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Additive manufacturing (AM), also known simply as 3D printing, is a digitized procedure
that uses a sliced computer-aided design (CAD) model to instruct an automated system to
build an object, layer by layer. Fusion-based metal AM uses a high-energy density heat
source to melt a metallic feedstock (e.g. a wire or powder) along a pre-programmed route.
Wire arc additive manufacturing (WAAM) is a type of fusion-based AM process which
typically uses a gas metal arc welding (GMAW) technique, by feeding a consumable wire
electrode through an automated welding torch fitted to the end of a robotic arm or gantry
system. Thus, this embodiment has also been termed gas metal arc additive
manufacturing (CMAAM). WAAM technology, a directed energy deposition (DED) process,
has its roots dating back to the 1920s, with major advancements in the 1980s and 1990s
(Feldmann et al,, 2019). Compared to other metal AM processes (e.g. powder-based AM),
WAAM has the advantage of greater build volumes and high deposition rates due to local
gas shielding, a material utilization rate nearing 100%, and reduced safety concerns from
using a wire feedstock (Paul et al., 2024). Research has now progressed to the point
whereby WAAM has been identified as having significant potential for the construction
industry.

The first large-scale WAAM application in the construction sector was a footbridge,
constructed by the Dutch company MX3D in 2018, to demonstrate the viability of the
technology (Figure 1(a)). The stainless-steel bridge was printed in several pieces over a
period of six months, then manually welded together. Due to a lack of structural standards
for this technology, material, component and full-scale structural testing was carried out,
accompanied by modeling, for safety verification (Gardner et al., 2020).
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(b) In China (33-ft. span)

FIGURE 1
Steel footbridges, entirely produced using WAAM

WAAM FOR HSS

WAAM has been used to produce entire tubular members, in the manner illustrated in
Figure 2(a). This is an impractical and far more expensive proposition than using
manufactured HSS members, but WAAM tubes have been useful for research purposes in
the investigation of behavioral characteristics, material properties, geometric properties
and surface finishes (Figure 2(b)), printing defects, residual stresses, and so forth (Gardner
et al., 2020; Kyvelou et al., 2021; Huang et al., 2022a; Huang et al., 2022b).
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(a) Printing of tubular members (b) Typical surface finish

FIGURE 2
Production of round HSS by WAAM

Rather than entire printed members, the niche for WAAM in tubular steel construction has
been identified as connection nodes (Figure 2(b)) or as connectors (Figure 3 and Figure 4).
The ability to print bespoke, shape-optimized components is also well suited to satisfying
architectural whims (Figure 3(b)). These are general attributes associated with steel
castings-to-HSS as well, but Figure 4 illustrates an interesting advantage of a WAAM-
produced connector for strengthening conventional HSS K-connections. A saddle can be
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printed, or welded, onto a continuous chord member of uniform size, without cutting the
chord, which would be necessary with a cast-steel node. To illustrate the close relationship

between casting and AM, a major designer/supplier of cast-steel components for structures

in the U.S,, Cast Cormex®, teamed with Lincoln Electric Additive Solutions (in Euclid, OH) to

produce a 36-ft. long pedestrian bridge for NASCC in 2025. This exhibit (Figure 5) utilized
WAAM components welded to round HSS and vividly demonstrated the arrival of AM
(Binder et al., 2025).
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(a) Splice insert into HSS (Meng et al., 2024) (b) Branch-to-chord optimized connector (Gardner, 2025)

FIGURE 3
WAAM components for connecting to HSS
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FIGURE 4
Fabricated round HSS connection vs. Cast steel node alternative vs. WAAM saddle alternative (de Oliveira et al., 2024)
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FIGURE 5
Pedestrian bridge exhibit at NASCC 2025, incorporating WAAM parts (Binder et al., 2025)
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MECHANICAL PROPERTIES

The material characteristics of WAAM components can differ from traditional rolled or cast-
steel components, due to their unique manufacturing process. When compared to rolled
steel, the strengths of WAAM steel have generally been found to be higher, though less
ductility is exhibited (Paul et al., 2024). This is a result of the continuous welding process, as
each layer is subjected to heating and cooling cycles, which refines the grain structure and
increases the material strength. Consequently, the final mechanical properties of a WAAM
part may differ from those of the welding wire, similar to multi-pass welds. Key properties,
including the yield stress (YS), ultimate tensile strength (UTS), ductility, and toughness can
be established through the destructive testing of samples taken from WAAM parts (e.g.
tensile coupon, Charpy V-notch, guided bend; see Figure 6) (Galloway, 2022). In this way, the
production procedure for a WAAM component can be “qualified” within a range of
operating parameters. However, much like qualified welding procedures, these are not valid
outside the specified parametric ranges, as changes to the travel speed, inter-pass
temperature, and deposition direction (i.e. consistent vs. reversing) will change the
properties of the final component (Galloway, 2022).
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FIGURE 6

Tensile and Charpy V-notch specimen orientations and locations used by Kessler and Sherman (2024) to characterise
the material properties of WAAM steel (Liu, 2025)
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Unlike rolled or cast steel components, WAAM parts typically display significant anisotropy,
due to the layering of weld beads along a single axis. This can result in different properties
in the X- (deposition direction), Y- (through thickness), and Z-directions (build direction).
Thus, to qualify a WAAM procedure, destructive test samples need to be taken in all
relevant directions to properly quantify the properties of a component, as seen in Figure 6.
Work by Kessler and Sherman (2024) has shown little variation to exist in the YS and UTS in
different directions, though the ductility in the X-direction was found to exceed that in the
Z-direction by an average of 15%. These results were corroborated by Lee et al. (2025), who
performed a large number of Charpy V-notch tests, finding that higher impact energies
were absorbed in the Z-direction, relative to the X-direction, though both orientations
exceeded the toughness requirements for all service temperature ranges of the AASHTO
bridge design specification (2024).

Due to the free-form nature of the technology, many opportunities remain to investigate
the material properties of specialised WAAM components, including cross-assemblies,
WAAM-to-WAAM welded parts, and heat-treated elements. Ongoing work is also being
conducted on WAAM bolted and welded connections to establish the strengths of relevant
connection limit states, including bolt bearing, net section rupture, block shear, etc. (Liu,
2025). The goals of this work are to develop relationships between connection strengths
and weld parameters, to provide WAAM connection design guidance and, eventually, to
develop analytical models that can be used to predict WAAM connection strength.

Another key characteristic of WAAM components is their surface roughness, which is a
result of the layering of rounded weld beads. The surface roughness can be minimized by
using a high-gauge welding wire, but this is impractical for the manufacturing of large
components. Hence, the surface roughness is non-negligible for large-scale WAAM
applications (see Figures 2(b), 3(b), and 4). This essentially creates a series of small notches,
which raises concerns about the susceptibility of WAAM components to fatigue or
corrosion-induced failures. Studies have shown that WAAM components stressed in the Z-
direction fall under AASHTO detail category D (2024), whereas detail category B applies
when components are stressed in the X-direction (Kessler et al., 2025; Lee et al., 2025). This
issue was negated when specimens were machined to achieve a smooth surface, as the
fatigue performance exceeded that of detail category A. In most cases, some degree of
machining of the as-built part will be required to prepare the ends of the component or to
remove the base plate (unless the component is printed on a member, see Figures 2(b) and
4). However, machining the entire surface of WAAM components may be costly and
difficult depending on the size and complexity of the part.
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WAAM VS. CASTINGS

WAAM components and steel castings have overlapping roles in tubular steel structures, as
they are both well-suited to producing complex connection nodes and connectors.
However, each possesses attributes that make them more or less ideal for specific
applications. As shown in Figures 3(b) and 4, WAAM components have the advantage that
they can be printed (or welded) directly onto steel members (either rolled or cast), which
reduces the required fabrication of the connection. However, there are limitations in the
capabilities of WAAM due to the challenges produced by certain geometries. These
limitations include overhangs, the need for added support structures, the inability to print
thin or small features, due to the thickness of the weld beads, and the potential for welding
discontinuities (e.g. porosity, cracking, lack of fusion) to be included in the final component
(Paul et al,, 2024). The build envelope must also be considered, as, depending on the
welding robot or system, the welding torch may have a limited reach and number of
degrees of freedom, which can limit the size and complexity of WAAM components. These
issues are likely to be mitigated as AM technology continues to evolve, though a steel
casting may be more suited to an application where these WAAM limitations are
significant.

On the other hand, there are many cases in which WAAM components are more
appropriate than castings or traditionally fabricated connections. This is primarily related to
highly complex components, exemplified by the shape-optimised connector seen in Figure
3(b). A printed WAAM component can be produced from a 3D model relatively quickly, by
way of slicing and robot programming software (Liu et al,, 2024). Comparatively, the
production of a cast-steel component takes longer, though the casting process becomes
more streamlined and economical when a large number of similar or identical parts are
produced (de Oliveira et al., 2024). This relatively low “CAD-to-print” time highlights the
suitability of WAAM to the production of one-off components and the printing of parts on-
demand. Some companies have already begun to provide on-demand WAAM services as
the market for these components expands, which is expected to continue in the coming
years, as the usage of WAAM components becomes more widespread (de Oliveira et al,,
2024).

THE WAY AHEAD

The lack of appropriate material and structural design standards for 3D-printed steel
components is an impediment to their widespread adoption in the construction industry,
but this is an analogous position to that faced by steel castings just a few years ago.
Structural steel casting requirements are now standardized, and national/regional efforts
have begun to address additive manufacturing. For example, AISC has formed an AM
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Exploratory Task Force, chaired by Prof. R. Sherman (Georgia Tech), to advance metallic AM
for structural steel applications (Liu, 2025). AISC TC10 also has a working group that aims to
develop guidance for WAAM parts in steel structures, for addition to AISC 360 (de Oliveira et
al,, 2024). Within the Eurocode 3 structure, a new sub-committee CEN/TC 250/SC 3 on
“Design of steel structures featuring DED-Arc” was formed in 2025, led by Prof. L. Gardner
(Imperial College, UK). Internationally, a family of standards for additive manufacturing
under the umbrella of ISO/ASTM 529xx is being developed (e.g. ISO, 2021), but WAAM-
specific standards are not yet available.

In the meantime, there is a zeal for incorporating custom WAAM components into real
tubular structures (see Figure 7), but rigorous testing, qualification, and inspection
procedures need to be applied. This technology shows great potential for: facilitating free-
form architectural design, fabrication of complex geometries, optimization of steel use by
design, relatively rapid production (especially for one-off connections), rehabilitation of
existing structures, and even easing the shortage of skilled trades people.

FIGURE 7
Large-scale WAAM node for connection to tubular members (Hangzhou, China)
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