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Abstract

In the last decades Additive Manufacturing has gained fundamental importance in the development of digital fabrication
for the automotive, aerospace, biomedical and only lately civil engineering field. In particular, the technology of Wire-
and-Arc Additive Manufacturing, based on a welding process adopted on a robotic arm, is the most suitable to realize
structural elements which usually requires large dimensions of the printed outcome, with still a good mechanical response
of the printed metal material. The authors have been part of a pioneering work which provides the first insight into the
material and geometrical properties relevant to characterize 308LSi stainless steel elements to realize the first 3D-printed
steel footbridge to be held in Amsterdam by 2020 and manufactured by the Dutch company MX3D. In detail, the work
presents the first results of an intense geometrical study to characterize the intrinsic irregularities of the printed outcome,
by means of hand measurements and high-precision 3D scan acquisition of different element types. Copyright © VBRI

Press.
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Introduction

Over the last decade, the application of Computer-Aided
Design (CAD) has brought to a new design approach
resulting in novel forms, by means of three-dimensional
computer modeling and digital fabrication methods,
further developed in computerized tools for architecture,
structure and civil engineering which have gained more
and more influence [1, 2].

On the other hand, manufacturing process has seen
the advent of automation since the beginning of the 21%
century in almost all production domains, from
automotive to aerospace, from biomedical to
mechanical, with the exception of construction field.
Indeed, in the building sector the use of automation has
always been challenging due to several intrinsic factors,
from the large dimensions of the outcomes to the
limitation in the material to be adopted in the automated
system [3]. Only recently, Additive-Manufacturing
(AM) based technologies, already widely adopted in
other sectors such as aerospace, automotive and
biomedical engineering, are starting to be applied in
structural engineering field as well [4-10].

The term Additive Manufacturing refers to the
process of depositing layer upon layer of material, as
opposed to the subtractive manufacturing, typically
adopted, producing a final 3D object made in plastic,
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resin, rubber, ceramic, concrete and metal. Concerning
the latter material, recent reviews [11-14] present in
literature distinguish three main categories of metal AM
processes: (i) Powder Bed Fusion (PBF); (ii) Directed
Energy Deposition (DED) and (iii) sheet lamination.

Although extensive research effort has been paid on
studying the mechanical characteristics of metal PBF
processes [15-20], due to its intrinsic limitations in the
dimensions of the printed outcomes, the application in
structural engineering field is not of relevance. On the
other hand, among the DED processes, Wire-and-Arc
Additive Manufacturing (WAAM) seems to be the most
suitable one for the construction industry, as it consists
of a “printing head” at the top of a robotic arm, allowing
for the realization of elements without theoretical
dimensional constraints. In fact, it consists of an electric
arc as heat source and wire as feedstock, by means of off-
the-shelf welding equipment, such as welding power
source, torches and wire feeding system, while motion is
provided by either robotic system or computer
numerical-controlled gantries [21-24].

Among the various metal Additive Manufacturing
technologies, Wire-and-Arc Additive Manufacturing
(WAAM) process has been recently adopted by the
Dutch company MX3D [25] to realize the first 3D-
printed steel footbridge which will be placed in the city
center of Amsterdam by 2020 [26-27].
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However, in order to obtain pieces of large
dimensions, higher printing velocities are required,
resulting in larger geometrical imperfections with
respect to the digital model. Therefore, much effort is
needed for a proper assessment of both the geometrical
and mechanical characterization of the outputs from
Wire-and-Arc  Additive Manufacturing (WAAM)
process. Previous research has been widely focused on
characterizing WAAM elements in titanium alloys [28,
29] and very recently on stainless steel [30-32], although
mainly focused on the microstructure and metallurgic
properties, and not explicitly investigated for structural
engineering purposes.

Challenges related to WAAM process

Concerning  WAAM process, a great source of
uncertainty is the outcome of the printing process, as a
metal material with characteristics in terms of both
geometry and mechanical properties which differ from
the traditionally fabricated cold-formed metal elements.
In fact, first research effort on such innovative
manufacturing technology produced results in terms of
main material properties (Young’s modulus, yielding
stress, ultimate tensile strength, ultimate tensile strain)
and geometrical accuracy (thickness, cross-sectional
area, net shape) not in line with the typical behavior of
traditionally manufactured metal materials. In detail,
recent research on stainless steel produced values of
Young’s modulus of the order to 60% to 100% reduction
with respect to the traditional values proposed for
international standard provisions (i.e. European building
code EN 1993:1-4 [33]) for traditionally formed stainless
steel parts. Furthermore, studies on microstructure of
WAAM elements confirmed a certain influence of the
material structure and behavior with the adopted
printing parameters [30-32]. The fundamental process
parameters are (i) the current and its voltage, (ii) the wire
diameter, (iii) the wire-feed rate, (iv) the welding speed
and (v) the vertical printed layer height. Therefore, it
becomes crucial to properly characterize WAAM metal
parts related to the specific process parameters, in terms
of geometrical accuracy and mechanical response.

For structural engineering applications, the need of
high welding velocity for a rapid realization of structural
elements of such proportions plays a crucial role for the
specific characteristics of the printed parts, as it induces
geometric inaccuracy of the outcomes, both in terms of
surface roughness and lack of straightness of the
elements. For a given element to be printed, a digital
model from which the printing head reads the
coordinates of the points defining step by step the
position of the welded layer is created with Rhinoceros
software [34]. However, due to intrinsic inaccuracy of
the printing process, each ideal point of the digital model
has a real counterpart whose position is not exactly the
one of the digital model, as it is affected by an error.

The specifications of the innovative manufacturing
process are crucial to derive the response in terms of
structural performances of the printed elements. The
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large velocity of deposition used to realize the specimens
(average welding speed of 0.5 to 2 kg/hour) has induced
some considerable geometric irregularities which should
be properly taken into account both in the design and
construction phases. Moreover, the heating process
induces some non-negligible residual stresses and
deformation of the crystalized structure of the stainless
steel, which should be further analyzed as well. For
instance, Fig. 1 provides different views of typical
tubular elements manufactured by MX3D [25] using the
continuous printing strategy. The figures allow to
visually appreciate the typical geometrical imperfections
resulting from the manufacturing process: cross-section
shape irregularity (Fig. 1a), lack of straightness (Fig. 1b)
and surface roughness (Fig. 1c). These geometrical
imperfections together with the specific material
mechanical behavior related to the printing parameters
affect the structural response of the printed elements and
have to be addressed in order to provide valuable
information to be used in the structural design.

(@

(b)

Fig. 1. Geometric issues of WAAM elements: (a) cross-sectional
irregularity; (b) lack of straightness; (c) surface roughness.

The experimental campaign

The work is focused on the WAAM process adopted by
MX3D, which makes use of a gas metal arc welding, a
process characterized by a continuous wire electrode
which is drawn from a reel by an automatic wire feeder.
Two different printing strategies have been explored by
MX3D: a so-called continuous printing, meaning that the
material is deposited in continuous, and a so-called dot-
by-dot printing, meaning that the material is deposited
by successive points. The effects of these strategies on
the metallurgic characteristics have been also analyzed
in [30-32].

A wide experimental campaign has been carried out
starting from January 2017 (and still on-going) at the
Topography and Structural Engineering Labs from
University of Bologna, in order to assess the geometrical
and mechanical properties of real-scaled specimens
realized with WAAM process.

In particular, 308LSi austenetic stainless steel has
been adopted as wire feed, and the specimens realized
according to the following ranges of parameters: 1-mm
wire diameter, 0.6 to 2 mm/min wire-feed rate, 15 to
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30 mm/sec welding speed, 1 to 3 mm vertical printed
layer height and an average total printing speed of 0.5 to
2 kg/hour [35]. Such parameters have been calibrated by
MX3D in order to realize fully-dense real-scale elements
for structural engineering applications.

The phases of the experimental campaign have been
defined in order to address the two main issues relevant
from a structural design point of view, namely
geometrical irregularities and mechanical properties.
Further explanation of the first experimental campaign is
presented in a more extensive work submitted in a peer
reviewed journal [35].

The work here presented is focused on the
geometrical characterization of the imperfections due to
the printing process, i.e. cross-section irregularities,
surface roughness and lack of straightness. Since the
amount of imperfections due to the manufacturing
process may differ depending on the specific geometry
to be printed, the specimens considered are both “dog-
bone” shaped elements cut from rectangular plates and
hollow circular tubes (both stub columns and long
tubes). Different types of measurements have been
compared including: (i) punctual hand measurements
with digital caliper with specific attention on the
thickness for the “dog-bone” specimens and both
thickness and outer diameter for the tubular specimens;
(ii) volume-based measurements (from the Archimedes’
principle) to obtain effective values of thickness for both
types of specimens; (iii) 3D scan for a detailed
evaluation of cross-section irregularities, surface
roughness and lack of straightness of both types of
elements.

Geometrical characterization of WAAM elements

As previously mentioned, when it comes to WAAM
technology the accuracy in the printed outcome is
directly influenced by the high velocities required to
realize structural elements of big dimensions in
reasonable amount of time. Therefore, it is necessary to
characterize the printed material both on the geometric
point of view as well as for its mechanical properties.

Considering the digital model, taken as input in the
printing process, the geometrical dimensions are
nominal values, which however differ with respect to the
printed outcome, given the inherent imperfections due to
surface roughness of the outcome, lack of straightness
and irregularity in the cross-section.

For the current project, two types of geometries have
been studied: plates and tubes.

Referring to a generic plate, the digital model has a
nominal value of thickness t, constant along the surface
of the element. However, the printed outcome results in
a value of thickness which is variable and depends on the
position of the piece along the plate (taking a coordinate
system X,Y: treat = trear(X,y)). Therefore, based on the
printing direction, the surface roughness can have a
different influence on the mechanical behavior of the
specimens cut along the printing direction and those cut
perpendicular to that. (Fig. 2)
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Fig. 2. Digital model vs. printed outcome of a WAAM plate element.

Considering the tubular elements, the input digital
model is constituted by a circular-hollow cross-sectional
tube, having constant nominal thickness and outer
diameter Dn, sn. Due to the imperfections which are
intrinsic in the printing process, the printed outcome is a
tubular element with a non-perfectly hollow circular
cross-section which varies over the height and a non-
straight longitudinal axis (taking a cylindrical coordinate
system z,0: Dreal = Dreal(6, 2) and Sreal = Sreal(6, 2))
(Fig. 3).
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Fig. 3. Digital model vs. printed outcome of a WAAM tubular element.

Therefore, the first phase of the experimental
campaign has been the geometrical characterization of
the imperfections due to the printing process adopted in
the current research, i.e. cross-section irregularities,
surface roughness and lack of straightness.

In order to assess the main geometrical parameters
of Wire-and-Arc Additive Manufactured elements, the
following measuring systems have been used: (i) high-
precision caliper (with a nominal value of 0.02 mm) for
hand measures of thickness of both planar and tubular
specimens; (ii) analogic hydraulic scale, to take the
volume-based measures of the average thickness for both
types of specimens; (iii) 3D scanning acquisition system
for the precise evaluation of the thickness variation due
to surface roughness for both types of specimens. Fig. 4
shows the equipment adopted for the different types of
measures taken.
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Fig. 4. The measurement set-up for the geometrical characterization of
WAAM elements: (a) high precision caliper; (b) hydraulic scale;
(c) Artec Spider 3D scanner.

In particular, a limited number of specimens from
both types have been first scanned by means of high
resolution 3D scanning. It consists of an optical non-
contact measuring system based on the blue light,
therefore based on the principles of topographic
triangulation: the projector projects a fringe pattern of
blue light on the object surface and the pattern appears
distorted due to the surface shape. In particular, two
cameras capture the distortion to calculate the 3D
coordinate measurements, acquiring full-field scans of a
volumetric area and collecting millions of points per
scan.

The details of the structured-light projection Artec
Spider [37] scanner used are the following: weight of
0.85 kg, dimensions of 190x140x130 mm, and
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acquisition speed of 1 min points/sec for metrology
applications. The 3D resolution obtained is of
100 points/mm2, with a 3D point accuracy of 0.05 mm
for a medium field size of 90x70 mm and a working
distance of 0.25 m.

Fig. 5 shows details of the obtained 3D model of one
of the tubular elements, consisting of around 40 milions
of triangular elements, with a mean size of about 0.1 mm.
In particular, comparison between the real scanned tube
(blue model) and the ideal digital model (grey model)
allowed to draw some conclusions concerning the
variation of surface roughness along the dimension of the
specimen, as well as compute a better estimate of the
effective cross-sectional area of the specimen, to be
adopted for further mechanical characterization. Details
of the work are presented in [35, 36].

Fig. 5. 3D model of the real printed tube (blue) obtained by 3D
scanning, compared with the ideal digital model (grey).

Results of the geometrical characterization of both
planar and tubular specimens are here summarized. As
far as the planar specimens are concerned, the
measurements indicated that, on average, the thickness
obtained from caliper measurements is slightly larger
(+13%) than the nominal value, from the ideal digital
model. On the contrary, the value of thickness obtained
from volume measurements is slightly less (-2%) than
the nominal value from the digital model. Therefore, an
average ratio between the nominal value and thickness
taken from volume measurements of y = 1.16 has been
calibrated and used in order to “correct” the cross-
sectional area to be considered for the mechanical
characterization [35].

As far as tubular specimens are concerned, results
show that the error in computing the outer diameter is
almost negligible for structural engineering purposes.
The thickness values obtained from the caliper measures
are on average slightly larger than the nominal value
(+5%), as for the previous case, whereas the value
obtained from volume measurements is smaller than the
nominal value (-23.7%).

Further details are presented in [35, 36].

Conclusions

In the paper, the first results of a wide experimental
campaign conducted at University of Bologna labs on
Wire-and-Arc  Additive Manufacturing (WAAM)
stainless steel are presented. In particular, the focus has
been on the geometrical characterization of different
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types of WAAM outcomes (plates and tubes) to draw
some first conclusions on the surface irregularities
typical of this type of process.

In particular, the attention has been paid on two
types of specimens, planar and tubular, studied in terms
of variation of cross-sectional area. Results obtained
from high-precision hand measurements, volume-based
measurements and 3D scanning acquisition system have
been analyzed and compared. In detail, the effort has
been focused in: (i) evaluating the discrepancies between
the nominal and the actual (effective) thickness of the
specimens extracted from the planar plates which have
been quantified, on average, in the order of +-0.5 mm (+-
10% of the nominal value); (ii) evaluating the
discrepancies between the nominal and the actual
(effective) thickness and cross-section outer diameter of
hollow tubes, quantified in the order of -1 mm for
thickness (-20% of the nominal value) and -2 mm for
cross-sectional area (-5% of the nominal value); (iii)
evaluating the lack of straightness of the hollow tubes
which can be quantified, at first approximation, as an
initial imperfection e with maximum value of about
1/300 of the member length.

Overall, the preliminary results presented in this
work indicate the need of further experiments for the
complete assessment of the geometric characterization
of Wire-and-Arc Additive Manufactured stainless steel.
Further research effort is however needed in order to
properly assess the most suitable printing parameters and
processes in order to minimize the discrepancies
between the digital model and the geometry of the
printed outcome. Moreover, specific provisions for the
structural design are needed, accounting not only for the
mechanical properties, but also for the peculiar
geometrical uncertainties of elements produced with this
novel manufacturing process.
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