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Wire arc additive manufacturing (WAAM) enables the manufacturing of efficient and lightweight structural el-
ements in which material can be utilised wherever needed in an optimised shape, in contrast to standard pris-
matic profiles used in construction. However, the specific energy consumption (SEC) of WAAM is higher than
that of conventional manufacturing (CM) techniques (i.e., hot-rolling) for standard profiles. Therefore, it is an
open question whether the material savings through computational design realised via WAAM is environmen-
tally beneficial or not. This systematic study aims to provide a better understanding of the environmental impact
of hybrid manufacturing, which is defined as the combination of WAAM and CM rather than using any of them
alone. Topology optimisation (TO) is used to design a series of beams with an identical performance (i.e.,
stiffness) but with a reduced material consumption depending on the hybrid ratio. The environmental impact of
the designs has been used to determine when and how hybridisation can become advantageous. The results show
that although the optimal proportions of WAAM and CM are dependent on their relative SEC, the hybrid solu-
tions have always been environmentally superior compared to that of WAAM or CM alone for the realistic SEC

values, exhibiting up to a 60% reduction in environmental impact compared to that of CM.

1. Introduction

The demand for materials, such as steel, has increased substantially
and is expected to continue increasing in the coming years [1,2]. A
major consumer of natural resources is the construction sector, which
accounts for the largest share of the global carbon footprint [3]. To meet
the objectives of the Paris Agreement [4], the challenge is to satisfy the
increasing material demand while reducing the overall environmental
impact. According to the “Iron and Steel Technology Roadmap” report,
at least a 50% reduction in steel industry emissions is necessary by 2050
to achieve net zero carbon emissions [5].

Labour and fabrication costs have been the primary drivers of how
structures are built, ranging from uniform rectangular reinforced con-
crete elements [6] to standard profiles in steel structures. For instance, it
has been reported that the average utilisation factor ratio of steel in UK
buildings is less than 50% [7]. The construction industry has been slow
to incorporate new technologies, such as robotics and 3D printing [8,9],
building information modelling [10], cloud computing [11], and virtual
reality [12], to enhance productivity and efficiency. Utilising materials
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more efficiently can lead to significant emission mitigation because of
the existing limitations in the technological shift in steel making [2].

1.1. Optimised lightweight structures and additive manufacturing (AM)

Topology optimisation (TO) is the process of computationally
determining the best geometrical layout of a structure for a desired
objective without prior assumptions about the shape and connectivity of
the members [13] which results in highly efficient yet complex geom-
etries that are prohibitively expensive or impossible to produce using
conventional manufacturing (CM) methods. With the development of
metal AM technologies, which is envisioned as one of the leading
technology for construction transformation [14], new possibilities have
been introduced to realise such efficient and optimised structures for
real-world applications. Given the inherent synergy between TO and
AM, research has also been focused on further development of TO for
AM to tailor it for large-scale applications [15], to take into account AM
deposition direction [16,17], to consider thermal history during AM for
adjusting material properties [18], and to develop new structural design
concepts [19-23].
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Nomenclature

CM Conventional Manufacturing

TO Topology Optimisation

AM Additive Manufacturing

BTF Buy-to-Fly Ratio

WAAM  Wire and Arc Additive Manufacturing
LPBF Laser Powder Bed Fusion

LCA Life-Cycle Assessment

CNC Computerised Numerical Control
SEC Specific Energy Consumption

SIMP Solid Isotropic Material Penalisation

Method of Moving Asymptotes

p Density of an element

w Weight of the structure

K Global stiffness matrix of the structure
u Vector of nodal displacements

f Vector of nodal forces
c Compliance of the structure

co Maximum allowable compliance

E, Young’s Moduli of the element e

Eo Solid Young’s Moduli

Enin Void Young’s Moduli

P Penalty in SIMP method

;e Filtered density of the element e

Wie Weighting factor between elements i and e
R Filter radius

Tei Centre-to-centre distance between elements i and e
I Environmental impact

r Relative specific energy consumption

SECwaam Specific energy consumption of WAAM

SECcm Specific energy consumption of conventional method
I Environmental impact of a component

w;™M Weight of CM part of beam i

MWAAM) Weight of WAAM part of beam i
Ler Environmental impact of the reference beam
Wiet Weight of the reference beam

1.2. Metal AM in construction

Metal AM methods have found widespread applications in high-tech
and high-end industries, such as the medical, automotive, and aerospace
benefiting from on-demand manufacturing, customisation, and shorter
lead times [24,25]. For example, the buy-to-fly (BTF) ratios in
manufacturing aerospace parts are relatively high [26], and metal AM
can significantly reduce production waste compared to conventional
subtractive methods. Moreover, material savings due to topology opti-
misation can substantially reduce fuel consumption and emissions dur-
ing the operation phase, even if the production of the part has a higher
environmental impact than when conventionally manufactured.

AM in the context of the construction industry for significantly larger
parts is entirely different. CM processes are mainly forming/extrusion-
based, that is, hot rolling and cold forming, which produce meagre
waste, unlike subtractive methods. Therefore, the adoption of metal AM
in construction is mainly attributed to using less material through to-
pology optimised geometries, which also has the secondary effect of
reducing both the gravitational and seismic loads applied on other
elements.

Among various metal AM techniques, wire and arc additive
manufacturing (WAAM) is suitable for the construction sector because it
provides relatively higher deposition rates, no size limitations, and
lower cost than other metal AM techniques, e.g. laser powder bed fusion
(LPBF) [26,27]. Fig. 1 exhibits two examples of large-scale structures
produced with WAAM technology. Various studies have been performed
to characterise the mechanical properties of the printed components
with WAAM [28-31]. However, the sustainability of WAAM in com-
parison to CM employed in construction still requires further
investigation.

1.3. Environmental impact of metal AM

Generally, any AM technique has various characteristics that
contribute to its sustainability [33], such as reduced material use [34]
and possible life extension [35]. Numerous studies have compared
sustainability of metal AM with CM methods [36-38] with fewer spe-
cifically focused on WAAM. Salvi et al. [39] compared sustainability of a
wrought part with its counterpart made with WAAM, with an emphasis
on machinability of the parts. They found that the total carbon emissions
from fabrication and machining of parts made with WAAM exceed the
wrought ones [39]. A comparative LCA of WAAM and machining for
producing three industrial parts, including a large-scale steel beam,

(b)

Fig. 1. (a) MX3D Bridge (the first 3D-printed steel bridge) [32], (b) optimised
cantilever beam [23] manufactured using WAAM.

revealed that WAAM has a significantly lower cumulative energy de-
mand [40]. Kokare et al. [41] compared WAAM, CNC, and LPBF for the
fabrication of simple walls. In this study, although CNC outperformed
WAAM in terms of sustainability, the sensitivity analysis revealed that
greater geometrical complexities led to lower CNC efficiencies, which
made WAAM the most sustainable method. A mass-based LCA com-
parison of WAAM, CNC, and green sand casting for stainless steel indi-
cated a linear relationship between weight and environmental impact
[42]. This observation implies that mass reduction with TO can directly
reduce the corresponding impact. A recent study on the LCA of WAAM
for producing large-scale structural steel elements also highlighted the
potential of WAAM to reduce the environmental impact of structural
elements owing to optimisation providing material savings [43].
Despite the material savings offered by WAAM, the method involves



M.H. Bagqershahi et al.

additional steps to those required for the CM of structural sections, as
shown in Fig. 2(a) and (b). Therefore, WAAM is more wasteful and
energy-consuming than CM to deliver the same amount of material.

Shah et al. [43] estimated that a conventional hot-rolling process
requires only 1.04 kg of carbon steel to manufacture 1 kg of carbon steel
product, whereas WAAM requires approximately 1.18 kg of carbon steel
to manufacture the same product. Bekker and Verlinden [42] reported a
slightly larger amount, i.e. 1.3 kg, of raw materials to produce 1 kg of
stainless steel using WAAM. Table 1 lists the required materials for the
production of 1 kg of stainless steel for each step from raw material
extraction to the final product, as reported in [42]. Based on these data,
it is possible to estimate the production of 1 kg of stainless steel through
hot rolling using CM, as shown in Table 2. Regardless of the exact value,
WAAM consistently consumes more material and, subsequently, more
energy to deliver 1 kg of material than hot rolling.

1.4. The concept of hybrid manufacturing

Combining AM with CM (i.e. hybrid manufacturing) is generally
considered to compensate for the limitations of each manufacturing
technique [44]. For example, improved quality and dimensional accu-
racy can be achieved by combining AM with subtractive techniques
[45]. The hybridisation of AM with forming processes can harness the
flexibility of the former and the productivity of the latter [45,46].
Several studies have explored the possibility of hybrid manufacturing
with forming processes, primarily focusing on process parameters and
material characterisation [47,48]. Recent investigations have also
explored hybrid manufacturing as a strengthening strategy to improve
the stability of I-sections [49,50] and to repair cracked steel members
[35], as shown in Fig. 3. The possibility of reducing energy consumption
under certain conditions has also been reported [51]. However, the
environmental potential for hybrid manufacturing in construction has
remained almost disregarded.

This study aims to investigate the hybrid manufacturing of WAAM
and CM for fabricating structural elements through an optimisation
framework, with the intent of reducing the environmental impact during
the design stage. To avoid dependence on specific data for the envi-
ronmental impact assessment and the SEC of WAAM and CM, a para-
metric study on SEC was conducted. Therefore, the results can be used
and referred to for any given SEC input. The geometrical aspects,
including boundary and loading conditions, and percentages of the CM
sections were studied. To illustrate how each parameter affects the
environmental impact of the designs, two examples were examined: a
cantilever and simply supported beam. This study aims to provide a
design framework to assess the sustainability of WAAM for large-scale
constructions and to fill the gap in engineering design approaches for
WAAM as a novel construction technology. Although we can borrow
from the established standards for traditional structural design, new
requirements and guidelines for using WAAM in construction are
required. Therefore, integrating sustainability assessment measures
with technical requirements has the potential to be highly important for
adopting WAAM successfully and sustainably.

Section 2 explains the methodology for topology optimisation and
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Table 1
Material waste/utilisation assumptions for the WAAM process of stainless steel
and their contribution to climate change [42].

Process Waste  Utilisation =~ Mass Climate Change Total
(kg CO2 eq/kg
stainless steel)
Raw Material - 100% 1.298  5.7455 7.460
Extraction
Continuous 10% 90% 1.298  0.6724 0.873
Casting
Hot Rolling 5% 95% 1.169 0.1763 0.206
Wire Drawing 8% 92% 1.110 0.3333 0.370
WAAM process 1.1% 98.9% 1.021  3.6129 3.690
Machining 1% 99% 1.010  0.0057 0.006
Final Product 1 12.605
Table 2

Material waste/utilisation assumptions for the hot-rolling process of stainless
steel and their contribution to climate change [42].

Process Waste  Utilisation =~ Mass Climate Change Total
(kg CO2 eq/kg
stainless steel)
Raw Material - 100% 1.181  5.7455 6.788
Extraction
Continuous 10% 90% 1.181 0.6724 0.794
Casting
Hot Rolling 5% 95% 1.063  0.1763 0.187
Machining 1% 99% 1.010 0.0057 0.006
Final Product 1 7.775

environmental assessments of the structural components. Section 3
provides two 2D case studies of a cantilever beam and simply supported
beam using hybrid manufacturing through the proposed optimisation
framework to reduce the environmental impact. Section 4 explains the
results and discusses their interpretations and practical implications.
Finally, Section 5 presents the conclusions of this study.

2. Methodology
2.1. Topology optimisation (TO)

Density-based TO with Solid Isotropic Material Penalisation (SIMP)
[13] was used to design the beams. The design domain was discretised
into N finite elements, each having a pseudo-density p, withe=1,..,N
ranging between 0 and 1, where p = 0 represents void and p = 1 rep-
resents solid. In this study, weight minimisation subject to compliance
constraint and mechanical equilibrium is considered as follows:

minW
p
stKu=f (@)
c<c

where W is the weight of the structure, p is the array of density of each
element p,, K is the global stiffness matrix of the structure, u is the array

(b)

Steel Production Hot-rolling Finishing Carbon Steel
Carbon Steel Hot-rolled I-sections |  Sand Blasting I-beam
Protective Painting
(a)
Steel Production Hot-rolling Wire Drawin WAAM Finishing Carbon Steel
Carbon Steel Rods & Arc Welding Sand Blasting WAAM Beam
Shielding Gas Protective Painting

Fig. 2. Schematic of the production steps for a steel beam made using (a) conventional hot-rolling process and (b) WAAM [43].
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Machined WAAM

(b) (©)

Fig. 3. (a) various WAAM stiffener profiles on IPE profiles [49], (b) WAAM strengthening of I-section column [50], (c) WAAM repair of cracked steel member [35].

of displacements, f is the array of applied forces. In addition, c is the
compliance of the system, which is computed as ¢ = fTu, where c, is the
maximum allowable compliance of the system. Given the difficulty of
solving large-scale integer variable optimisation problems with
gradient-based methods, intermediate densities were allowed. Never-
theless, material penalisation was introduced to prevent intermediate
densities in the optimised design [52]. The penalisation scheme for E,,
which is the Young’s modulus of element e is defined as follows [53]:

Ee (,0) mm + Pp( mm) (2)

where E.;;, and Ej are the Young’s moduli associated with the void and
solid phases, respectively. E, is an order of magnitude lower than E, to
prevent the singularity of the stiffness matrix. For densities smaller than
one, the intermediate density becomes inefficient for the stiffness by
choosing p > 1. Typically, p =3 is used for acceptable performance
[13].

Some numerical issues are inherent to topology optimisation [52],
most notably the chequerboard pattern and mesh dependency. The
chequerboard pattern is caused by the artificially high stiffness of the
elements when arranged in an orthogonal pattern of void and solid (or p
=0 and p =1 respectively) which resembles a chequerboard pattern
[13,52]. The mesh dependency stems from the non-existence of an
optimal solution in a continuous domain; therefore, refining the mesh
leads to a different but more optimal solution. Both these issues have
been overcome using a filtering technique [52]. Density filtering [54] is
a type of filtering that considers the neighbourhood of an element to

calculate a weighted average of ;e densities.

pe= wa > wip., 3)

ieN
ieN

where N is the number of elements within the filter radius R of the
element e, and wj, is the weighting factor, defined as follows:

;e = max(0,R —r.;), ©)]

where r,; is the centre-to-centre distance between the elements e and i.

The problem was optimised based on an 88-line MATLAB code [53]
modified accordingly for this study. The method of moving asymptotes
(MMA) [55] was used as the optimisation algorithm.

2.2. Environmental assessment

To estimate the environmental impact I of a component, the total
energy consumption from material extraction to production was
considered, with a linear relationship with weight, which is in agree-
ment with similar studies [42,43]:

I =SEC-W, 5)

where SEC is the specific energy consumption, and W is the weight of the
component. Determining the exact value of SEC requires a comprehen-
sive LCA, which is beyond the scope of this study. Instead, the SEC of
WAAM relative to CM, r, was defined as follows:

SECwaam

r=

where SECwaam and SECcy represent the specific energy consumptions
of the WAAM and CM processes, respectively. The r value depends on
the type of metal and the process parameters of WAAM and CM (e.g. the
deposition rate and electricity source [43]).

Based on Table 1 and Table 2, an estimation of r for WAAM and hot
rolling of stainless steel can be made. The total equivalent CO2 emission
of WAAM and hot-rolling for producing 1 kg of stainless steel is equal to
12.61 and 7.78 kg, respectively, which implies r ~ 1.62. As described in
Section 1.3, the SEC is dependent on the assumption of production
waste/material utilisation and all the process parameters involved. The
relative SEC (r) depends on both the WAAM and CM processes. How-
ever, it is expected to be greater than one when comparing WAAM and
hot rolling because WAAM involves additional steps (see Section p1.3).
For a more comprehensive investigation, a parametric study of r was
conducted.

Based on Eq. (5), the environmental impact of the hybrid beam I; is

composed of two terms: the weight of the CM part Wi(CM)

its corresponding SEC, and the weight of the WAAM profile W§AM)
multiplied by its SEC, which is SECwaam = rSECcy .-

multiplied by

(WAAM)

1 = SECCM + SECWAAM W = SECCM( + W (WAAM) )

@)

To normalise the environmental impact of the hybrid beam, a
reference beam with a standard CM profile and similar structural
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performance was considered. The normalised environmental impact of
the hybrid beam is expressed as follows:
I SECou(WM 4 r-WM) — WM  r WM

— 8
I, ref SE CCM : Wref Wref ’ ( )

If this normalised environmental impact is lower than one, the
hybrid beam will have a lower environmental impact than the reference
CM beam. For a beam produced entirely by WAAM, the normalised
environmental impact is simplified to the following:
I WWAAM

—=r

)
I, ref Wref

9

which implies that, for the environmental impact of the WAAM beam to
be similar to that of the CM reference beam, the relative weight reduc-
tion or material savings owing to TO should be at least 1 /r. For WAAM to
have a lower environmental impact, even greater material savings are
required. A case study of the LCA for WAAM and CM also reported a
similar relationship between material savings and environmental im-
pacts [43].

3. Results

This section presents two case studies with different loading and
boundary conditions, a 2D cantilever beam and a 2D simply supported
beam, to apply the optimisation and environmental assessment frame-
work. First, a reference beam with a CM-made profile was defined, with
stiffness as the required structural performance for the remaining cases.
Second, a beam with no hybridisation was studied to examine the sus-
tainability of WAAM alone. Finally, hybrid beams are presented to offer
new designs and extend the possibility of using WAAM to reduce envi-
ronmental impacts.

3.1. 2D Cantilever beam

A reference cantilever beam made with CM is shown in Fig. 4(a). The
beam had an aspect ratio of L/H = 5. The design domain for TO was a
rectangle of the same length as the reference beam; however, the height
of the design domain H was allowed to exceed that of the reference
beam to expand the design space, as shown in Fig. 4(b).

First, as shown in Fig. 5(a), a beam manufactured entirely with
WAAM (referred to as the WAAM beam) was assessed. Then, the hybrid
beams were investigated, where the beam comprised a part made with
CM combined with a WAAM profile, as shown in Fig. 5(b).

3.1.1. WAAM beams

Using TO, a range of alternative optimised beams with no hybrid-
isation were designed to reduce the weight while maintaining structural
performance, that is, stiffness. A height increase in the design domain
with H/H ranging from 1.1 to 1.5 was considered. Fig. 6 depicts the
optimised designs to be manufactured entirely with WAAM and their
weight normalised with respect to the weight of the reference beam as a
function of H /H.

To assess the environmental impact, the normalised environmental
impact, as per Eq. (9) was used, in which the weight reduction provided
by WAAM is offset by the r (relative SEC). For the lightest beam with H'
/H = 1.5, approximately 65% weight reduction was achieved. Based on
Eq.(9), the breakeven point at which the WAAM beam has the same
environmental impact as the reference beam is r = Wier/Wam =1/(1 —
0.65) = 2.86.

3.1.2. Hybrid beams

To design the hybrid beams, the design domain depicted in Fig. 4(b)
was divided into design and nondesign areas. In the design area, the
elements can take any value between 0 and 1 (void and solid), whereas
the non-design area corresponds to the part of the design made with CM.

Engineering Structures 301 (2024) 117355

P

Design Domain
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(b)

Fig. 4. Geometry, boundary conditions, and loading of the (a) reference CM
cantilever beam and (b) design domain for TO.

WAAM

A
v

(b)

Fig. 5. (a) WAAM beam which is entirely manufactured by WAAM, (b) Hybrid
beam which is partly manufactured by WAAM and partly with CM.

In the non-design area, element densities are fixed to p = 1 during TO.
The hybrid ratio is defined as the height of the part made with CM
divided by the total height of the beam, H'. A range of hybrid ratios was
considered for various height increases (H /H) when designing a series of
alternative hybrid beams. The optimiser then added an optimal
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_
Y, Reference Beam Increasing height of the design domain (H’)
N allows more optimal material distribution,
=075 N and therefore lower material usage for the
z0. \
k=) \ same performance
° > —
=< >
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©
x 05 - 2 2 :>/
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Fig. 6. Normalised weight of the WAAM beams with respect to the weight of
the reference beam for different values of H /H with identical stiffness.

geometrical layout with minimum weight in the design area to achieve
the desired stiffness. Table 3 summarises the designs shown in Fig. 7 in
terms of H /H and the hybrid ratio. The weights listed in Table 3 were
normalised by dividing the corresponding weight by that of the refer-
ence beam.

The normalised environmental impacts of these designs varied
depending on the relative SEC of WAAM and CM. The normalised
environmental impact of a beam is equal to its normalised weight for the
limiting value of r = 1, which implies that WAAM and CM have the
same SEC. Consequently, the material savings provided by all fully
optimised WAAM beam designs depicted in Fig. 6 outperformed all the
hybrid beams because they were lighter.

However, for more realistic values of r > 1 (which imply a higher
SEC for WAAM than for CM), the environmental impacts of the designs
were no longer directly proportional to the weight. The environmentally
optimal design was a trade-off between the lower SEC of the CM and the
optimal material distribution provided by WAAM. The normalised
environmental impacts of the beams for r = 1.5 are shown in Table 4.
With a 50% increase in r, the environmental impact of the WAAM beam
increased by the same amount, i.e., 0.35 x 1.5 ~ 0.53. It still had a 47%
lower environmental impact than the reference beam. However, the
most sustainable design was the beam with a maximum H /H of 50% and
approximately 10% hybridisation, which has a 53% lower environ-
mental impact than the reference beam.

For greater r values, which assume WAAM to be more environ-
mentally intensive with respect to CM, more of the optimised designs
made at least partly with WAAM lost the advantage of being lightweight
and sustainable. Fig. 8(a) and (b) show maps of the normalised envi-
ronmental impacts of the beams for r = 1.5 and r = 3.5, respectively.
The environmental impacts of all designs increased with increasing r.

Fig. 9 provides a more comprehensive view of the environmental
assessment of alternative designs for r values ranging from 1.0 to 3.5.
Each isocurve corresponds to a series of beams with different H /H and
hybrid ratios but with the same normalised environmental impact.

The most sustainable design always lay along the maximum “height
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Fig. 7. Hybrid cantilever beams with identical stiffness but different H /H and
hybrid ratios.

Table 4
Normalised environmental impacts of the designs for r = 1.5 with respect to the
reference beam.

H/H (%)
Hybrid ratio (%) 10 20 30 40 50
0 0.89 0.73 0.64 0.58 0.53
10 0.84 0.67 0.58 0.51 0.47
20 0.80 0.66 0.59 0.57 0.55
30 0.79 0.70 0.67 0.67 0.66
40 0.83 0.77 0.76 0.76 0.77
50 0.88 0.84 0.84 0.84 0.85

increase” owing to the more efficient distribution of material further
from the neutral axis of the beam, resulting in more material saving.
Moreover, with increasing r, the environmentally optimal point shifted
along the hybrid ratio axis, indicating that more hybridisation is
required to offset the greater impact of WAAM. For the relatively large
value of r = 3.5, the environmental impact of a WAAM beam was about
20% higher than that of the reference beam. However, a hybrid beam
with a lower environmental impact than the reference beam can still be
designed, albeit with a limited advantage.

The layout of the isocurves in Fig. 9 also shows that as the height
increases, the designs generally become more sensitive to hybridisation
for all values of r. For instance, in Fig. 9(b), where r = 1.5 and H /H is
approximately 10%, hybridisation between 0-50% yielded nearly
identical environmental impacts. However, in the same figure with a H /
H of approximately 50%, each 10% increase in hybridisation changed
the normalised environmental impact by about 10%. Furthermore, for r
values close to 2, as shown in Fig. 9(a)-(c), increments in the hybrid
ratio led to lower sensitivities of the environmental impact with respect
to H /H; for instance, for r = 1.5 and a hybrid ratio of approximately
40% (see Fig. 9(b)), beams with an H /H between 20-50% had nearly the
same normalised environmental impact.

Fig. 10 shows the normalised environmental impacts of various de-
signs for a constant H/H of 50% and different L/H aspect ratios. For

Table 3
Normalised weights of the hybrid cantilever beams with respect to the reference cantilever beam in terms of the part made with CM and with WAAM.
H/H (%)
10 20 30 40 50
Hybrid ratio (%) WAAM CM Total WAAM CM Total WAAM CM Total WAAM CM Total WAAM CM Total
0 0.60 0.00 0.60 0.49 0.00 0.49 0.42 0.00 0.42 0.38 0.00 0.38 0.35 0.00 0.35
10 0.49 0.11 0.60 0.37 0.12 0.49 0.30 0.13 0.43 0.24 0.14 0.38 0.21 0.15 0.36
20 0.39 0.22 0.61 0.28 0.24 0.52 0.22 0.26 0.48 0.19 0.28 0.47 0.17 0.30 0.37
30 0.31 0.33 0.64 0.23 0.36 0.59 0.19 0.39 0.58 0.16 0.42 0.58 0.14 0.45 0.59
40 0.26 0.44 0.70 0.19 0.48 0.67 0.16 0.52 0.68 0.13 0.56 0.69 0.11 0.60 0.71
50 0.22 0.55 0.77 0.16 0.60 0.76 0.13 0.65 0.78 0.09 0.70 0.79 0.07 0.75 0.82
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Fig. 8. Normalised environmental impacts of alternative designs to the reference beam for (a) r = 1.5 and (b) = 3.5. The optimal material distribution of the WAAM
is offset by its increasing environmental intensity. Therefore, the design with a larger proportion made with CM becomes more sustainable. In other words, the

environmentally optimal design becomes one with a greater hybrid ratio.

various length-to-height ratios, the configurations of the isocurves were
similar; for r > 1, which implies that WAAM has a higher SEC than CM,
there were hybrid beams with a lower environmental impact than the
WAAM beam. Moreover, as r increases, the optimal hybrid ratio
increased, whereas the gain from optimisation and hybridisation
decreased to the point of WAAM is no longer a sustainable option.

The shaded areas correspond to designs that have equal or higher
environmental impacts than the reference beam. If the breakeven
boundary is defined as the boundary where the environmental impact of
the hybrid beams becomes identical to that of the reference beam (iso-
curve value 1), then hybridisation bent the breakeven boundary towards
a greater r. This indicates a greater possibility of using WAAM, even
though its SEC is multiple times that of CM. The effect is more significant
at greater length-to-height ratios. As a measure to show the applicability
extent of WAAM, the breakeven point can be defined as the point with
the highest possible r with the same environmental impact as the
reference beam. With that assumption, for L/H = 3 the best layout be-
comes identical to the reference beam at r ~ 2.9 (Fig. 10(a)), which is a
narrower range than the beam with L/H = 5, which happens at r > 3.5
which is not visible within the current limits of the figure (Fig. 10(b)).
For L/H =7, the breakeven point is even further, which can be traced by
looking at isocurves’ configuration.

3.2. Simply supported beam

Fig. 11(a) shows a simply supported reference beam with a point
load in the middle. This beam was studied to investigate the robustness
of the environmental assessment with respect to the load cases. The
corresponding design domain with the same length L is shown in Fig. 11
(b). Initially, an aspect ratio of L/H = 5 was considered.

3.2.1. WAAM beams

Fig. 12 shows the fully optimised simply supported beam designs and
their normalised weights with respect to the reference beam as a func-
tion of H/H. The normalised weight of the lightest beam with a 50%
increase in height was approximately 51% that of the reference beam.
Therefore, the breakeven point where the WAAM beam and reference
beams have equal environmental impacts was atr = 1/0.51 = 1.96 (Eq.
(9)). This is lower than its cantilever counterpart with a breakeven point
of 2.86, resulting from the less significant material savings in this

problem.

3.2.2. Hybrid beams

The introduction of the part made with CM made other design al-
ternatives with various H /H and hybrid ratios possible, as shown in
Fig. 13. The corresponding weights of the hybrid beams are listed in
Table 5.

Depending on the r value, the environmental impacts of the beams in
Fig. 13 differed. The normalised environmental impacts of the beams
based on Eq. (8) are shown in Fig. 14. The trends were similar to those of
the cantilever beam (Fig. 9). For the limiting value of r = 1, the WAAM
beam with the maximum H'/H has the lowest weight and environmental
impact. However, the hybrid beams became more sustainable for a
greater r. At approximately r = 2.5, all designs in Fig. 13 became equal
to or worse than the reference beam in terms of the environmental
impact. For the cantilever beam, this occurred at approximately r > 3.5.

Fig. 15 shows the normalised environmental impacts of the hybrid
designs for a constant H /H of 50% and different length-to-height aspect
ratios. Similar to the previous example, for r > 1, hybridisation can al-
ways lead to a lower environmental impact compared with a beam
manufactured entirely with WAAM. For a greater r, a greater hybrid
ratio was required to compensate for the higher SEC of WAAM in all
cases. The r value at the breakeven point is dictated by the aspect ratio of
the beam. For L/H = 3,5,7,9,11, 13 the breakeven points were r = 1.8,
2.5, 3.1, 3.8, 4.1and 4.5 respectively. This indicates that for greater
length-to-height ratios, the possibility of using WAAM to reduce the
environmental impact is possible for a broader range of r. This is re-
flected by the shrinking of the shaded area which corresponds to the
designs with a higher environmental impact than the reference beam.

A comparison between the results of simply supported beams in
Fig. 15(a-c) with those of cantilever beams in Fig. 10 shows that, for a
given length-to-height aspect ratio, the use of WAAM for enhanced
sustainability is beneficial for relatively greater r values of cantilever
beams. However, the breakeven point of simply supported beams can
also exceed r> 3.5, when more practical length-to-height ratios are
considered, as shown in Fig. 15 (d-e).
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4. Discussion
4.1. Hybrid manufacturing for construction

A parametric study of the relative SEC of WAAM to CM (r) provided a
comprehensive overview of when and how hybridisation can be utilised
towards achieving sustainability in structural design. The value of r was
shown to be a key factor in determining the environmental impact of the
design. For r ~ 1, the hybrid beam had no environmental superiority.
However, for r values greater than one, hybridisation can be an effective
strategy for harnessing the advantages of WAAM, offsetting its higher
SEC and thereby offering more sustainable design alternatives. A hybrid
beam weighs less than a beam made with CM, and yet it is heavier than a
fully optimised beam made solely with WAAM. However, it has a lower
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Fig. 13. Hybrid simply supported beams with identical stiffness but different
H /H and hybrid ratios.

environmental impact than both of them, which could be up to 60%.
Rethinking and redesigning structural elements wusing hybrid
manufacturing could be particularly important for the construction in-
dustry, which consumes large amounts of steel and produces significant
emissions.

The examples demonstrated that the viability of WAAM also depends
on geometrical aspects, boundary conditions, and loadings of the
problem, as well as the choice of the part made with CM. This can be a
reflection of the amount of material savings provided by optimisation in
comparison with the sections made with CM. For greater aspect ratios,
TO provides greater material savings, justifying the wider range of r
values for WAAM. For a given L/H ratio, more material savings were
possible for the cantilever beam than for the simply supported beam,
which resulted in a broader range of applicability of WAAM.

It can also be observed from the results (Fig. 7 and Fig. 13) that
greater beam heights led to the optimal designs becoming more truss-
like. Although it might seem possible to construct a truss using parts
made with CM to achieve a lower environmental impact, the geomet-
rical complexity of the optimal designs results in nodes that are difficult
or impossible to build using CM. Furthermore, the size of the members
might not match the standard size of the sections, nor might they have a
uniform cross-section. Nevertheless, there is room to leverage CM and
WAAM more optimally. Instead of a fixed position and length for sec-
tions made with CM, the TO algorithm can be modified to determine the
best configuration for sections made with CM combined with the added
WAAM profiles. In other words, a more optimal combination of WAAM
and CM parts is yet to be found to utilise WAAM more effectively to-
wards achieving more sustainability.

4.2. Determination of relative SEC r

The relative SEC (r) depends on several factors, including the type of
metal, process parameters, and CM technology. The contributions of
these factors to the SEC should be calculated as accurately as possible.
For instance, one study compared WAAM and machining to produce a
beam made of carbon steel, showing that WAAM resulted in lower CO2
emissions [40]. However, machining is not a conventional technique for
structural elements. Based their report, the r value for WAAM and
machining was approximately 0.58, highlighting the lower SEC of
WAAM to deliver the same weight as a subtractive method, such as
machining with a high BTF ratio. In such cases, WAAM alone is superior
to CM, and hybridisation is irrelevant.

4.3. Outlook

This study proposes a design optimisation framework that considers
the sustainability of metallic structures. Hybridisation has been
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Table 5
Normalised weights of the hybrid simply supported beams with respect to the reference simply supported beam in terms of the part made with CM and with WAAM.
H/H (%)
10 20 30 40 50
Hybrid ratio (%) WAAM CM Total WAAM CM Total WAAM CM Total WAAM CM Total WAAM CM Total
0 0.74 0.00 0.74 0.66 0.00 0.66 0.60 0.00 0.60 0.56 0.00 0.56 0.51 0.00 0.51
10 0.63 0.11 0.74 0.54 0.12 0.66 0.47 0.13 0.60 0.42 0.14 0.56 0.37 0.15 0.52
20 0.53 0.22 0.75 0.43 0.24 0.67 0.37 0.26 0.63 0.31 0.28 0.59 0.28 0.30 0.58
30 0.44 0.33 0.77 0.35 0.36 0.71 0.30 0.39 0.69 0.26 0.42 0.68 0.23 0.45 0.68
40 0.36 0.44 0.80 0.29 0.48 0.77 0.25 0.52 0.77 0.21 0.56 0.77 0.18 0.60 0.78
50 0.29 0.55 0.84 0.23 0.60 0.83 0.19 0.65 0.84 0.16 0.70 0.86 0.13 0.75 0.88
r=1.0 r= 2.0
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Fig. 14. Normalised environmental impact of various designs with respect to the reference beam for a range between (a) r = 1 to (c) r = 2.0. As r increases, more of
the design alternatives lose their environmental advantage over the reference beam, as shown here by the shaded area. For r of up to approximately 2, it is still
possible to use WAAM sustainably. Each isocurve corresponds to a series of designs with the same environmental impact yet different shapes and weights.

suggested as a viable route for reducing the environmental impact of
structural components. One of the advantages of the proposed frame-
work is that it can be used to assess different design layouts for other
material types and AM techniques. Nevertheless, the examples in this
study were mainly selected regarding steel structural elements and
WAAM for construction.

To highlight the proposed concept and explain the design framework
for sustainability with hybridisation, 2D cantilever and simply sup-
ported beams were considered. Based on this, future works could
consider 3D examples and other constraints, such as the buckling of
members, stress concentrations, manufacturability, and cost. The design
space can also be expanded by consideration of multi materials, for
either standard profiles or WAAM deposition, providing a greater range
of opportunities for innovative structural design solutions. Furthermore,
many sub-optimal solutions exist in the design space with the same
environmental impact (isocurves in Fig. 9 and Fig. 14) but different
characteristics, such as weight and manufacturability, enabling further
optimisation based on them.

5. Conclusion

This study proposes a hybrid manufacturing method to reduce the
environmental impact of the large-scale usage of metal AM in con-
struction. A set of alternative solutions with various height increases and
hybrid ratios was studied, utilising TO for designing optimised beams
with the same stiffness as a reference beam made with CM. A linear
relationship between the environmental impact and weight was
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considered, and a comparative environmental assessment was con-
ducted between beams made via CM and those made via hybrid
manufacturing. This comparison was performed with respect to the
relative SEC of WAAM to CM, r. The following conclusions were drawn:

- For WAAM to be sustainable when used alone to produce an opti-
mised beam, material savings should be at least greater than 1/r of
the reference beam made via CM.

There is a direct correlation between the weight reduction and
environmental impact for the limiting value of r = 1, which trans-
lates to a similar SEC for WAAM and CM. This relationship is invalid
for more realistic values of r that are typically greater than one. In
such cases, the lower environmental impact corresponds not to a
lower weight but to a trade-off between the lower SEC of CM and the
optimal material distribution of WAAM. A hybrid beam that is
heavier than a fully optimised beam but lighter than a beam made
with CM and has the lowest environmental impact than both.
Hybridisation shifts the breakeven point (the point at which pro-
ducing beams using WAAM and beams using CM have similar envi-
ronmental impacts) towards greater values of r compared to the shift
produced using WAAM alone. This shift increases the viability of
WAAM.

The optimal hybrid ratio depends on the relative SEC of WAAM and
CM. For a higher relative SEC, the lowest environmental impact was
achieved at a greater hybrid ratio.
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Fig. 15. Normalised environmental impact of designs for a constant H /H of 50% with respect to hybrid ratio and r value; (a) L/H =3, (b) L/H =5, (c)L/H =7, (d)
L/H =9, (e) L/H =11, (f) L/H = 13. The shaded area shows the region beyond which designs have a higher environmental impact than the reference beam. In all
cases, hybridisation is bending this area towards a greater r, allowing to have sustainable design for even greater r values compared to the WAAM beam. As r in-
creases, the greater ratio of hybridisation leads to a lower environmental impact.

- For greater length-to-height ratios, more material savings are
possible. Therefore, WAAM can be used for a greater range of r
values.

- For a given length-to-height ratio, the cantilever beams had larger
breakeven points than the simply supported beams. This shows that
while the trends are similar, the extent of viability of WAAM is
problem-dependent.

Although technological advances that reduce r can broaden the
sustainable design space provided by WAAM, this study concludes that,
from an environmental perspective, using WAAM alone is unsuitable for
large-scale constructions. This is because r is generally greater than one
in the scope of construction and is expected to remain so owing to the
WAAM method taking more steps than the CM process. However, using a
hybrid of CM and WAAM could be more promising. This study suggests a
framework that can be used for the systematic study of different layouts
to design for sustainability.
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