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ABSTRACT 

Additive manufacturing (AM) offers significant design freedom compared to conventional manufacturing 

methods. This enables the production of complex, topology-optimized metal components. While powder bed 

processes are well-established for small to medium-sized parts, large-scale applications benefit from directed 

energy deposition (DED) techniques such as wire-arc directed energy deposition (wa-DED). Despite its 

potential, limited research addresses topology optimization specifically tailored to the constraints of wa-DED. 

This study presents a workflow for wa-DED-compatible topology optimization, using a semi-trailer kingpin 

plate as a demonstrator geometry. All simulations were conducted using Altair OptiStruct. Multiple 

optimization scenarios were evaluated to compare the impact of different optimization approaches and 

manufacturing constraints. The most suitable design achieved a 59 % weight reduction compared to the initial 

design using minimized mass fraction with stress, deformation and draw type constraints. A nonlinear finite 

element (FE) analysis confirmed the structural integrity of the optimized geometry under relevant load cases. 

To validate manufacturability, a quarter section of the design was successfully fabricated using wa-DED. 
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INTRODUCTION 

With a share of 49 %, road transport accounts for the largest portion of total freight transport 

in the European Union (EU) [1]. It is also a major contributor to EU’s greenhouse gas 

emissions. Road freight alone is responsible for 689.8 million tons of CO₂ equivalent, 

approximately 76.7 % of all transport-related emissions [2]. Reducing vehicle weight is a 

proven strategy for improving fuel efficiency and lowering emissions. For example, a 27-ton 

truck can save 0.05 l/100 km for every 100 kg of weight reduction [3]. Assuming a diesel price 

of 1.54 € per Liter [4], a trailer weight of 6000 kg [5] and an annual travelling distance of 



Mathematical Modelling of Weld Phenomena 14 

100000 km, a 25 % reduction in trailer weight can lead to annual fuel cost savings of 

approximately 1155 €. Besides environmental impact, weight reduction also offers logistical 

benefits. Regulations limit the total allowable trailer weight. For example, a three-axle trailer 

forming part of a vehicle combination is restricted to 24 tons [6]. Thus, reduced trailer weight 

also leads to increased load capacity, thereby improving overall efficiency. However, 

achieving significant weight reduction without compromising performance is a complex 

design task. 

Numerical methods, such as topology optimization, can assist in this process. Topology 

optimization is used to determine the optimal material distribution within a given design space 

by minimizing an objective function F while satisfying predefined constraints [7]. Several 

case studies have demonstrated the effectiveness of such methods in reducing the weight of 

truck trailer components with reported savings ranging from 14 % to 29 % [8–10]. The weight 

reduction of 29 % was achieved through the combined application of topology and thickness 

optimization [8]. 

Combining topology optimization with additive manufacturing (AM) enables the full 

potential of both technologies [11]. In particular, the increased design freedom offered by AM 

allows for significant additional weight reductions. The selection of an appropriate AM 

process depends on several factors such as the component size and its material. Wire arc 

directed energy deposition (wa-DED) is an AM process well suited for producing large 

metallic components such as those used in truck trailers. Wa-DED uses an electric arc in 

combination with wire feedstock [12]. This enables the near-net-shape fabrication of metallic 

components through robot-controlled process movement. For steel, deposition rates can reach 

up to 10 kg/h [13]. Compared to laser powder bed fusion, wa-DED offers lower investment 

and operating costs [14]. Although there is extensive research on topology optimization for 

powder bed processes [15-17] studies specifically focusing on wa-DED remain limited. 

However, few existing case studies show promising results. In the case of an aeronautical 

fastening component, the combination of wa-DED and topology optimization enabled a 31 % 

weight reduction [18]. Additional research has explored the use of wa-DED in the construction 

sector producing optimized structural nodes, truss structures and T-joints [19-21]. 

This work investigates the weight reduction potential achievable by combining topology 

optimization with wa-DED. A kingpin plate for semi-trailers, sometimes also referred as a 

skid plate, is used as a demonstrator geometry. Fig. 1 shows the S355 steel kingpin plate used 

in this study. Its primary function is to provide a secure connection between the tractor and 

the trailer. The flat surface of the kingpin plate transfers vertical loads from the trailer to the 

tractor, while the kingpin itself locks into the fifth wheel coupling, allowing only rotational 

movement during turns. The kingpin is mounted to a separate base plate, designated as the 

retention plate. This retention plate is welded onto the kingpin plate, and the kingpin is 

attached to it using bolts. 
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Fig. 1 Fifth wheel coupling (a) assembly of all components (b) assembly of kingpin and retention 

plate 

DESIGN AND BOUNDARY CONDITIONS USED FOR TOPOLOGY 

OPTIMIZATION 

Topology optimization involves numerous iterative solution cycles to achieve an optimal 

material distribution. To improve computational efficiency, the design space was restricted to 

a 40 mm thick steel plate with dimensions of 1000 mm × 700 mm. Excluding surrounding 

components not only reduced computational effort but also enabled the use of global stress 

constraints. The simplified model is shown in Fig. 2. As a predefined design requirement, the 

wa-DED structure was embedded between two 6 mm thick steel plates. This configuration 

creates a closed structure that helps prevent dirt and debris accumulation. In the finite element 

(FE) model, the plates were represented using first order 2D quadrilateral shell elements with 

four nodes (CQUAD4), each with an element size of 5 mm. The 28 mm thick optimization 

region was modelled using first order 3D hexahedral solid elements with eight nodes (HEX8). 

As for the shells, the element size was set to 5 mm. Shell and solid elements were connected 

via shared nodes to ensure continuity and avoid contact definitions. To maintain a closed 

geometry, outer elements were excluded from the design space. 

Four load cases were considered. Braking and cornering (in two directions) with loads of 

120 kN, and acceleration with loads of 60 kN. The forces were applied using an RBE3 

element. Additionally, a distributed surface load of 120 kN was applied to the fifth-wheel 

contact area to represent trailer weight and payload. As shown in Fig. 2, the steel plate’s 

connection to the trailer was modelled using fixed nodes (locked x, y, and z directions) in the 

weld seam area. During optimization, linear-elastic material properties were assumed for S355 

steel, using a Young’s modulus of 210000 N/mm² and a Poisson’s ratio of 0.3. 
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Fig. 2 FE model for topology optimization (a) isometric view (b) bottom view 

TOPOLOGY OPTIMIZATION 

All simulations in this study were performed using Altair OptiStruct. Topology optimization 

was carried out using the Solid Isotropic Material with Penalization (SIMP) method [22]. In 

SIMP, element density is treated as the design variable, and a nonlinear relationship between 

density and stiffness is applied to drive the solution toward discrete, manufacturable designs. 

TOPOLOGY OPTIMIZATION PROBLEM SETUP 

Several optimization problem formulations were considered for the kingpin plate [22]. A 

common approach is to minimize the compliance with constrained volume or mass fraction. 

Compliance is the inverse of a structure’s stiffness [23]. Thus, minimizing the compliance 

promotes stiffness maximization. Volume fraction describes the ratio between the proposed 

volume and the original [24]. For example, a volume fraction of 25 % means that only 25 % 

of the material remain after topology optimization. When working with OptiStruct mass 

fraction is similar to volume fraction, with the key difference being that mass fraction also 

considers the non-design mass, while volume fraction only accounts for the design volume 

[25]. Mass or volume fraction can be used not only as a constraint in optimization but also as 

an objective function to be minimized, with additional constraints applied to displacements 

and stresses. Altair OptiStruct supports two types of stress constraints [22]. The first considers 

global von Mises stress across the entire model, including non-design regions. This method 

converges quickly, applies stress filtering, and disregards local stress concentrations. The 

second allows more detailed, component- and subcase-specific definitions of stress types, but 

often results in slower convergence. Specifications provided by the fifth wheel manufacturer 

limited the maximum deflection of the bottom plate to ±2 mm. For safety reasons, the 

maximum stress should not exceed 150 MPa thus ensuring a safety factor greater than two. 

Based on these criteria, an optimization problem was formulated to minimize mass while 
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constraining displacements and stress. Additional studies were conducted using increased load 

values in place of explicit stress constraints. Furthermore, the objective function was modified 

to minimize compliance, while maintaining constraints on volume and displacement. The 

resulting designs were compared to identify the most suitable variant for wa-DED 

manufacturing. 

MANUFACTURING CONSTRAINTS 

Altair OptiStruct offers a range of manufacturing constraints to guide the generation of 

feasible, production-ready designs [26]. Since there are currently no wa-DED specific 

constraints available, existing ones tailored for other manufacturing processes must be applied 

instead. Extrusion and draw direction constraints were identified as the most suitable options 

for achieving a wa-DED manufacturable kingpin plate design. 

Fig. 3 shows optimization results using different manufacturing constraints. All simulations 

were conducted using compliance minimization with a constrained mass fraction of 20 %. To 

better illustrate the effects of the constraints, the top and bottom shell elements were excluded 

from the design. Without manufacturing constraints, the resulting geometry is highly complex 

and not suitable for production via wa-DED. The extrusion constraint enforces a uniform 

cross-sectional profile along a specified direction, while the draw direction constraint also 

requires a direction but allows for decreasing cross-sectional areas. Originally developed for 

casting, the draw constraint also includes a Stamp option, which limits the result to a 2D shell-

like geometry. This option was not used, as the kingpin plate must maintain flat surfaces on 

both the top and bottom to ensure proper assembly. 

Additional manufacturing constraints can be applied to control the minimum and maximum 

member sizes within the design space. This is particularly important for wa-DED, where 

excessive material accumulation may lead to localized heat buildup and thermal distortion. 

Such effects are especially critical when using thin substrate plates, such as the 6 mm steel 

plates employed in this study. However, in OptiStruct, the maximum member size must be at 

least six times the average mesh size. To achieve a desired layer width between 6 and 9 mm, 

a mesh size of approximately 1.5 mm would be required. Using a mesh size of 1.5 mm would 

result in excessively long simulation times and reduced computational efficiency. Therefore, 

no member size constraints were imposed on the design. 
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Fig. 3 Optimization of the initial king plate geometry using different manufacturing constraints 

Except for the unconstrained case, all configurations shown in Fig. 3 are considered 

manufacturable using wa-DED. Based on these findings, subsequent optimization studies used 

the draw direction constraint (without the Stamp option), as it more closely reflects wa-DED 

capabilities. Unlike extrusion, wa-DED does not require a constant cross-section throughout 

the building height, making the draw direction constraint a better fit for the process. 

FE REANALYSIS 

During topology optimization, only the solid and shell elements representing the kingpin plate 

were considered. To assess the structural behaviour under more realistic boundary conditions, 

a FE reanalysis was performed on the optimized design. The corresponding FE model is shown 

in Fig. 4. Compared to the simplified model used in Fig. 2, the updated model includes 

additional components such as the fifth wheel, the retention plate, and the kingpin, as well as 

their interactions. Surface loads were applied in the regions where the kingpin plate is later 

connected to the trailer frame. As in the optimization phase, four load cases were simulated, 
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covering acceleration, cornering, and braking scenarios. The total applied forces in each case 

matched those used in the optimization setup (see Fig. 2). Fig. 4 (a) schematically illustrates 

the force directions for the braking load case. 

 

Fig. 4 Model for FE reanalysis (a) surface load orientation (braking load case) (b) locked fifth 

wheel nodes (c) constrained kingpin nodes and RBE2 elements for retention plate connection 

(braking load case) (d) fifth wheel components connected using freezing contact 

To fully constrain the system, the nodes at the bolt holes, where the fifth wheel attaches to 

the tractor, were fixed in the x, y, and z directions (Fig. 4 (b)). Contact interactions between 

the fifth wheel, kingpin plate, and kingpin were defined assuming a friction coefficient of 0.1 

for the lubricated steel on steel contact. To prevent undesired rotation of the kingpin plate, 

selected nodes on the kingpin were constrained in either the x or z direction, depending on the 

load case (Fig. 4 (c)). The wa-DED structure and the top and bottom steel plates were meshed 

using 2 mm elements, while 4 mm elements were used for the fifth wheel and the kingpin. 

RBE2 elements were employed to connect the kingpin to the retention plate. All fifth-wheel 

components shown in Fig. 4 (d) were connected using freezing contact, thereby enforcing zero 

relative motion between the contact faces. The weld seams between the kingpin plate and the 

retention plate were modelled with a throat thickness (a-dimension) of 7 mm and connected 

via freezing contact. 
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RESULTS 

Fig. 5 illustrates the final design of the kingpin plate, which was developed using a single 

draw-type manufacturing constraint combined with defined limits for stress and deformation. 

Compared to the initial design using a 40 mm thick steel plate with a weight of 200 kg the 

mass was reduced by 59 %. 

During fabrication, the wa-DED structure is deposited directly onto the substrate plate. In 

the regions along the four outer edges and the inner circular recess, the layer width is increased 

by 3 mm to allow for subsequent machining. These areas, indicated by hatching in Fig. 5, are 

subjected to subtractive post-processing to meet dimensional and surface quality 

requirements. In addition to the outer contours, the top surface is also machined to ensure a 

flat and uniform bonding area for the attachment of the top plate. 

 

Fig. 5 Manufacturing steps for the wa-DED optimized kingpin plate (a) bottom plate (b) wa-DED 

structure on bottom plate with highlighted machining surfaces (c) final design including top plate 

Following the machining process, the top plate is positioned and joined to the wa-DED 

structure. This is accomplished by fully welding the pre-cut tabs in the top plate to the 

underlying additively manufactured features. Additional fillet welds are applied around the 

kingpin hole and along the side interfaces to ensure adequate structural performance and 

reliable load transfer. 

A comparative evaluation of three different topology optimization problem setups guided 

the selection of the final kingpin plate geometry. Fig. 6 presents the results for each setup. All 

optimization runs incorporated a single draw-type manufacturing constraint to ensure 

compatibility with wa-DED fabrication requirements. Variants 1 and 2 were formulated to 

minimize mass fraction while imposing a maximum allowable deformation of ±2 mm. 
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In Variant 1, an initial optimization was conducted with only the deformation constraint. 

The resulting geometry served as a non-design space for the subsequent refinement step, 

referred to as Variant 1 (b). In this step, a global stress constraint was introduced to limit the 

maximum stress to 150 MPa and avoid critical stress concentrations. While the optimized 

geometry met the strength and deformation requirements, issues emerged during the 

subsequent finite element reanalysis (FEA). In the topology optimization phase, all nodes at 

the interface between the wa-DED structure and the top plate were treated as fully connected. 

However, in the reanalysis, only nodes located in the actual weld regions, specifically at the 

fully welded tabs shown in Fig. 5, were modelled as shared. During topology optimization, it 

was not possible to consider shared nodes only in the actual weld regions, since their definition 

is based on the geometry resulting from the optimization process. To mitigate the stress 

concentrations observed in the reanalysis, the number of wa-DED struts was increased. It was 

found that a configuration with at least seven struts effectively reduced stress in the welded 

connection zones to acceptable levels. This was achieved by iteratively reducing the maximum 

allowable stress constraint, with a limit of 120 MPa yielding the desired structural layout. 

Variant 2 retained the ±2 mm deformation constraint but followed a different approach to 

reduce stress concentrations. Instead of applying an explicit stress constraint, the applied loads 

were scaled by a factor of 1.65 during optimization to indirectly encourage the formation of a 

seven-strut configuration similar to Variant 1 (b). The scaling factor was determined through 

iterative refinement. 

In Variant 3, the objective function was changed to compliance minimization, with 

constraints on volume and displacement. With a total of 32 iterations and a CPU time of 35 

minutes, the computational costs are low compared to Variants 1 and 2. Although this setup 

yields a structurally valid solution quickly, it leads to significant material accumulation, 

making the design unsuitable for wa-DED manufacturing. Consequently, Variant 3 was 

excluded from further consideration. 

Variants 1 and 2 were translated into manufacturable CAD models using Autodesk 

Inventor. The entire structure was designed such that the wa-DED layers have a width of 7 

mm. Exceptions include the inner connection to the kingpin plate, where a 12 mm layer width 

was applied, and the strut interfaces, where the width was increased to 23 mm to enlarge the 

bonding surface and reduce stress concentrations. 

The final CAD representations of Variants 1 (b) and 2 are shown in Fig. 7. For the final 

design based on Variant 1 (b), the small struts adjacent to struts 3 and 5 were treated as separate 

members, resulting in a total of nine struts. Although this configuration weighs 82 kg (1 kg 

more than Variant 2) it was selected as the final design. The decision was based on its reduced 

number of intersections. While wa-DED is capable of manufacturing complex 

three-dimensional geometries, intersections in particular are associated with an increased risk 

of defects, making a design with fewer such features preferable. In Variant 1 (b), intersections 

occur only at the four outer edges and at the inner circular recess, whereas Variant 2 

additionally exhibits intersections between the individual struts. 

The computation time for Variant 2, 1 hour and 42 minutes, is shorter than that of Variant 

1 (a and b), which requires 2 hours and 19 minutes. However, this difference was not 

considered in the decision-making process, as the focus of the study is on the 

manufacturability of the structure. 
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Fig. 6 Topology optimized designs of the initial kingpin plate geometry obtained using different 

optimization objectives and constraints, along with the corresponding computational costs (top 

and bottom plates not shown) 

 

Fig. 7 Processed CAD models of the optimized structures (a) Variant 1: deformation and stress 

constraint (b) Variant 2: increased loads and deformation constraint 
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FE REANALYSIS 

The results of the FE reanalysis are presented in Fig. 8 to Fig. 11. In contrast to the topology 

optimization model, where all nodes at the interface between the wa-DED structure and the 

top plate were shared, the reanalysis model applies shared nodes only within the defined weld 

seam areas and the regions of the fully welded tabs, as indicated in Fig. 5. All four load cases 

were evaluated. 

Fig. 8 shows the deformation in the y-direction, with the maximum deformation occurring 

under the braking load case, ranging from +0.73 mm to -1.5 mm. These values remain within 

the allowable limit of ±2 mm, thus fulfilling the displacement requirement. For the cornering 

load cases, the deformation patterns exhibit asymmetry with respect to the xy-plane. This 

behaviour results from the asymmetric contact geometry between the kingpin and the fifth 

wheel, as illustrated in Fig. 9. Fig. 10 presents the von Mises stress distribution across all load 

cases. The highest stress condition, 242 MPa, occurs in the cornering load case with force 

applied in the negative z-direction. Compared to the material’s yield strength of 355 MPa, this 

results in a safety margin that is too low. 

When isolating elements with stress values above 150 MPa (Fig. 11), it becomes apparent 

that the highest stresses are located in the regions of the fully welded tabs where the substrate 

is connected to the top plate via shared nodes. These stress concentrations are most likely 

numerical artifacts and are not expected to occur in the actual component. Additional stress 

concentrations above 150 MPa are observed at the bottom of the wa-DED structure, where it 

interfaces with the bottom plate. These are likely caused by contact interactions between the 

fifth wheel edge and the bottom plate. However, the stress levels in this region remain below 

the peak value of 242 MPa. 
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Fig. 8 FE reanalysis (y-direction displacements) for the four load cases: acceleration, braking, and 

both cornering cases 

 

Fig. 9 FE reanalysis (kingpin contact faces for cornering load cases marked in red / displacement 

scale factor 10) 
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Fig. 10 FE reanalysis (VonMises Stresses) for the four load cases: acceleration, braking, and both 

cornering cases 

 

Fig. 11 FE reanalysis (regions with VonMises Stress > 150MPa) for the four load cases: 

acceleration, braking, and both cornering cases 
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WA-DED MANUFACTURING 

To validate the manufacturability of the optimized design using wa-DED, a quarter section of 

the structure was fabricated. An image of the manufactured section is shown in Fig. 12. The 

wa-DED system consists of a KUKA KR 300 R2700-2 industrial robot in combination with a 

Fronius iWave 500i AC/DC power source. All wa-DED structures were deposited using 

Fronius CMT Additive Pro process and a Böhler EMK-6 wire with a diameter of 1.2 mm. The 

flow rate of the M12 shielding gas was set to 15 L/min. 

A constant travel speed of 12 mm/s was maintained throughout the build-up. To achieve 

the required layer width, a rectangular weaving pattern was employed. The weave amplitude 

was automatically adjusted to the desired layer width using the ModuleWorks LAM module 

within Mastercam software. Robot offline programming and post processing was carried out 

in Robotmaster. All CAM software solutions were supplied by robotized rm systems. To 

promote adequate fusion at intersecting regions, the heat input was locally increased by 

applying Additive Pro power correction and adjusting the wire feed rate. 

During the build-up, the substrate was clamped to a tilting/rotary table equipped with 

internal cooling channels for active temperature control. The temperature of the circulating 

fluid was regulated using a Robamat heating and cooling unit. With this setup, the S355 

substrate plate was preheated to 65 °C. Once the build-up process started, the coolant setpoint 

was reduced to 40 °C to prevent heat accumulation in the welding table and thereby minimize 

dwell times. Due to the large thermal mass of the work table, this adjustment did not result in 

an immediate reduction of the substrate temperature. Instead, the table responded gradually to 

the changed coolant temperature, providing a controlled cooling effect. 

 

Fig. 12 Quarter section demonstrator manufactured via wa-DED 
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To further reduce dwell times, the interlayer temperature was set to approximately 150 °C. 

In contrast to lower interlayer temperatures, such as 100 °C, this value helps to maintain short 

dwell times even in the upper layers, while also ensuring that the material achieves the 

required yield strength of 355 MPa [27-28]. The measurement of the interlayer temperature 

was carried out manually using a Type K surface probe. 

Although a constant interlayer temperature was maintained, a gradual reduction in wire 

feed speed was required with an increasing number of layers. The first layer was deposited 

using a wire feed speed of 4.7 m/min. In subsequent layers the wire feed speed was gradually 

decreased from 4.0 m/min to 3.5 m/min. This adjustment was required because heat 

dissipation into the substrate becomes less effective as the build height increases. Moreover, 

despite active cooling, the global component temperature rises continuously from the initial 

60 °C with increasing layer number. Applying this thermal strategy resulted in a total 

fabrication time of approximately 4.5 hours for the quarter section. 

SUMMARY AND OUTLOOK 

This study presents a comprehensive investigation into the potential of combining topology 

optimization with wa-DED to design a lightweight, structurally efficient kingpin plate for 

semi-trailers. The goal was to reduce weight without compromising performance while 

ensuring manufacturability. Various topology optimization strategies were explored, 

including mass fraction minimization under stress and deformation constraints and 

compliance minimization under volume and deformation restrictions. Among the evaluated 

approaches, the most promising results were obtained using a two-step mass fraction 

minimization strategy which incorporated both deformation and global stress constraints 

alongside a draw-direction manufacturing constraint. This configuration yielded a structurally 

valid design with improved stress distribution, reduced complexity, and a final mass of 82 kg, 

resulting in a 59 % weight reduction compared to the original 200 kg steel plate. 

A detailed finite element reanalysis incorporating realistic boundary conditions, contact 

interactions, and weld seam modelling confirmed that the optimized structure met all 

functional requirements. Displacements remained within the allowable ±2 mm threshold 

across all load cases. Local stress concentrations with a maximum value of 242 MPa remain 

below the materials yield strength but exceed the defined limit of 150 MPa. The highest stress 

concentrations occurring in the area of the shared nodes between the substrate and the top 

plate are assumed to be caused by numerical effects. They are not expected to affect the 

structural performance. The simulation results suggest that the optimized design maintains an 

acceptable safety margin under all critical loading scenarios. 

To validate the practical feasibility of the proposed design, a quarter-section of the 

optimized structure was successfully manufactured using a robotic wa-DED system. This step 

confirmed that the design is compatible with current AM capabilities. Preheating and cooling 

strategies were employed to ensure proper material quality while reducing dwell times. 

To ensure suitability for real-world applications, future studies should address more 

complex loading conditions and include a detailed evaluation of the material’s fatigue 
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performance. In addition, it would be important to assess how accurately FEM simulations 

can capture the mechanical behaviour of wa-DED structures in the as-built condition. 
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