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4.1
Wire and arc additive manufacturing technology — aresearch perspective

Vittoria Laghi, Michele Palermo, Giada Gasparinddomaso Trombetti
DICAM — Department of Civil, Chemical, Environmeh&ad Materials Engineering,
University of Bologna, Italy

Overview

Wire and arc additive manufacturing (WAAM) techrgyoconsists of a combination of an
electric arc as heat source and wire as feedsliocltrently uses off-the-shelf welding
equipment, such as welding power source, weldinghtand wire-feeding system, while
motion is provided by either a robotic arm or cotgpunumerical-controlled gantries. Such a
flexible building setup allows for the realisatiohelements without theoretical dimensional
constraints. Thus, it appears more suitable forccttral engineering applications, for which
the outputs requested are of the order of sevestles (typically 3—5|>m long).

WAAM’s layer height is commonly in the range of X}2mm, resulting in an expected
surface roughness of about €[#mm for single track deposits. As a result, this not
considered a net shape process, as machininguseddo finish the part, and is therefore
better suited for low to medium-complexity and medito large-scale elements, such as
those used in structural engineering (Haeead., 2017; Jiet al., 2017; Uziel, 2016; Williams
et al., 2016). Indeed, to obtain pieces of large dimerssibigher printing velocities are
required, resulting in larger geometrical imperi@as$ with respect to the digital model.
Therefore, much effort is needed for a proper assest of both the geometrical and

mechanical characterisation of the outputs from\W#6AM process.

To date, there has been a limited amount of rese@ock concerning the influence of
WAAM process parameters on the material prope(b@sovitzeret al., 2019; Kimet al.,
2003). For WAAM-processed stainless steels, thdahla literature reports limited data for
maraging steel (Xet al., 2018), 2Cr13 martensitic stainless steel ¢Ga#., 2018), 316L and
304 L austenitic stainless steels (Gardatet., 2019; Gordoret al., 2018; Hadert al .,

2017; Jiet al., 2017; Kyvelowet al., 2020), as well as 2209 duplex stainless stegli@der

et al., 2019). The presented results are focused onsmssas of the influence of orientation
with respect to the deposition layer on the tersilength (yielding and ultimate tensile



strengths) of WAAM metallic specimens, hence caoniirg the interest in studying the
anisotropy of the printed outcomes. The work bydsarand co-authors (Gordehal.,

2018) reports Young’s modulus values, indicatines around 130-140>GPa,
significantly lower than the one registered by ¢baventional wrought material (about
190<|>GPa). Wu and co-workers (Wiial., 2019) found a first correlation between tensile

strength and specimen orientation, in terms ofnggapbwth orientation.

The first full-size pedestrian bridge realised witktal 3D printing was designed by MX3D
(MX3D, 2023a) and presented at the Dutch Designk/2€48 in Eindhoven (Figure 4.1).

The bridge has now been installed in Amsterdamagtytre and was opened in 2021.

MX3D, in partnership with engineers from Arup aedearchers from Imperial College
London, Delft University of Technology (TU Delfthd the University of Bologna, designed,
modelled, built and tested the bridge, which hasdth of 2.5|>m and a span of ¥¢>m.

The structure was printed using WAAM directed egatgposition (DED) using stainless

steel wire.
<Insert Figure 4.1 near here>

MX3D has also partnered with Takenaka to produstwectural steel connector (MX3D,
2023b). The connector was designed by engineers ftX3D and Takenaka with the help
of a topology optimisation program and is fabricate duplex stainless steel using the
WAAM process. This project demonstrates the suitglmf WAAM for the production of

highly customised and engineered steel components.

Another example of the application of structuralimgsation and WAAM technique has been
developed by a research group from TU Delft (Figu®). The Glass Swing has been
realised in structural glass and WAAM-produced Isteees by the Dutch company
RAMLAB (RAMLAB, 2018). The non-standard form of tls&ving was developed through an

ad hoc optimisation procedure for vector activesglsiructures (Snijdet al., 2020).

<Insert Figure 4.2 near here>



Wire and arc additive manufacturing process
Printing setup

WAAM processes can be divided into three main tydepending on the nature of the heat
source: §) gas metal arc welding (GMAW)-baset) gas tungsten arc welding (GTAW)-
based, andcf plasma arc welding (PAW)-based. Each type of WAfdhnique exhibits
specific features. The deposition rate of GMAW-loB¥AAM is two to three times higher
than that of GTAW-based or PAW-based methods. Hewe&sMAW-based WAAM is less
stable and generates more weld fume and spattdodbe electric current acting directly on
the feedstock. The choice of WAAM technique dingatifluences the processing conditions

and production rate for a target component.

Most WAAM systems use an articulated industrialatods the motion mechanism. Two
different system designs are available. The fiesigh uses an enclosed chamber to provide a
good inert gas shielding environment, similar &elapower-bed fusion (PBF) systems. The
second design uses existing or specially desigmead as shielding mechanisms, with the
robot positioned on a linear rail to increase therall working envelope. It is capable of
fabricating very large metal structures of up teesal metres in dimension.

WAAM processes use commercially available wireseSehare produced for the welding
industry and are available in spooled form andwide range of alloys as feedstock
materials. The commonly used alloys are: steelsstaidless steels, aluminium and titanium.
Manufacturing of a structurally sound, defect freiable part requires an understanding of
the available process options, their underlyingsptal processes, feedstock materials and
process control methods and an appreciation ofdhees of the various common defects and

their remedies.

Research on WAAM process involves the feedstoekptitimal process parameters and the
printing strategy. The feedstock, in form of a witan be deposited according to different
paths and strategies, with the main process paeasgtrc current and voltage, arc transfer
mode, speed) being varied accordingly. The deposfirocess involves complex thermo-
physical phenomena, while the solidification coioais promote a microstructure with large

columnar grains.

Current WAAM techniques use metal inert gas (MI@wer sources. As an alternative to

traditional synergistic machines, cold metal tran¢CMT) can be used, which allows better



heat input optimisation. Modern CMT sources are alsaracterised by cycle step technology

with controlled single spots deposition.

Both traditional synergistic and CMT solutions h&een investigated in the literature,
although few studies have focused on the influeid® AAM process parameters on

microstructural and mechanical properties.
Deposition strategies

Recent applications of WAAM for large-scale struetihave exploited two different
deposition strategiesa) a ‘continuous’ strategy (layer-by-layer depositisuitable for
planar and shell elements), at)l & ‘dot-by-dot’ strategy (for lattice and diagsgtiuctures).
The main applications of the continuous strategyet@een: §) the MX3D bridge, the
world’s first metal 3D-printed footbridge install@d Amsterdam, If) optimised beams
realised by Cranfield University and Foster + Parsn(LASIMM project), andd) currently
ongoing studies at the Technical University of Dstadt and the University of Bologna.
Examples of structures realised with the dot-bysitegy are:@) MX3D Cucuyo, a
stainless steel café structure, abdg diagrid column designed at the University ofdgma
and presented at Formnext 2019 expo.

Recent examples of WAAM-produced steel connectirs@ MX3D Takenaka connector,
(b) the Glass Swing project at TU Delft, am)l the Albecular pavilion, designed at the
University of Bologna and presented at IASS 20b8iélly conceived with WAAM-

produced connectors, then printed in polymers tetroempetition rules).

The continuous printing strategy consists of depagssuccessive layers of welded metal one
over the other to create planar or extruded elesngith constant thickness. The fundamental
process parameters ara) the current and its voltagdy) (the wire diameter cf the wire-feed
rate, ¢) the welding speed, and)the vertical printed layer height. The combinatad such
controlling parameters affects both the printingldy (geometrical precision and surface
roughness) and the material mechanical properties.

The dot-by-dot printing strategy is an innovatiaed still unexplored) WAAM technique to
deposit dots of welding metal on a discontinuowsess along one axis (Joosten, 2015; Van
Bolderen, 2017). The printed outcome results inedimension rod-like element, having
constant nominal diameter (as governed by the wegldot) and longitudinal main axis. The

specimens considered have been manufactured by MBI a commercially available



standard stainless steel welding wire grade ER3D@l<$>mm diameter) supplied by

Oerlikon.

The welding source commonly used in constructiayes metal arc welding (GMAW) with
pulse arc metal transfer. Different cooling stradegan be considered, with the aim of

reducing the waiting time between layers and tledsice the overall printing time.

For structural engineering applications, the needgse a high welding velocity — to achieve
rapid realisation of structural elements of suabpprtions — plays a crucial role for the
specific characteristics of the printed partstasduces geometric inaccuracy of the
outcomes, both in terms of surface roughness akdolastraightness of the elements. For a
given element to be printed, a digital model isated with Rhinoceros software (Rhinoceros,
2023). From this model, the printing head readsct@dinates of the points that define, step
by step, the position of the welded layer. Howedek to intrinsic inaccuracy of the printing
process, each point of the digital model has acqeahterpart whose position is not exactly

the same as that in the digital model as it iscidie by an error.

Therefore, when dealing with WAAM-produced struetwglements, it is necessary to first
codify specific issues related t@) the set of process parametely,tfie wrought material,
and €) the printing strategy. Furthermore, given theeaityof the process, especially for
structural engineering applications, there is @ery limited database of experimental
results from which to draw information on the stual response of WAAM-produced

metallic structural elements.

As previously introduced, structural elements maotufred with current WAAM processes
are characterised by peculiar geometrical irregigarand specific material mechanical
properties that have to be properly taken into asto both the analysis and design

processes.
<A>Design issues for WAAM elements
<B>Geometrical irregularities

WAAM-produced elements are characterised by timéieient geometrical irregularities,
which are an inevitable result of the printing mss. Such irregularities need to be properly
taken into account and fully characterised durhregstructural design of WAAM-produced

elements, as they might affect the structural resp®f the designed and printed elements.



As far as the continuous printing strategy is comed, the main issue related to the layer-by-
layer deposition is the surface roughness, whisb ehuses variation in thickness of printed
specimens (Figure 4.3). For both planar and tulggametries, additional irregularities in
terms of lack of straightness and out-of-roundrséssild also be studied.

<Insert Figure 4.3 near here>

Therefore, for producing ready-to-use elementsfantuture applications of on-site metal
3D printing, it becomes crucial to study the geainat irregularities of WAAM-produced
structural elements. First, proper characterisaticihe geometry of WAAM-printed
specimens should be carried out. From this, thsiplesinfluence of these irregularities on

the mechanical response of the printed specimemddbe considered and analysed.

As mentioned above, for a given planar elementetprinted, a digital model from which the
printing head reads the coordinates of the poh@sdefine, step by step, the position of the
welded layer is created with Rhinoceros softwam@weler, due to the geometrical

irregularities inherent to the WAAM process, thalngrinted outcome generally has slightly

different geometrical features.

With regards to planar elements realised with dioaous printing strategy, the deposition of
successive layers of welded metal results in aumoferm undulating surface. When
considering the uniform rectangular plate represeimt Figure 4.4, the origin of the
coordinate system used to describe the geometheddlate is located at one edge. klaand
y axes are taken as parallel to the two main doastof the plate, while theaxis is
perpendicular to the-y plane. The thickness of the plate is given byaitm®unt of welded
metal positioned by the printing head, which indmgtal model has a constant nominal
value (n) over the plate, equal texfmm. In contrast, the thickness of the printed piaia
general not constant, and varies both witndy, so thatrea = trea(X,y). Given that the plate
has been produced in a certain printing directioa,effect of the thickness variation on the
mechanical behaviour of specimens cut from theeptaght be different depending on
whether the specimens are cut along the printirgction &) or perpendicular to ityj.

<Insert Figure 4.4 near here>

Like layer-by-layer deposition, the dot-by-dot stigy is also characterised by inherent

geometrical irregularities, which should be propednsidered.



The products of dot-by-dot deposition are commamlg-dimension elements (such as rods
and bars), as they are developed along a singéelardugh successive points of welded
material. This results in bars of constant noméhaineter, with the diameter being directly
related to the drop of welding metal. Usually, tloeninal diameter of dot-by-dot-printed bars
is 4 to &|>mm. However, for dot-by-dot printed bars, the sgsoge deposition of drops of
welding metal results in a non-uniform circular sesection and non-straight longitudinal
axis (formed by the polyline connecting the centsoof all the circular cross-sections). The
nominal geometry of the digital model is a unifaiuti cylinder with straight longitudinal
axis (coincident with axig of the cylindrical coordinate system). The geometrdescribed
by the nominal bar lengtl.{) and the nominal cross-sectional diamedg). However, due to
the intrinsic imperfections derived by the spegtimting process, the outcome is a solid
element with non-uniform circular cross-sectionyag along its lengthdiea = drea(2)) and
non-straight longitudinal axis. At a generic heighthe centroid of the cross-sectiorcis =

Crea(Z)-
<Insert Figure 4.5 near here>
Material anisotropy

As the manufacturing process may potentially indarc@rthotropic behaviour, depending on
the orientation relative to the printing directiand the presence of surface roughness
resulting from the printing of layers, the mechahiesponse should be investigated with
reference to specimens cut in different orientatuith respect to the deposition layers.
Figure 4.6 qualitatively depicts three differenieotations of specimens cut from
continuously printed WAAM plates: longitudinal diteon is taken along the deposition
layers, transversal direction is taken perpendidelahem, while diagonal direction is taken
at 45° from them.

<Insert Figure 4.6 near here>

Possible anisotropic behaviour can also be encoethte dot-by-dot-printed specimens, for
which different inclinations of the bars with resp# the vertical longitudinal axis should be

considered (Figure 4.7).
<Insert Figure 4.7 near here>

Structural design approaches for WAAM elements



Conventional structural design approach for WAAM

The design approach most widely adopted in intesnat standard building codes, including
Eurocodes, is the so-called design value methad,raferred to as the semi-probabilistic
method (CEN, 2002; Holicky, 2009), as first intradd in ISO 2394: General principles on
reliability for structures (ISO, 1998).

This method is based on the assumption that no $itaie is exceeded when the design
values of all basic variables are used in the nsodistructural resistané®and action effect
E. Thus, if the design valués andRy are determined considering the design valued of al
basic variables, then a structure is considereahiel if the following inequality holds:

Es <Ry (4.1)

The action effect depends on the loads and actippked, while the structural resistance
depends on the material properties. Both also deperthe geometrical properties. Generally
speaking, all these quantities are taken as randwoiables whose uncertainties depend also,
in addition to the inherent uncertainties of théiwdual basic variables, on the model
uncertainties. Clearly, for design purposes thegigh values should be considered.

With reference to traditional structures, the matgrroperties (as well as the actions) are
taken as random variables, whose distribution idefied with statistical analysis, while the
geometrical properties are typically consideredeterministic values given that their
variability is generally negligible when considegitraditional manufacturing processes.
When dealing with additive manufacturing proceshesyever, there could also be the need
to consider the inherent geometrical variabilibssociated with the printing process. The
structural model adopted to evaluate the structesgionse is typically assembled
considering beam elements according to the SainaNeprinciple and assuming a linear

elastic material behaviour.

The traditional design approach for structuresalan be adapted for WAAM elements. The
method follows the semi-probabilistic approachdblrate design values and partial safety
factors for the material properties as for tradigibstructural elements. However, in order to
properly consider the design issues for WAAM metatklitional considerations should be

made to account for the geometrical irregulariied material anisotropy.

Because of these geometrical irregularities, ail@etdescription of the mechanical tensile
response of the real WAAM element would requiredtaluation of local true stress and



strain values, through ad hoc measurements duxipgrienental tests (e.g. with the use of
optical monitoring systems). As an alternativepnfra structural design point of view, the
mechanical response of the entire real WAAM elencentd be described in terms of the
effective mechanical parameters (e.g. effectivesstes and strains) that are associated with
an effective volume-equivalent cross-sectional #naais uniform along the whole length of

the element, as follows:

F
Teff =, — (4.2)

whereAe is the effective cross-sectional area of the stmattmember (from volume
equivalency) anéF is the tensile axial force (e.g. the force apptiedng a tensile test)
(Figure 4.8).

<Insert Figure 4.8 near here>

Clearly, the stresgest can be interpreted as an effective stress tifferslfrom the true

material stress, conventionally referred tazas

The effective stresgesr depends oer, SO specific attention should be given to the chaif
Aert. Different criteria can be adopted when choogeg based on scientific, technical and
practical considerations related to significanceuaacy and reliability of the chosen value.
Some possibilities area)f use of nominal valuesh) use of a set of punctual values based on
mechanical measurements), §se of average values as obtained from volumetric
measurements. The use of nominal values as givémebyanufacturer means there is no
need for any measurement, but the absence of ne@asaots may lead to lack of significance
and poor reliability, especially for non-standaedigprocesses (such as WAAM).

The use of a few manual measurements (such agcalgasurements) is straightforward
since such measurement can be easily executedaettem production site, but this type of
measurement could be easily biased.

The use of average values as obtained from volucrmagasurements (used in Kyveletal .,
2020, and Laghet al., 2020a) to obtaifesr has the advantage of providing an integral value
based on an equal weight criterion. It can alsadmpted for fast quality control checks

during the production phase.

This result results in all uncertainties (geometrend mechanical) being condensed into just

the mechanical parameters. The simplified appradlokvs the cross-sectional area to be



treated as a deterministic value, while all theautainties are globally collected in the
effective axial stress. In this way, the converdgidiormat commonly adopted for the analysis
and design of traditionally manufactured steel mersbwhich considers the geometrical
parameters as deterministic values and the mastreaigth parameters as random variables,
is maintained. Thus, the experimental mechanicamaters become dependent on both the
specific geometrical and mechanical features reletehe manufacturing process and not

only on the material itself.
Design assisted by advanced modelling and non-linear analysis

Within the design workflow of additively manufaotar parts and components, advanced
numerical models should be adopted to deal wittsgeeific issues related to the printing
process, such as the levels of anisotropy, the gearal imperfections or the residual

stresses.

As such, a new design approach — referred to asfddy advanced analysis’ — has been
developed to take full account of the advantageschiaracteristics of additive manufacturing
technology. The basic principle lies within the cept of the so-called digital twin — that is,
the mirroring of a physical object created in duaf environment by simulation-based
engineering (Okit&t al., 2019).

Theoretically speaking, the use of advanced sinadbols and digital twins would allow
the modelling of the geometrical imperfections wéry single manufactured piece and to
consider the actual orthotropic non-linear stretsatrsmaterial behaviour such that all the
potential modes of failure could be explicitly inded in the model. Such complex and
detailed finite element models would even allowdation of loading tests, construction
sequences, fatigue-related issues and other comptekinear phenomena. These advanced
analysis models may also be used along with stralctoonitoring systems for real-time
control of the structural response. Pioneeringaresein this direction is currently under
development by various research groups, includiegesearch team led by Alan Turing
Institute and MX3D in collaboration with Imperiabllege London and Autodesk that
developed a digital twin model of the MX3D bridgeently installed in Amsterdam city

centre.

The full development of a reliable digital twin teees detailed knowledge of the peculiar
geometrical imperfections, requiring the use otd@n field approaches and uncertainty

guantification techniques (Batal., 2004), as well as ad hoc material models abéetount



for the specific features of WAAM. In order to pesly manage such advanced simulation
tools, structural engineers need to become morgutationally literate and acquire high-

level computational skills (Buchanan and Gardnei, 9.

Computational design approach

Recently, a paradigm shift has occurred in thectimal design workflow thanks to the
computational design concept, which fully embrabesuse of computation for the
exploration of structural solutions and the deveiept of novel design ideas.

Within the computational design framework, seveitierent approaches have been
proposed so far. Cascoaeal. (2021) recently proposed a structural grammarcgugtr for

the generative design of diagrid-like structuresirilar concept has also been adopted to
realise a WAAM diagrid column (Laglet al., 2020b). Generative design has also been used
by Wanget al. (2021) in an integrated method to create jointgrige-like columns to be
realised using additive manufacturing. Alternatyyébpology optimisation algorithms have
been implemented to consider the features partitoldne additive manufacturing process
(Saadlaouet al., 2017; Wanget al., 2020).

With reference to the latter, Kanyilmaz and Be019) recently proposed innovative steel
tubular joints designed by making use of topologtiroisation and metal additive

manufacturing techniques to mimick features presenature.

With the aim of integrating the capabilities of iopsation procedures in terms of new
structural shapes with the current limitations AW technology (i.e. manufacturing
constraints, printing precision and material prdipsjy together with the robustness and
reliability of structural design verifications, a-salled ‘blended’ structural optimisation
approach was recently proposed. The approachesded to blend a stiffness-based
topology optimisation approach (suitably tailored WAAM stainless steel, see for example
Bruggiet al., 2021) with the basic principles of structuraligasin terms of conceptual
design and structural solutions to conceive amairdesign, together with concepts of
robustness and reliability, to guide the designemfthe purely mathematically optimised
solutions towards the final design (Figures 4.9 4«1id®). The fundamental aspects of the

blended design approach aag the basic principles of structural desigp), the



manufacturing constraints proper of WAAM) the topology optimisation algorithms, and

(d) the numerical simulations to verify the structyarformances.
<Insert Figure 4.9 near here>
<Insert Figure 4.10 near here>

This approach has been used to design an optirsiagdess steel I-type beam for a
residential building (Figure 4.11), accounting floe anisotropic nature of WAAM stainless
steel printed using the continuous strategy. Alsinapproach was also adopted to design a
WAAM diagrid column for fabrication using the doy-dot strategy, which became the first
example of a WAAM lattice structural element. Thesign of the column minimises material
use but prevents local and global buckling. Theirwl was also awarded the ‘Special
Mention by Autodesk’ at 3D Pioneers Challenge 202the Construction category (Laghi
al., 2020b).

<Insert Figure 4.11 near here>
<Insert Figure 4.12 near here>
Mechanical performances of WAAM elements for constuction

Extensive experimental characterisation has beeredaut by several research groups on
various alloys. For construction-related applicasicstainless steel and mild steel alloys have
been studied to assess the key mechanical paraneterms of4) the inherent material
anisotropy andh) the geometrical irregularities of the printedtpar

Research work carried out at the University of Bola investigated the geometrical and
mechanical features of WAAM-produced 308LSi stagnlsteel plates, with the aim of
ascertaining the key mechanical parameters foctstral design purposes. Tensile tests were
performed on dog-bone shaped specimens cut atugagiagles from the deposition layer (i.e.
0°, 90° and 45°) (Figure 4.13). Some of the spensneere milled to erase the surface
roughness, while the others were left as fabricalbe results from the geometrical
characterisation revealed that, in general, theuf@aturing process is characterised by
limited precision, resulting in non-negligible sacé roughness (of the order of 0.20—
0.30<|>mm) and consequential thickness variability ofplree of the order of 5%. The
results from the mechanical characterisation redktdat the key mechanical parameters are
severely affected by the material anisotropy inhenethe printing process, which creates



preferential crystallographic orientation with respto the printing direction. This affects the
macro-mechanical properties in terms of both stgBand strength. The most interesting
results were for Young’s modulus. For specimensatarig the longitudinal and transversal
directions (i.e. 0° and 90°), Young’'s modulus wasagerage 110-140>GPa, while for

those cut along a diagonal direction (45°) it wamiad 246:|>GPa. These outcomes were
then used to calibrate a specific anisotropic elasbdel for WAAM-processed austenitic

stainless steel, considering an orthotropic cantsté law.
<Insert Figure 4.13 near here>

The same results were obtained by a research frampimperial College London, who
additionally calibrated an orthotropic material rebfibr the post-elastic behaviour of
WAAM-produced stainless steel plates. Additiongdeskmental work has included flexural
and buckling behaviour of circular and square hltwoss-sections, as well as the definition
of the ‘design assisted by testing’ procedure lierworld’s first footbridge entirely realised
using WAAM.

Regarding dot-by-dot products, first investigatiovexe carried out at the University of
Bologna to assess the influence of the build aogléhe geometrical and mechanical features
of WAAM stainless steel bars (Figure 4.14). Thaulsshighlighted the detrimental effect of
increasing build angle, with a limit set to 45°rfrahe vertical axis. Similar results were also
obtained by a research group at ETH Zurich for WAAMd steel bars printed at different

nozzle and build angles.
<Insert Figure 4.14 near here>
Design values and partial safety factors for struatral applications

The mechanical parameters determined by the expatahinvestigations allow the
calibration of the first design values and paweflety factors of WAAM base material for

structural design applications.

With reference to the procedure reported in Euredd@CEN, 2002), design values related to
the resistance as the material propexty ¢an be defined from the results of experimental
tests. In particular, Annex D defines a procedaredrive design and characteristic values of
a material property for a new material (as in tagsecof WAAM base material) through the

so-called ‘design assisted by testing’ procedure.



Following this procedure, the research group froemniversity of Bologna in collaboration
with TU Delft calibrated design values of the kegahanical parameters (i.e. yielding and
ultimate tensile strength) for WAAM stainless stiren statistical interpretation of the
experimental results (Figure 4.15). Different dasiglues were calibrated for each of the
three main printing orientation (i.e. 0°, 90° arf)} accounting for the anisotropic nature of
WAAM stainless steel. From these, the corresponpartjal safety factors were extracted. In
general, the results showed good agreement withales suggested in Eurocode 3 for
stainless steel structures. These preliminary tesué the first reference for structural
engineers and producers dealing with the desigitro€tures realised with WAAM members.
The long-term objective would be to provide speationtributions to deliver guidelines for

the structural design of members realised with WAf¢hnology.
<Insert Figure 4.15 near here>
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<Figure captions>

Figure 4.1 MX3D footbridge realised with WAM praseand presented at the Dutch
Design Week 2018 in Eindhoven

Figure 4.2 The Glass Swing realised at TU Delftoflaboration with the Dutch



company RAMLAB (Snijdeet al., 2020)

Figure 4.3 Close-up views of the surface irregtiéa inherent to WAAM-produced
specimens: (left) surface roughness from contingoiming strategy (planar element)
and (right) diameter variability from dot-by-dotiming strategy (bar)

Figure 4.4 Digital model and corresponding printéement of a WAAM-produced

plate from which ‘dog bone’ specimens are extracted
Figure 4.5 Digital model and corresponding printésment of a WAAM-produced bar

Figure 4.6 Orientations of ‘dog bone’ specimenisfam a plate with respect to the

deposition layer

Figure 4.7 Graphical representation of rod eleseninted in three different
orientations: vertical at 0° (aligned with the veat direction of deposition), inclined at
10° and 45° (from the vertical direction of depsi)

Figure 4.8 Nominal, real and effective thicknessglanar WAAM specimen
Figure 4.9 Fundamental aspects of the blendedtstal optimisation approach
Figure 4.10 Conceptual flowchart of the blendedcttiral optimisation approach

Figure 4.11 Conceptual design of optimized I-tipams for a multi-storey steel frame
building

Figure 4.12 Conceptual design of WAAM diagrid culu
Figure 4.13 Mechanical features of WAAM stainlset=el plates
Figure 4.14 Mechanical features of WAAM stainlset=el bars

Figure 4.15 Statistical analysis of ultimate tenstrength in the three main directions

relative to the printing direction: (a) longitudinéb) transverse and (c) diagonal



