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 A B S T R A C T

The application of metal additive manufacturing (AM) to connections in lightweight side framing structure is 
explored. Two connection concepts are considered, namely key-wheel (KW) and gear-wheel (GW) connections. 
To identify the optimal wheel geometries for the proposed KW and GW connections, a genetic algorithm 
with multiple-objectives optimisation framework was employed. The optimised parameters included wheel 
radius 𝑅, tooth number 𝑛, along with other geometrical wheel parameters. The optimisation objectives were 
to maximise the initial rotational stiffness, yield strength and peak strength directly for the connections with 
Laser Metal Deposition (LMD) process, while an additional constraint of normalising these objectives with 
respect to material use was introduced for the connection with Wire Arc Additive Manufacturing (WAAM) 
process. The optimisation results suggest a wheel shape with 12 elongated teeth for the KW connection, 
and a shallow-tooth wheel shape for the GW connection. The maximum joist deflections of the frame-level 
analysis are reduced by 14%–20% when employing the optimised connections, while the normalised initial 
stiffness, yield strength and peak strength are increased by 69.6%–101.2%, 58.7%–212.6%, 48.8%–164.7%, 
respectively. In general, GW connection exhibits greater level of mechanical properties compared to the KW 
connection, while both connections offer viable alternatives since each of them showed trade-offs depending 
on performance requirements and practicality.
1. Introduction

Lightweight steel framing (LSF) structures using cold-formed steel 
(CFS) have been shown to be highly effective in reducing steel con-
sumption [1,2]. Traditional practices include platform framing, balloon 
framing and ledger framing [3], each typically implemented using 
either a sequential construction method (SCM) or continuous construc-
tion method (CCM) [4]. Although ledger framing has become prevalent 
because of its applicability in multi-storey systems, the joist-to-stud 
connections that are considered as shear-only resistance lead to rela-
tively heavy flooring joist designs and local failure limit states within 
the connection components [3]. Alternatively, a side frame LSF system 
developed by Sabbagh and Torabian [5] employs in-plane semi-rigid 
floor-to-wall screwed connections, which can reduce the joist’s mid-
span deflection and eliminate the local failure limit states. However, 
the shear/pull-out failure at the corner screws may lead to a relatively 
sharp strength degradation and potentially a premature failure limit 
state due to the non-even distribution of the screw forces.

Metal additive manufacturing (AM) has emerged as an impactful 
tool to shift the manufacturing paradigm as it provides a manufacturing 
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idea of adding, which is different from conventional manufacturing 
techniques [6–10]. By constructing components layer-by-layer from 
three-dimensional (3D) model data using automated processes [11,12], 
metal AM enables the possibility of creating complex-shaped 3D parts 
that are difficult or impossible to obtain using traditional processes and 
reducing material consumption and waste [13,14]. Significant progress 
has already been achieved in applying this technique across various en-
gineering disciplines, e.g., aerospace [15], space [16], biomedical [17], 
mechanical [18], automotive [19] and shipbuilding [20] engineering. 
In recent, by combining metal AM and conventional manufacturing 
(CM), a hybrid manufacturing concept has emerged [21–23], with 
the applications on structural member strengthening [24–27], connec-
tions [28–31] and fatigue strengthening of damaged members [32,33], 
among others. For instance, in the three-point bending tests on I-section 
beams conducted by Yang et al. [27], an approximately 11.5% increase 
in mass due to the strengthening by Wire Arc Additive Manufacturing 
(WAAM) yield up to 25.8% and 22.4% increases in ultimate bend-
ing moment resistance and initial stiffness, respectively. Overall, this 
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hybrid concept can reduce the environmental impact associated with 
large-scale adoption of metal AM in construction.

To address the technical and practical limitations of traditional joist-
stud connections, a key-wheel (KW) and a gear-wheel (GW) connections 
have been developed, considering two prevalent metal AM methods 
including laser metal deposition (LMD) and WAAM [34]. The proposed 
connections provide a fastener-free type of connection method as an 
alternative for the traditional and labour-intensive types of connections 
for the joist-stud framing installation. However, variations in wheel 
geometry can significantly influence the moment-resisting performance 
in both elastic and inelastic stages.

To identify the optimal wheel geometries for the proposed KW and 
GW connections, this study employed a multi-objective optimisation 
framework based on a genetic algorithm. Genetic algorithm has been 
considered as an effective approach for solving both constrained and 
unconstrained optimisation problems by mimicking biological evolu-
tion progresses [35,36], and has been widely applied in various fields, 
including seismic engineering [37,38] and LSF design [39–42]. The 
optimisation aimed to maximise the initial rotational stiffness, yield 
strength and peak strength directly for the connections with LMD pro-
cess, while an additional constraint of normalising these objectives by 
material use was introduced for the connections with WAAM process, in 
order to reduce heat input and distortion to the substrate. Additionally, 
Explainable Artificial Intelligence (AI) technique [43–46] were also 
employed to investigate the inherent trade-off behaviour among the 
competing objectives and highlight the feature importance. Finally, 
structural level evaluations were conducted to compare the gravity-only 
and gravity combined with lateral force loading responses of the frames 
implementing original versus optimised connections.

2. AM-CFS connections

2.1. Configurations and AM processes

Fig.  1 shows the proposed additive manufacturing connections for 
lightweight side framing. The KW connection, shown in Fig.  1(a), 
consists of a wheel shape component with numbers of teeth printed on 
the stud and a joist matching cut with the same shape. Therefore, the 
joists can be easily installed on the studs by sliding during construction. 
The tooth shape enables an interlocking mechanism between joists and 
studs, creating a semi-rigid moment-resisting connection. The GW con-
nection, shown in Fig.  1(b), provides an alternative that prints a match-
ing wheel component with either smaller or larger shape and minimum 
gap on the joists, instead of cutting. The female–male wheel pair 
provides interlocking mechanism for the semi-rigid moment-resisting 
joist-to-stud connections.

Seven parameters were identified to define the geometry of the 
wheel shape, including wheel radius 𝑅, tooth number 𝑛, outer length 
ratio 𝑟OL, inner length ratio 𝑟IL, tooth depth ratio 𝑟TD, fillet radius of the 
corners 𝑅f  and wheel thickness 𝑡. The parameters 𝑅, 𝑛 and 𝑟TD primarily 
determine the standard profile of the wheel, as shown on the left side 
of Fig.  2. The standard shape can then be generalised by applying the 
outer and inner length ratio, respectively. The fillet radius 𝑅f  modifies 
the curvature at the corners of the shape, as shown on the right side 
of Fig.  2. Lastly, the wheel thickness 𝑡 may also significantly influence 
the moment-resisting behaviour. By varying these parameters, a wide 
range of wheel shapes can be generated, each potentially resulting in 
different interlocking mechanisms and moment-resisting performance.

Both WAAM and LMD processes can be adopted for the proposed 
AM-CFS connections. In the WAAM process, metal is deposited by 
melting a continuous wire, which enables a high deposition rate and 
printing efficiency [47,48]. This makes WAAM a suitable option for 
large-scale structural application in structural engineering [9,49]. How-
ever, the large heat input and extensive melt pool lead to longer 
cooling time. Components produced by WAAM exhibit relatively high 
surface roughness and geometric waviness, which necessitate larger 
2 
assembly clearances. Although surface quality can be improved through 
post-processing methods such as machining, this may compromise the 
inherent advantages of WAAM in terms of efficiency and cost. In 
addition, the higher heat input can lead to more pronounced residual 
stresses, and penetration defects may occur more readily in thin-walled 
components [10,50]. In contrast, LMD employs a focused laser to 
generate a small molten pool and melt metal powder particles [51]. 
The heat input is highly localised, and the substrate acts as an ef-
fective heat sink, resulting in rapid self-cooling immediately after the 
laser passes [52]. Hence, LMD offer better dimensional control and 
lower residual stresses [53], allowing smaller assembly clearances to 
be achieved. As primary research, this study employed both processes 
and shed lights on the working mechanism with different wheel shapes.

2.2. Idealised moment–rotation relationship

The moment–rotation relationship of the AM-CFS connections can 
generally be represented by a KW-LMD connection with a wheel shape 
of 𝑅 = 65 mm, 𝑛 = 10, 𝑟OL = 0.1, 𝑟IL = 1.0, 𝑟TD = 0.3, 𝑅f = 3.5 mm, 
𝑡 = 2.0 mm, as shown by the grey curve in Fig.  3, which exhibits 
an initial elastic stage, a smooth elastic–inelastic transition, a distinct 
peak strength and subsequent degradation. To effectively capture this 
behaviour and identify the yield strength, an equivalent energy elastic–
plastic (EEEP) method was adopted, based on ASCE 41-23 [54]. First, 
the peak strength was identified from the current curve. An elastic–
perfectly plastic (EPP) curve was then derived using the EEEP method. 
Based on the rotation corresponding to the yielding point of the EPP 
curve, the intersection with the actual moment–rotation curve was 
defined as 𝑀0

y . By connecting the origin to the point corresponding 
to 0.6𝑀0

y  on the actual curve, the initial rotational stiffness was deter-
mined. Applying the EEEP method again yielded the final yield moment 
𝑀y. This procedure ensures that the idealised moment–rotation curve 
dissipates the same amount of energy as the actual response up to the 
peak strength. Post-peak degradation behaviour is more complex. A 
stiffness degradation ratio 𝛼2 and a strength reduction factor 𝛽 was 
suggested, but the appropriate values remain open and require further 
investigation. Nevertheless, the idealised initial rotational stiffness, 
yield and peak strengths provide an accurate representation of the 
connection response up to peak strength. The corresponding function 
of the idealised curve is shown in Eq. (1). 

𝑀 =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝑘e𝜃 𝜃 ≤ 𝜃y
𝑀y + (𝜃 − 𝜃y)𝛼1𝑘e 𝜃y < 𝜃 ≤ 𝜃d
𝑀d + (𝜃 − 𝜃d)𝛼2𝑘e 𝜃d < 𝜃 ≤ 𝜃u
𝛽𝑀y 𝜃u < 𝜃

(1)

3. Optimisation framework

3.1. Objectives

The idealised moment–rotation relationship highlights three param-
eters, including initial rotational stiffness 𝑘e, yield strength 𝑀y and 
peak strength 𝑀u. A higher initial rotational stiffness and yield strength 
enhance moment resistance during the elastic stage, while a higher 
peak strength improves the inelastic response. Two metal AM processes 
were considered, including LMD and WAAM. For the LMD process, 
the objectives were to maximise initial rotational stiffness 𝑘e, yield 
strength 𝑀y and peak strength 𝑀u directly, while these parameters 
were normalised by the volume wheel component to minimise the 
heat input, for the WAAM process, represented by 𝑘e, 𝑀y and 𝑀u, 
respectively. It should be noted that the heat input in the WAAM 
process is governed by numerous coupled factors, including arc energy 
input, wire diameter and feed speed, as well as travel path and travel 
speed, etc [55]. As the WAAM process parameters were kept consistent 
(presented in Section 3.5), and the focus was on component-level 
performance, it is reasonable to adopt a first order approximation in 
which the deposited steel volume is assumed to be linearly proportional 
to the heat input.
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Fig. 1. Assembly views of additive manufacturing connections.
Fig. 2. Wheel shape parameters.

Fig. 3. Idealised moment–rotation relationship.

3.2. Design space

Table  1 shows the ranges of parameters used in the optimisation 
study. 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 𝑟OL and inner length ratio 𝑟IL were both varied from 
0.7 to 1.3 with a step of 0.01, and the tooth depth ratio 𝑟TD ranged 
from 0.1 to 0.5 with a step of 0.01. The fillet radius 𝑅  of 0.8 mm, 
f
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Table 1
Parameter ranges.
 Parameters Values  
 𝑅 50.0 mm, 55.0 mm, 60.0 mm, 65.0 mm  
 𝑛 3 to 12 with a step of 1  
 𝑟OL 0.7 to 1.3 with a step of 0.01  
 𝑟IL 0.7 to 1.3 with a step of 0.01  
 𝑟TD 0.1 to 0.5 with a step 0f 0.01  
 𝑅f 0.8 mm, 1.0 mm, 1.5 mm, 2.0 mm, 2.5 mm and 3.0 mm 
 𝑡 2.0 mm to 5.0 mm with a step of 0.5 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.

3.3. Genetic algorithm implementation

Genetic algorithm (GA) was adopted for this multiple-objective 
optimisation procedure, implemented using the evolutionary compu-
tation framework — Distributed Evolutionary Algorithms in Python 
(DEAP) [56]. To facilitate the modelling of wheel components, the 
open-source parametric 3d modeller FreeCAD [57] was employed. The 
connection responses were obtained through the numerical analysis in 
Abaqus [58]. The objectives were then calculated based the idealised 
moment–rotation curve (Eq. (1)). Therefore, the optimisation process 
was executed in Python [59], interfacing with both FreeCAD and 
Abaqus. The population size and number of generations were both set 
to 150, ensuring a comprehensive exploration of the design space. The 
NSGA-III algorithm was employed to perform Pareto-front selection, 
where the Pareto front refers to the set of solutions that are non-
dominated with respect to each other and represent trade-offs among 
multiple objectives [60]. Fig.  4 shows the analysis steps as explained 
below.

Step 1: Randomly generate the first generation based on the param-
eter space defined in Table  1.

Step 2: Use FreeCAD to create IGES files containing the wheel 
geometry for each individual based on its parameters.

Step 3: Create Abaqus models based on the IGES files and submit 
them for analysis.

Step 4: Evaluation the fitness of each individual based on the 
objectives using the idealised moment–rotation relationship.

Step 5: Perform Pareto-based selection using the NSGA-III algo-
rithm [60].

Step 6: Apply crossover to the selected individuals with the inde-
pendent probability of 0.5.
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Fig. 4. GA flowchart.

Step 7: Apply mutation to the offspring with the independent 
probability of 0.2.

Step 8: Check the termination criteria (150 generations). If the 
criteria are not met, return to Step 2 using the new generation of 
parameters.

3.4. Finite element method

The connection finite element (FE) modelling is shown in Fig.  5. 
CFS channel sections of 150M14-75 and 240M13-75 with 15 mm lips 
were used for studs and joists, respectively. In the section labels, the 
leading number denoted the section depth in millimetres, followed by 
the section thickness in 0.1 millimetres after the letter ‘‘M’’, and ending 
with the flange width in millimetres.

S450 steel, as specified in Eurocode [61], was used for the stud and 
joist, and its full stress–strain behaviour was modelled based on the 
formulation proposed Gardner and Yun [62]. For the wheel compo-
nents fabricated using LMD process, the constitutive model developed 
by Hradil et al. [63] was adopted, calibrated against tensile coupon 
4 
tests conducted by Cacace et al. [64]. The WAAM wheel components 
were modelled using the normal-strength steel constitutive model pro-
posed by Huang et al. [65]. The orthotropic elastic and plastic material 
properties were represented using the *LAMINA and *POTENTIONAL 
keywords, respectively [66]. All structural components were modelled 
using S4R shell elements. A global mesh size of 10 mm was applied 
to all CFS members, except for the ends of joists, where a refined 
mesh size of 1 mm was used. The simulations used a general static 
solver with artificial stabilisation. Since the objectives were normalised, 
small clearance between the wheel and joist cut, or between the fe-
male and male wheels would not affect the final optimisation results. 
Therefore, these gaps were neglected, which also accelerated the opti-
misation process and reduced computational cost. Contact interactions 
between all parts including joist-to-stud, joist-to-wheel, female-to-male 
wheel components in GW connection were defined using *CONTACT 
PAIR algorithm with finite sliding in Abaqus [58]. Tangential contact 
behaviour was defined using a penalty formulation with a friction 
coefficient of 0.2 and a contact stiffness of 5.8 kN/mm. Normal contact 
behaviour was modelled using ‘‘Hard’’ contact with a nonlinear penalty 
formulation. Enhanced translational restraint in the 𝑥-direction was 
applied to the joist to isolate the joist-wheel interaction. Geometric im-
perfections were implemented to provide a first-order representation of 
distortion induced by residual stresses and manufacturing deviations in 
this structural-level assessment [49]. A displacement-controlled vertical 
load was applied at the joist end, with a target of either a minimum 
of 80% post-peak degradation or rotation drift of 0.04 rad, whichever 
occurred first. All moment responses were normalised by the bending 
capacity of the joist section.

3.5. Validation on FE method

(1) Validation against ledger-framed connection tests
To ensure the key mechanical behaviour of the CFS frames are 

effectively captured, results from the ledger-framed connection test 
conducted by Ayhan and Schafer [3] were used. Two main configu-
rations of the ledger-framed tests were selected, labelled by T4 and 
T5 [3], where the joist is positioned at the midpoint of stud spacing and 
near a stud, respectively. All modelling methodologies and details, in-
cluding element type and size, contact behaviour, connection fasteners, 
and analysis algorithm, are identical to the models adopted herein. The 
only difference is the pull-out behaviour of steel-to-steel connections, 
for which the results of the experimental study by Castaneda and 
Peterman [4] were incorporated. Figs.  6 and 7 show the obtained 
results based on the developed FE modelling for T4 and T5 tests. 
As can be seen, both the predicted failure modes and the moment–
rotation responses reasonably agree with those of the corresponding 
experimental tests.
(2) Validation against AM-CFS connection tests

The FE method was further validated against cyclic tests of the 
KW-WAAM and GW-LMD connections conducted by the authors, using 
the updated material properties. The wheel radii (measured from the 
geometric centre to the outer edge) for the KW and GW connection are 
55.8 mm and 56.2 mm, respectively. All other geometric parameters are 
the same, with a tooth number of 4, inner and outer length ratios of 1.0, 
a tooth depth ratio of 0.3, a fillet radius of 3.0 mm and a wheel depth 
of 30.0 mm. The KW and GW connections were manufactured using 
WAAM and LMD processes, respectively, with the thicknesses of the 
printed components of 3.3 mm and 1.1 mm, respectively. Clearances 
of 0.7 mm and 0.3 mm were considered between the wheel and joist 
cut in the KW-WAAM connection and between the female and male 
wheels in the GW-LMD connection, respectively. The corresponding 
printing parameters for WAAM and LMD are summarised in Tables  2
and 3, respectively. It was found that the thermal input from WAAM 
printing has negligible effects on the CFS material properties, evidenced 
by the coupon test results for the locations shown in Fig.  8. The thermal 
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Fig. 5. FE model of connections.

Fig. 6. Validation against ledger-framed connection tests.

Fig. 7. Comparisons of ledger-framed connection tests.
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Table 2
WAAM process parameters.
 Para-meters Wire feed rate 

(m/min)
Travel speed 
(mm/s)

Welding voltage 
(V)

Welding current 
(A)

Gas flow rate 
(L/min)

Welding 
mode

Shielding gas Dwell time 
(min)

Layer height 
(mm)

 

 Values 1.5 5.5 9.7 58 15 MIG CMT 98% Ar + 2% 
CO2

2.0(2.5) (3.0) 1.9  
Table 3
LMD process parameters.
 Para-meters Powder flow 

rate (gr./min)
Travel speed 
(mm/s)

Laser power 
(W)

Stand-off 
distance (mm)

Laser spot 
(mm)

Shielding gas 
flow rate 
(L/min)

Carrier gas flow 
rate (L/min)

Shielding 
gas

Layer height 
(mm)

 

 Values 8 18 400 8 1.2 15 5 100%Ar 0.3  
Fig. 8. CFS coupon test locations and results.
input only increases the yield and ultimate strengths by approximately 
1.2%. Therefore, adopting the original CFS material properties, with 
slightly lower yield strength, is considered appropriate. Distortion due 
to residual stress effects and manufacturing deviations were accounted 
for by introducing geometric imperfections [49]. For the CFS com-
ponents produced by LMD, the thermal input is significantly lower. 
Consequently, thermal effects were assumed to be negligible. Never-
theless, the thermal effects and residual stresses are sensitive to the 
printing parameters, substrate geometry, cooling method and fixturing 
setup, and will therefore be a key focus of future investigations.

Figs.  9 and 10 show the von-Mises stress distribution results and 
the corresponding hysteretic curves. For the KW-WAAM connections 
(Fig.  9(a)), high stress concentrations and yielding occurred in the 
joist web around the printed wheel, while the wheel itself remained 
elastic which reflects the test observation. For the GW-LMD connections 
(Fig.  9(b)), limited yielding was observed in both the joist and the 
printed components. Fig.  10 demonstrates that the proposed FE method 
can represent the cyclic responses of the AM-CFS connections with 
reasonable accuracy in terms of the overall trend, the initial rotational 
stiffness and the peak moments.

4. Optimisation results

4.1. Optimised shapes

Fig.  11 shows the objective values normalised by their maximum 
values across all generations. All objectives were significantly improved 
during the first 20 generations. By the 150th generation, all objectives 
stabilised, indicating convergence of the optimisation process. Fig. 
12(a) shows the parallel coordinates plot of the first generation for the 
KW connection using the LMD process. The left side of the plot displays 
the shape parameters including wheel radius 𝑅, tooth number 𝑛, outer 
length ratio 𝑟OL, inner length ratio 𝑟IL, tooth depth ratio 𝑟TD, fillet 
radius of the corners 𝑅  and wheel thickness 𝑡. In this initial generation, 
f

6 
parameter values were randomly assigned for each individual. On the 
right side, the non-dimensional objective parameters including initial 
rotational stiffness 𝑘e, yield strength 𝑀y and peak strength 𝑀u are 
shown.

After 150 generations, the parameter space became more structured, 
as shown in Fig.  12(b). This generation included both optimised indi-
viduals and those generated through crossover and mutation. Notably, 
the maximum values of the initial rotational stiffness 𝑘e, yield strength 
𝑀y and peak strength 𝑀u increased to 36.56, 0.26 and 0.32 (these 
values are non-dimensional since the original strengths have been 
normalised by the bending capacity of the joist section), respectively, 
which were 9.6%, 18.2% and 6.7% higher than the first generation, 
respectively. However, it is important to note that these objectives can-
not be maximised simultaneously, indicating inherent trade-offs among 
them. Fig.  13 visualises the entire population in 150th generation, 
with the Pareto fronts highlighted. For both the LMD- and WAAM-
based connections, Pareto-optimal individuals lie along the boundary 
of the objective space, demonstrating higher values of initial rotational 
stiffness, yielding strength and peak strength. The GW connections tend 
to achieve even higher objective values compared to KW connections.

Fig.  14 shows the Pareto fronts for both the KW and GW con-
nections with LMD and WAAM processes after 150 generations. The 
parameter space for the KW connection with LMD process becomes 
notably clearer, yielding 46 optimised individuals, as shown in Fig. 
14(a), compared to Fig.  12(b). The optimisation suggests specific values 
for the connections: a wheel radius 𝑅 of 65.0 mm, tooth number 𝑛 of 12 
and outer length ratio 𝑟OL of 0.7, resulting in a wheel with 12 teeth. The 
inner length ratio 𝑟IL and the tooth depth ratio 𝑟TD are recommended 
within the ranges of 0.71–1.16 and 0.26–0.49, respectively, yielding 
an elongated rectangular tooth profile. The fillet radius 𝑅f  falls within 
0.8–1.5 mm, indicating a preference for sharper corners, and smaller 
fillet radii provides higher initial rotational stiffness. The thickness 𝑡
ranges from 2.0 to 4.0 mm, covering most design possibilities, and 
each value supports either higher initial rotational stiffness or yield 
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Fig. 9. FE validation against AM-CFS connection tests: tested connection failure modes and FE stress distribution.
Fig. 10. FE and test cyclic responses of AM-CFS connection tests.
Fig. 11. Normalised objectives across generations.

and peak strengths. The initial rotational stiffness and yield strength 
exhibit a trade-off, whereas the peak strength and the yield strength 
are positively correlated.

Fig.  14(b) shows the 24 optimised solutions for the KW connections 
with WAAM process, where the material usage is limited to reduce 
heat input and thereby minimise distortion. Similar to the KW-LMD 
results (Fig.  14(a)), all individuals feature a wheel radius 𝑅 of 65.0 mm, 
tooth number 𝑛 of 12 and smaller outer length ratio 𝑟OL around 0.7. 
However, the inner length ratio 𝑟IL and the tooth depth ratio 𝑟TD fall 
within 0.89–1.29 and 0.20–0.28, respectively, suggesting that the teeth 
remain rectangle though shorter than the KW-LMD connections. The 
7 
fillet radius 𝑅f  ranges from 1.0 to 2.0 mm. Again, sharper corners 
associated with higher initial rotational stiffness. Due to the material 
constraint, all individuals adopt the minimum thickness of 2.0 mm. 
The initial rotational stiffness and yield strength continue to show a 
trade-off, while the relationship between yield and peak strengths is 
not patternable. Interpretation of this trade-off behaviour is further 
discussed in Section 4.2.

Fig.  14(c) shows 24 Pareto-optimal solutions for GW connections 
with LMD process. Once again, a wheel radius 𝑅 of 65.0 mm has 
been adopted by all the optimised results. However, the tooth number 
drops to 3, and both outer length ratio 𝑟OL and inner length ratio 𝑟IL
increased to values around 1.30. Meanwhile, the tooth depth ratio 𝑟TD
is suggested with relatively small values around 0.1. This results in a 
three-side shallow teeth wheel. The fillet radius 𝑅f  and the thickness 𝑡
fall within the range of 0.8–1.5 mm and 3.5–4.5 mm, respectively. In 
general, individuals with higher initial rotational stiffness exhibit lower 
yield strength, and vice versa.

For the GW connections with WAAM process, similar results were 
obtained compared to those of the GW-LMD connections, as shown in 
Fig.  14(d), except for tooth number 𝑛 of 4–6, fillet radius 𝑅f  of 3.0 mm 
and the thickness 𝑡 of 2.0 mm. These modifications aim to reduce the 
material usage while trying to achieve higher initial rotational stiffness, 
yield strength and peak strength. Only eight optimised individuals 
were obtained, and again a clear trade-off was observed among the 
objectives.

Table  4 summarises all the aforementioned parameters along with 
two representative examples, where the first example corresponds to 
the individual with the highest initial rotational stiffness, and the 
second represents the best trade-off solution based on a weighted 
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Fig. 12. KW connection with LMD.
Fig. 13. Generation 150 and Pareto fronts.
objective ratio of 0.4:0.4:0.2 for (normalised) initial rotational stiffness, 
yield strength and peak strength, respectively. The weighted objective 
ratio of 0.4:0.4:0.2 considers all three objectives while maintaining a 
reasonable balance between initial rotational stiffness, yield strength 
and peak strength, thereby ensuring the acceptable performance in 
both elastic and inelastic stages. A wheel radius 𝑅 of 65.0 mm is 
consistently recommended for all the connections regardless of the 
metal-AM processes. A tooth number 𝑛 of 12 is suggested for KW 
connections, and between 3 and 6 for GW connections, to enhance 
the interlocking mechanism within the connections. KW connections 
tend to adopt smaller values for both the outer length ratio 𝑟OL and 
inner length ratio 𝑟IL, resulting in narrow, elongated teeth. In contrast, 
GW connections typically favour higher values for these parameters, 
leading to wider, shorter teeth. A small fillet radius 𝑅f  is generally 
recommended for all connections, except for GW connections with 
WAAM process, where a larger radius is adopted. A variety of thickness 
𝑡 are suggested for LMD-based connections, whereas the WAAM-based 
connections consistently adopt the minimum thickness of 2.0 mm to 
reduce material usage.

4.2. Explainable AI analysis

To better understand the trade-off among the initial rotational 
stiffness, yield strength and peak strength related to the shape param-
eters and highlight the feature importance, all the valid individuals 
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from the entire optimisation process were collected. XGBoost (eXtreme 
Gradient Boosting) was employed subsequently to develop a machine 
learning model capable of capturing complex relationship among the 
parameters and objectives. To interpret the model, SHAP (SHapley 
additive exPlanations) tool was utilised. XGBoost is a sequential en-
semble learning method in which each tree is trained to correct the 
errors of the previous one [67]. Compared to neural networks, it is 
often regarded as more interpretable, as it allows users to assess the 
relative importance of each feature. SHAP values provide insight into 
how each feature influences a specific prediction by computing the 
average marginal contribution of the feature across all possible feature 
combinations [68,69]. In this framework, features are conceptualised 
as ‘‘players’’ in a cooperative game, contributing to the final prediction. 
The magnitude and sign of the SHAP values indicate the strength and 
direction of each feature’s effect on the model output [70]. Fig.  15 
shows the SHAP values for both KW and GW connections with LMD 
and WAAM processes. It is noted that the objective values of yield and 
peak strengths of the connections with WAAM process were scaled by 
a factor of 10 to improve visual clarity, since the original normalised 
values are relatively small.

The SHAP values for KW connections with LMD process are shown 
in Fig.  15(a). It is clear that the wheel radius 𝑅, tooth number 𝑛
and tooth depth ratio 𝑟TD have the most significant influence on all 
three objectives, compared to the other shape parameters. Although 
four values of 𝑅 were considered, larger wheel sizes generally provide 



C. Xie et al. Journal of Constructional Steel Research 241 (2026) 110290 
Fig. 14. Pareto fronts (generation 150).
Table 4
Optimisation results.

 

higher moment-resisting capacity, regardless of the objectives of initial 
rotational stiffness, yield strength and peak strength, as the moment 
arm is longer. Accordingly, only wheels with a radius of 𝑅 = 65.0 mm
exhibit positive SHAP values, while all smaller radii show negative con-
tributions. A similar trend was observed for the tooth number 𝑛, where 
only configurations with 11 or more teeth yield positive SHAP values. 
This is because the limit state of the KW connection is joist’s failure, and 
increasing the tooth number 𝑛 can boost the interlocking mechanism. 
The outer length ratio 𝑟OL appears to have smaller influence compared 
to the previously discussed shape parameters. Only lower values of 𝑟OL, 
around 0.7, yield positive SHAP values for all three objectives. Higher 
values of 𝑟OL may lead to positive SHAP values but with limited cases. 
This impact is likely due to the fact that increasing the outer length 
9 
reduces the height of each web segment within each interlocking part, 
especially as the tooth number 𝑛 increases. The ratios of 0.70–0.75 are 
finally recommended. For the inner length ratio 𝑟IL, the impact on the 
initial rotational stiffness appears minimal. However, a reduction in 
𝑟IL slightly improves both yield strength and peak strength. The tooth 
depth ratio 𝑟TD has a significant positive effect on initial rotational 
stiffness up to a value of 0.3. After that, this effect gradually diminishes 
and remains relative constant as the tooth depth continue to increase. 
For yield and peak strengths, the SHAP values monotonically increase 
as the teeth become deeper, with positive contributions emerging after 
𝑟TD = 0.3. This suggests that elongated teeth generally enhance the 
interlocking mechanism between components, thereby improving yield 
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strength and peak strength. However, they may compromise the bear-
ing behaviour during the initial loading stage, leading to a reduction in 
initial rotational stiffness. Smaller fillet radii 𝑅f  will increase curvature 
at the shape corners, which can enhance initial rotational stiffness. For 
yield strength, a fillet radius of approximately 1.5 mm yields better 
outcomes, whereas peak strength shows no significant dependence on 
𝑅f . By inspecting the histogram, it is observed that values of 𝑟TD around 
0.5 and 𝑅f ≤ 1.5 mm are more frequently selected in the population, but 
the corresponding SHAP values exhibit opposite signs, indicating the 
presence of a trade-off in their influence on the objectives. The wheel 
thickness 𝑡 also demonstrates minimal influence on SHAP values in 
comparison to the aforementioned parameters. Both thicker and thinner 
configurations can produce favourable results across all the objectives, 
as illustrated in Fig.  14(a).

The SHAP values for KW connections with WAAM process are 
shown in Fig.  15(b). The effects of wheel radius 𝑅, tooth number 𝑛 and 
fillet radius 𝑅f  are similar to those observed in KW-LMD connections. 
A shorter outer length, which increases the height of the joist segments 
for interlocking, enhances the normalised initial rotational stiffness. 
However, the outer length shows insignificant influence on normalised 
yield strength or peak strength. Similarly, the inner tooth length has 
negligible impact on all three normalised objectives. In contrast, the 
SHAP values for the tooth depth ratio 𝑟TD increase and then decrease 
as the ratio rises, for all three objectives, and an optimal range of 𝑟TD
between 0.20 and 0.28 is recommended. This corresponds to a balanced 
tooth profile that is neither overly elongated nor shallow. The wheel 
thickness 𝑡 is the most importance feature, and the minimal thickness 
of 2.0 mm is suggested to reduce material use. Again, values of 0.15 <
𝑟TD ≤ 0.3 and 𝑅f ≤ 2.0 mm are more popular, but the corresponding 
SHAP values appear opposite signs, resulting in the trade-off in the 
objectives.

Fig.  15(c) shows the SHAP values for GW connections with LMD 
process. The effects of wheel radius 𝑅 are similar to KW connections, 
as the larger moment arm can provide an increased moment resistance. 
However, the tooth number 𝑛 becomes insignificant on the SHAP values 
for all three objectives. Larger values for both the outer and inner tooth 
lengths consistently improve initial rotational stiffness, yield strength 
and peak strength. This is due to the larger width of the teeth can 
increase the effective moment arm at the interlocking interface between 
male and female wheels, as illustrated in Fig.  2. While the tooth depth 
appears to be less important for either yield strength or peak strength, 
the shorter tooth depth can improve the interlocking mechanism and 
hence increase the initial rotational stiffness. The fillet radius 𝑅f  has 
negligible effects on all objectives. Increasing the wheel thickness 𝑡
generally improves the SHAP values for all objectives, identified as 
the most important feature for yield strength and peak strength. By in-
specting the histogram, the competing behaviour among the objectives 
mainly comes from 𝑛, 𝑟OL and 𝑟TD.

Fig.  15(d) shows the SHAP values for GW connections with WAAM 
process, where the use of material is restricted. The effects of the wheel 
parameters including wheel radius 𝑅, tooth number 𝑛, outer length 
ratio 𝑟OL, inner length ratio 𝑟IL and fillet radius of the corners 𝑅f  are 
similar to those observed in the GW connections with LMD process. 
Both the tooth depth ratio 𝑟TD and the wheel thickness 𝑡 are the most 
important features, increasing of which resulted in significantly re-
duced SHAP values across all three objectives. The reason is consistent 
with that observed in KW-WAAM connections, where smaller tooth 
depth and thinner wheels improve material efficiency and mechanical 
performance. It can be noticed that 𝑛 and 𝑟IL contribute to a trade-
off among objectives, as indicated by the opposing signs of the SHAP 
values.
10 
5. Frame level assessment

5.1. Model definition

In order to evaluate the frame-level performance, a H-frame config-
uration was modelled, incorporating conventional 3 × 3 screw connec-
tion with 5.4-mm-in-diameter screws, original and optimised KW and 
GW connections. The original model employed a standard wheel shape 
with 𝑟OL = 1.0, 𝑟IL = 1.0 for all connections. The optimised shapes were 
taken from the second examples in Table  4, based on the weighted 
objective (0.4:0.4:0.2) for (normalised) initial stiffness, yield strength 
and peak strength. All the wheel shape parameters are summarised in 
Table  5.

The setup of the FE modelling is shown in Fig.  16. This frame 
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 by 600 mm. The CFS channel sections used for studs and 
face tracks were 150M14-75 and 154M12-70, respectively. Two CFS 
sections, 240M13-75 and 240M16-75, were used as joists to evaluate 
the improvements in mechanical performance of the optimised connec-
tions. The dead and live loads applied to all floors were 1 kN/m2 and 2 
kN/m2, respectively, according to EN 1991-1-1 [71]. Pin-end boundary 
conditions were applied to the reference points coupling the tops and 
the bottoms of studs. Lateral transitional restraints were also applied 
along the top edges of the joists to simulate the restraint provided by 
the floor sheathing. Two load cases were considered including sole 
gravity loading and gravity loading combined with lateral pushover 
targeting a lateral drift of the minimal of 80% post peak degradation 
or 4.0%, on the basis of the ultimate limit state. The gravity loads from 
the upper storeys were applied as concentrated loads at the reference 
points located at the top of the studs, while the gravity loads from the 
floor sheathing were applied as distributed area loads to the top flanges 
of the joists. A storey weight of 10.66 kN was also calculated based on 
EN 1998-1-1 [72] to normalise the base shear.

5.2. Results

Figs.  17 and 18 show the von Mises stress contour plots at the 
final pushover state and the deformed shapes of the joists along the 
normalised base shear-drift curves for all the H-frames with screw, 
original and optimised KW and GW connections, respectively. Table 
6 summarises the analysis results, where 𝛥def  denotes the joist de-
flection under gravity loading, and 𝐾̄i, 𝐹y and 𝐹u are the normalised 
lateral initial stiffness, yield and ultimate strength under gravity load-
ing and pushover, respectively. As shown in Fig.  17(a), the failure 
mode of screw connections is characterised by bearing in the joist 
web under lateral loading. When the joist section was upgraded from 
240M13-75 to 240M16-75, the initial stiffness increased by 14.3%, 
while the yield and ultimate strengths remained essentially unchanged. 
The maximum joist deflection under gravity loading was also reduced 
by approximately 17.5%. In all KW connections (Figs.  17(b) and 17(c)), 
the joist yielding/buckling governs the limit state, while the wheel 
components remain elastic. The enhanced mechanical performance 
of the optimised connections increases the loading demands of the 
joists. Therefore, significant distortion buckling was observed in the KW 
connections with the joists of 240M13-75. This, however, was mitigated 
by increasing the thickness of the joist section using 240M16-75. As 
shown on the left side of Fig.  18(a), the maximum deflections for the 
H-frames with KW-LMD and KW-WAAM connections using the joist 
section of 240M13-75 were reduced by 19.4% and 16.5%, respectively, 
when optimised. Besides, as shown on the right side of Fig.  18(a), the 
initial stiffness, yield and peak strengths were increased by 101.2%, 
212.6% and 164.7% for KW-LMD, and 103.9%, 165.6% and 151.9% for 
KW-WAAM connections, respectively, for the optimised connections.
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Fig. 15. SHAP values.
Figs.  17(d) and 17(e) show the von Mises stress plots for H-frames 
with GW-LMD and GW-WAAM connections at the final loading state, 
respectively. Similar to the KW connections, joist yielding/buckling was 
the governing limit state, along with limited yielding in studs. By in-
creasing the joist thickness (240M16-75), the joist buckling effects were 
mitigated, while the yielding in studs slightly increased. In both cases, 
the female and male wheel components remained elastic, indicating 
that the optimised wheel components can enhance the interlocking 
mechanism between the female and male components and improve 
the efficiency of material. The maximum deflections of the joists in 
the H-frame with optimised GW connections using 240M13-75 joist 
section were 18.8% and 16.7% less than those of H-frames with original 
11 
connections, as shown in the left of Fig.  18(b). Further, the normalised 
initial stiffness, yield strength and peak strength were increased by 
74.4%, 40.5% and 41.2% for GW-LMD, and 67.4%, 17.9% and 30.3% 
for GW-WAAM optimised connections, respectively, compared with 
those of the corresponding original connections, as shown in the right 
of Fig.  18(b). These results confirm that both the gravity- and lateral 
force-resisting responses of KW and GW H-frames can be substantially 
improved through optimised wheel connection designs.

As shown in Table  6, by adopting optimised wheel shape, H-frames 
with KW connections achieve gravity- and lateral force-resisting capac-
ities comparable to those of the screw-connected systems for both joist 
sections, with increases in yield and ultimate strengths of up to 57.1% 
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Fig. 15. (continued).
and 51.4%, respectively. More significantly, H-frames with GW connec-
tions outperformed those with screw connections, exhibiting reductions 
in deflection of up to 14.3% and improvements in initial stiffness, yield 
strength, and ultimate strength of up to 31.4%, 125.0% and 122.9%, 
respectively. Nevertheless, the significance of the research is mainly 
related to the whole-life advantages of AM connections compared with 
the conventional mechanical fasteners. Compared to conventional LSF 
systems, the AM-LSF system developed herein can potentially provide 
design and manufacturing flexibility, faster construction, improved 
quality due to reduced manual operations, and ease of dismantling and 
non-destructive deconstruction, which facilitates future adaptions and 
reuse.
12 
5.3. Comparisons of KW and GW connections

The primary difference between the KW and GW connections lies 
in their interlocking mechanisms. In the KW connection, interlocking 
is achieved through the interaction between the wheel component and 
the joist web. However, due to the slenderness of the web, the bearing 
capacity of the web teeth after cutting are relatively low in some cases. 
The optimisation discussed above, actually, aims to identify the most 
effective tooth geometry on the web to improve moment resistance. For 
the GW connection, however, the interlocking is achieved by bearing 
interaction between female and male wheel components. In general, 
this configuration provides greater bearing capacity compared to the 
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Table 5
Parameters for optimised and original wheel shapes.
 Type Connection Wheel parameters Illustration 

 Original All 𝑅 = 65.0 mm, 𝑛 = 4, 𝑟OL = 1.0, 𝑟IL = 1.0, 
𝑟TD = 0.3, 𝑅f = 3.0 mm, 𝑡 = 2.0 mm

 

 

Optimised

KW-LMD 𝑅 = 65.0 mm, 𝑛 = 12, 𝑟OL = 0.70, 𝑟IL = 0.71, 
𝑟TD = 0.49, 𝑅f = 1.0 mm, 𝑡 = 3.5

 

 KW-WAAM 𝑅 = 65.0 mm, 𝑛 = 12, 𝑟OL = 0.70, 𝑟IL = 1.29, 
𝑟TD = 0.24, 𝑅f = 1.0 mm, 𝑡 = 2.0 mm

 

 GW-LMD 𝑅 = 65.0 mm, 𝑛 = 3, 𝑟OL = 1.24, 𝑟IL = 1.29, 
𝑟TD = 0.11, 𝑅f = 1.0 mm, 𝑡 = 4.0 mm

 

 GW-WAAM 𝑅 = 65.0 mm, 𝑛 = 6, 𝑟OL = 1.30, 𝑟IL = 1.24, 
𝑟TD = 0.11, 𝑅f = 3.0 mm, 𝑡 = 2.0 mm

 

Fig. 16. H-frame finite element modelling.

Table 6
Summary.
 Type Connection Joist section 𝛥def (mm) 𝐾̄i 𝐹y 𝐹u  
 Screw 3 × 3/5.4 mm 240M13-75 30.32 22.52 0.29 0.34 
 240M16-75 25.02 25.74 0.28 0.35 
 
Original

KW-LMD 240M13-75 38.37 11.27 0.09 0.12 
 KW-WAAM 240M13-75 38.48 10.93 0.09 0.12 
 GW-LMD 240M13-75 31.99 16.98 0.32 0.37 
 GW-WAAM 240M13-75 31.93 17.53 0.31 0.36 
 

Optimised

KW-LMD 240M13-75 30.92 22.67 0.28 0.31 
 240M16-75 24.17 28.37 0.44 0.53 
 KW-WAAM 240M13-75 32.13 22.29 0.24 0.30 
 240M16-75 24.69 28.19 0.31 0.41 
 GW-LMD 240M13-75 25.98 29.60 0.45 0.52 
 240M16-75 22.31 33.44 0.63 0.78 
 GW-WAAM 240M13-75 26.60 29.34 0.37 0.47 
 240M16-75 22.64 33.64 0.55 0.59 

web-based interlocking. As such with the appropriate design of the 
wheel geometry, the GW connection can achieve significantly higher 
moment resistance. As shown in Fig.  18, the normalised initial stiffness, 
yield strength and peak strength were up to 30.57%, 59.33% and 
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65.60% higher in GW-LMD and GW-WAAM compared to KW-LMD and 
KW-WAAM connections, respectively. The improved performance of 
the GW connection, however, costs two matching wheel components, 
leading to increased manufacturing time, material usage and energy 
consumption compared to the KW connection. Further, due to the 
surface roughness, the WAAM process may be considered less prac-
tical for the GW connections. In contrast, the KW connection is less 
sensitive to the manufacturing process. Therefore, both connections 
present viable alternatives for construction. Each of them offers distinct 
advantages and trade-offs depending on performance requirements and 
construction constraints.

6. Conclusions

A multiple-objectives genetic algorithm optimisation framework 
was employed to identify the optimal wheel geometries for two types 
of additively manufactured key-wheel (KW) and gear-wheel (GW) 
connections in lightweight side framing (LSF) structures. Two metal 
additive manufacturing (AM) methods were considered, including laser 
metal deposition (LMD) and wire arc additive manufacturing (WAAM) 
processes. The optimised parameters included wheel radius 𝑅, tooth 
number 𝑛, outer length ratio 𝑟OL, inner length ratio 𝑟IL, tooth depth 
ratio 𝑟TD, fillet radius of the corners 𝑅f  and wheel thickness 𝑡. The 
optimisation objectives were to directly maximise the initial rotational 
stiffness, yield strength and peak strength for the connections with LMD 
process, while an additional constraint was introduced by normalising 
these objectives with respect to material usage, in order to account 
for the heat input, for the connections with WAAM process. The key 
findings and conclusions are summarised below:

(1) The optimisation results recommend a wheel shape with 12 elon-
gated teeth for the KW-LMD and KW-WAAM connections hav-
ing tooth depth ratios 𝑟TD of 0.26–0.49 and 0.20–0.28, respec-
tively. For the GW-LMD and GW-WAAM connections, shallow-
tooth wheel shapes with 𝑟TD in the range of 0.10–0.17 are 
recommended, with 𝑛 of 3 and 4–6, respectively.

(2) Trade-off behaviour was observed in both KW and GW connec-
tions regardless the AM processes. Connections achieving higher 
(normalised) initial rotational stiffness tend to exhibit lower 
yield and peak strength values, and vice versa. An explainable 
AI investigation reveals that the primary contributors to this 
trade-off are 𝑟TD and 𝑅f  for both the KW-LMD and KW-WAAM 
connections, and 𝑛, 𝑟OL and 𝑟TD for the GW-LMD connection, as 
well as 𝑛 and 𝑟IL for GW-WAAM connection. Moreover, the most 
influential design parameters across all objectives are 𝑅, 𝑛 and 
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Fig. 17. von Mises stress contour of H-frames.
𝑟TD for the KW-LMD connection, 𝑛, 𝑟TD and 𝑡 for the KW-WAAM 
connection, 𝑅, 𝑟OL and 𝑡 for the GW-LMD connection and 𝑟OL, 
𝑟  and 𝑡 for the GW-WAAM connection.
TD
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(3) A frame-level ultimate limit state analysis shows that the im-
plementation of optimised KW and GW connections can lead 
to notable improvements compared with the original AM-CFS 
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Fig. 18. H-frame assessment.
and conventional screw connections. The maximum joist deflec-
tions are reduced by up to 19.4%, while the normalised initial 
stiffness, yield strength and peak strength of the frames are in-
creased by 74.4%–112.1%, 40.5%–212.6% and 41.2%–164.7%, 
respectively.

(4) GW connection shows superior performance compared to the KW 
connection in terms of initial rotational stiffness, yield strength 
and peak strength. However, both connection types offer viable 
alternatives since each of them shows trade-offs depending on 
performance requirements and manufacturing practicality.

Through optimisation and explainable-AI techniques, this study 
sheds light on the inherent trade-offs among wheel-shape parameters 
and proposes optimised AM-CFS connections through validated finite 
element (FE) method, which can serve as a foundation for future stud-
ies. Although prototyping and experimental testing have confirmed the 
feasibility and efficiency of these innovative connections, metallurgical-
scale details of both the substrate and the printed components remain 
insufficiently understood due to the influences of thermal input, cooling 
methods and fixturing conditions. In addition, printing quality issues, 
such as surface roughness, distortion and assembly clearance control, 
remain key challenges. Comprehensive experimental programmes and 
advanced numerical investigations are therefore necessary to further 
validate the practicality of these connections, and these aspects will be 
the main focus of future research.
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