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1 Introduction 

Metal additive manufacturing (AM) has emerged as a 
transformative manufacturing technology, fundamentally 
shifting the production paradigm from material removal to 
material addition, in contrast to conventional manufactur-
ing techniques [1, 2]. Substantial progress has been made 
in applying metal AM across a wide range of engineering 
disciplines, including aerospace [3], biomedical [4], me-
chanical [5], automotive [6] and shipbuilding [7] engi-
neering. By integrating metal AM with conventional man-
ufacturing (CM), a hybrid manufacturing approach has 
been developed [8, 9], enabling applications such as struc-
tural member strengthening [10, 11], connection en-
hancement [12, 13] and fatigue strengthening of damaged 
members [14, 15], among others. 

To overcome the shear and pull-out failures at the corner 
screws and potentially premature failure issues at the 
joist-to-stud connections in lightweight steel framing (LSF) 
[16–19], a novel key-wheel (KW) connection has been de-
veloped [20] using two prevalent metal AM processes in-
cluding laser metal deposition (LMD) and wire arc additive 

manufacturing (WAAM), as shown in Figure 1. This con-
nection comprises a wheel-shaped component with multi-
ple teeth printed onto the stud, together with a matching 
cut profile in the joist, enabling a semi-rigid moment-re-
sisting connection. Seven parameters were defined to 
characterise the geometry of the wheel shape [20], as 
shown in Figure 2. 

To determine the optimal wheel geometries for the pro-
posed KW connection, a multi-objective optimisation 
framework based on a genetic algorithm was employed 
[21–24]. For connections manufactured using the LMD 
process, the optimisation aimed to maximise the initial ro-
tational stiffness, yield strength and peak strength. For 
connections produced using the WAAM process, an addi-
tional constraint was introduced by normalising these ob-
jectives with respect to material use, in order to limit heat 
input and minimise distortion of the substrate. Structural-
level analyses were subsequently conducted to compare 
the gravity-only and combined gravity and lateral loading 
responses of frames incorporating the original and opti-
mised connections.
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Figure 1 Key-wheel (KW) connection 

 
Figure 2 Wheel shape parameters 

2 Optimisation framework 

2.1 Objectives and design space 

For the LMD process, the optimisation objectives were to 
maximise initial rotational stiffness 𝑘!, yield strength 𝑀" 
and peak strength 𝑀#  directly. For the WAAM process, 
these parameters were normalised by the volume of the 
wheel component of the wheel geometry to minimise heat 
input, represented by 𝑘#!, 𝑀$" and 𝑀$#, respectively. The ini-
tial rotational stiffness 𝑘! , yield strength 𝑀"  and peak 
strength 𝑀# were identified using an idealised moment-ro-
tation relationship based on ASCE 41-23 [25], as shown in 
Figure 3. 

Seven wheel-shape parameters including wheel radius 𝑅, 
tooth number 𝑛, outer length ratio 𝑟$%, inner length ratio 
𝑟&%, tooth depth ratio 𝑟'(, fillet radius of the corners 𝑅) and 
wheel thickness 𝑡 were investigated in the optimised pro-
cedure. The wheel radius 𝑅 of 50 mm, 55 mm, 60 mm, 65 
mm and tooth number 𝑛 ranging from 3 to 12 with a step 
of 1 were considered. The outer length ratio 𝑟$% and inner 
length ratio 𝑟&% were both varied from 0.7 to 1.3 with a step 
of 0.01, and the tooth depth ratio 𝑟'( ranged from 0.1 to 
0.5 with a step of 0.01. The fillet radius 𝑅) of 0.8 mm, 1.0 
mm, 1.5 mm, 2.0 mm, 2.5 mm and 3.0 mm and wheel 
thickness 𝑡 from 2.0 mm to 5.0 mm with a step of 0.5 mm 
were adopted. 

 
Figure 3 Idealised curve 

2.2 Genetic algorithm implementation 

A genetic algorithm (GA) was adopted for this multiple-
objective optimisation procedure and implemented using 
the evolutionary computation framework Distributed Evo-
lutionary Algorithms in Python (DEAP) [26]. To facilitate 
the modelling of wheel components, the open-source par-
ametric three-dimensional modeler FreeCAD [27] was em-
ployed. The connection responses were obtained through 
the numerical analysis in Abaqus [28]. The objective val-
ues were subsequently extracted from the idealised mo-
ment-rotation curves. The overall optimisation process 
was executed in Python [29], interfacing with both 
FreeCAD and Abaqus. The population size and number of 
generations were both set to 150 to ensure a comprehen-
sive exploration of the design space. Pareto-front selection 
was performed using the NSGA-III algorithm [30], where 
the Pareto front represents a set of mutually non-domi-
nated solutions that capture trade-offs among the multiple 
objectives. The analysis steps as explained below. 

Step 1: The initial generation was randomly created based 
on the prescribed parameter space. 
Step 2: FreeCAD was used to generate IGES files describ-
ing the wheel geometry for each individual. 
Step 3: Abaqus models were generated from the IGES 
files and submitted for finite element (FE) analysis. 
Step 4: The fitness of each individual was evaluated based 
on the optimisation objectives derived from the idealised 
moment-rotation relationship. 
Step 5: Pareto-based selection was performed using the 
NSGA-III algorithm. 
Step 6: Crossover was applied to the selected individuals 
with an independent probability of 0.5. 
Step 7: Mutation was applied to the offspring with an in-
dependent probability of 0.2. 
Step 8: The termination criterion of 150 generations was 
checked. If not satisfied, the procedure returned to Step 2 
using the updated population. 

2.3 Finite element method and validation 

The FE modelling of the connection is shown in Figure 4. 
Cold-formed steel (CFS) channel sections of 150M14-75 
and 240M13-75, both with 15 mm lips were used for studs 
and joists, respectively. In the section labels, the leading 
number denotes the section depth in millimetres, followed 
by the thickness in tenths of a millimetre after the letter 
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“M”, and ending with the flange width in millimetres. S450 
steel, as specified in [31], was adopted for both the stud 
and joist, and its full stress–strain behaviour was modelled 
using the formulation proposed in [32]. For the wheel 
components manufactured using the LMD process, the 
constitutive model developed in [33] was adopted and cal-
ibrated against tensile coupon tests reported in [34]. The 
WAAM wheel components were modelled using the nor-
mal-strength steel constitutive model proposed in [35].  

 
Figure 4 FE modelling of connection 

All structural components were modelled using S4R shell 
elements. A global mesh size of 10 mm was applied to all 
CFS members, except at the joist ends, where a refined 
mesh size of 1 mm was employed. As the optimisation ob-
jectives were normalised, small clearance between the 
wheel and the joist cut was reasonably assumed to have a 
negligible influence on the optimisation outcomes. This 
gap was therefore neglected to accelerate the optimisation 
process and reduce computational cost. Contact interac-
tions between all components, including joist-to-stud and 
joist-to-wheel, were defined using the *CONTACT PAIR al-
gorithm with finite sliding in Abaqus. Tangential contact 
behaviour was modelled using a penalty formulation with 
a friction coefficient of 0.2 and a contact stiffness of 5.8 
kN/mm. Normal contact behaviour was defined as “hard” 
contact with a nonlinear penalty formulation. Enhanced 
translational restraint in the global x-direction was applied 
to the joist to isolate the joist–wheel interaction. Geomet-
ric imperfections were introduced to provide a first-order 
representation of distortion caused by residual stresses 

and manufacturing deviations at the structural level [36]. 
A displacement-controlled vertical load was applied at the 
joist end, with a target corresponding to either a minimum 
of 80% post-peak strength degradation or a rotational drift 
of 0.04 rad, whichever occurred first. All moment re-
sponses were normalised by the bending capacity of the 
joist section. 

The FE method was validated against cyclic tests of the 
KW-WAAM connection conducted by the authors. The 𝑅 
(measured from the geometric centre to the outer edge) 
was 55.8 mm, with a 𝑛 of 4, 𝑟&%	and 𝑟$% of 1.0, a 𝑟'( of 0.3, 
a 𝑅) of 3.0 mm, a wheel depth of 30.0 mm and a 𝑡 of 3.3 
mm. Based on the coupon test results, the thermal input 
only increases the yield and ultimate strengths by approx-
imately 1.2%. Therefore, adopting the original CFS mate-
rial properties, with slightly lower yield strength, is consid-
ered appropriate. Figure 5 shows the von-Mises stress 
distributions and the corresponding hysteretic curves. 
High stress concentrations and yielding were observed in 
the joist web surrounding the printed wheel, while the 
wheel itself remained elastic, consistent with the test ob-
servation. The proposed FE approach is capable of captur-
ing the cyclic response of the KW-WAAM connection with 
reasonable accuracy in terms of overall behaviour, initial 
rotational stiffness and peak moment capacity. 

3 Optimisation results 

3.1 Pareto fronts 

Figure 6 shows the Pareto fronts obtained for the KW-LMD 
and KW-WAAM connections after 150 generations. The pa-
rameter space is notably clear, yielding 46 and 24 opti-
mised individuals, respectively. The optimisation suggests 
a wheel radius 𝑅 of 65.0 mm, tooth number 𝑛 of 12 and 
outer length ratio 𝑟$% of 0.7 for KW-LMD connections. The 
inner length ratio 𝑟&% and the tooth depth ratio 𝑟'( are rec-
ommended within the ranges of 0.71-1.16 and 0.26-0.49, 
respectively, yielding a 12-elongated-rectangle-teeth pro-
file. The fillet radius 𝑅) is generally constrained between 
0.8 mm and 1.5 mm, indicating a preference of sharper 
corners, with smaller fillet radii associated with higher ini-
tial rotational stiffness. The wheel thickness 𝑡 varies from 
2.0 to 4.0 mm, covering most practical design options, 
where individual thickness values preferentially enhance 
either the initial rotational stiffness or the yield and peak 
strengths. A clear trade-off is observed between the initial 
rotational stiffness and yielding strength, whereas the 
yield and peak strengths exhibit a positive correlation. 

  
(a) Failure mode (b) Hysteretic curves 
Figure 5 FE validation 
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For the KW-WAAM connection, all optimised individuals 
similarly adopt a wheel radius 𝑅 of 65.0 mm, a tooth num-
ber 𝑛 of 12, and a relatively small outer length ratio 𝑟$% of 
approximately 0.7. However, the inner length ratio 𝑟&% and 
tooth depth ratio 𝑟'( are confined to narrower ranges of 
0.89-1.29 and 0.20-0.28, respectively, indicating rectan-
gular teeth that are shorter than those of the KW-LMD 
connections. The fillet radius 𝑅) ranges from 1.0 mm to 2.0 
mm, with smaller values again corresponding to higher in-
itial rotational stiffness. Owing to the material use con-
straint, all KW-WAAM solutions adopt the minimum wheel 
thickness of 2.0 mm. The trade-off between initial rota-
tional stiffness and yield strength remains evident, while 
no clear relationship is observed between the yield and 
peak strengths.  

 
(a) KW-LMD 

 
(b) KW-WAAM 
Figure 6 Pareto fronts 

3.2 Optimised shapes 

Table 1 summarises the optimised parameter ranges and 
presents two representative designs. The first corresponds 
to the individual with the highest initial rotational stiffness, 
while the second represents the optimal compromise so-
lution selected using a weighted objective ratio of 
0.4:0.4:0.2 for the (normalised) initial rotational stiffness, 
yield strength and peak strength, respectively. This 
weighting scheme accounts for all three objectives while 
maintaining a balanced performance in both the elastic 
and inelastic response stages. Across all optimised solu-
tions, a wheel radius 𝑅 of 65.0 mm is consistently recom-
mended, regardless of the metal AM process employed. A 
tooth number 𝑛 of 12 is also preferred to enhance the in-
terlocking mechanism. In general, KW connections favour 
smaller outer and inner length ratios, resulting in narrow 
and elongated teeth, together with relatively small fillet 
radii. While a range of wheel thickness is viable for LMD-
based connections, WAAM-based connections consistently 
adopt the minimum thickness of 2.0 mm to limit material 
use. 

Table 1 Optimised results 

LMD WAAM 

𝑅 = 65.0mm; 𝑛 = 12; 𝑟$% = 
0.70-0.75; 𝑟&% = 0.71-1.16; 
𝑟TD = 0.26-0.49; 𝑅) =  0.8-
1.5mm; 𝑡 =2.0-4.0mm 

 

𝑅 = 65.0mm; 𝑛 = 12; 
𝑟$% = 0.70-0.93; 𝑟&% = 0.89-
1.29; 𝑟'( = 0.20-0.28; 𝑅) = 
1.0-2.0mm; 𝑡 =2.0mm 

 
 

4 Frame level assessment 

4.1 Model definition 

To evaluate the frame-level performance, a H-frame con-
figuration was modelled, incorporating conventional 3×3 
screw connection with 5.4-mm-in-diameter screws, origi-
nal (𝑅 =  65.0 mm, 𝑛 =  4, 𝑟$% =  1.0, 𝑟&% =  1.0, 𝑟'( =	0.3, 
𝑅) = 3.0 mm, 𝑡 = 2.0 mm) and optimised KW-LMD (𝑅 = 
65.0 mm, 𝑛 =  12, 𝑟$% =  0.70, 𝑟&% =	 0.71, 𝑟'( =  0.49, 
𝑅) =1.0 mm, 𝑡 = 3.5 mm) and KW-WAAM (KW-WAAM 𝑅 = 
65.0 mm, 𝑛 =  12, 𝑟$% =  0.70, 𝑟&% =	1.29, 𝑟'( =  0.24, 𝑅) = 
1.0 mm, 𝑡 = 2.0 mm) connections. The original model em-
ployed a standard wheel shape, and the optimised shapes 
were taken from the second examples in Table 1, based 
on the weighted objective (0.4:0.4:0.2) for the (normal-
ised) initial stiffness, yield strength and peak strength. 

The FE modelling setup is shown in Figure 7. The frame 
configuration was derived from a six-storey building with 
a centre-to-centre span of 6000 mm and a storey height 
of 3000 mm. Each side frame was repeated at a spacing 
of 600 mm. CFS sections 150M14-75 and 142M12-70 were 
used for the studs and face tracks, respectively. Two CSF 
joist sections including 240M13-75 and 240M16-75 were 
considered to evaluate the improvements in mechanical 
performance provided by the optimised connections. Dead 
and live loads of 1 kN/m2 and 2 kN/m2, respectively, were 
applied to all floors in accordance with EN 1991-1-1 [37]. 
Pin-ended boundary conditions were assigned to the ref-
erence points coupling the tops and bottoms of the studs. 
Lateral translational restraints were also applied along the 
top edges of the joists to simulate the restraint provided 
by the floor sheathing.  

 
Figure 7 FE modelling of H frame 
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Two load cases were considered, including sole gravity 
loading and gravity loading combined with lateral pusho-
ver. The lateral pushover analysis targeted a drift corre-
sponding to the lesser of 80% post-peak strength degra-
dation or 4.0%, on the basis of the ultimate limit state. 
Gravity loads from the upper storeys were applied as con-
centrated loads at the reference points located at the tops 
of the studs, while gravity loads from the floor sheathing 
were applied as uniformly distributed loads on the top 
flanges of the joists. A storey weight of 10.66 kN was cal-
culated in accordance with EN 1998-1-1 [38] and used to 
normalise the base shear. 

4.2 Results 

Figure 8 shows joist deflections and shear-drift curves ob-
tained from the H-frame analyses. The H-frame with the 
original KW connection and 240M13-75 joists exhibited a 
22.2% increase in joist deflection, together with reduc-
tions in initial rotational stiffness, yield strength and peak 
strength of 106.0%, 222.2% and 183.3%, respectively, 
compared with the H-frame incorporating conventional 
screw connections. By adopting the optimised KW connec-

tions, the joist deflection of the H-frame with KW-LMD con-
nection was reduced by 19.4%, while the initial rotational 
stiffness, yield strength and peak strength increased by 
102.2%, 211.1% and 158.3%, respectively. For the H-
frame with KW-WAAM connections, the joists deflection 
was reduced by 16.5%, and the corresponding increases 
in initial rotational stiffness, yield strength and peak 
strength were 103.9%, 166.7% and 150.0%, respectively. 

The enhanced mechanical performance of the optimised 
connections results in increased loading demands on the 
joists. When the joist section was upgraded from 240M13-
75 to 240M16-75, the joist deflection of H-frames with KW 
connections was reduced by up to 21.8% compared with 
those using conventional connections. In addition, the ini-
tial rotational stiffness, yield strength and peak strength 
increased by 25.1%, 57.1% and 71.0%, respectively. 
Compared with conventional LSF systems, the AM-LSF 
system developed in this study offer enhanced design and 
manufacturing flexibility, faster construction, improved 
quality through reduced manual operations, and greater 
ease of dismantling and non-destructive deconstruction, 
thereby facilitating future adaption and reuse.

 
Figure 8 H-frame assessment

5 Conclusions 

A multi-objective genetic algorithm optimisation frame-
work was employed to identify optimal wheel geometries 
for additively manufacturing (AM) key-wheel (KW) con-
nections in lightweight steel framing structures. Two metal 
additive manufacturing processes were considered, includ-
ing laser metal deposition (LMD) and wire arc additive 
manufacturing (WAAM). The key findings and conclusions 
are summarised as follows: 

(1) The optimisation results recommend a wheel geome-
try with 12 elongated teeth for the KW-LMD and KW-
WAAM connections, with tooth depth ratios 𝒓𝐓𝐃 rang-
ing from 0.26 to 0.49 and from 0.20 to 0.28, respec-
tively. 

(2) Trade-off behaviour was observed in both KW-LMD 
and KW-WAAM connections. Connections achieving 
higher (normalised) initial rotational stiffness tend to 
exhibit lower yield and peak strength values, and vice 
versa. 

(3) Frame-level ultimate limit state analyses demon-
strate that the implementation of optimised KW con-
nections leads to substantial performance improve-
ments compared with original KW connections. The 
maximum joist deflections are reduced by 16.5%-
19.4%, while the normalised initial stiffness, yield 
strength and peak strength of the frames are in-
creased by 101.2%-103.9%, 166.7%-211.1% and 
150.0%-158.3%, respectively. 
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