved the existence of minimal
surface geometries in intravital biological tissues, including beetle shells and weevils [22,23]. Kapfer also
proposed that the TPMS-based sheet solids could provide relatively high stiffness with a high porosity,
which creates the possibility of developing structural scaffolds using TPMSs [24]. Later, Rajagopalan first
designed coterminous seeding-feeding networks based on Schawartz’s Primitive (P) surface to supply
nutrients to the proliferating cells [25]. Melchels et al. used CAD softwares to generate TPMS diamond (D)
and gyroid (G) architectures, and introduced the gradient in porosity and pore size by adding a linear
term for z-values of the Cartesian coordinate system [26]. Based on these sample designs using a specific
TPMS in simple cubes, Yoo summarized and presented a comprehensive CAD porous scaffold design
methodology using TPMS libraries composed of diverse primitive units [27].

In mathematics, The Enneper-Weierstrass’s representation describes a global parametrization of TPMS
as in [25]:

x = Re(eiθ
∫ ω

ω0

(1 − τ2)R(τ)dτ)

y = Re(eiθ
∫ ω

ω0

i(1 + τ2)R(τ)dτ)

z = Re(eiθ
∫ ω

ω0

2τR(τ)dτ)

(1)

where i2 = −1, τ is a complex variable and Re means the real part, and θ is the Bonnet angle. More
generally, the approximation of TPMS can be expressed as a single-valued function of three variables from
the x-, y-, and z-axis. The surface is the locus of points for which the function has a constant value C,
which is defined as the threshold of TPMS. The most common TPMS units are listed in Table 1.

Table 1. Mathematical definitions of some common TPMS surfaces.

TPMS Surface Type Mathematical Definitions

P Surface φP(r) = cos(x) + cos(y) + cos(z) = C

D Surface φD(r) = sin(x) sin(y) sin(z) + sin(x) cos(y) cos(z)+
cos(x) sin(y) cos(z) + cos(x) cos(y) sin(z) = C

G Surface φG(r) = sin(x) cos(y) + sin(z) cos(x) + sin(y) cos(z) = C

I-WP Surface φI−WP(r) = 2[cos(x) cos(y) + cos(y) cos(z) + cos(z) cos(x)]
−[cos(2x) + cos(2y) + cos(2z)] = C

Although TPMS methods can generate a continuous smooth porous network, the continuity and
integrality problems may exist when irregular models directly intersect with the iso-surface. As shown
in Figure 1, some isolated malformed curves appear on the boundary of the porous femur. Moreover,
it is difficult and time-consuming to partition some complex domains into a set of regular or nearly
regularly-shaped hexahedrons. To address these problems, it is necessary to introduce a few advanced
mapping techniques to interpolate a regular TPMS matrix into a parameterized model mesh. Yoo proposed
a heterogeneous porous scaffold design method by combining the distance field with TPMS [28]. Feng et al.
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presented a different approach to generating TPMS porous scaffolds based on T-spline [29]. More recently,
Chen et al. attempted to map regular TPMS into parameterized hexahedral mesh using the Laplace’s
equation [30].

Figure 1. Porous fumer bone scaffold generated by TPMS. Deformed structures are obvious on the
surface layer.

Even though the benefits of TPMS and its applications have been widely discussed in the literature,
it might not always be the best tool when manufacturing porous structures. The major limitations of
hexahedron-based modeling can be summarized from two perspectives:

(1) Quadrilateral and hexahedral meshes are usually less frequently and efficiently used than triangular
and tedrahedral meshes in various image-processing areas.

(2) More importantly, a hexahedron will introduce a distortion issue when deformed in 3D which is not
seen in a tetrahedron.

3. Tetrahedral Implicit Surface Modeling

3.1. Mathematical Description of Tetrahedral Implicit Surface

TPMS is characterized as a minimal surface which is periodic in three perpendicular directions.
Obviously, the same manner does not apply to the generation of periodic surfaces in a tetrahedron.
Our goal is to make the surface periodic in certain particular directions, such as the vertical direction of
each of the four faces of a tetrahedron. Here, we introduce a new coordinates system using point-to-plane
distances. In this system, there are four axes, corresponding to the vertical directions of four faces of the
tetrahedron. The coordinate of an arbitrary point inside the tetrahedron on a certain axis is determined by
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the ratio of the distance from the point to the corresponding face divided by the corresponding height of
the tetrahedron. As shown in Figure 2, the coordinates of point P, (α, β, γ σ), can be calculated by:

Pα =
dα

hα
× 2π × λα

Pβ =
dβ

hβ
× 2π × λβ

Pγ =
dγ

hγ
× 2π × λγ

Pδ =
dδ

hδ
× 2π × λδ

(2)

in which dα, dβ, dγ, and dδ denote the projection distances from point P to plane BCD, ACD, ABD,
and ABC, respectively, and hα, hβ, hγ, hδ are the height of the tetrahedron corresponding to each plane.
The parameter λi(i = α, β, γ, δ) determines the periodicity of its corresponding direction.

Figure 2. The new coordinates system using scaled point-to-plane distances.

To mimic similar properties of TPMS, we adopt the mathematical expressions of the TPMSs on each
periodic component and derive the following TIS equations:

φP(r) = cos(α) + cos(β) + cos(γ) + cos(δ)

+ cos(α) cos(β) cos(γ) cos(δ) = C

φD(r) = sin(α) cos(β) cos(γ) cos(δ) + cos(α) sin(β) cos(γ) cos(δ)

+ cos(α) cos(β) sin(γ) cos(δ) + cos(α) cos(β) cos(γ) sin(δ)

+ cos(α) cos(β) cos(γ) cos(δ) = C

φG(r) = cos(α) sin(β) + cos(γ) sin(δ) + cos(α) sin(β)

+ cos(γ) sin(δ) + cos(α) cos(β) cos(γ) cos(δ) = C

(3)

It is worth noting that these TIS surfaces are expressed by implicit functions with a constant threshold
C. With a proper threshold given, the TIS surface mesh can be generated as an iso-surface by using the
Marching Cubes (MC) algorithm, which is one of the most famous approaches to extracting iso-surfaces
from a three-dimension data field.
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3.2. Continuity Analysis of Tetrahedral Implicit Surface

As mentioned in Section 2, TPMS couldn’t produce a porous structure fitting any irregular complex
shape unless some mapping techniques, such as the distance field [31], T-spline [29], or hexahedral
parameterization [30], is integrated. Unlike TPMS, a significant advantage of the proposed tetrahedral
implicit surface method is that it can generate surfaces with same morphological features inside the
tetrahedron of any shape. When multiple tetrahedra are considered, which is almost always true in
modeling real-world shapes, the surfaces between neighboring tetrahedrons must be seamlessly connected
at the joint. Otherwise, it may cause holes or gaps in the resulting surfaces. In this section, a mathematical
geometry proof is provided to validate the C0 continuity of TIS between two adjacent tetrahedrons.

As shown in Figure 3, ABCE and ADCE are two adjacent tetrahedrons of arbitrary shapes that share
the triangular face ACE. F is an arbitrary point on the face ACE. I and J are the perpendicular projections
of the point F onto the two faces BCE and DCE, respectively. Similarly, H and K are the projections of the
point A onto the two faces BCE and DCE, respectively.

because FI ⊥ BCE and AH ⊥ BCE

there f ore, FI ‖ AH

and �GFI ∼ �GAH

so we get : r1 =
GF
GA

=
GI
GH

=
FI

AH

(4)

The same holds for tetrahedron ACDE and we have:

r2 =
GF
GA

=
GJ
GK

=
FJ
AK

(5)

Combine Equations (4) and (5), then:

r = r1 = r2 =
GF
GA

=
FI

AH
=

FJ
AK

(6)

In tetrahedron ABCE, FI
AH ∗ 2π and FJ

AK ∗ 2π is the coordinate of point F with respect to the faces
BCE and CDE, respectively. Similarly, we can conclude that the other two coordinates of point F in
tetrahedron ABCE with respect to faces ABC and ABE are the same as those of point F to faces ADC and
ADE in tetrahedron ADCE. Meanwhile, the coordinate of F to face ACE equals to 0 in both tetrahedrons
ABCE and ADCE, which means the four coordinates of point F are exactly the same in both of the two
tetrahedrons. As a result, we can conclude that the TIS function values of all points lying on the shared
face of two neighboring tetrahedrons will be the same, regardless of their shape.

Figure 3. Proof of the continuity of TIS between two adjacent tetrahedrons.
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3.3. Porous Structure Generation from Surface Moldes

Based on the proposed TIS method, we can achieve porous scaffolds by tetrahedralizing the tissue
with a customized configuration. Biological tissues are inherently heterogeneous architectures. At the
macrostructure level, the tissue exhibits great differences in both morphology and biofunctionability.
Pore-intensive parts have higher structural strength and can support most of the weight. Conversely,
the sparsely populated parts have better permeability and transport of nutrients and metabolic waste.
Figure 4 shows a flowchart of the details for designing a 3D heterogeneous porous scaffold from the 3D
anatomical shape.

Figure 4. Flowchart showing the procedures for designing a 3D heterogeneous porous scaffold using the
TIS method.

Since the quality of the tetrahedral mesh, including the face angle and dihedral angle, has a decisive
influence on the quality of the generated scaffold, our approach uses a tetrahedral mesh generation
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algorithm based on the body-centered cubic (BCC) tetrahedral lattice [32], followed by quality tetrahedral
mesh smoothing via boundary-optimized Delaunay triangulation (B-ODT). Compared with the two
current popular methods, Tetgen and Netgen, the BCC lattice tetrahedral meshing algorithm is more
robust and general and has no quality requirement for the input surface mesh, and the sharp features are
also reconstructed better. To tetrahedralize the input model, the octree of the input was firstly subdivided
into 3D mesh based on the Euclidean distance transformation. Then, we computed the sign of each node
in the BCC lattice and calculated the intersecting points where the edge crossed the input surface mesh.
Next, we detected the cutting points that were “too close” to the original BCC nodes and snapped them
to the corresponding nodes. Finally, the boundary polyhedra was decomposed into tetrahedrons and
the entire generated tetrahedral mesh was post-processed by the B-ODT smoothing algorithm. For more
details on the tetrahedral meshing algorithm, please refer to [33,34].

4. Results and Discussion

In this section, various types of TIS surfaces are compared with the TPMS surfaces from different
perspectives. The TIS algorithm is implemented in C programming language running on an 8 × 2.20-GHz
Intel(R) Core(TM) i7 computer with 16 GB of memory. A volume of 200 × 200 × 200 voxels was used as the
resolution for both TPMS and TIS to generate various types of surfaces. While different selections of the
threshold C can significantly change the porosity and pore size, we chose the constant 0 as the threshold of
the generation of P-, D-, and G-surfaces for all TPMS models in this paper. For TIS surface generation,
however, we used a concept of relative threshold, which is related to the actual threshold as follows:

actual_threshold = (max − min) ∗ relative_threshold + min (7)

in which max and min are the minimum and maximum of the calculated TIS function values from
Equation (3). The range of the relative threshold was rescaled into 0 to 1 according to the actual threshold,
which is the real threshold used in the experiments. The periodicity parameter λ, as used in Equation (2),
was chosen as follows. To stereoscopically illustrate the fabricated TIS surfaces with a moderate pore size,
0.16 and 0.44 were used as the thresholds for P-surface (C = 0.16 when λ = 1, C = 0.44 when λ = 2 for
the generation of TIS surfaces). Also, we used the threshold of 0.67 for the TIS D-surface and a threshold
of 0.5 for the TIS G-surface both for λ = 1 and λ = 2.

In Figures 5–7, the surfaces in the two left columns are TPMS Schwarz P-, D-, and G- surfaces, while
the right two columns contain the TIS surfaces of the same type, respectively. The meshes in the first row
were constructed using a single period (λ = 1), while the meshes in the second row were constructed
using a double period (λ = 2) on each axis instead. From these figures, it is not hard to figure out that the
shapes of the surfaces and the locations of the holes are very similar between the same types of surfaces
for different groups. For example, the P-surfaces in both TPMS and TIS have an opening on each face of
the unit domain (either tetrahedron or hexahedron). The opening on the tetrahedral face is an ellipse of
the triangle outline, while the opening on the hexahedral face is a regular circle. The interiors are also
connected, which allows for cell growth through the holes on the surface. In addition, Figures 8–10 also
give closer views of the surfaces between two neighboring tetrahedrons.

To further analyze the characteristics of these tetrahedral implicit surfaces, we first used the
well-known open source CAD software, Meshlab, to compute the average curvatures over the whole
surface. Figure 11 demonstrates the distributions of curvatures of different surfaces, as well as their
corresponding detailed histograms. The color map ranges from red to blue, indicating the curvature
values from a minimum of −30 to a maximum of 30 (the values on the X-axis are curvatures in ascending
order, while the values on the Y-axis are the number of points whose curvatures share the same value).
Additionally, more information including the minimum/maximum curvature and the mean curvature, as
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well as the standard deviation of the curvatures are also provided for each of the TPMS and TIS surfaces
in Table 2. In the table, the minimum curvatures of the TIS P-surface and G-surface are almost double
the values of the TPMS P-surface and G-surface. Only the maximum curvature of the TIS P-surface is
significantly larger than the TPMS surface of the same type. Moreover, the standard deviation of the
curvatures of TIS surfaces is relatively larger than that of the TPMS surface of the same type. From
Figure 11 and Table 2, it is not hard to conclude that the distributions of curvatures of TPMSs are all
symmetrical, while this symmetry does not apply to TISs. Nonetheless, one of the most important common
attributes for TPMS and TIS is that the overall distribution of the curvatures tends to converge to the mean
curvature, which approximates to 0.

Figure 5. TPMS Schwarz P Surface (left two columns) vs. TIS P Surface (right two columns).

Figure 6. TPMS Schwarz D Surface (left two columns) vs. TIS D Surface (right two columns).
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Figure 7. TPMS Schwarz G Surface (left two columns) vs. TIS G Surface (right two columns).

Figure 8. Two views of the TIS P-surface generated from two connecting tetrahedrons.

Figure 9. Two views of the TIS D-surface generated from two connecting tetrahedrons.

Besides, we also realized that the porosity and pore size of the surfaces were quite sensitive to the
selection of the threshold. Through the experiments, we found that not all thresholds in the range of 0 to 1
could generate a completely connected surface. To create the TIS surfaces of a single period from a regular
tetrahedron, the ideal threshold range for a P-surface is 0.118–0.275, for the D-surface is 0.569–0.765, and
for the G-surface is 0.431–0.627. A value out of these ranges will cause the generated corresponding type
of the deformed surface, which means the hole structure will disappear. On the other hand, TPMS surfaces
also have the same issues of surface discontinuity and deformation as TIS surfaces. Nonetheless, the
difference is that the selective areas of the reasonable threshold for TPMSs all uniformly concentrate on the
range from −1 to 1. Table 3 gives more information of the relationship between measured porosities and
different thresholds, C. Additionally, some examples of the deformed TPMSs and TISs with a threshold

62



Designs 2019, 3, 16

that exceeds the proper range are demonstrated in Figure 12. It is noted that the hole size gets bigger
and the porosity behaves more saturated when C gets increased in the given range for both TPMS and
TIS. Meanwhile, the surface areas of different TPMS and TIS surfaces for a unit volume are measured by
the sum area of the generated mesh triangles, and the results are presented in Table 4 as a reference. All
related parameters, including the resolution and threshold, are the same as mentioned at the beginning
of Section 4. In the end, Table 5 lists the running time of the TPMS and TIS algorithms, as well as the
number of generated triangles for the P-surfaces with different resolutions. The results indicate that the
computation time for the TIS algorithm is relatively shorter and mesh size is much smaller than the TPMS
when the same resolution is used.

Figure 10. Two views of the TIS G-surface generated from two connecting tetrahedrons.

Table 2. Statistical analysis to the curvatures of TPMSs and TISs.

Curvatures
TPMS Surfaces TIS Surfaces

P-Surface D-Surface G-Surface P-Surface D-Surface G-Surface

Minimum −12.66 −14.99 −14.34 −33.19 −14.88 −26.48
Maximum 12.59 13.83 18.32 21.09 12.16 15.17
Medium −0.57 −1.18 −0.66 −1.68 0.45 −1.68
Average −0.49 −1.29 −0.79 −2.88 −0.94 −2.79

Standard Deviation 3.78 3.32 2.85 4.11 4.32 4.51
Variance 14.28 11.04 8.11 16.88 18.63 20.36

Table 3. Effect of diverse thresholds C on different TPMS and TIS surfaces.

TPMS P-Surface TPMS D-Surface TPMS G-Surface

Threshold C Porosity (%) Threshold C Porosity (%) Threshold C Porosity (%)

−0.95 22.79 −0.95 10.28 −0.95 18.77
−0.5 35.71 −0.5 29.42 −0.5 33.81

0 49.98 0 49.94 0 50.00
0.5 64.28 0.5 70.57 0.5 66.19

0.95 77.21 0.95 89.71 0.95 81.22

TIS P-Surface TIS D-Surface TIS G-Surface

Threshold C Porosity (%) Threshold C Porosity (%) Threshold C Porosity (%)

0.118 18.36 0.569 57.35 0.431 44.03
0.157 35.80 0.618 66.88 0.480 57.29
0.196 49.36 0.667 75.73 0.529 67.76
0.235 61.17 0.716 83.04 0.578 76.09
0.275 71.86 0.765 89.90 0.627 84.04
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(a) TPMS P-surface (b) TPMS D-surface (c) TPMS G-surface

(d) TIS P-surface (e) TIS D-surface (f) TIS G-surface

Figure 11. Distribution maps of the mean curvature and corresponding histograms for TPMSs and TISs.

Table 4. Surface areas of TPMSs and TISs for a unit volume.

Surface Type Surface Area for Unit Volume

TPMS Surfaces
P-Surface 2.353180
D-Surface 3.828864
G-Surface 3.083422

TIS Surfaces
P-Surface 3.798055
D-Surface 2.367160
G-Surface 2.654556
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(a) TPMS P-surface (C = 1.10) (b) TPMS D-surface (C = 1.10) (c) TPMS G-surface (C = 1.10)(a) TPMS P surface (C 1.10)

(d) TIS P-surface (C = 0.33)

(b) TPMS D surface (C 1.10)

(e) TIS D-surface (C = 0.80)

(c) TPMS G surface (C 1.10)

(f) TIS G-surface (C = 0.67)

Figure 12. Deformed TPMS and TIS surfaces with a threshold C that exceeds the reasonable range.

Table 5. Running time comparison between TPMS and TIS.

Resolution
TPMS P-Surface TIS P-Surface

Computational Time (s) Number of Triangles Computational Time (s) Number of Triangles

100 0.108 74,216 0.083 27,379
200 1.212 299,672 0.674 112,381
300 3.895 675,848 2.930 254,074
400 9.749 1,203,704 7.361 454,630
500 18.524 1,882,376 14.708 708,986

Numerous experimental results implied that the TIS P-surface performs better in the construction
of large models than the D- and G-surfaces. Below, we use the P-surface as an example to elaborate the
processes of the generation of a porous femur scaffold. The input model is a 3D femur mesh composed
of 7587 vertices and 15,174 faces as shown in Figure 13. Through the tetrahedral meshing operation,
the femur model is firstly tiled into 989 tetrahedrons, in which over 95 percents of triangular angles lies in
the range between 50 degrees and 100 degrees. Figure 14a shows the surface mesh of the tetrahedralized
femur model and Figure 14b presents the cross-sectional view of the generated tetrahedral mesh. Secondly,
by calculating the TIS function values for all grid points inside the tetrahedral network, we can easily
extract the iso-surface through the Marching Cubes algorithm using the threshold C = 0.176. Moreover,
we applied Laplacian smoothing and curvature-based smoothing on the entire porous surface mesh to
improve the C1 continuity at the joints. Figure 15 depicts the smoothed porous TIS surface constrained by
the input femur’s surface mesh. Lastly, we intersected the original input femur model with the constructed
porous TIS volume to produce a porous femur scaffold, as shown in Figure 16.
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Figure 13. Original 3D femur model as input.

(a) Surface mesh.(a) Surface mesh.

(b) Cross-section view.

Figure 14. Tetrahedral meshes obtained from the input femur model.

Figure 15. Porous TIS surface constrained by the femur’s profile.
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Figure 16. Intersection of the original femur volume with the generated porous volume producing a porous
femur scaffold.

5. Conclusions and Future Work

In this paper, an implicit 3D surface method for designing bio-scaffolds based on the tetrahedral
implicit surface was proposed. To the best of our knowledge, this is the first attempt to construct porous
structures based on tetrahedral elements. The TIS method demonstrated its great potential in the field of
designing optimized porous structures. Compared to the well-established TPMS approach, this concise
method brings several advantages to the tissue engineering scaffold design:

(1) Generation of the TIS surface could avoid the restriction of modeling based on a regular unit domain,
such as the regular hexahedron in TPMS. Even in the deformed tetrahedron, there can still be the
creation of a characteristic tetrahedral surface, which can guarantee C0 continuity between adjacent
TIS surfaces.

(2) Different from the TPMS method that needs to parametrize tissue surfaces into hexahedral meshes,
it is more convenient to tetrahedralize the triangular surface mesh as in the proposed TIS method.
Without the special mapping procedure, the entire process of generating pores is also simplified.

(3) The strong interconnectivity and tetrahedron-based modeling grants the TIS more flexibility and
creativity for complicated shape modeling.

Notwithstanding this, there are also several limitations of this method which needs further research.
Though the TIS surface of multiple periods obtained from a single unit has shown the characteristic of
approximately zero mean curvature, and though we also showed the C0 continuity of the generated
surfaces, the C1 continuity of the surface at the junction of two neighboring tetrahedrons is not guaranteed
and needs further investigation. Currently, the mesh smoothing algorithm is used to greatly improve the
smoothness of the resulting surface. Moreover, some isolated closed surfaces may be produced in the TIS
D-surface from a complex input model.
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Abstract: Three case studies utilizing topology optimization and Additive Manufacturing for the
development of space flight hardware are described. The Additive Manufacturing (AM) modality
that was used in this work is powder bed laser based fusion. The case studies correspond to
the redesign and manufacture of two heritage parts for a Surrey Satellite Technology LTD (SSTL)
Technology Demonstrator Space Mission that are currently functioning in orbit (case studies 1 and 2),
and a system of five components for the SpaceIL’s lunar launch vehicle planned for launch in the
near future (case study 3). In each case, the nominal or heritage part has undergone topology
optimization, incorporating the AM manufacturing constraints that include: minimization of support
structures, ability to remove unsintered powder, and minimization of heat transfer jumps that
will cause artifact warpage. To this end the topology optimization exercise must be coupled
to the Additive Manufacturing build direction, and steps are incorporated to integrate the AM
constraints. After design verification by successfully passing a Finite Element Analysis routine,
the components have been fabricated and the AM artifacts and in-process testing coupons have
undergone verification and qualification testing in order to deliver structural components that are
suitable for their respective missions.

Keywords: additive manufacturing; topology optimization; design for additive manufacturing;
3D printing; aerospace; full-life cycle manufacturing flow

1. Introduction

Additive Manufacturing, or AM, is the potentially disruptive manufacturing technology in which
a structural component is fabricated layer by layer via digital information. It is termed ‘Additive’
because material is added to every cross sectional layer, as opposed to ‘Subtractive’ in which material
is removed from a raw stock. The aerospace industry is an industrial sector that has much to gain
from Additive Manufacturing [1]. Fabricating structural components layer by layer from digital
information provides the benefits of: increased design freedom, including the ability to exploit the
results of topology optimization algorithms to significantly lightweight parts; eliminating system
part count by consolidating assemblies into fewer parts; reducing the lifecycle time between concept,
design, manufacture, and validated component delivery; and, a buy-to-fly ratio that approaches unity,
thereby leading to significant raw material cost savings as well as leaving a positive environmental
impact. Moreover, AM also has the ability to incorporate added functionality, such as internal cooling
channels and thermowells into components; manufacture highly complex geometries that would
be impossible or very difficult to be realized with traditional methods; and, to combat component
obsolescence by fabricating on demand [2].

This paper discusses the design for Additive Manufacturing of light-weight, topologically
optimized components that are intended for spaceflight, and will focus on three illustrative examples:
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the first two of which are currently found on an orbiting SSTL satellite [3], and the third that is an engine
support structure for a lunar launch vehicle [4]. Because the components must be qualified for flight,
the designs are verified by rigorous Finite Element Modeling analyses. Subsequently, the Additively
Manufactured artifacts and in-process witness coupons undergo materials and mechanical testing in
order to verify the required microstructural characteristics and mechanical properties. Because Additive
Manufacturing considerations, such as the minimization of overhangs, encapsulated powder, and heat
accumulation are not included in the topology optimization formulations that are presented in this
work, a subsequent Finite Element Modeling is necessary because the aforementioned considerations
are incorporated manually in the topology optimization routine with significant ‘human-in-the-loop’
iterative analysis. The manual step also includes incorporating allowances for tool access, assembly,
fixturing, and application of testing sensors, which are refinements that could occur for any mode of
manufacturing (e.g., traditional or AM).

2. Background

The past decade has seen the technology of Solid Freeform Fabrication, a term that was coined in
1987 to describe the fabrication of structural freeform components directly from a computer model
without part-specific tooling [5], gain considerable traction in industry. Currently, the term ‘Additive
Manufacturing’ has evolved to generally describe the technologies, such as Solid Freeform Fabrication,
which strives to build functional components layer-by-layer from digital information, and includes
powder bed fusion processes, wire deposition, and directed energy deposition [6]. Its traditional
counterpart, ‘Subtractive Manufacturing’, encompasses conventional manufacturing methods in
which material is successively removed from a bulk with methods such as CNC machining in order
fabricate a structural component.

One of the more successful technologies of AM is that of Selective Laser Melting, which is a powder
bed fusion process [7,8], as illustrated schematically in Figure 1. The main elements of the Selective
Laser Melting process are a leveled bed of metal powder and a focused laser beam that scans the surface
of the powder bed according to a digital representation of the desired component, causing localized
melting and subsequent rapid solidification. The CAD file of the desired part is converted into an STL
file and is subsequently ‘sliced’ into thin cross-sectional layers. Once the laser scans a layer of powder
according to the sliced STL file, the powder bed is physically lowered (indicated by the downward
orange arrow) a selectable distance in the range of 30–90 microns [1.2–3.5 thousandths of an inch],
and a new layer of powder is swept onto the top of the powder bed from the powder dispenser by the
recoater blade. The laser beam then scans the new layer with information corresponding to the new
geometrical slice and the process is repeated until the three-dimensional (3D) component is fabricated
and contained within the lowered powder bed. To retrieve the fabricated component, the powder bed
is then raised and excess powder is removed and sieved for recycling if the specific Additive program
allows for using recycled powder. It has been shown experimentally that there are no significant
differences in elemental concentrations between virgin powder and that recycled powder after eight
builds [9]. However, in many cases, flight-worthy hardware is required to be fabricated from virgin
powder, leaving the recycled powder to be used for prototypes. More detailed descriptions of Additive
Manufacturing can be found elsewhere [10–15]. An important consequence of Selective Laser Melting
is that due to the ‘selective’, or localized aspect of the melting and subsequent rapid solidification,
the resulting microstructure is significantly refined [16], leading to enhanced mechanical properties,
such as ultimate strength and yield strength [17].

The enhanced mechanical properties inherent to rapid solidification that are associated with laser
based fusion are reduced, however, if the fabricated part is subjected to subsequent heat treatment,
which is often employed in an effort to remove internal residual stresses that accumulate due to the
anisotropy of the heat transfer associated with Additively Manufactured components [18–20]. For this
reason, it is important to consider heat transfer issues in the design phase, which is intrinsically coupled
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with the orientation of the layerwise build in an effort to reduce, when possible, anisotropy of heat
transfer that is associated with the building phase of the part fabrication.

Figure 1. Conceptual schematic of powder bed laser Additive Manufacturing.

Additionally, it is often wrongly assumed that Hot Isostatic Pressing (HIP) need be performed on
aluminum alloys in an effort to reduce porosity within powder bed fusion components. Performing HIP
on the components will result in even further reductions in strength than stress relieving treatments.
It should be noted that all AlSi10Mg components that are reported in this work have an as-built
(un heat-treated or post processed) density of 99.7% or higher, which corroborates other literature
values of of 99.8% [21], making the need for HIP for the purpose of reducing porosity in AlSi10Mg
components moot.

3. Holistic Process Flow

In order to Additively Manufacture components that are worthy of spacecraft or aircraft flight,
it is necessary that they be created with reliable and repeatable mechanical and material properties.
To this end, a holistic process flow has been developed and established to ensure reliable and
repeatable AM parts. The holistic process flow, which is illustrated in Figure 2 includes: candidate part
selection; topology optimization for Additive Manufacturing, including AM design considerations
(e.g., support structure removal, powder removal, minimization of residual stresses through support
structure design, and part design); finite element modeling for analytic verification; AM fabrication
of the artifacts and in-process testing coupons; and, final verification at both coupon and component
levels. With two separate feedback loops, the holistic process-flow includes verification steps that are
incorporated to insure that: (a) the optimized design can withstand the specified loading conditions
(first feedback loop) and (b) the mechanical integrity and performance of the manufactured component
is suitable for conditions in which it will be employed (second feedback loop). The process flow
is discussed in more detail elsewhere [3,4,22]. Note that the topology optimization routine that is
employed in this work is the commercially available Altair Hyperworks software package, which, at the
time of this work, did not include the AM considerations described above, and hence these are included
in manual iterative loops. The holistic process flow refers not to the Topology Optimization exercise,
but rather to the entire flow from candidate part selection to verification for flight.

3.1. Candidate Part Selection

Because a component can be additively manufactured does not mean that it is necessarily suitable.
To benefit from Additive Manufacturing, added value should be found in terms of reducing weight,
manufacturing lead time, part consolidation, added functionality, added complexity, or combating
obsolescence. Not all flight components are suitable for Additive Manufacturing. The case studies that
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are discussed in this chapter have been identified as suitable candidates for Additive Manufacturing
due to the fact that they will be significantly lighter in weight than their subtractive counterparts,
and will be fabricated on a rapid timescale (concept to validation in eight weeks). The test cases
presented have been purposely selected because they have the potential to experience significant
weight reductions over their nominal counterparts. Not all AM topologically optimized designs will
experience the same weight reduction.

 

Figure 2. Holistic Process Flow for the fabrication of repeatable AM components.

3.2. Topology Optimization for Additive Manufacturing

The discipline of topology optimization has been used in industry for over two decades [23]
and it describes a mathematical method to determine the optimum distribution of material in a
design space for a given set of loading and boundary conditions. Early application of topology
optimization was found on General Motors Powertrain for under hood brackets [24] and was utilized
with subtractive manufacturing.

Until recently, manufacturing constraints limited the utilization of topology optimization
because conventional manufacturing could not always produce a topologically optimized component.
The advent of AM, however, has revealed renewed interest in the discipline of topology optimization,
because many topologically optimized components can now be made with AM that were not possible
otherwise [25,26].

Because the topology optimization exercise removes material from all locations where it is not
necessary to support the specific loads or satisfy specific boundary conditions, resulting components
often contain structures that are not constant in cross section and resemble tree branches or bones,
and hence, are termed ‘bionic’ or ‘organic’. The fabrication of hollow structures, structures with internal
cooling channels, organic, bionic shaped structures, and structures filled with lattice elements [27] can
now be made via Additive Manufacturing.

An important aspect of the topologically optimized design for Additive Manufacturing is to create
self-supporting components, or when not possible, components with the minimal number of support
structures. Support structures are those sacrificial elements that are incorporated into the component
build that support low angled members with respect to the build plane. A good rule of thumb is that
members or components greater than 45 degrees from the build plate platform can be printed without
support structures. Angles as low as 27 degrees have also been achieved depending on the aspect ratio
of the member in question. Hence the designs are driven in part by component orientation with respect
to build direction to ensure minimal support structures. Additionally, support structures may be added
to mitigate thermal effects that can be detrimental for certain geometries. Hence, design efforts focus
on creating approximately uniform member cross sections in an effort to achieve nearly homogeneous
heat transfer towards the base plate, thereby minimizing the occurrence of thermal related warping.
Furthermore, since downward facing surfaces are known to exhibit inferior characteristics in terms
of surface quality and hence dynamic performance, these regions not chosen for highly loaded areas.
Downward facing surfaces, termed ‘downskins’, are typically more rough than the upward facing
surfaces due to the fact that those surfaces are in contact with unmelted powder, whereas upskins are
in contact with a solid. Because heat conduction through a powder is different than that of a solid,
the phase change characteristics of those two regions are markedly different, resulting in different
surface textures. The relatively rough downskins can be improved, however, by altering the processing
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parameters (e.g., laser power, speed, and hatch separation) in the downskin regions to account for the
less efficient heat conduction through the powder.

In this work, all topology optimization efforts were conducted in collaboration with RUAG Space
and were employed with Altair’s Hyperworks 14.0 software suite in order to determine the optimum
placement of material with respect to the specific loading and geometric requirements. In order to
set-up the topology optimization exercise, interface locations (locations where the part is mounted
to the spacecraft or another unit is mounted to the part), as well as stay-in volumes and non-design
zones are specified to obtain a resulting design volume. The stay-in volume is the envelope in which
the part needs to remain in order to avoid interference with neighboring components on the spacecraft
or to allow suitable clearance for part integration or tool access. Non-design zones correspond to
fixed regions where material must remain and may correspond to attachment points, or other inherent
features of the component. The resulting design space (stay-in volume minus non-design space) is a
volume in which the topology optimization algorithm decides where material is needed to fulfill the
structural requirements of the part.

Additive Manufacturing considerations that arise due to the layerwise fabrication, such as
geometric distortion due to thermal jumps, anisotropic heat accumulation as a function of component
geometry coupled with laser scanning regime, the need to support overhanging members, and the need
to remove unsintered powder are not intrinsically included in the topology optimization formulations
presented herein, however they are considered through manual ‘human-in-the-loop’ iterations.

Several exciting works have focused on including the AM constraints, such as support structure
elimination (through overhang elimination) in topology optimization routines and are included in
references [28–36]. Additionally, Liu et al. [37] recently presented a review paper on recent trends and
future challenges that are associated with the incorporation of AM constraints and considerations
into topology optimization algorithms. The aforementioned references are computational in nature,
focused on the development of valid topology optimization routines for AM, and do not focus on the
full value-stream of additive manufacturing.

3.3. FEM Design Verification

All analysis and optimization in this work was performed with Altair’s Hyperworks 14.0,
which uses Hypermesh as pre-processor, OptiStruct as solver, and Hyperview for post-processing.
A convergence study was not carried out in this work; however, the results are validated through a
material test campaign that is the final step of the holistic process flow and is described in subsequent
sections of this work. The material is Additively Manufactured aluminum alloy AlSi10Mg, which is
assumed to behave as a linear elastic material. The material properties from previous AM material
characterization studies have been employed in this effort.

The mesh size in the analysis has been constrained to be relatively small in order to properly
assess stress concentrations (approximately 1 million elements and around 300,000 Nodes, with a mesh
size of approx. 1.2–2.5 mm [47–98 thousandths of an inch]). The AM parts are modeled with solid
elements (tetra).

Due to the fact that Additive Manufacturing is still a relatively new process and it lacks a heritage
database from which to draw, highly conservative design allowables were used. Moreover, in addition
to the usual safety factors employed for developing space products, an AM Conservatism Factor
of 1.5 has also been incorporated, which allows for a ‘comfort zone’ to compensate for its lack of
heritage data.

The Margin of Safety (MoS) of the part is calculated according to the formula below:

MoSyield =
σallw,AlSi10

σvonMises·SFyield·SFAM
− 1 (1)

where σallw, AlSi10Mg is the maximum allowable yield stress (design allowable), σvonMises is the Von
Mises stress obtained from FEM analysis, SFyield is the yield strength safety factor, and SFAM is the
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Additive Manufacturing conservatism safety factor. Equation (1) is used in subsequent sections to
derive the Margin of Safety for each of the case studies presented.

3.4. Additive Manufacturing

All of the components in this paper were fabricated on an EOS M290 machine housed at Morf3D
in El Segundo, California, which has a maximum power output of 370 W, and were built with a
30-micron layer thickness. The build plate was elevated to 165C in an effort to mitigate internal residual
stresses and to eliminate the need for subsequent heat treatment, which reduces the mechanical values
considerably. The material used was virgin AlSi10Mg powder characterized with D10, D50, and D90
values of 22.7, 41.8, and 69.8 microns, respectively. For clarity, D10 is the diameter at which 10% of
the powder’s mass is comprised of particles with a diameter less than this value, and so on for D50
and D90. The additive manufacturing environment was flushed with argon gas. Materialise Magics
software was used to prepare the data and to generate support structures. EOSPRINT software was
used to design and optimize build parameters.

Five Vertical and five horizontal tensile coupons, three density cubes, and three thin walled
hermetically sealed powder archival components were added to each build plate along with the
desired artifacts.

3.5. Mechanical and Material Verification

The next step in the holistic process flow is Testing. None of the components in this work
required subsequent heat treatment due to the fact that they were built with an elevated build plate
temperature of 165C. Hence the coupons were cut from the build plate with a wire EDM, and were sent
directly to the testing laboratory. The co-fabricated coupons are tested for Ultimate Tensile Strength,
Yield Strength, Elongation, and density, and their values must be greater than or equal to the acceptance
allowables imposed by the customer.

After removing the components from the build plate with the wire EDM, their support structures
were removed, and all accessible surfaces were media blasted. Further, attachment points and mating
surfaces were machined to achieve the tolerances required for their function. The components or
component assembly (e.g., case study 3) were subjected to vibration testing consisting of a combination
of the following: low level sine, sine dwell, and random vibration.

In addition to structurally testing the components, each component was scanned via Computed
Tomography (CT) in order to identify the internal pores, inclusion, or cracks within the resolution of
the CT scanner.

Additionally, a 3D model of the fabricated components was generated with the CT scan data and
compared to the nominal CAD file from which it was fabricated. A comparison of the two files was
used to generate a heat map illustrating any geometric deviations as compared to the allowables set
forth from the customer.

4. Case Studies

Three case studies are discussed that offer different insights into topology optimization.
The heritage geometry of the first case study is illustrated in Figure 3, which is a Star Tracker Camera
Bracket employed in SSTL’s Technology’s mission. The heritage design was machined out of titanium
bulk. The constraints for this case study were that the attachment points remain fixed and that the
design space could not extend further than the limits that were illustrated by the geometrical faces,
however the bounding planar faces need not be preserved.

Figure 4 illustrates the second case study that is an edge insert also used in the SSTL Technology
mission. It is apparent that the pictured geometry could be fabricated with subtractive means.
Hence, in order to make this a suitable candidate part for AM, this case study sought to significantly
lightweight the component as compared to its heritage counterpart. For this case, the boundary
conditions specified are that the orthogonal faces are required to be preserved as they act as mating

76



Designs 2018, 2, 51

surfaces to the satellite sandwich panels. The material internal to the faces, however, is free to be
redistributed through topology optimization. For the purpose of redistributing the material internal to
the geometric faces, two critical design issues were needed to be addressed: (a) eliminate the need for
internal support structures, since they would not be removable in the enclosed space and (b) create a
way to remove the unprocessed powder.

Figure 3. Nominal star tracker camera bracket.

Figure 4. Nominal insert design geometry.

Figure 5 illustrates the nominal geometry of the third case study, which is a system of five parts
that are assembled as one part. It serves as a thruster mount for a lunar vehicle intended for launch in
the near future as part of SpaceIL’s lunar mission. Once assembled it spans 800 mm in diameter and
approximately 280 mm in height. It was chosen as a demonstration of topology optimization of an
assembly of parts.

Figure 5. Nominal Lunar Lander engine mount.

The objective set for our optimization routine in each case is to minimize mass while remaining
simultaneously compliant to stiffness requirements and maximum applied stress levels that are
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appropriate to each application. The case study examples are illustrative of the advantages of the
union of topology optimization with Additive Manufacturing.

5. Results

The design, utilizing topology optimization (with the manual incorporation of the AM
manufacturing considerations); FEM analysis, manufacture; and, testing results for the three case
studies pictured in Figures 3–5 are discussed in detail below in the context of the holistic process
flow. Each case study was selected for discussion in this work because they offer different topology
optimization constraints.

5.1. Case Study 1: Star Tracker Camera Bracket

Case Study 1 presents the topology optimization example in which the material is free to move
within the design space, and the boundaries of the design space (with the exception of the attachment
points) need not coincide with the boundaries of the final part.

5.1.1. Topology Optimization

The design space for the Star Tracker Camera Bracket is illustrated in Figure 6. The geometry
for the fixed interface points were taken from the CAD file. The design space was meshed with a
mesh element size of 2 mm, and subsequently with 0.75 mm for refined analysis. The OptiStruct
optimization routine was employed, with the material being given the freedom to be located anywhere
within the design space. With the exception of the attachment points, the external boundaries of the
design space are not required to be incorporated into the optimized part.

 

Figure 6. Design space for the Star Camera Bracket Topology Optimization Routine.

A minimum and maximum member thickness as 6 and 20 mm, respectively, was implemented.
Other design constraints imposed that were within the topology optimization routine were a maximum
stress of 125 MPa, and frequency constraint that the first eigenfrequency be greater than 140 Hz with a
factor of safety of 1.3. The build orientation was determined by the engineer, and, once established,
the other Additive Manufacturing constraints were considered by the engineer through manual
iterations. To be self-supporting, care was taken to insure that no component grew at an angle less
than 45 degrees with respect to the build plate, and efforts to minimize large volumetric jumps that
would otherwise cause thermal jumps and subsequent component warping were also incorporated.
Intermediate design results were interpreted and Poly-NURBs based software was employed to create
a printable design.
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5.1.2. FEM Design Verification

The final optimized design of the Tracker Camera bracket was subjected to a Finite Element
Modeling campaign, as described in Figure 2, which serves as a redundant check that the final design
will perform according to the loads prescribed. This constitutes the first verification cycle of the holistic
process flow. If the topology optimized design fails the Finite Element Analysis, the design is modified
by adding or redistributing mass and the design is analyzed again until it passes the FEM Design
verification step. This is a necessary component in the holistic process flow because manual steps
are incorporated into the topology optimization routine to account for the minimization of support
structures, tool access, and other practical issues that are associated with manufacturing and assembly.

For the Star Tracker Camera bracket, RBE2 elements were used for each attachment point.
Accelerations were implemented for each global axis of the satellite with 120gpeak. Eigen frequencies in
the range of 1–100 were calculated with the design restriction that the first eigenfrequency be greater
than 140 Hz.

Figure 7 illustrates the results of the FEA analysis for the Star Tracker Camera bracket. Except for
one attachment point (indicated by the blue arrow), all von Mises stresses were found to be below
110 MPa, well within the factor of safety.

 
Figure 7. Results of FEM simulation analysis.

The maximum stress resulting from the model at the indicated attachment point is larger than the
physical realization would be because the modeled bolt connection assumed that all nodes of the inner
borehole were clamped along all six degrees of freedom. In the physical situation, however, a washer
would clamp the part on one side of the attachment point and on the opposite side the part would be
clamped to the spacecraft structure. Hence, a more realistic situation would require the modeling of the
washer and implementing contact definitions, yielding a lower calculated stress. Because the focus of
this project was not focused on FEM modeling of the component connections, but it is used as a guide
to indicate the soundness of our topology optimization results, we chose to approximate the modeling
of the connection point, as described. The soundness of the fabricated parts is subsequently validated
through proof testing as described in further studies. Furthermore, the assumed material yield limit
that is employed in the analysis of 190 MPa is also conservative, as testing of the manufactured witness
coupons resulted in average values of 244.9 MPa and 208.5 MPa for horizontally and vertically grown
coupons, respectively (see tensile testing below, Table 1), adding another layer of safety.

Table 1. Results from tensile testing campaign for Case Studies 1 and 2.

Build Orientation Ultimate Strength (MPa) Yield Strength (MPa) % Elongation

Horizontal
Average 392.98 244.93 6.60
Std. Dev. 8.30 7.85 0.55

Vertical
Average 394.29 208.54 5.5
Std. Dev. 1.63 2.24 0.58
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Applying Equation (1), with σvonMises equal to 110 MPa, SFyield equal to 1.1, SFAM = 1.5, and σallw,

AlSi10Mg = 190 MPa, yields a MoS of 0.05. It should be reiterated, however, that this Margin of Safety
includes a somewhat arbitrary Safety Factor for Additive Manufacturing equal to 1.5 that has been
added in this study to alleviate fears for this new technology. It is felt that this additional safety factor
will evolve to values that are closer to 1.0 in the future.

The topologically optimized design is pictured in Figure 8. It can be seen that the optimized
design represents a radical departure from the original bracket design, as the only fixed geometrical
design constraints pertain to the attachment points between the bracket and the satellite panel and
those between the bracket and the camera.

 

Figure 8. Final Optimization design.

The camera bracket design that is rendered in Figure 8 illustrates the benefits of Additive
Manufacturing coupled with topology optimization. Its weight is 89 g as compared to 425 g for
the heritage part, and the design took approximately two weeks to complete its design. The heritage
part was manufactured out of Titanium. Based on the analysis carried out in this work, the heritage
part appears to be over-engineered, as the loading and boundary conditions can be satisfied with an
aluminum alloy component. Note that no finite element analysis was conducted on the heritage part.

The authors are hard-pressed to envision the design of the bracket pictured without the tools
implemented in this work, and furthermore, even if the design were conceived, it would be extremely
difficult (if even possible) and costly to manufacture with traditional subtractive methods.

5.1.3. Manufacturing

Figure 9 illustrates the build plate as is sits in the EOS M290 Additive Manufacturing platform
after fabrication and after powder removal. It should be noted that the support structures are minimal.
Visible are five vertical and five horizontal tensile specimens that were fabricated with the components,
pyramid thin-walled powder archival vessels, and density cubes for evaluation. Figure 10 illustrates the
as-built camera star bracket prior to machining of mating surfaces and attachment points. The circular
hole pattern, as well as the other attachment points are to be machined in order to achieve their
required tolerances.

5.1.4. Testing

The next step in the holistic process flow is testing. The tensile coupons were tested for Ultimate
Tensile Strength, Yield Strength, Elongation according to ASTM standard E8, and the density cubes
were evaluated via ASTM standard E 562 for microstructure and density. The results are illustrated in
Table 1 and are well within the design allowables. Table 1 represents data from two build plates with
10 vertical and 10 horizontal tensile coupons, and six density cubes.
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Figure 9. Build plate with 4star tracker camera bracket components.

 

Figure 10. AM fabricated camera star bracket.

On a component level, the components were subjected to the testing campaign sketched in
Figure 11. All results were exceptional.

 
Figure 11. Structural testing flow.

In addition to structurally testing the components, they were each CT scanned and no
internal pores, inclusion, or cracks were identified within the applied resolution of the CT scanner.
The components were scanned with a resolution of 120 microns, hence it is important to note that
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defects that are smaller than 120 microns may exist but were undetectable with the CT modality. The
CT scan was incorporated into the process flow as a risk-mitigation and process control check.

A 3D model was created from the Computed Tomography data of the printed part and compared
to the CAD file from which it was printed. Overlapping the two files allows for the generation of
heat maps in order to obtain a visual representation of the deviations of the fabricated component
from the ideal geometry. The heat map is illustrated in Figure 12. It was found that the printed
artifacts exhibited a tendency for small deviations on the downward facing edges with respect to
the build direction, which can be attributed to the Additive Manufacturing process. This is because
the downward facing edges are in direct contact with powder as opposed to solid, and powder is a
less efficient thermal conductor than solid, resulting in significantly different heat transfer attributes
between the down facing surfaces and the up facing surfaces. The maximum deviations between the
Additively Manufactured part and the CAD data was measured to be under 280 microns. It is also
noteworthy that the components were not required to be heat treated, as the measured deviations were
within the design allowables specified by the customer. It is possible that a portion of the measured
deviations are due to internal residual stresses in combination with the rougher downskin surfaces
inherent to powder bed laser fusion. Hence, heat treatment may reduce the geometric deviations,
however heat treatment will also be associated with reductions in ultimate and yield strength.

Figure 12. Overlay of nominal CAD geometry with fabricated part geometry obtained from CT
scan data.

5.1.5. Case 1 Summary

The heritage and traditionally fabricated star tracker bracket illustrated in Figure 3 weighed 425 g
and was machined out of Titanium. The topologically optimized component weighed 89 g and it
was Additively Manufactured out of ALSi10Mg. Both were designed to withstand the same loading
conditions and satisfy the same boundary conditions. Furthermore, the entire process, including:
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topology optimization, fabrication, coupon, and component testing took only eight weeks, illustrating
that significant lightweighting can be achieved on heritage parts in a rapid timeframe.

5.2. Case Study 2: SSTL Edge Insert

Case Study 2 provides the example in which the external boundaries must remain fixed, however
material is free to move within the space in order to support the loading conditions.

5.2.1. Topology Optimization

Because the edge inserts are press fit into an opening of a satellite sandwich panel (with
overall panel dimensions of 250 × 70 mm), the external boundaries of the inserts must remain fixed,
as illustrated in Figure 4.

A 3 mm distance around each attachment point was considered to be fixed and ‘non-design space’,
as well as 3 mm thickness for all of the orthogonal faces. Because it is anticipated that material will be
displaced in the internal space within the external walls, methods to remove unmelted powder were
incorporated into the design. Additionally, a build direction was selected so that proper structures can
be incorporated to support horizontally built surfaces. The choice of build direction that is indicated in
Figure 13 requires that the long horizontal surface be internally supported.

 
Figure 13. Schematic the edge insert cross section illustrating the macro-lattice supporting the top
horizontal surface.

Several different design possibilities were explored and are discussed elsewhere [22]. The final
design that is pictured in Figure 13 reveals an internal macro-lattice structure that is designed to support
the long horizontal surface. The branch like structures are five across and three deep. Also incorporated
are two holes on both ends of the insert for powder removal and serve to equilibrate the internal
and external pressure of the structure; a necessity that is required for hardware entering the rarefied
environment of space. Other than the supportive branches shown, the insert is hollow, leading to a
significant decrease in weight.

5.2.2. FEM Design Verification

The sandwich panel in which the insert fits was modeled with two-dimensional (2D) shell
elements for the face sheets and 3D elements for the core. The insert is connected to the face sheet
and to the core via coincident nodes. The boundary conditions are that all cut faces of the sandwich
panel (except for the top and bottom face and face where the insert is embedded) are simply supported
(constraining DOF123). The edge inserts were only subject to the following static load cases on each
of the five bolts: a force in the x direction (in-plane) of 225N and in out-of-plane (Z) direction a force
of 355N.

Figure 14 illustrates the FEA results for the edge attachment. The maximum von Mises stress
of 72.7 MPa was identified at the opening port (shown in red) that allows for pressure venting
and powder removal, and it is due to the geometrical arrangement. The maximum von Mises
stress in the branch like structure was less than 60 MPa, both of which are well below the design
allowables. Applying Equation (1), with σvonMises equal to 72.7 MPa, SFyield equal to 1.1, SFAM = 1.5,
and σallw, AlSi10Mg = 190 MPa, yields a MoS of 0.58. It is important to note that the calculated margin or
safety also includes an AM safety factor of 1.5 to satisfy industrial concerns.
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Figure 14. FEA results of Edge Insert.

5.2.3. Manufacturing and Testing

The inserts and camera star bracket were manufactured together with the same in-process test
coupons. Hence, the mechanical results that are provided above in Table 1 also apply to Case Study 2.
The edge inserts were not tested as a part of this project as they were tested on a system level by the
customer. Unfortunately, the authors do not have access to the satellite system testing data. The tensile
results in Table 1 were a product of 10 vertical and 10 horizontal tensile coupons over two builds.
The final sectioned component is pictured in Figure 15.

 

Figure 15. As-printed image of the sectioned Edge insert.

5.2.4. Case 2 Summary

The topologically optimized edge insert experienced a 40% reduction in weight over the heritage
solid counterpart. Its design was guided in part by its build orientation, the need to be self-supporting,
and the necessity of removing unsintered powder.

5.3. Case Study 3: Lunar Lander Engine Mount

Case Study 3, as pictured in Figure 5, provides an illustrative example of topology optimization
of a system of large components.

5.3.1. Topology Optimization

Preliminary explorations of the topology optimization exercise indicated that in order to satisfy
the loading and stiffness requirements, the solid legs of the original nominal design (Figure 5) tended to
split into three separate branches, each of which attached to the central hub. It was also discovered that
the optimization routine sought solutions in which the branch type structures attached to the central
hub at two elevations, arranged as far as possible from each other. Hence, it was decided to explore
this avenue of topology optimization and to study whether this solution was mechanically viable.
These results also enabled a reduction of the design volume in further optimization runs for the sake
of computational effort and for the assessment of the viability of certain design solutions. The design
space (gray shaded region) for the topological optimization exercise of the lunar launcher engine
mount and the preliminary optimization result that fulfills the strength and stiffness requirements is
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illustrated in Figures 16 and 17. Figure 16 is the top view illustrating how each leg is now formed as
three branches and Figure 17 is the isometric image illustrating how the legs attach to the central hub.
The apparent discontinuities in the solution are due to the density sensitivity chosen for the image.

Figure 16. Top design space (gray shaded region) and initial topology optimization result.

Figure 17. Iso view of design space (gray shaded region) and initial topology optimization result.

These initial studies were focused around the topology optimization of one integrated component
that includes the connected legs and hub, with the understanding that once the topology optimization
design concept was established, it would be determined where and how to split the components in
order to fabricate them. Since the size of the components was a design driving factor, a final topology
optimization was performed that incorporated the determined connection points for the legs and the
hub and forces the topology optimization to pass through these connections.

An important aspect of the design was to create self-supporting components, or when not possible,
components with the minimal number of support structures. Hence, the design was driven in part by
component orientation with respect to build direction to ensure minimal support structures. Figure 18
illustrates a rendering of the final design of five split components that are bolted together by close
tolerance shear bolts. Each of the components have been designed such that they fit within the build
chamber of the EOS M290 machine. Moreover, the legs were designed so that two of them fit together
within the dimensions of the build chamber, reducing the number of print jobs to three, consisting of:
two plates with two legs each and one with the hub. Additionally, design efforts that are focused on
creating approximately uniform member cross sections in an effort to achieve nearly homogeneous
heat transfer towards the base plate, thereby minimizing the occurrence of thermal related warping.
Furthermore, since downward facing surfaces are known to exhibit inferior characteristics in terms of
surface quality and hence dynamic performance, these regions not chosen for highly loaded areas.
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Figure 18. Rendering of final topologically optimized design.

5.3.2. FEM Design Verification

Similar to Case Studies 1 and 2, the AM parts are modeled with solid elements (tetra). Integrating
components (not shown) that are not additively manufactured are an expansion cone and heat shield,
which are modeled using shell elements. The connection of the components was modeled through
close tolerance shear bolt connections. More details about the integrating components can be found
elsewhere [4]. The engine FE model was created in detail to achieve a modal performance that matches
with modal results that were provided by the engine supplier. The integrating heatshield is modeled
with larger elements, as it is only used as mass representation.

The engine mounting structure is clamped at all four feet (at the inner bore hole), constraining
all translational and rotational degrees of freedom to reflect the mounting to the spacecraft structure.
Results from the dynamic testing campaign will be fed back to this step and the settings will be
adjusted if necessary in order to correlate the model. The components are connected through close
tolerance shear bolt connections. More details of how connections between the structural components
were realized in the FE model are provided elsewhere [4].

The structure is subjected to quasi static as well as sine and random vibration loads. Results of
the analysis are presented in Figures 19 and 20, which illustrate the stress plots for static equivalent
load cases based on the accelerations from the random analysis (3xgRMS method) in the xy plane
and z planes of the spacecraft, respectively. Enveloping the two load cases, the maximum stress was
found to be 111.2 MPa. Using values of SFyield equal to 1.1, SFAM = 1.5, and σallw, AlSi10Mg = 190 MPa,
a MoS of 0.04 is calculated. Hence, all stresses are well within the design allowables for the final
optimized concept providing positive margin of safety, and hence according to the holistic process
flow, this design is analytically verified and ready to be manufactured. The static equivalent load level
for the z-excitation is 154 g out of plane and 25 g in plane and 36 g out of plane and 79 g in plane for
the xy-excitation, respectively. Moreover, fatigue and shock analysis were also performed. Fatigue
analysis has been done with the ESA software ESAFATIG v4.3.1a; the fatigue calculations are based on
the linear damage accumulation (Palmgren-Miner) rule. The fatigue study required that four times the
life needs to be shown, and the analysis resulted in 10.4 times life. The shock assessment was based on
the ECSS “Point Source Excitation Method”. With a safety factor of 3 dB, a positive margin of 4.3 dB
was determined from the analysis.

5.3.3. Manufacturing

As with Case Studies 1 and 2, all components were manufactured in AlSi10Mg on an EOS M290
system at the Morf3D facility. They were fabricated with a 30 micron [1.2 mils] build layer thickness and
with a build plate temperature of 165 ◦C [329◦F]. None of the components required heat treatment due
to the design and due to the elevated build temperature. The powder that was used is characterized
by the following D values: D50 of 42.78 microns [~1.7 mils] and D90 of 69.88 microns [~2.75 mils].
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Figure 19. Results of the FEM analysis: Stress plot of the complete engine mount structure subjected to
x/y excitation.

Figure 20. Results of the FEM analysis: Stress plot of the complete engine mount structure subjected to
Z excitation.

Figure 21 depicts a photograph of the three build plates that comprise the system. The leftmost
plate contains two legs, the center contains the connecting hub, and the rightmost contains the
remaining two legs. In-process coupons (tensile and density cubes) were built with each plate along
with the aforementioned pyramid powder archival system. The vertical coupons built with the hub
were incorporated under the eight tabs around the main circumference that would otherwise require
support structures, hence these coupons serve two purposes.

As can be seen in Figure 21, the design succeeds in terms of requiring minimal support
structures to support extended overhangs, and it was possible to fabricate two legs simultaneously.
After complete powder removal, the parts are removed from the plate with an EDM wire cutter.
Hence, supports connecting the parts to the plate must have sufficient height to permit this subtractive
removal process from the build plate.
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Figure 21. Photograph of three build plates after additive manufacturing.

Post processing included media blasting with glass bead media of 60–120 grit, followed by
70–140 grit. The attachment points of all components were machined to precision mating surfaces.
Hence, in addition to designing and fabricating the desired components, it is necessary to design and
fabricate jigs and tools for subsequent subtractive machining and testing.

5.3.4. Testing

Tensile tests for Case Study 3 are presented in Table 2, and they are comprised of 15 horizontal
and 15 vertical coupons. Tested were the Ultimate Tensile Strength, Yield Strength, and Elongation
for horizontally and vertically printed tensile coupons. All tensile testing was performed according
to ASTM E8 standards. Coupons were fabricated as solid cylinders, as pictured in Figure 20 and
machined to the appropriate dog-bone geometry required for testing. All tensile tests were well within
the design allowables specified by the customer.

Table 2. Results from tensile testing campaign for Case Study 3.

Build Orientation Ultimate Strength (MPa) Yield Strength (MPa) % Elongation

Horizontal
Average 396.2 259.6 8.1
Std. Dev. 7.3 7.4 0.8

Vertical
Average 434.1 244.9 5.8
Std. Dev. 11.8 9.0 0.7

Additionally, density coupons were evaluated via ASTM standard E 562 and it was found that for
each case that the density was greater than 99.7%. Hence, the mechanical and material properties are
acceptable and the testing continued on the component level.

Component testing included non-destructive CT scanning, which indicated that no pores, crack,
or inclusions were identified within the applied resolution of the CT scanner, which was 150 microns.
Hence, pores, cracks, and other flaws smaller than 150 microns may be present in the components.
Additionally, as with the previous two test cases, the CT scanned data also yielded 3D models of the
components that were compared to the nominal CAD files. Comparison of the actual to nominal
hub geometry is illustrated in Figure 22, and that of one representative leg is found in Figure 23.
It was found that all components were well within the design tolerances that were established by
the customer.

Dynamic structural testing was performed on the assembled system and it included a low level
sine sweep on each spacecraft axes as well as high level sine, random, and shock testing. The additively
manufactured system of components performed well and they were determined to be structurally
sound and suitable for flight.
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Figure 22. Actual versus nominal comparison of the hub from the CT data.

 

Figure 23. Actual versus nominal comparison of a leg from the CT data.

5.3.5. Case 3 Summary

Specific attention has been paid on designing for AM, including topology optimization and
design interpretation for AM. Optimization goals included the minimization of component mass while
meeting constraints for the first natural frequency as well as the maximum stress limit. Coupled design
interpretation considerations addressed the segmentation of the large part into a system of components
that fit within the build chamber, and the minimization of support structures.

The resulting system of components include four bionic inspired legs and a central hub that
are significantly lighter in weight than the original baseline design (i.e., 2.95 kg compared to 4.0 kg).
Note that the nominal un-optimized component and the topologically optimized component are
both designated to be fabricated in AlSi10Mg. The weight savings in the topologically optimized
component that are shown in Figure 18 is due to the optimization of material placement. In-process
test coupons were fabricated with each build and their tested values were well within the design
acceptance limits set by the customer. Powder archival units were also fabricated and stored for future
interrogation if required. Computed Tomography testing on the component level revealed that the
fabricated components were within the geometric design limits and there was negligible porosity,
corroborating the density coupon testing at 99.7%.

6. Summary

Three case studies were selected to demonstrate the AM holistic process flow. The parts were
selected because they qualified as good candidate parts. That is, they found value in reducing the
component weight; they demonstrated a rapid fabrication life-cycle (including analysis, fabrication,
testing, and certification); their required tolerances were such that they did not require heat treatment.
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The first and possibly most important step in the process flow is the identification of suitable parts
for additive manufacturing. Parts that are critically loaded may require a larger margin of safety,
and those requiring tighter tolerances may require heat treatment to mitigate warping, or more
extensive post-machining processes. Such parts may enjoy less weight savings than those that are
presented in this work.

The aim of this work was to demonstrate the value of topology optimization combined with
Additive Manufacturing for the fabrication of flight hardware with the aid of three unique case studies.
Each case study offered a different example of topology optimization. The first case study permitted
significant material re-location within the design space and did not require the incorporation of the
exterior boundaries into the design, thereby resulting in an organically shaped component that bears
little resemblance to its heritage counterpart and is significantly lighter in weight. The second case
study required the preservation of the external boundaries of the design space into the actual design,
but it allowed the topology optimization routine to remove a significant amount of material internal to
the boundaries. Hence, externally this part resembled its heritage part, however its internal features
were not possible to achieve with traditional manufacturing methods. The third case study illustrated
a system of five components that worked together to create a lunar lander engine mount. In each
case, care was taken to minimize support structures, and when supports were necessary, to ensure
that they were accessible for removal. Additionally, care was taken to ensure that downward facing
surfaces were not load bearing and for case study 2, any unmelted powder was readily removable
from the component.

It was found in each case that significant weight savings occurred in the topologically optimized
version. It should be noted that the particular heritage components that were selected for the presented
case studies were susceptible to weight savings through redesign (e.g., the component presented in the
first case study need not be fabricated out of Titanium when Aluminum would support the intended
application). Future weight savings may not be as significant as the examples presented in this work.

In addition to coupling the design with the build orientation, downstream processes, such as testing
and secondary machining, were considered in the design phase so that methods to fixture the resulting
geometries in their appropriate jigs were accommodated. The three case studies also demonstrated the
efficacy of a holistic process-flow that originates with part selection and includes topology optimization,
FEM validation, Additive Manufacturing, mechanical and material testing, and terminates in approving
the component for flight. The process flow was successfully demonstrated with three case studies; each
of which with different topology optimization requirements. The entire process flow for the first two
case studies, from concept to certification, took only eight weeks to complete. The third case study
took 16 weeks from concept to certification. The aggressive testing campaign included tensile tests,
density testing, CT scanning, and dynamic testing. The Additively Manufactured components passed all
testing criteria with comfortable margins, demonstrating that additive manufacturing, when approached
with a methodical holistic process flow, is an attractive manufacturing method for creating lightweight,
functional metallic components that can be approved or flight.
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