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1 Introduction

Abstract

The impact of earthquakes on building structures is well-known, leading to a grow-
ing focus on seismic-resistant design. Among various energy dissipation devices,
the Crescent Shaped Brace (CSB) stands out for its ability to meet stiffness,
strength, ductility and ultimate capacity requirements due to its unique geometric
configuration.

This study presents an optimized version of the corner CSB device, transitioning
from a fully dense to a lattice-based configuration, a transformation made possible
by Wire Arc Additive Manufacturing (WAAM) technology, among the Additive Manu-
facturing (AM) processes. WAAM enables the fabrication of complex geometries un-
attainable with conventional methods, allowing the realization of a lightweight,
structurally efficient lattice corner CSB. The CSB is based on diamond lattice unit
cells, leading to two configurations: diamond-frame and diamond-truss, the latter
incorporating additional vertical struts for an axial-force-dominated behavior, im-
proving load-bearing capacity. An experimental campaign validated the WAAM fab-
rication of high-quality struts and nodes, ensuring structural reliability.
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neering, presenting new opportunities for optimized, ma-

Over the past five decades, significant advancements have
been made in the development of energy dissipation de-
vices to mitigate seismic effects on buildings while main-
taining cost-effectiveness. Since the mid-1970s, several
hysteretic devices have been designed and tested to en-
hance seismic performances [1]. Among these, in 2009,
the Crescent Shaped Brace (CSB) was introduced as an
innovative solution due to its distinctive geometry and me-
chanical behavior. The CSB has demonstrated its ability to
meet multiple seismic design objectives, including stiff-
ness, strength, ductility, and ultimate capacity. It has been
proposed as a replaceable reinforcing device for multi-
story buildings, designed to connect beams and columns
and sustain seismic forces [2].

Recently, Wire Arc Additive Manufacturing (WAAM) has
gained increasing attention in the field of structural engi-

terial-efficient, and geometrically complex designs. In par-
ticular, dot-by-dot WAAM, a novel deposition strategy
based on the sequential deposition of molten metal drop-
lets, has been explored to fabricate steel lattice structures.
This approach enables the production of highly efficient
structural elements, such as lattice structures and free-
form reinforcing bars for reinforced concrete (RC) applica-
tions [3]. However, the design of steel lattice structures
produced using WAAM requires an in-depth understanding
of the mechanical response of the printed struts, taking
into account factors such as geometrical irregularities (i.e.,
surface roughness, lack of straightness and cross-sec-
tional variations), the influence of build angles (i.e., angle
between the longitudinal axis of the WAAM strut and the
gravity axis) and the role of nodal regions at strut inter-
sections, affecting both local and global structural behav-
ior [4-7]. The mechanical performance of WAAM struc-
tures is directly influenced by the WAAM process
parameters, which govern both geometric accuracy and
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material behavior. Consequently, extensive investigations
are required to study the mechanical behavior of struts
and nodes, as well as their impact on the structural per-
formance of the lattice structure. Understanding these as-
pects is crucial to optimizing WAAM lattice structures and
ensuring their effective application in structural systems.

To address these challenges, the CIRCULAR WELD PRIN
2022 PNRR project, funded by the European Union - Next
Generation EU, is currently underway [8]. The project
aims to improve the quality, reliability, and precision of
dot-by-dot WAAM components through advanced digital
modeling. A core focus of this research is the extensive
experimental characterization of lattice unit cells, examin-
ing both single struts and nodes composed of two or more
intersecting struts, by varying some key WAAM process
parameters to determine the optimal ones that guarantee
enhanced geometrical, microstructural and mechanical
features [9].

This study presents a new class of lattice unit cells, whose
repetition enables the fabrication of the lattice corner CSB.
The design of these unit cells is based on the strut-based
lattice concept while incorporating WAAM-specific con-
straints, ensuring manufacturability and optimal mechan-
ical performance.

2 Crescent Shaped Brace device

The here presented Crescent Shaped Brace (CSB) device
has been proposed by the AMAC research group at the
University of Bologna, as a novel hysteretic device to be
applied in steel constructions that do not respect the cur-
rent seismic requirements [2]. The application of the CSB
allows the reinforcement of the beam-column connection,
guaranteeing to withstand seismic forces, being a replace-
able device, referred to as corner CSB (Fig. 1).

The research has been focused on a particular type of CSB
known as the “symmetric bilinear CSB”, consisting of two
elements of equal length, which is currently under re-
search. Figure 2 reports the main geometrical parameters
that characterize the CSB configuration, reporting its un-
deformed and deformed configurations, whose scheme is
assumed to be with one end fixed and the other end free
to move along the direction u identified as the horizontal
displacement along the line connecting the two ends, with
no rotational restraint provided at either CSB’s end. The
CSB undergoes a deformation when subjected to a lateral
force F due to axial force and bending moment.

The kinematic behavior of the CSB can be initially approx-
imated as a single Degree of Freedom (sDOF) mechanical
system, in which the axial deformation of the CSB has
been neglected with respect to the flexural one. The sys-
tem is composed of two rigid members of length L*, con-
nected at the knee point by a rotational spring of constant
elastic stiffness. When the CSB is subjected to a lateral
tensile force, the deformed configuration is characterized
by elongation and relative rotation A¢ (i.e., Adb=d-¢o), de-
fined as the relative rotation between the beam and the
column connected by the device, considering that the an-
gle between them is equal to 90° in the initial undeformed
configuration (Fig. 3). The resisting moment M against the

rotation A¢ can be computed as the product of the hori-
zontal component of the force F and the distance between
the application point and point O, as M=(Fcosy)(BcosAd).

The design of the CSB requires a thorough understanding
of its moment-rotation behavior, particularly in defining
the yielding and plastic bending moments. Previous ana-
lytical studies have highlighted that, for devices with the
same cross-sectional area and geometric configuration, a
higher normalized lever arm (i.e., d/2L) corresponds to a
lower yielding bending moment, and consequently, a lower
rotational stiffness. However, the plastic bending moment
remains the same due to the equivalent cross-section,
while ductility increases [2].

Figure 1 Schematic representation of the corner CSB
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Figure 2 Schematic representation of the CSB showing the main geo-
metrical parameters in both the undeformed and deformed configura-
tions under tensile loading
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Figure 3 Schematic representation of the kinematic and mechanical
behavior of the semi-rigid corner CSB. Adapted from [10]

3 Lattice Corner Crescent Shaped Brace device

Building on the CSB device described in the previous sec-
tion, which features a solid cross-section, computational
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design tools can be employed to develop optimized struc-
tural configurations [11]. These designs leverage unit cells
to create intricate spatial lattice structures. As an initial
conceptual approach, an optimized lattice corner CSB de-
vice can be designed using only inclined and vertical struts
arranged into lattice unit cells, which are then assembled
to follow the device's curved global shape, as illustrated in
Figure 4, which shows the first developed design. Each sin-
gle strut is designed with a specific diameter-to-length ra-
tio to prevent local buckling failure, thereby ensuring that
failure occurs globally instead. This approach enhances
structural efficiency while minimizing material usage.

Figure 4 Illustration of a possible lattice corner CSB

3.1 Design of diamond lattice unit cells

Among the various strut-based lattice structures, the dia-
mond-type unit cell has been selected for this study [12].
This choice is dictated by the constraints imposed by
WAAM, which limits the fabrication of fully horizontal ele-
ments. The diamond-type unit cell configuration allows for
an inclined strut arrangement, ensuring manufacturability
while maintaining structural efficiency. A key characteristic
of the diamond lattice unit cells is their polygonal base,
which determines the overall structural configuration and
mechanical behavior. The base of a diamond-type unit cell
is typically a regular polygon inscribed within a circumfer-
ence, and by varying its shape, different lattice structures
can be generated (Fig. 5). This capability enables a gen-
erative design approach, allowing for tailored mechanical
features and structural optimization. In this study, a
square-based diamond lattice unit cell has been selected

(Fig. 6).

Figure 6 shows the configuration of two potential diamond
lattice unit cells designed and presented in this study: “di-
amond-frame”, governed by bending (Fig. 6a), and “dia-
mond-truss”, governed by axial force (Fig. 6b). The pro-
posed diamond lattice unit cells are characterized by
several geometrical parameters, as described in Figure 7:
single strut length (L), strut inclination relative to the ver-
tical direction (a), width (B), corresponding to the side of
the square-based cross-section, and height (H), repre-
senting the vertical distance along the line connecting the
two ends. The slenderness ratio of their struts primarily
governs the compressive behavior of the lattice unit cells.
When the unit cell consists of stocky struts, it experiences
global buckling. On the contrary, if the struts are slender,
local buckling occurs in the single struts.

The design has been carried out taking into account the
potential local buckling of the single struts and the WAAM

constraints related to the build angle, here corresponding
to a. To ensure manufacturability, the inclination « is as-
sumed to be between 20° and 45°. Consequently, the
height (H) is defined to prevent local buckling failure by
designing stocky struts.

Following these preliminary evaluations, the diamond-
frame and diamond-truss lattice unit cells have been de-
signed (Fig. 6). The proposed diamond lattice unit cells
form a repeatable three-dimensional structure. Both con-
figurations feature a square base cross-section and consist
of eight inclined struts intersecting on the four faces of the
unit cell. However, while the diamond-frame relies solely
on these inclined struts, the diamond-truss incorporates
four additional vertical struts along the edges, enhancing
its axial load-bearing capacity.

Hexagon
based

(a) (b)

Octagon
based

(©

Figure 5 Various diamond lattice unit cells obtained by varying the
base polygon: (a) square-based, (b) hexagon-based, (c) octagon-
based

Figure 6 3D square-based diamond lattice unit cells: (a) frame-type,
referred to as “diamond-frame”, (b) truss-type, referred to as “dia-
mond-truss”
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(a) (b)

Figure 7 2D diamond lattice unit cells and their geometrical parame-
ters: (a) “diamond-frame”, (b) “diamond-truss”

3.2 Behavior of diamond unit cell

In this study, both diamond-truss and diamond-frame lat-
tice unit cells are analyzed under compressive loading to
assess their mechanical response. The objective is to in-
vestigate the internal forces and deformation mechanisms
governing each configuration.

The diamond-truss lattice unit cell exhibits typical behav-
ior characteristic of a truss structure. Due to its geometric
configuration, the struts are subjected exclusively to axial
compression forces.

In contrast, due to their configuration, the diamond-frame
lattice unit cell exhibits a different structural behavior, as
its struts experience a combination of axial compression
and bending moments. The analysis focuses specifically on
the diamond-frame unit cell, considering the rhombus-
shaped face of the unit cell, as shown in Figures 8a,b. This
module is defined by its width B and height H, with an
inclination angle a and is subjected to a compressive force
2F.

Due to symmetry and boundary conditions, the analysis
can be simplified by considering a single strut within the
module, characterized by a length L, which is a function of
H and «. The strut is analyzed under a static scheme where
one end is modeled as a fixed support, while the other end
allows for horizontal and vertical displacements but con-
strains rotation (Fig. 8c).

Two primary contributions govern the internal forces
within the single strut: the first is the axial compression
force along the strut’s longitudinal axis, which generates
normal axial stresses; the second is the bending moment,
generated by the orthogonal force component of the in-
clined applied force F (Fig. 8c), which generates flexural
stresses. The parameters influencing these internal forces
include inclination angle «, width B, height H and applied

compressive force F.

As a result of this force distribution, the struts in the dia-
mond-frame lattice unit cell experience higher stress lev-
els compared to those in the diamond-truss lattice unit
cell. The combined presence of axial compression forces
and bending moments significantly reduces the compres-
sive resistance of the diamond-frame structure, i.e., the
maximum vertical force it can sustain. However, the dia-
mond-frame exhibits higher deformation capacity. The two
unit cell typologies exhibit distinct mechanical responses
and their selection should be based on the specific loading
conditions required by the intended application. The choice
of the optimal solution depends on the desired structural
performances.

The next steps of the CIRCULAR WELD project will involve
simulations of the diamond-frame and diamond-truss lat-
tice unit cells to validate the performed analytical evalua-
tions, assess their capability to meet the desired perfor-
mance targets and optimize their structural performances.
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Figure 8 (a) Rhombus-shaped module of the diamond lattice unit cell;
(b) the diagrams of its internal forces; (c) the adopted static scheme

4 Manufacturing of diamond lattice unit cell us-
ing dot-by-dot WAAM

As part of the CIRCULAR WELD project, WAAM-produced
struts and nodes have been designed by the authors and
manufactured by the University of Florence, with a partic-
ular focus on calibrating key WAAM process parameters
(Fig. 9). Struts and nodes have been manufactured as the
basic components of the lattice unit cell, aimed at achiev-
ing high-quality WAAM struts and structurally robust
nodes. Ensuring the mechanical reliability of these ele-
ments is crucial for the structural performance of the dia-
mond-frame lattice unit cell, particularly in guaranteeing
the formation of a plastic hinge at the node, which is es-
sential for its expected structural behavior.

An experimental production campaign has been conducted
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to investigate key process parameter variations and their
impact on the material properties of WAAM-produced ele-
ments. The characterization process involves a compre-
hensive assessment of their mechanical, microstructural,
and geometric features, providing information on the in-
fluence of process parameters on material properties. The
findings from this ongoing research will be further detailed
in future works, where the impact of different key process
parameters on WAAM struts and nodes will be presented.

B2

Figure 9 Dot-by-dot WAAM-produced struts and nodes manufactured
by the University of Florence within the CIRCULAR WELD project. (a)
Struts; (b) nodes composed of two intersecting struts; (c) nodes com-
posed of three intersecting struts

5 Mechanical characterization

Following the manufacturing phase, an experimental cam-
paign was conducted to characterize the mechanical re-
sponse of the WAAM-produced struts. The comprehensive
presentation of the tensile mechanical test setup and ex-
perimental results conducted on the dot-by-dot WAAM
struts from the CIRCULAR WELD project is out of the
scope. The mechanical characterization of the WAAM
struts provided details on their material properties and
process-dependent variations. The tensile tests revealed
that the struts exhibit a Young’s modulus (E) exceeding
210 GPa, a value consistent with conventional structural
steels. The yield strength (gy) was consistently above 300
MPa, while the ultimate tensile strength (ou) was found to
be above 450 MPa, with relatively low variability, smaller
than 3%, whereas the strain at rupture (e-) exceeded
14%, with higher variability, ranging from 14 to 23%. The
material properties of the WAAM struts, being comparable
to those of conventional structural steel, demonstrate their
potential suitability for structural applications.

6 Conclusion

The CSB has demonstrated its effectiveness in achieving
multiple seismic design objectives, including stiffness,
strength, ductility, and ultimate capacity. This study builds
upon these advantages by exploring a novel approach to
CSB manufacturing through WAAM-produced lattice struc-
tures, aiming to enhance structural efficiency and manu-
facturing feasibility.

In this context, a comprehensive design investigation was
conducted on diamond lattice unit cells, exploring both di-
amond-frame and diamond-truss configurations. The dia-
mond-frame lattice unit cell, governed by a bending-dom-
inated response, offers higher deformation capacity, while
the diamond-truss lattice unit cell, primarily influenced by
axial forces, provides greater load-bearing efficiency. The
comparative evaluation of these configurations highlights

the distinct structural behaviors and their potential appli-
cations in seismic energy dissipation systems.

As part of the CIRCULAR WELD project, an experimental
campaign was carried out to manufacture WAAM struts
and nodes, ensuring high-quality of the printed elements
and mechanical reliability. The tensile mechanical tests
confirmed the potential of WAAM to manufacture struts
with optimal material properties comparable to those of
conventional structural steel. The results of the mechani-
cal tests on the nodes, along with the impact of key pro-
cess parameters on WAAM struts and nodes, will be pre-
sented in future works. These findings serve as proof of
concept, validating the dot-by-dot WAAM strategy for
manufacturing complex lattice structures.

As the CIRCULAR WELD project progresses, the final phase
will focus on the manufacturing of a demonstrator, the lat-
tice corner CSB, which will serve as a proof of concept for
the applicability and scalability of WAAM lattice structures.
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