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Abstract

The manufacturing of large scale structures with Additive Manufacturing (AM) represents one of the
main challenges facing the construction industry today. The first recent large-scale realizations with
the Wire-And-Arc Additive Manufacturing (WAAM) technology have shown the potential of
WAAM in changing the way steel structures are currently designed and manufactured. However,
despite these pioneering applications, the full comprehension of synergies and possibilities of
WAAM in terms of architectural shapes, structural behavior and material response are far from being
completely exploited.

In this research, the overarching design process from concept to fabrication of a half-scaled diagrid
column 3D printed with WAAM technology is illustrated. The research methodology is based on a
computational workflow integrating various aspects such as material properties, manufacturing
features and global architectural design. The final designed WAAM-produced diagrid column has
been exposed at “The Big 5 - International Building and Construction” show, held in Dubai from

November 25th till November 28th 2018.

Key words
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1. Introduction
Along the centuries, the evolution in building construction has always been strictly linked to
significant advancements in material science, technology, industrial processes and engineering [1].
During the last 30 years, the way structures have been designed, planned and built changed
completely following the technological innovations offered by software for Computer-Aided Design
(CAD), which replaced manual drawings, without however, at the beginning, changing the resulting
architectural shapes. In the early years of the 21st century, a new design approach in architecture
started to emerge resulting in novel forms thanks to the introduction of three-dimensional computer
modelling and digital fabrication methods. More recently, with the advent of the “digital turn” [2],
novel computerized tools for architecture, structural and civil engineering have gained influence,
enabling the design and construction of buildings with complex, doubly-curved geometry, such as
shell structures and other forms found through design optimization [3].
Since the beginning of 21st century, automation has grown exponentially and soon prevailed in
almost all production domains with the exception of the building construction sector, in which the
use of automation is still challenging and at its pioneering applications, due to some peculiar aspects
proper of the construction industry. These aspects lie within the large-scale dimensions of the
products, the conventional design approaches which are not fully suitable for automation, as well as
limitation in the materials to be employed by an automated system [4]. Only in the last few years, the
fast development in digital fabrication techniques is leading towards applications in structural
engineering field as well, through Additive Manufacturing (AM)-based technologies, already
commonly used in other sectors such as aerospace, automotive and biomedical engineering [5-9].
The application of Additive Manufacturing (AM) process in the built environment allows to exploit
the innovations in architectural forms from digital design tools to create new forms and shapes. The
first investigations have been carried out on polymer-based AM techniques. Naboni et al. [10]
exploited 3D printing technology to create a polymer-based cellular trabecular pavilion currently
exposed at Politecnico of Milan. New possibilities towards the application of 3D printing technology
for large-scale building parts in polymers have been also explored by Branch Technology [11] and
Al Build [12]. Concerning concrete direct 3D printing, there is several research effort as well as
building applications already present in the market. Some interesting studies and applications of
structural optimization for new classes of 3D printing concrete elements have been developed by
Vantyghem et al. [13], as well as by ETH Zurich research team [14].
As far as metal-based AM processes applied to construction field, Powder-Bed Fusion (PBF)

techniques allow to print small elements, therefore adapted for small steel connections, as for the case
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of the optimized node presented by ARUP [15]. However, the most suitable AM process for steel
structures results to be the so-called Wire-and-Arc Additive Manufacturing (WAAM), which consists
of standard welding equipment mounted on top of a numerically-controlled robotic arm. It allows for
a relatively fast (when compared to other AM processes) realization of members of large dimensions
(up to few meters span), with ideally almost no limitations in the size or shape, for the construction
of innovative architectural forms.

In this regard, the first example of optimized shape manufactured using WA AM process is the MX3D
Bridge [16], the first 3D-printed steel footbridge ever realized, presented and awarded at the Dutch
Design Week held in Eindhoven in October 2018 (Figure 1). The bridge is ready to be installed in
Amsterdam city center by 2020. Other explorations on the applications of WAAM process for

innovative structural elements have been also carried out at University of Technology Darmstadt [17].

Figure 1: MX3D Bridge realized with WAAM process [16].

Nonetheless, further research effort is still required to completely characterize the geometrical and
mechanical features of the process outcomes in terms of surface roughness and imperfections with
respect to the digital input as well as mechanical and microstructural properties of WAAM steel
members. Indeed, the results in literature focusing on the microstructural and mechanical
characterization of different alloys realized by means of WAAM process [11-43], indicate that the
mechanical properties of WAAM material may differ from those of the corresponding wrought one.
However, there is still limited research specifically focused on the characterization of WAAM-
produced metal elements for structural engineering applications [51].

Recently, the authors carried out a wide experimental campaign to assess the geometrical, mechanical
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and microstructural properties of WAAM-produced 308LSi stainless steel elements to be applied in
the structural engineering field [52-54].

The present study illustrates the overarching process, as the whole comprehensive process from
computational design to fabrication adopted to realize a stainless steel diagrid column realized with
WAAM technology. The computational design workflow integrates various aspects such as material
properties, manufacturing features and global architectural design. It includes both conceptual and
parametric design. The diagrid column is made by “rods” (as diagonal elements) realized in 3D-
printed stainless steel using a so-called “dot-by-dot” printing strategy. Section 3 presents the main
results of the geometrical and mechanical characterization of the dot-by dot rods produced with
WAAM technology. Sections 4 and 5 present the computational design process, from the concept to
parametric design and fabrication of the designed diagrid column.

The designed column is intended as a showcase to highlight the potential of metal 3D printing

technology to realize innovative structural forms and aesthetically appealing architectures (Figure 2).

Figure 2: futuristic application of a 3D-printed diagrid column.

2. Wire-and-Arc Additive Manufacturing in construction: issues and
possibilities

The specifications of WAAM process parameters and the knowledge of their effects on the

geometrical and mechanical properties of the printed outcomes are crucial for a reliable evaluation of

the structural behavior of the whole printed structure [25,30,35,44,55-59]. Up to date, the main source

of uncertainty is the AM process itself, as the outcome of the printing process is a metal material with
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geometrical features and mechanical properties that may substantially differ from those of
traditionally fabricated elements.

Among different WAAM set-up configurations, hereafter the printing process currently adopted by
the MX3D company [16] is considered. In detail, two different printing strategies have been explored
so far: 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.
Typically, “continuous” printing is adopted to print planar elements, while “dot-by-dot” strategy is
used to print line elements as parts of a continuous diagrid pattern, with no nodes interruptions. The
effects of these strategies on the metallurgic characteristics of the printed material have been recently
analyzed in [45,60—62].

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. The combination of
such controlling parameters affects the printing quality (geometrical precision and surface roughness)
and the material mechanical properties [55,57-59]. In addition, different cooling strategies (such as
active cooling system or natural ambient cooling) may influence the mechanical properties and
therefore should be considered [35].

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 causes geometric defects in 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 [63]. However, due to the intrinsic inaccuracy of the
printing process, the printed member will differ from its ideal digital counterpart. Moreover, the
surface roughness caused by the layer-by-layer deposition system causes an anisotropic behavior

from both the microstructural and mechanical point of view [52,53].
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(a) (b)
Figure 3: the inherent surface roughness of the WAAM printed outcome: (a) dot-by-dot printing; (b)

continuous printing.

3. Material characterization of dot-by-dot elements
3.1 The printing process
The printing strategy considered for the design of both the specimens tested and the diagrid column
is the so-called “dot-by-dot”. In detail, the “dot-by-dot” printing strategy is a Wire-and-Arc Additive
Manufacturing technique to deposit dots of welding metal on a discontinuous process along one axis
[61,62]. The printed outcome results in a one-dimension rod-like element, having constant nominal
diameter (as governed by the welding dot) and longitudinal main axis. The specimens have been
manufactured by MX3D company [16] using a commercially available standard stainless steel
welding wire grade ER308LSi (1 mm diameter) supplied by Oerlikon [64]. The printing parameters
are listed in Table 1. Since the “dot-by-dot” printing strategy is a discontinuous process, travel speed

has not been set within the process parameters.

Process parameters Details Value
o Current 100 - 140 A
Deposition power
Arc voltage 18-21V
Welding spot 0.5-1s
Speed . .
Wire feed rate 2 - 4 m/min
Rod diameter 3- 7 mm
Distance and angle
Electrode to layer angle 90°
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) Wire grade ER 308LSi
Wire
Wire diameter I mm
. Shield gas type 98% Ar, 29%CO>
Shield gas . )
Shield gas flow rate 10-20 L/min

Table 1: Printing process parameters.

In order to study the mechanical behavior of WAAM-produced “dot-by-dot” elements, tensile and
compression tests have been conducted on 6-mm diameter full circular rods including tests. The rods
have been produced in two orientations: (i) with the longitudinal axis aligned along the vertical
direction, coincident with the printing direction; (ii) with the longitudinal axis inclined by an angle
of 10° with respect to the vertical direction (Figure 4) to evaluate the influence of a possible

misalignment of the printing head from the longitudinal axis of the printed element.

Figure 4: The two orientations of the specimens tested: vertical (aligned with the vertical direction of

deposition) and inclined (at 10° from the vertical direction of deposition).

A total number of 40 specimens have been tested, 20 per each direction, to fully characterize the
geometry and the mechanical response of the printed outcomes. First, a detailed geometrical
characterization has been performed, making use of a high-precision 3D scanning acquisition system
(Section 3.2). Then, tensile and compression tests have been performed on the specimens (Section

3.3) to evaluate the main material properties to be used in the computational design phase (Section
4).

3.2 The geometrical characterization
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Given the inherent surface roughness of the WAAM-produced rods, high-precision 3D scanning
acquisition has been adopted to evaluate the distribution of cross-sections with respect to the digital
input. Indeed, the rods have been realized having a full circular cross-section of nominal diameter
equal to 6 mm. Figure 5a presents the comparison of the 3D model of a printed rod obtained from 3D
scanning acquisition (blue) and the corresponding nominal geometry of a uniform cylinder (red) of
6-mm nominal diameter (taken as input digital model during the printing phase). The 3D model
obtained from the laser scanner clearly evidences the three main types of discrepancies: irregular
cross-section along the length, surface roughness and lack of straightness. As a result, the nominal
cylinder (red) is visible above the real one (blue) not only because of the difference in cross-section,

but also due to the presence of lack of straightness as global imperfections.

Figure 5b shows the distribution of the diameter as evaluated on 100 cross-sections of the 3D-scan
model (in terms of relative frequency scaled to have a unitary bars area) and the Gaussian Normal

probability density function (PDF) which fits best the distribution of the diameter measures.

(a) (b)
Figure 5: (a) 3D-scan model vs. digital input geometry, (b) distribution of diameter of a WAAM-produced

rod.

The average diameter resulting from the analysis of the 3D-scan acquisition is equal to 5.81 mm,
resulting in a discrepancy with respect to the nominal value of 3%. The coefficient of deviation results
equal to 0.28. These values are also in line with the results of previous investigations carried out by

the authors on WA AM-produced continuously-printed stainless steel specimens [52,54].
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In order to correctly interpret the results of the mechanical tests, a volume-equivalent effective cross-
section has been considered as the resistant effective area adopted to compute the effective stresses
from tensile tests, according to the procedure presented in [52]. Indeed, the effective stresses provide
an estimation of true stress in a WAAM-produced specimen that could be useful for structural design
purposes [52]. The values of the effective cross-sectional area have been taken from volume
measurements according to Archimedes’ principle. The average value of the effective diameter taken
over the 40 specimens is 5.80 + 0.27 mm, substantially equal to the average diameter obtained from
3D-scan acquisition. Note also that the difference between the effective diameter and the nominal

one is in the order of 3% of the nominal value.

3.3 The mechanical characterization
The tensile tests have been performed on a Universal testing machine of 500 kN load capacity at the
Structural Engineering labs of University of Bologna. The specimens have been tested in
displacement-control with a velocity of 2 MPa/sec. Two types of monitoring systems have been
adopted to evaluate the strains: a linear deformometer of nominal dimension of 50 mm, to detect the
linear deformation of the specimens up to yielding, and an optical-based system referred to as Digital
Image Correlation (DIC), to acquire the full strain field during the whole test until failure (Figure 6).
Figure 7 shows an overview of the mechanical test results in terms of average values and standard
deviation of Young’s modulus (£), 0.2% proof stress (R,o.2), ultimate tensile strength (UTS),
elongation to failure (4+). The same information is collected in Table 2 including also the strength
ratio (Rp0.2/ UTS). It can be noted that the values of the mechanical parameters are generally in line
with the results obtained from the experimental campaign carried out on WAAM-produced
continuously-printed stainless steel specimens [52,53]. In detail, the main discrepancy results to be
on the 0.2% proof stress values (on average around 250 MPa for dot-by-dot vs. 300 MPa for
continuous), which clearly affects the strength ratio as well (around 0.45 for dot-by-dot vs. 0.65 for

continuous).
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(a) (b)
Figure 6: (a) Tensile/compression test set-up; (b) typical tensile rupture; (c) typical compression/buckling

failure (specimen of aspect ratio around 0.7).

Figure 7: Overview of the mechanical parameters from the tensile tests.
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Specimen E Rpo.2 UTS Ao,
orientation [GPa] [MPa] [MPa] [%o] Rpo2/ UTS
. 140.08 251.86 527.31 35.58 0.47
Vertical — 0°
+29.33 +28.75 +75.78 +13.98 +0.03
. 112.51 245.01 540.10 34.26 0.46
Inclined — 10°
+2291 +21.57 +48.33 +12.37 +0.04

Table 2: Summary of tensile tests results.

Compression tests have been performed on rod-like specimens having different lengths L (slenderness
ratios /Ly from 0.30 to 1.80, with 7 equal to the cross-section radius of gyration and L.z the effective
length based on the end-constraints), using the same experimental set-up as for the tensile tests. The
results have been then analyzed to evaluate the critical buckling load (N.-) from which the design
buckling curve is interpolated. The results of the compression tests indicate that for the designed
diagrid column the use of rods with a maximum free length of 50 mm (corresponding to a slenderness
ratio of 0.30) would ensure a compression strength approximately equal to the tensile yielding
strength. Therefore, for the design and verification phases (Section 4) the axial resistance under
compression of the rods has been considered as follows: Nepg = Nigg = 4Ae ff' f. yd. Aey corresponds
to the volume-equivalent effective cross-sectional area, while the design yielding strength £, has been
obtained from the results of the tensile tests considering the mean value of the 0.2% proof stress
(Rpo.2) and corresponding partial factor according to provisions in Eurocode 3 for structural members

realized in stainless steel material [65].

4. Computational design of the diagrid column

The present section illustrates the computational design process (from the concept to the final design)
of a WAAM-produced diagrid column. The conceptual design has been guided by solutions found in
the scientific and technical literature (Section 4.1) dealing with the problem of determining the
optimal shape of a structural element subjected to compression. The parametric design phase,
presented in Section 4.2, has been carried out in two steps, namely the global shape design and the
topological design, and takes into account the manufacturing constraints and the material properties

of the adopted WAAM process, thus allowing to obtain the final design ready to be 3D-printed

11
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without the need of further iterations. The structural performances of the final design are evaluated
by means of finite element analysis comparing the stress levels with that of a benchmark solution

(Section 4.3).

4.1 Historical precedents

Since Galileo Galilei’s investigations on “equistrong beams” in the 17" century, several researchers
have been dedicated an effort on determining the “most efficient shape” of an element, intended as
the configuration of minimum weight ensuring the same safety factor under certain applied loads and
restraint conditions. The shape of the equistrong rod under a compressive force is found in the Euler’s
problem. In 1960 Keller [66] solved the problem of determining the shape of a column with the largest
critical buckling load, of a given length and volume. The results show that the strongest column is
not uniform but tapered, being thicker at its center and thinner at its ends. Indeed, appropriately
tapering a column of circular cross-section increases its critical buckling load by one-third over that
of a uniform column. The analytical equation of the along-the height variation of the cross section
area of the strongest column has a quadratic sinusoidal form [66]. Such a column with variable cross
section has a weight reduced by 13% of that of a uniform full cylindrical column having the same
buckling load [67].

In addition to the theoretical studies related to the strongest beam, more practical-oriented research
has been carried out since the early 20" century to obtain efficient structural solutions for tall and
slender structures, such as nuclear cooling towers or water towers. In particular, hyperboidal thin
shell structures are characterized by excellent aerodynamic, strength and stability properties. The
remarkable Russian engineer Vladimir Shukov, who designed and realized the hyperboloidal water
tower for the 1896 industrial exhibition in Nizhny Novgorod, is recognized as the pioneer of
hyperboloidal structures. More recent examples of hyperboloidal structures are the McDonnell
Plantarium roof in St. Louis, the Brasilia Cathedral and the Kobe Port tower [68]. As hyperboloid
structures are doubly curved, their simultaneous curvature in opposite directions leads to high
resistance against buckling. Furthermore, given their anticlastic curvature, they are able to carry the
same load with less amount of material with respect to traditional cylindrical shapes [69,70].

The two families of optimal shapes for a column subjected to compression, namely the “sinusoidal-
like” and the “hyperbolic-like”, have been considered in this study as selection criterion to identify
the global geometrical shape of the diagrid column in the first step of the parametric design process
(Section 4.2). Figure 8 conceptually explains the merging of the “sinusoidal-like” and “hyperdoloic-

like” shapes towards the the final designed shape.

12
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Figure 8: Path towards the shape of a diagrid column.

4.2 The parametric design algorithm
The computational design flow is articulated in different phases (Figure 9), from the set of the initial
geometry (phase 1) to the parametric design algorithm (phase 2 and 3) towards the final design. In
detail, the parametric design phases are the global shape design (phase 2) and the topological design
(phase 3). In both parametric design phases, a parametric design algorithm has been implemented by
means of Grasshopper [71] program in Rhinoceros5 [63] software environment, widely used for
parametric design purposes since it allows to perform advanced algorithm-aided design and structural
analyses directly on CAD drawings through a real-time iterative procedure to the final design. The
two plug-ins used for the purpose of the present work are Karamba3D [72] and Galapagos (built-in
feature of Grasshopper [71]): the first one, in particular, is a plug-in able to perform non-linear
structural analysis of beam and shell models; the second one, instead, solves optimization problems
making use of genetic algorithms to generate a population of different solutions based on the problem

at hand.

13
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The objective of both global and topological design is to determine the structural configuration
(defined in a parametric form) of minimum weight satisfying a target structural requirement under
additional constraints. In each design step, specific geometrical parameters are chosen as the design
variables, while the remaining ones are set to constant values. The final configuration at the end of
each design step is selected among the ones generated by the genetic algorithm according to a
selection criterion. The structural requirements are verified through linear static analyses by
computing the utilization factors (U;) of each structural member and verifying U; <1.0. Indeed, the
utilization factor, according to Eurocodes [73], is computed as the ratio between the design actions
and the corresponding resistances for a given limit state, and the acceptable design should satisfy the
threshold of utilization factor of 100%.

M
In this case, the utilization factor is calculated as U = By v;
Rd

M
y,Ed z,Ed

. where NEd, My k4 and
M »

z,Rd

y,Rd
M_ k4 are respectively the axial force and bending moments along directions y and z due to the applied

loads, while Nra, My,ra and Mz rq are the corresponding resisting values.
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Figure 9: Computational design flowchart.

The first phase consists in the creation of a parametric model considering the following inputs: (1)
material properties, (ii) grid properties, (iii) boundary conditions and (iv) applied loads. Based on the
specific inputs, an initial geometrical configuration is generated in a parametric form. The
parametrization allows to control both the global shape and the topology acting on some of the
parameters (Figure 10). In the specific case, the selected geometry is a non-uniform cylindrical

diagrid tube described by the following set of parameters (Figure 10a): number of control sections N

14
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along the column height (z; indicates the vertical coordinate of the i-th cross-section), the outer
diameter d, the section spacing / (corresponding to the distance between two consecutive control
sections) and the number of control points # (from which at each control section the diagonal elements
are generated). At the i-th control section it is thus possible to associate specific values of parameters
di, hi, n.

In phase 2 (global shape design) the GA variable (i.e. variable of the genetic algorithm) is the outer
diameter d, governing the external shape of the column. Among the population of allowable solutions
found through the algorithm, the selection criterion for the final global shape is based on the
“merging” of the two best shapes: the sinusoidal-like and the hyperbolic-like (Figure 10b).

In phase 3 (topological design), the GA variable is the section spacing 4, governing the length of the
diagonal elements, hence the topology of the diagrid. Among the population of allowable solutions
found through the genetic algorithm, the selection criterion for the final topology is based upon the
manufacturing constraints proper of the process, in terms of maximum allowable rod lengths / and
angle of inclination (6) of the diagonal elements (Figure 10c).

For both phases, the “fitness value” of the GA (genetic algorithm) corresponds to the minimization
of the mean utilization factor, as performed through Karamba3D component [72].

At the end of the computational design, the result of the final design is provided in terms of a set of

values of the geometrical parameters (d, 4, n) for each control section of the column.

——————————————————————————————————————————————————————————————————————————————
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Figure 10: Phases of the parametric design: (a) parametrization of the geometry, (b) global shape design,
(c) topological design.

4.3 Design of the diagrid column and its global performances

A 2 m-high WAAM diagrid column has been designed according to the parametric design algorithm
presented in Section 4.2. The design is a half-scaled structure representative of a 4-m high column.
The assumed initial geometrical configuration at phase 1 is characterized by a constant diameter d=15
cm at all control sections. The inclined rods of the diagrid have a 6-mm diameter. The design is
developed considering a reference vertical load of 25 kN applied at the top of the column. The applied
vertical load corresponds to the resultant of distributed loads simulating the loads (dead plus live)
applied on top of a porticos-like structure. It is assumed that the 1:1 scaled column would withstand
the loads applied on an influence area corresponding to a 5-m column spacing. The column is
considered clamped at the base, while the top is free to translate and rotate (cantilever condition). The
mechanical properties of the rods (Young’s modulus, tensile and compression capacity) are taken
from the results of the experimental tests on dot-by-dot WAAM specimens described in Section 3.3.
In phase 2 (global shape design), the sections spacing # and number of control points # have been set
constant and equal to 20 cm and 25 at each section, respectively. The along-the-height distribution of
the external diameter di(z;) at each control section defines the global shape of the diagrid. The values
di have been obtained from the population of allowable solutions coming from the genetic algorithm,
according to the shape criterion, as a linear combination of the two “optimal shape functions”. The
values of d; vary from 10 cm to 31 cm with an average value of 16 cm (Figure 11a).

In phase 3 (topological design), the number of control points # has been set constant and equal to 25
at each section, while the distribution of external diameter d;(z;) is based upon the result of phase 2.
The cross-section spacing 4i(z;) defines the global topology of the diagrid. The values 4; have been
determined from the population of allowable solutions coming from the generic algorithm and
accounting for the manufacturing constraints: maximum rod lengths /<100 mm and maximum angle
6<30° (Figure 11b). In particular, by changing the section spacing 4, a higher number of control
sections N resulted to define the final design while following the manufacturing constraints. Figure
11b compares the initial topology (having 10 control sections and constant cross-section spacing /
equal to 20 cm) with the final one (having 35 control sections and cross-section spacing 4; varying

from 4 to 10 cm). The final diagrid column is presented in Figure 11c.
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Figure 11: Diagrid parametric design: (a) global shape design, (b) topological design; (c) the final design.

For the sake of comparison, a uniform (constant diameter along the height) cylindrical diagrid column
has been also designed. The equivalent cylindrical diagrid column is characterized by the following
geometrical parameters: constant outer diameter (=20 cm), constant sections spacing (A=20 cm) and

constant number of control points (#=30). The rods have a 6-mm diameter. The cylindrical diagrid

column has been designed to have maximum utilization factor U; <100% under the same vertical
load of 25 kN.

The structural performances of the two diagrid columns have been evaluated by means of FE analyses
carried out with the commercial software SAP2000 [74]. In particular, linear static analyses have
been conducted with the purpose of evaluating the stresses in the diagrid members due to a constant
vertical load of 25 kN. Each rod is modelled with a unique beam element having circular cross-section
of 6 mm diameter. The total vertical load is applied through concentrated vertical forces applied at
the top nodes.

A rigid hoop (not present in the original design) is added at the level of the top nodes of the two
columns in order to limit the bending stresses at the top and account for practical issues of load
application, thus ensuring better structural performances. The top horizontal hoop is not part of the
computational design as the manufacturing constraints proper of the studied WAAM dot-by-dot

printing strategy do not allow to print horizontal elements. However, it could be easily manufactured
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separately (even using more traditional techniques) and then welded after the completion of the
column.

In order to evaluate the effectiveness of the proposed solution with respect to the uniform cylinder,
two global performance indices have been introduced: the weight ratio (weight of the final design
divided by the weight of the uniform cylinder) and the average utilization ratio (mean utilization
factor of the final design divided by the mean utilization factor of the uniform cylinder). The mean
utilization factor corresponds to the average value of the utilization factor along all members.

Table 3 reports and compares the two designs in terms of weight and utilization factor. The values of
the weight ratio (0.88) and utilization ratio (0.72) indicate that the proposed solution is more efficient
than the cylindrical column in terms of both amount of material and average utilization. It is worth
noticing that the utilization factors of both solutions have a large variability from the minimum to the

maximum values, which will be further discussed in the next section.

Weight (W) Utilization factor (U)
W Wfinal / Wuniform Umin Umax Umean Umean,ﬁnal /
Umean,uniform
Uniform cylinder | 26.87 kg 29% 86% 68%
0.88 0.72
Final design 23.66 kg 14% 75% 49%

Table 3: Global Performances of the two solutions in terms of weight ratio and utilization factors.

4.4 Effects of the computational design on the structural performances of the diagrid column
In this section the structural behavior of the two compared solutions is analyzed. In general, for both
solutions, the absence of horizontal hoops at the level of the control sections determines the presence
of an unbalanced component (outward “centrifugal” force as depicted in Figure 12) of the internal
actions at the intersection of two rods responsible for secondary bending moments which substantially
increase the stresses in the diagonal rods. This behavior is known in the structural engineering design
of tall buildings [75—78] which make use of structural diagrid, such as 30 St. Mary Axe in London
(Figure 13). Indeed, most of the diagrid-based designs in architecture include horizontal elements
(working as “hoops”) to contain and prevent the previously mentioned unbalanced forces. However,
there are few examples (as it is the case of the QIPCO Tower in Doha, the Prada Ayoama building in
Tokyo and of the Oakland Arena) in which the structure performs without any horizontal hoop closing

the diagrid (Figure 13b).
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2

3 Figure 12: Geometrical considerations on unbalanced “centrifugal” actions on the diagrid column: (a) side
4 view, (b) plane view, (c) close-up.

5

6
7 (a) (b)
8 Figure 13: Typical examples of diagrid structures applied to tall buildings: (a) 30 St. Mary Axe; (b) QIPCO
9 Tower.
10

11 Figure 14 represents the bending moment diagrams and the distributions of the utilization factors

12 along the height of the two compared solutions. The uniform cylinder presents an almost symmetrical
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(with respect to the mid-height) along-the-height distribution of the bending moments and utilization
factors with maximum values around the mid height and minimum values at the top and bottom
portions. This reduction in bending moment (and utilization factor) is due to restraining effects
provided by the upper hoop and the base connection.

On the other hand, the final design results in a non-symmetrical along-the-height distribution of
bending moments and utilization factors, due to the continuously changing curvature associated to
the global shape partially contrasting the “centrifugal” outward actions due to the absence of
horizontal hoops as evidenced in Figure 12. Overall, the peak values of bending moments (and
utilization factors) are lower than those of the uniform cylinder.

Figures 15a and b present the cumulative graphs and relative frequency histograms of the utilization
factors for the two designs. The comparison between the cumulative graphs clearly shows that the
final design leads to reduced values of the utilization factors. For the case of the uniform cylinder
column, the histogram of the relative frequency shows that the U values are grouped into two main
ranges, one around 0.3-0.4 and one around 0.7-0.9, with a peak in the range of 0.8-0.9. On the other
hand, for the final design the U values are more uniformly distributed with values between 0.2 and
0.8.

This result suggests future possibilities for more efficient designs of the diagrid column, towards a
more uniform along-the-height distribution of utilization factors. This could be done in principle by
changing the thickness of the rods. However, at the current state of art of WAAM applications it is
not a feasible solution for the dot-by-dot printing strategy.
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(a) (b)
Figure 14: Results from structural analysis in terms of bending moment diagram and utilization factor: (a)

uniform cylinder, (b) final design.

(a) (b)
Figure 15: Distribution of the utilization factors for the two compared solutions; (a) cumulative frequency

graph (b) histograms of relative frequency.

S. Fabrication

The final stage of the research consisted in the fabrication of the diagrid column as per the final
design, using the WAAM technology adopted by MX3D (Figure 16).

The printing set-up consists of off-the-shelf welding equipment, such as welding power source,
torches and wire feeding system, while motion is provided by a numerically-controlled robotic arm.
WAAM’s layer height is commonly in the range of 1 to 2 mm, resulting in an expected surface
roughness of about 0.5 mm for single track deposits. The printing process makes use of a Gas Metal
Arc Welding (GMAW) and industrial multi-axis ABB robots.

The column has been manufactured at the MX3D facilities in Amsterdam using the same process
parameters as the ones adopted to realize the specimens tested (Table 1). Table 4 provides the

fabrication parameters in terms of effective layer height, printing time and actual weight.

Fabrication parameters Value
Layer height 0.95mm—1.15 mm
Printing time 60 — 70 hours
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Printed weight

26.50 kg

Table 4: Fabrication parameters.

(a)
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Figure 16: (a) Manufacturing of the designed diagrid column through WAAM process; (b) zoom of the top

part.

The printed outcome has been presented at “The Big 5- International Building and Construction”
show, held in Dubai from November 25 till November 28" 2018, as a showcase of the possibilities
offered by metal 3D printing to create innovative forms and aesthetically appealing structures. The
tree-like shape of the final diagrid column is particularly suitable for support of outdoor lightweight

structures, such as tree-houses (Figure 17).

Figure 17: Application of the designed diagrid column as support for tree-houses.

Conclusions

The research presents the overarching design process from the concept to the fabrication of a diagrid

column realized using Wire-and-Arc Additive Manufacturing (WAAM) technology. It represents an
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example of a fully-engineered structure based on the circular integration of information coming from
material characterization and manufacturing technology, architectural shapes and computational
structural design and analysis. Among various metal AM technologies, WAAM has been employed
for its high-speed printing capabilities, making it adequate to realize large-scaled free forms and
shapes without ideally almost any constraints in terms of geometry and dimensions.

The experimental results from the geometrical and mechanical characterization of “dot-by-dot”
WAAM rods indicate that the geometrical imperfections inherent of the printing process (cross-
sectional variation and surface roughness) and the values of the key material properties (Young’s
modulus, yielding and tensile strength and ductility) are adequate for structural engineering
applications.

The proposed computational design workflow accounts for the specific features of the WAAM
strategy adopted, thus avoiding the need of an iterative design necessary to meet the manufacturing
constraints when using conventional design approaches. The final design encompasses the
manufacturing constraints proper of WAAM dot-by-dot printing strategy, ensuring sufficient
structural performances under service load. Detailed study of the structural behavior of the final
design compared with a uniform cylinder further proves that the solution proposed has reduced weight
and overall better structural performances under compressive load with respect to a uniform diagrid
cylinder.

The designed diagrid column has been then fabricated at MX3D and presented at “The Big 5 —
International Building and Construction” 2018.

This first example of cohesive digital fabrication process from the computational design to the
realization of a metal 3D-printed structural member is intended to pave the way towards a new
generation of structures. Indeed, this innovative manufacturing technology would allow for novel
forms and shapes, using advanced parametric design, fully engineered through WAAM process,
whose properties in terms of both geometrical accuracy and printed material mechanical properties
have been tested and certified.

On the other hand, the efficient use of this technology in the construction field would also require
substantial advancements towards new automatized printing systems.

As such, the long-term perspective of the research is two-fold. From the characterization of the printed
outcomes, experimental research should be carried out to improve the accuracy of the printing
process, thus reducing the imperfections (both geometrical and mechanical) in the printed outcomes.
To this aim, ad-hoc calibrated partial factors and design values of the key material properties are

requested for structural design purposes. From the automation in construction, the development of a
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fully integrated design/manufacturing process would bring this advanced technology for on-site
construction. To this aim, the long-term vision will be the development of a mobile robotic system
able to print and move on the structure to be constructed on-site and composed by a swarm of small

robot-printers.
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