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Abstract

This paper presents a novel approach for developing lightweight structural steel
elements by integrating algorithm-aided design with Wire-and-Arc Additive Manu-
facturing (WAAM). A computational design protocol was established, combining
WAAM-specific constraints, Eurocode-based structural requirements, and topology
optimization to generate efficient lattice geometries. Diamond-shaped lattice proto-
types were fabricated using a dot-by-dot WAAM strategy and tested under com-
pression. The study highlights how physical deviations, particularly the formation of
line-nodes at bar intersections, significantly reduce the compression capacity com-
pared to ideal point-node geometries. Finite element simulations of both ideal and
printed geometries were conducted, with results closely matching experimental ob-
servations. This research demonstrates the potential of WAAM and computational
design in producing sustainable, high-performance steel structures for architectural

and engineering applications.
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1 Introduction

The adoption of digital solutions for construction has
proved to increase work safety and support the Circular
Economy, by reducing the material waste and simplifying
the resource recapture [1]. Additive Manufacturing (AM,
or 3D printing) processes have the great advantage of
flexibility in the geometry of the outcome. This aspect ap-
pears to be most suitable for the realization of efficient
forms which are difficult to realize with conventional man-
ufacturing techniques, but result in a severe reduction in
the material use. Such forms could be achieved with the
use of novel Algorithm-Aided Design (AAD) tools, already
commonly used in other industrial sectors, such as auto-
motive and aerospace.

The application of both AM solutions and computational
design tools for steel structures have always been limited
to few pioneering cases. Recent developments of AM pro-
cess in construction have seen the application of these
techniques to realize a new generation of structures in
concrete, polymers and metals [2]. Regarding applications

in steel structures, the most developed metal AM technol-
ogy (Powder-Bed Fusion, PBF) has often limited the max-
imum dimension of the printed outcomes. Thus, it has
been adopted to realize ad-hoc connections parametrically
designed for structural optimization purposes [3]. More re-
cently, Directed-Energy Deposition (DED) techniques such
as Wire-and-Arc Additive Manufacturing (WAAM) allowed
to increase the dimension of the printed outcomes up to
several meters of span, thus increasing the potential use
of digital fabrication in steel construction. The first appli-
cation of this technique is the MX3D Bridge, the world’s
first steel 3D printed footbridge, which was located in Am-
sterdam city centre [4]. Recent research effort has been
devoted to assess the structural behavior of WAAM-
produced steel parts. The computational design freedom
of creating new structural forms was limited to the tradi-
tional building production which does not allow for such
freedom. Hence, the application of computational design
tools for free-form design was often limited to few explo-
rations in pioneering architectural applications. With the
advent of AM process in construction, the use of structural
optimization could potentially allow to realize a new gen-
eration of optimized structures [5].
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The present work aims at proposing a new class of light-
weight structural steel elements, through the combination
of lattice geometrical features and the flexibility of WAAM
production. The definition of WAAM lattice structural ele-
ments is provided in Section 2. Section 3 presents the fab-
rication of the first prototypes within the LATTICE research
project, then tested under compression loading. The first
results on the numerical simulation of their structural be-
havior in compression is given in Section 4.

2 WAAM lattice structural elements

WAAM-produced outcomes may be realized by adopting
one of the currently known printing deposition strategies:
(i) “continuous” printing, a layer-by-layer deposition, suit-
able to realize planar geometries, (ii) “dot-by-dot” print-
ing, consisting in droplets deposition, suitable to realize
bar-like elements, constituting the basic units of grid and
lattice structures.

Currently, the interest in the "dot-by-dot” strategy is
growing, allowing for the realization of structural ele-
ments, such as free-form gridshells, lattice structures and
application of steel bars as reinforcement for innovative
3D-printed concrete structures [6,7]. From the mechanical
performances of the basic components (single bars and
intersections) forming the WAAM lattice elements, it is
possible to design a new class of steel structural elements
by making use of computational design procedures and
digital fabrication techniques. The final goal is to realize a
new generation of green structural elements to reduce the
environmental footprint of steel structures.

The first applications of WAAM lattice structural elements
are specifically intended for vertical elements under either
compressive loading or self-loading only, such as columns,
pillars and poles. Various applications in Architecture, En-
gineering and Construction (AEC) are envisaged, among
which: (i) aluminium pole systems for street lighting, (ii)
stainless steel pillars for high architectural appealing build-
ings, (iii) carbon steel reinforcement grid for shotcrete 3D
printed (SC3DP) free-form concrete systems, (iv) carbon
steel grid as retrofitting system for existing members.

In order to adopt algorithm-aided design techniques for
WAAM and integrate structural design requirements for
the construction industry, a new computational design
protocol for WAAM lattice structural elements was devel-
oped. The computational design protocol combines: (i)
specific features proper of WAAM process (such as manu-
facturing constraints, specific mechanical properties and
geometrical tolerances), (ii) structural design require-
ments from Eurocodes based on the specific applications
in Architecture, Engineering and Construction (AEC), and
(iii) topology optimization algorithms for efficient designs.
The protocol is based on new analytical derivation of effi-
cient lattice poles based on slenderness and inertia equiv-
alency currently under patent protection.

3 Fabrication of WAAM diamond-shaped lattice
elements

The specimen production phase is of critical importance. It
is essential to conduct a thorough preliminary analysis of
all printing parameters so that, once the optimal combina-
tion has been identified, it can be consistently applied for

the fabrication of all three specimens. Ensuring uniformity
among the specimens is fundamental to guaranteeing the
repeatability and reliability of the tests.

Figure 1 Illustrative picture of the components of the WAAM printer
setup

As part of the LATTICE research project, a first series of
diamond-shaped lattice elements were fabricated with
WAAM technology. The wire used is an ER70S-6 with a
diameter of 1 mm. The employed printing set-up consists
of a six-axis collaborative Omron robotic arm and Fronius
welder equipped with CMT process (Figure 1). The printing
process parameters adopted for the fabrication of the pro-
totypes are provided in Table 1. To achieve a diameter of
5 mm and a layer height of 1.1 mm, an average of 101 A
at 14.5 V was set. For optimal deposition of this specific
type of steel, an 82% Ar and 18% CO2 gas mixture was
used, minimizing oxide production.

Table 1 Printing parameters

Name Quantity
Wire diameter 1 mm
Welding speed 10 mm/s
Wire feed speed 5 m/min
Layer height 1.1 mm
CMT cycles 40
CMT Waiting time 0.02s
Pre gas 0.3-0.4 s
Post gas 0.8s
Gas flow 13 L/min

A series of WAAM diamond-shaped lattice elements were
fabricated (Figure 2). For each type, three equal speci-
mens were produced. In particular, three different cross-
sectional geometries were investigated, varying the base
points of the lattice elements: three-point, four-point and
six-point. For each geometry, three different heights were
printed: 40 cm, 80 cm and 120 cm. The elements were
fabricated adopting the dot-by-dot deposition strategy,
hence depositing successive drops of molten metal. In or-
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der to ensure optimal droplet placement and avoid unde-
sired interactions between adjacent droplets, a non-se-
guential deposition pattern was adopted. Specifically,
droplets were not deposited consecutively in adjacent po-
sitions; instead, the process alternated between opposing
points. This strategy was implemented to minimize the risk
of thermal interference, whereby a newly deposited drop-
let could be attracted to a neighbouring droplet that re-
mains at an elevated temperature. Such interactions could
result in the unintentional merging of droplets, thereby
generating a single, larger droplet and compromising di-
mensional precision.

In the ideal geometry of the diamond-shaped lattice ele-
ments, the bars forming the lattice structures intersected
at point-like nodes, hence represented as single points in
the ideal model. However, during fabrication, the nodes
resulted having non-negligible physical dimension, form-
ing small straight struts. Such discrepancy highlighted the
need of careful pre-processing optimization of the slicing
and printing phases, to reduce the difference between the
ideal and printed geometry.

Under these circumstances, the structural behavior under
compression loading of WAAM diamond-shaped lattice el-
ements was influenced by the presence of line-nodes in-
stead of point-nodes, which could not be neglected.

Figure 2 Slicing procedure for the printing phase

4 Numerical simulation of WAAM diamond-
shaped lattice elements under compression

In order to assess the influence of the variation in the ge-
ometry of the diamond-shaped lattice elements under
compression loading, a specific Finite Element (FE) analy-
sis was carried out. In detail, the analysis focused on the
comparison of two different geometries, i.e. the ideal ge-
ometry and the printed geometry, of the 40-cm three-
point diamond-shaped lattice element.

For this aim, two distinct geometries were first modelled.
The ideal geometry consisted in the digital input adopted
for the fabrication process. The printed geometry was
drawn from manual measures taken on the real printed
prototypes. The outer dimensions (in terms of total height
and outer cross-sectional shape) were kept equal, with the
sole difference of the presence of small straight struts at
the bars intersection. These small struts were drawn hav-
ing a length between 15 and 20 mm, according to the
manual measures taken on the printed prototypes. For

both geometries, a constant full circular cross-section of
the bars was set having diameter equal to 5 mm (Figure
3).

Figure 3 D-Pole geometry: ideal geometry (left-hand side) vs printed
geometry (right-hand side)

Both geometries were modelled using Abaqus FE software.
The two geometries were analyzed using the Beam-model
features. The adopted mesh was a quadratic three-node
beam element in space (B32). Non-linear static analyses
were carried out imposing an increasing vertical displace-
ment up to 10 mm in compression. The bottom nodes were
fully restrained, while the top nodes were restrained
against any rotation and horizontal displacements.

Figure 4 shows the different force-displacement curves
from the two investigated geometries, i.e. the ideal and
printed ones. From the results, it appears evident that the
presence of line-nodes severely reduces the compression
capacity of the diamond-shaped lattice elements up to
35%.

Figure 5 reports the force-displacement curves of the two
modelled geometries compared with the curves from the
experimental tests on the three prototypes of 40-cm
three-points elements. From the comparison, the FE
model of the printed geometry captures well the compres-
sion behavior of the elements. Further investigations will
be carried out to compare the effectiveness of the FE anal-
ysis also on the other geometrical configurations tested
under compression.
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Figure 4 FEM results of ideal vs printed geometry
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Figure 5 FEM results vs experimental results

5 Conclusions

This study demonstrates the feasibility and potential of
combining algorithm-aided design with Wire-and-Arc Ad-
ditive Manufacturing (WAAM) to create a new class of
lightweight, lattice-based structural steel elements. The
research introduced a computational design protocol that
integrates WAAM-specific manufacturing constraints,
structural requirements from Eurocodes, and topology op-
timization, enabling the development of efficient, geomet-
rically complex lattice poles suitable for various applica-
tions in architecture, engineering, and construction.

The fabrication of diamond-shaped lattice prototypes us-
ing a dot-by-dot WAAM strategy highlighted the im-
portance of optimizing both slicing and deposition pro-
cesses to minimize discrepancies between ideal and
printed geometries. In detail, the focus is on the physical
dimension of the printed intersection of bars, resulting in

line-nodes rather than point-nodes.

Experimental results and finite element (FE) simulations
revealed that the presence of line-nodes significantly re-
duces the compression capacity of the lattice elements by
up to 35% compared to the ideal point-node geometry.
However, the FE model of the printed geometry closely
captured the actual compression behavior observed in
physical tests, validating the modeling approach.

Overall, the findings underscore the need for further re-
finement in digital fabrication protocols to bridge the gap
between design intent and manufactured outcome. Future
research will focus on expanding the numerical and exper-
imental investigation to other geometrical configurations
and loading scenarios, with the goal of optimizing WAAM
lattice elements for broader structural applications and im-
proved sustainability in steel construction.
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