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Abstract 

Wire Arc Additive Manufacturing (WAAM) is well suited for the manufacture of sizeable metallic 

workpieces featuring medium-to-high geometrical complexity due to its high deposition rate, low 

processing conditions limit, and environmental friendliness. To enhance the current capability of the 

WAAM process for fabricating structures with complex geometry, this paper proposes a robot-based 

WAAM strategy adapted specifically for fabricating free-form parts with wire structures composed 

of multiple struts. Contributions in this work include: (i) The study of bead modelling, which 

establishes optimal welding parameter selection for the process; (ii) The novel manufacturing strategy, 

including the adaptive slicing methodology and height control system for accurately depositing every 

single strut; (iii) Detailed manufacturing procedures for multi-strut branch intersections as well as the 

collision-free path planning to control the overall fabrication process. To verify the effectiveness of 

this proposed WAAM approach, two complex wire structures were fabricated successfully, indicating 

the feasibility of the proposed fabrication strategy. 
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1. Introduction 

Wire arc additive manufacturing (WAAM) is an emerging directed energy deposition additive 



 

 

manufacturing technology [1] that utilizes electric arc as the power source, which can provide high 

heat input and deposition rates. Due to its rapid prototyping capability [2] and simplistic equipment 

setup [3, 4], it becomes a promising alternative to manufacture sizeable metallic components featuring 

medium-to-high geometrical complexity [5], particularly in aerospace, automotive, and rapid tooling 

industries [6].  

In recent years, WAAM has been integrated with industrial robotic systems or computer-aided 

manufacturing (CAM) systems, allowing it to perform multi-axis freeform deposition in three-

dimensional space [7], such as wire structures fabricated in ref [8]. Wire structures are skeleton-like 

components composed of many interconnected support struts. Initially, this type of structure has been 

widely employed in polymer AM. Huang et al. [9] pointed out that wire structures can reduce material 

requirements and costs if properly integrated into a given parts’ design. Mueller et al. [10] stated that 

this structure could reduce the mass of a given component while maintaining its structural stability, 

thereby increasing the efficiency of the fabricating process. Similarly, for metallic wire structures, 

several attempts have been made to illustrate that using metal wire structures to replace thin-walled 

or solid structures enables weight reduction while maintaining high strength also [11]. Moreover, the 

MX3D team [12] carried out many high-profile projects that emphasize the unique artistic and 

practical values of these metal wire-structures.  

A significant difference between the fabrication of wire structures and others (such as thin-walled or 

solid structures) is that the material is successively added in a point-by-point manner [8] instead of 

continuous bead deposition layer-by-layer [13]. Therefore, to successfully implement WAAM for 

producing wire structures, an accurate point-by-point bead model is required to predict and control 

the forming shape of each deposition and, ultimately, the geometry of the final part [14].  

The adaptive slicing algorithm and multi-directional path planning method are also essential for the 

freeform fabrication of wire structures. Yuan et al. [15] have implemented a multi-directional 

deposition method for fabricating overhang parts without using any supports. Non-layerwise slicing 

methods are widely developed in AM of complex structures [16]. For the deposition strategy of the 

wire structures, Radel et al. [8] reported that struts could be fabricated through depositing material 

point-by-point in space with acceptable fabrication efficiency.  

In producing wire structures, the welding torch may have a greater collision probability due to the 



 

 

complexity of parts. Wu et al. [17] changed the orientation of the extrusion head to avoid the collision. 

However, in the WAAM of wire structures, the orientation of the welding torch is limited due to the 

characteristics of the welding process.  

In this paper, a number of essential strategies for manufacturing metallic wire structures using the 

point-to-point WAAM process, from bead modelling to the final torch-based deposition path planning, 

were proposed. The developed methods aim to reduce manufacturing difficulty as well as enhance 

the overall efficiency in manufacturing these wire structures. The contributions here are demonstrated 

by fabricating two different parts with wire structures via the proposed methodology. 

2. Problem Definitions 

2.1 Wire structure definition 

The parts with wire structures consist of a network of interconnected struts. Each strut is built up by 

a series of overlapping deposits formed layer-by-layer through spot welding, where the welding torch 

remains stationary. The projected shape of the deposits is similar to a hemisphere, as summarized by 

Abe et al. [19]. The characteristic geometric parameters of the deposits are defined by layer height-

increment (∆ℎ) and layer diameter (𝑑), as shown in Fig. 1. Due to overlapping between neighboring 

beads, as described by Ding et al. [20], height-increment ∆h of each layer is obtained by calculating 

the difference between the height of the next layer and the current layer, which is expressed as: ∆ℎ𝑛 = ℎ𝑛+1 − ℎ𝑛 (1) 

where 𝑛 represents the number-of-time spot welding, this clarifies that the welding position of each 

layer is the same as the previous layer height coordinates. To highlight this, each layer of a strut is 

denoted as 𝐿𝑛, whose coordinates are the same as ℎ𝑛−1. Whenever 𝐿𝑛 is mentioned, it also includes 

a ∆ℎ𝑛, which is used to find the next welding layer 𝐿𝑛+1. 

In the fabrication process, each layer is considered to have the same material composition and thermal 

conductivity. Note that the material of the substrate and the filled wire may have a subtle difference 

leading the inaccuracies in the process during the deposition of the first few layers. Thus, strut-like 

substrates consisting of several layers need to be deposited before starting to fabricate wire structures.  

Due to unavoidable interferences in the physical welding process, layers with abnormal shapes may 



 

 

occasionally appear, as shown in Fig. 1. For the experiments conducted in this work, these samples 

(which lie significantly outside of the average data range) will be excluded to reduce errors and 

improve the model accuracy. 

 

Fig. 1 Definition of layer geometry, substate, and layer data collected. 

2.2 Introduction to strut processing directions 

A schematic diagram describing the build direction and torch direction of a wire structure is shown 

in Fig. 2. During the deposition, the torch direction always remains parallel with the build direction 

of the strut. During each welding period, the torch tip remains stationary at a certain distance above 

the welding point, referred as the contact to work distance (ctwd). A strut with an inclined build 

direction will feature a certain slope 𝑘 between the two layers 𝐿𝑛 and 𝐿𝑛−1. The direction of the 

welding torch also has an incline angle 𝛼𝑛 (relative to the ground), defined as: 

αn = tan−1 𝐿𝑛𝑧 − 𝐿𝑛−1𝑧𝐿𝑛𝑥 − 𝐿𝑛−1𝑥 = tan−1 𝑘𝑛 (2) 

It is worth noting that for these non-vertical struts, ∆ℎ is not measured vertically upward along the 

z-axis direction but follows the build direction of the strut with the slope 𝑘𝑛+1.  

The alteration point highlighted in Fig. 2 is used to distinguish when the build direction of the strut 

varied so that the torch can adjust its direction accordingly. In situations where the build direction 



 

 

changes smoothly with the Bezier curve, no alteration point is required. The geometric data required 

for these calculations can be readily obtained from CAD data. This point defined zones where an 

adaptive slicing process is required, which is detailed in the next sections. 

 

Fig. 2 The schematic of the build direction, torch direction of the single strut. 

3. Experimental setup 

Experiments were carried out employing the robotic WAAM system, as shown in Fig. 3, which 

includes an ABB IRB2600, the Fronius welding devices and welding system, and a 2 DOF workpiece 

positioner. The proposed WAAM system was controlled through an integrated computer-aided 

interface, presented previously in [14]. This software aimed to display arbitrary imported CAD 

models visually and obtain the desired workpiece geometry. It was designed to automatically slice 

the workpiece, calculate tool processing paths, and then directly generate the corresponding robot 

code and welding parameters for the manufacturing process. 

A multi-functional tool was developed through integrating a CCD camera, a 3D profile scanner, and 

an infrared temperature sensor into a Fronius robacta drive CMT welding torch. The camera is used 

to capture the visual appearance of the workpiece during processing. A 3D profile scanner is used to 

obtain the geometric profile (layer height-increment and layer diameter) of deposited weld beads. The 

infrared temperature sensor is implemented to monitor the inter-layer temperature of the welding 



 

 

process. The functions mentioned above, together with welding current and voltage acquisition 

functions, have been integrated into LabVIEW to establish a feedback control for improving the 

reliability and accuracy of the deposition process. 

The filling wire was mild steel (ER70S-6) welding wire with a diameter of 0.9mm. A shielding gas 

mixture of 15% CO2 and 85% argon was employed with a flow rate of 15 L/min. The chemical 

composition and mechanical properties of the selected welding wire are listed in Table I.  

Table I Chemical composition and properties of ER70S-6 

Chemical composition (wt.%) 

Composition Mn Si Cu C S P 

ER70S-6 Wire 1.53 0.88 0.18 0.08 0.01 0.009 

       

Properties in Specshield 15% CO2, Ar  

Melt temperature (T) 1700K 

Density (𝜌) 6500 kg/m3 

Surface tension (𝛾) 1.3 N/m 

Tensile Strength 85-90,000 psi 
Yield Strength 70-75,000 psi 

The cold metal transfer (CMT) was adopted in the experiments aim to reduce the heat input during 

the deposition process with high-quality results. This method is substantially suitable for welding 

thin-walled structures with small widths [18], and here it also has the fabulous performance for 

depositing strut layers type. 

 

Fig. 3 WAAM system. (1) IRB 2600; (2) TransPuls Synergic 5000 CMT welder; (3) VR 7000 CMT wire feeder; (4) 
CMT torch; (5) CCD camera; (6) 3D profile scanner; (7) Infrared temperature sensor; (8) 2-DOF workpiece 



 

 

positioner. 

4. Implementation and discussion 

The core contributions of this paper are presented here, which spread over four key areas: the strut-

based bead modelling, a height control system, an adaptive slicing methodology, and finally, the tool 

path planning strategies that combine these techniques to produce an efficient means of fabricating 

complex wire structures. 

4.1 Strut-based bead modelling  

Process parameters have significant effects on the forming quality of the strut. Therefore, it is critical 

to establish a bead model suitable for the strut to determine the appropriate parameters for producing 

a geometrically accurate part. In this experiment, the welding arc-on time (wt) and wire feeding speed 

(wfs) are the primary process parameters that dominate the geometry formation of the strut. Across 

all tests, the inter-layer temperature is cooled down to around room temperature so as to ensure that 

each layer has the same heat condition. The ctwd is maintained at 9mm to provide a relatively constant 

rate of gas shielding. 

Experiments were conducted for four different wfs (from 4 to 7m/min) at four different wt (from 1.5 

to 3s), as shown in Table II. Substrates with ten layers were first deposited with wfs = 9m/min and 

wt = 3s before the strut welding process began so as to eliminate the interference of external factors 

in the first few layers of struts. Each deposited strut consists of 20 layers, and two struts with the same 

set of process parameters were fabricated, so a total of 40 sets of data was obtained under each 

parameter combination, and the averaged forming results of these data are recorded as the final 

measured results. 

Fig. 4 illustrates the effect of (a) wfs and (b) wt on the layer geometry. The graphs indicate a linear 

correlation between them and the change in ∆ℎ𝑚 is more closely related to the value of wt. Based on 

this, a nonlinear regression equation is computed to correlate the resultant strut geometries relative to 

the wfs and wt, as shown in Fig. 4 (c). Their expressions were defined as: V = 𝐿00 + 𝐿10𝑤 + 𝐿01𝑡 + 𝐿20𝑤2 + 𝐿11𝑤𝑡 + 𝐿02𝑡2 (3) 



 

 

where 𝑤, 𝑡 represents wfs, wt, respectively. If the response V represents h, L00=0.479, L10=0.065, 

L01= 0.45, L20= -0.001, L11= -0.01, L02= -0.0325; else if V represents d, L00= 3.94, L10= -0.282, 

L01=0.832, L20=0.04, L11=0.153, L02=-0.1126. 

Table II lists the fitting results 𝑑𝑝 and ∆ℎ𝑝, with the corresponding error, between the fitting value 

and the measured geometry, calculated by: 

𝐸𝑤 = |𝑒𝑝 − 𝑒𝑚|𝑒𝑚 × 100% (4) 

where 𝑒 represents 𝑑 and ℎ respectively. 

 

Fig. 4 The effect of (a) WFS, (b) WT on the layer geometry, and (c) fitting result. 

Table II Process parameters and layer geometry formation 

No 
Process parameter Measured results Fitting results Error (%) 

wt (s) wfs (m/min) dm (mm) ∆hm (mm) dp (mm) ∆hp (mm) Ed (mm) Eh (mm) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

1.5 

2.0 

2.5 

3.0 

1.5 

2.0 

2.5 

3.0 

1.5 

2.0 

2.5 

3.0 

1.5 

4.0 

4.0 

4.0 

4.0 

5.0 

5.0 

5.0 

5.0 

6.0 

6.0 

6.0 

6.0 

7.0 

5.37 

5.90 

6.30 

6.72 

5.74 

6.34 

7.02 

7.31 

5.94 

6.66 

7.26 

7.88 

6.23 

1.27 

1.42 

1.55 

1.67 

1.32 

1.48 

1.56 

1.71 

1.36 

1.49 

1.62 

1.73 

1.40 

5.363 

5.889 

6.358 

6.771 

5.668 

6.270 

6.816 

7.306 

6.052 

6.731 

7.354 

7.920 

6.515 

1.272 

1.420 

1.552 

1.668 

1.317 

1.460 

1.587 

1.698 

1.360 

1.499 

1.621 

1.727 

1.403 

0.13 

0.19 

0.92 

0.76 

1.26 

1.10 

2.90 

0.05 

1.88 

1.06 

1.29 

0.51 

4.57 

0.14 

0.01 

0.14 

0.12 

0.26 

1.35 

1.74 

0.69 

0.01 

0.59 

0.06 

0.17 

0.18 



 

 

 

The normalized analysis is provided to compare the variation between measured values and predicted 

data, as shown in Fig. 5. All data is firstly normalized to Xi, which is determined by: 

𝑋𝑖 = 2𝑅𝑚𝑎𝑥 − 𝑅𝑚𝑖𝑛 (𝑅𝑖 − 𝑅𝑚𝑖𝑛) − 1 (5) 

where 𝑅𝑚𝑎𝑥, 𝑅𝑚𝑖𝑛 is the raw max, min data of the average actual measured data, respectively. The 

solid orange line (y = x) shown in Fig. 5 indicates that the measured values closely match their 

predicted counterpart. In this figure, all the normalized points are close to the line, indicating the 

proposed strut-based bead modelling is able to accurately predict the layer geometry of a well-formed 

strut within a given range. 

 

Fig. 5 Comparison between predicted and measured value (normalized). 

Except for bead modelling established for vertical-down deposition, it must also ascertain the layer 

geometry formation of the strut with the inclined angle. In WAAM, the welding pool that provides 

the surface tension can counter gravitational forces during the welding process. For each deposit, the 

Eotvos number 𝐸𝑜 reported in [8] is used to represent the gravity force effect relative to surface 

tension, expressing as: 

14 

15 

16 

2.0 

2.5 

3.0 

7.0 

7.0 

7.0 

7.37 

7.69 

8.71 

1.53 

1.68 

1.74 

7.270 

7.970 

8.613 

1.536 

1.654 

1.755 

1.35 

0.12 

1.11 

0.40 

1.58 

0.84 



 

 

Eo = ∆𝜌𝑔𝐿24𝛾 (6) 

where 𝛾  and ∆𝜌  are obtained from Table I. 𝐿  is defined as the characteristic length. Here it is 

considered as the layer diameter d. As a general rule, when Eo < 1 (that is, 𝑑 < 9mm), the molten pool 

is able to maintain at the required position predominantly supported by the surface tension [8]. 

Therefore, it is concluded that the depositing process can be performed at any given arbitrary angle 

under the process parameter combinations studied in the proposed bead modelling. For struts with 

different angles, their layer geometries are only related to the welding parameters wfs and wt, but not 

the incline angle. Fig. 6 demonstrates these findings, where a number of struts were deposited with a 

strut angle varying from 30 to 90 degrees. 

 

Fig. 6 Some appearance of struts with incline angles (30° to 90°). 
4.2 Height control system 

As mentioned previously, there will be some deviation between the actual height of a deposited bead 

and the predicted height. As the manufacturing process continues, this may also cause cumulative 

errors. This can significantly skew the overall geometry of the deposited part. To overcome this 

challenge, the paper proposes an alternative method using lag control to adjust the welding point 

when the actual height-increment of a layer does not match the theoretical one.  

To do this, ctwd (c) is used as the study object to find the effect of its change on welding current and 

voltage. A number of tests were conducted, where the test range of c is from 4mm to 24mm, during 

which wfs = 4m/min, wt = 2s. The acquisition value of the welding current and welding voltage is the 



 

 

average value, and the sampling frequency is 2000hz. The results are presented in Fig. 7. The current 

remains relatively constant at 60A but becomes more and more unstable as the c increases. And the 

voltage has a positive linear correlation with the change of it, which means if the voltage is recorded 

during each welding process, the actual ∆ℎ𝑎 can be calculated by the difference between the 𝑐 used 

in the bead modelling and the actual 𝑐𝑎 shown by the voltage. It is worth mentioning that this method 

records the relationship between c and voltage, so it always assumes that the height-increment of the 

current deposit layer is ∆ℎ.  

When the deposition process of a layer is completed, the welding torch will shift the distance ∆ℎ to 

the next layer, regardless of the real height-increment of the current layer. Then, during the processing 

phase for the next layer, if the recorded voltage 𝑉𝑎 is different from the corresponding value for 𝑐, 

the position must be adjusted accordingly. 

 

Fig. 7 Changes of welding current and voltage under different CTWD, here Vi=0.1017𝑐 +8.673. 

4.3 Adaptive Slicing Methodology 

Combined with the height control system, an adaptive slicing algorithm is proposed to find the 

deposition points for each strut part. The first step is to extract the centroidal axes (or skeleton) of the 

complete wire structure. This will reduce the volumetric nature of the part to a more simplistic 

representation of points and lines. Next, we have the task of determining a) the total number of 

individual struts 𝑠𝑖 in the part, and b) the total number of layers 𝐿𝑖,𝑛 contained in each of these struts.  

Each strut in the part is defined by two feature points: namely, the start point 𝑛𝑖1 and the end point 𝑛𝑖2. So, the strut is expressed as 𝑠𝑖 = [𝑛𝑖1, 𝑛𝑖2]. For any particular strut, no matter how complex its 

direction of growth, if it shares its start point 𝑛𝑖1 with the end point of a different strut 𝑛𝑗2And its 



 

 

end point 𝑛𝑖2 is shared with a start point of a different strut 𝑛𝑗1, then the strut between these two 

characteristic points can be defined as an independent strut, as an example shown in Fig. 8 (b).  

 

Fig. 8 Schematic diagrams of slicing methods. (a) Wire structure model, (b) Acquisition of independent struts, (c) 
Proposed strut slicing method. 

After the classification of the individual struts is complete, the next step is to determine the number 

of layers 𝐿𝑖,𝑛 belonging to each strut 𝑠𝑖. A simplistic approach, which splits the central axis of each 

strut into linear segments of length 𝛥ℎ, may seem logical, but ultimately will not suffice in cases 

where the strut’s direction of growth changes, this approach will not accurately capture the actual 

height increment added during the deposition process. To overcome this, a different approach is 

proposed, as outlined in Fig. 8 (c). In this method, a sphere 𝐶𝑖 ,0 with a radius of ∆ℎ, is used to slice 

each strut. The sphere is centered at the starting point of the first strut 𝐿0,0 and the intersection of the 

sphere and 𝑠0 is then used to define the deposition point of the next layer 𝐿𝑖 ,1. This process continues 

until all struts are processed. The deposition points for each layer 𝐿𝑖 ,𝑛  are calculated by the 

intersection point of the sphere surface generated through the previous layer 𝐿𝑖 ,𝑛−1. The coordinates 

for the point in the strut 𝑠𝑖, can be defined as: 𝐿𝑖 ,𝑛+1𝑥,𝑦,𝑧 = 𝒞𝑖,𝑛 ∩ 𝑆𝑡𝑜𝑡 − 𝐿𝑖 ,𝑛−1𝑥,𝑦,𝑧 (7) 

where 𝒞𝑖,𝑛 is a set containing all the data {4𝜋ℎ𝑖 ⃡  2} on the sphere 𝐶𝑖,𝑛, ℎ𝑖 ⃡   is used as a vector with a 

modulus of ∆ℎ pointing in all directions, and 𝑆𝑡𝑜𝑡 is a set containing all coordinates of 𝑠𝑖. However, 

the representation of ℎ𝑖 ⃡   as a vector will entail a heavy computation load. To reduce computational 

magnitude, all data in the set 𝒞𝑖,𝑛, are then represented by spherical coordinates: 



 

 

{4𝜋ℎ𝑖 ⃡  2} = {𝑀(𝑥, 𝑦, 𝑧)|𝑥 = 𝑟𝑠𝑖𝑛𝜑𝑐𝑜𝑠𝜃, 𝑦 = 𝑟𝑠𝑖𝑛𝜑𝑠𝑖𝑛𝜃, 𝑧 = 𝑟𝑐𝑜𝑠𝜑} (8) 

where   0 ≤ 𝑟 ≤ ∞, 0 ≤ 𝜑 ≤ 2𝜋, 0 ≤ 𝜃 ≤ 𝜋. Here 𝑟 = |ℎ𝑖 ⃡  |, 𝜑 is a half-plane formed by the z-

axis and the plane ZOX, and 𝜃 represents the angle between 𝑟 and the positive direction of the z-

axis. 

The algorithm divides a strut 𝑠𝑖 with total length 𝑆𝑡𝑜𝑡 into polylines of 𝑛 layers with equal length ∆ℎ. It is worth noting that sometimes the strut may not be divided exactly into 𝑛 layers with the 

selected ∆ℎ. In these situations, the number of layers 𝑛 in a strut can then be rounded up. 

The overall method is presented as a flow chart shown in Fig. 9. It is worth noting that the robot pose 

adjustment refers to the tool center point position (welding torch-tip). Welding position and rotation 

are derived from the parts coordinates and the building direction of each layer in the strut.  

 

Fig. 9 Processes of the slicing and height control methods for the strut.  



 

 

Combined with the height control system, the effectiveness of this adaptive slicing methodology is 

elaborated in Fig. 10, in which two arc-shaped struts are manufacturing with or without the present 

adaptive slicing method. Fig. 10 (a) shows the strut fabricated successfully via the proposed adaptive 

method. While with a constant slicing height, as shown in Fig. 10 (b). Fig. 10 (c) also shows a scenario, 

which is characterized by the accumulation of positional errors in the static approach as the depositing 

process continues, thereby destroying the final geometric formation of the strut. 

 

Fig. 10 Arc-shaped strut deposition process (a) with adaptive CTWD changes, (b) in static deposition approach; (c) 
Cumulative errors in (b) discontinues the deposition. 

4.4 Handling Branch Intersection 

The intersections of a wire structure occur where two or more struts’ end points merge together, which 

is defined as a convergence node; when the same end points of struts correspond to the start points of 

two or more new struts, then it is called a divergence node, as shown in Fig. 11. As the deposition 

process for a given strut nears these nodes, some strategies need to be employed to avoid poor weld 

bead geometry or potential collision between the torch nozzle and the component. 



 

 

 

Fig. 11 The example of (a) the divergence node and (b) the convergence node. 

 

Fig. 12 Examples of fabricating branch intersections. For divergence samples: (a) deposit layer-by-layer in the 
traditional z-direction; (b) deposit strut-by-strut in order; (c) The adaptive changes of CTWD used to avoid collisions. 
For convergence nodes: (d) determining the collision area (collision layer); (e) The adaptive changes of CTWD used 
to avoid collisions; (f) the final geometry of this sample. 

For struts emanating from a divergence node, two build options are available. First, the struts could 

be deposited by alternating the deposition process evenly between them, so in-effect, they are built 

up simultaneously. Alternatively, each strut can be deposited individually in one shot according to 



 

 

their strut number i, as shown in Fig. 11 (a). The first method usually produces poor strut geometry, 

as shown in Fig. 12 (a). This is mainly due to the slippage of the molten pool during the welding 

process. The molten pool is prone to be adsorbed towards the adjacent strut whose material has 

already been deposited so that the deposition process does not proceed in the expected position, 

resulting in a deformed structure. To avoid this phenomenon, struts at this point need to be 

continuously deposited and manufactured one-by-one according to their corresponding processing 

sequence, as shown in Fig. 12 (b). CTWD is also needed to be dynamically adjusted so as to prevent 

the torch from collides with deposited struts if they have a small included angle, as shown in Fig. 12 

(c).  

4.5 Tool Path Planning Strategy 

The tool path planning strategy is then presented for processing a complete wire structure. The wire 

structure, which is expressed as 𝒲 = {𝒮, 𝒩} , can be represented as intersection points set 𝒩 ={𝑛𝑖 | 𝑖 = 1, 2, 3, … , |𝒩|}, and individual struts set 𝒮 = {𝑠𝑖  | 𝑖 = 1, 2, 3, … , |𝒮|}. The first step in 

the path planning process is to identify struts that share the same convergence or divergence nodes. 

Any independent strut except for struts connected to the substrate must have a convergence node and 

a divergence node. Thus, for all struts 𝑠1, 𝑠2, 𝑠3, . . ., 𝑠𝑖 = [𝑛𝑖1 , 𝑛𝑖2], these which have the same start 

point are then put in the same set 𝒮𝒫𝑚𝑑𝑖𝑣, defined as: 

Therefore, all struts in 𝒮𝑑𝑖𝑣 that have the same start point is labeled as 𝒫𝑚. Correspondingly, all 

struts which share the same particular end point are defined as: 

The build sequence of struts should be arranged in terms of their end point height (from low-to-high 

in the z-axis) to avoid a scenario where higher struts are processed blocking access for the welding 

 

where 

𝒮𝒫𝑚𝑑𝑖𝑣 = {𝑠𝑖|𝑛𝑖1 = 𝑛𝑗1, 𝑖 ∈ (1, |𝒩|), 𝑗 ∈ (1, |𝒩|) } 𝒫𝑚 = {𝑖|𝑛𝑖1 = 𝑛𝑗1, 𝑖 ∈ (1, |𝒩|), 𝑗 ∈ (1, |𝒩|)} 

(9) 

where 

𝒮𝒫𝑚𝑐𝑜𝑣 = {𝑠𝑖|𝑛𝑖2 = 𝑛𝑗2, 𝑖 ∈ (1, |𝒩|), 𝑗 ∈ (1, |𝒩|) } 𝒫𝑚 = {𝑖|𝑛𝑖2 = 𝑛𝑗2, 𝑖 ∈ (1, |𝒩|), 𝑗 ∈ (1, |𝒩|)}. 

(10) 



 

 

torch to deposit underneath struts. After that, a valid deposition sequence is ready to be generated.  

As logic dictates, any given strut is supposed to have two or more struts underneath it to provide 

support (i.e., all struts will emanate from a node of two or more struts). This means that the end point 

of any strut will also be the start point in another strut. With this in mind, struts that successfully 

deposited are put into the set 𝒮kp = {𝑠∗𝑝, … , 𝑠𝑘𝑝}. Struts that have not yet deposited or will be deposited 

soon are defined as, 

𝒮𝑘𝑢 = 𝒮\𝒮𝑘𝑝 (11) 

When planning a deposition sequence, convergence nodes are used as the basis for the analysis. First, 

for a given convergence node, a search for all the struts which converge upon it is performed. Then,  

Then, all struts in the set will be traversed to find whose end points are consistent with the start points 

of the struts at this point, expressed as, 

The role of 𝒩𝑖1 is that for any strut in the set 𝒮𝒫𝑚𝑐𝑜𝑛, it will iterate all other struts which share the same 

end point 𝑛𝑗2as its start point 𝑛𝑖1. This element is then compared one-by-one with each element in 𝒮𝑘𝑝. Only when 𝒮𝑘𝑝 contains all the same elements as in 𝒩𝑖1, can a valid processing sequence be 

established. The example shown below in Fig. 13 illustrates this process. 

where 

⋂ (𝒩𝑖1, 𝒮𝑘𝑝)𝑠𝑖∈𝒮𝒫𝑚𝑐𝑜𝑛 ≠ ∅ 

𝒩𝑖1 = {𝑛𝑗2 |  𝑛𝑠𝑖1 = 𝑛𝑠𝑗2, 𝑠𝑖 ∈ 𝒮𝒫𝑚𝑐𝑜𝑣, 𝑠𝑗 ∈ 𝒮} 

(12) 



 

 

 

Fig. 13 An example of generating a deposition sequence for a wire structure. 

The length of the wire stick-out of the welding torch can be adjusted within a reasonable range, 

making its path planning more flexible, as Yuan et al. [19] stated. Therefore, to achieve a proper and 

collision-free deposition sequence, the ctwd may need to be adjusted during the process. As 

mentioned previously, the struts in the set 𝒮𝒫𝑚𝑐𝑜𝑣 create a potential collision (between the torch and 

nearby struts) as the build nears a convergence node. If a strut 𝑠𝑖 is treated as a vector, it has a higher 

probability of collision in the range λ𝑠𝑖    , as shown in Fig. 11. The max collision area 𝜆𝑚𝑎𝑥 can be 

defined as: 

𝜆𝑚𝑎𝑥 = 1 − max ( ⋃ 𝑑𝑡|𝑠𝑖   |√|𝑠𝑖   |2|𝑠𝑗   |2 − (𝑠𝑖   ⋅ 𝑠𝑗   )2
𝑛

𝑖=1,𝑗=1 ) (13) 

Struts must be compared one-by-one at this convergence point to determine the largest collision area. 

As shown in Fig. 12 (d) and (e), when the torch reaches the range of (1 − 𝜆𝑚𝑎𝑥)𝑠𝑖   , the ctwd should 

be increased to ascertain the welding torch is outside the collision area. Similarly, when processing 

the strut near the divergence point, a collision check must be performed.  



 

 

5. Case studies 

To further verify the performance of the proposed strategy, two parts featuring complex wire 

structures were fabricated. In these two case studies, the same filler material, shielding gas, substrate 

material, automatic welding system and all proposed fabrication strategy outlined in the previous 

section were used. The process parameters were maintained at wfs=4m/min, wt=2s for all deposition 

processes. 

5.1 The cube-shaped part fabrication process 

Fig. 14 shows the first fabricated part, a cube-shaped item defined by 12 struts, as shown in Fig. 14 

(a). The length of all struts is about 30mm, and the height of the main structure is about 52mm. This 

structure has approximately 260 deposition layers and six intersection points, of which both the 

number of divergence nodes and convergence nodes is 3. It has five processing sequences, where 

struts 1, 2, and 3 have no convergence feature points, so they are regarded as one processing procedure. 

The final cube-shaped part is presented in Fig. 14 (c). The cool-down time between each layer of the 

welding period was set to 30 seconds, and the total processing time of it was about 5 hours. Fig. 14 

(d) illustrates some fabrication details of the layers near convergence nodes. Through the (13), the 𝜆𝑚𝑎𝑥 for all struts in the same convergence node is 0.667, which means that when the height of a 

strut in its build direction reaches about 20mm, it is necessary to deposit all the struts in the same 

processing sequence layer-by-layer with their own layer number n.  



 

 

 

Fig. 14 Cube-shaped wire structure. (a) The STL model, (b) the slicing model, (c) the final part, and (d) a fabrication 
detail. 

5.2 honeycomb-part fabrication process 

Fig. 15 shows the second fabricated part: A honeycomb-like part consisting of wire structures. Its 

main structure contains a total of 24 struts. It has approximately 640 deposition layers with a total of 

14 intersection points and a total of 12 processing sequences. The length of all struts is 30mm. The 

height is about 150 mm, and the maximum width of it in the x-axis direction is about 156mm. The 

final honeycomb-shaped part is presented in Fig. 15 (b). Its cool-down time between each layer of 

the welding period was also set to 30 seconds, and the total processing time of it was about 10 hours. 

the collision range 𝜆𝑚𝑎𝑥 for all the struts is 0.6151. Therefore, when the height of the strut reaches 

about 18.45mm, it is necessary to deposit them layer-by-layer.  



 

 

 

Fig. 15 Honeycomb-shaped wire structure. (a) The slicing model, (b) the part (mild steel), (c) the problem 
encountered in processing, and (d) the part (aluminum ER4043) with v=5m/min, t=1s, d=9mm, and h=1mm. 

Fig. 15 (c) highlights a problem in the fabrication process. Due to the effect of heat accumulation, the 

cooling time of 30 seconds is not enough to cool it down to a suitable temperature range. The 

additional heat build-up affects the solidification process, and as a result, the build direction of the 

strut was observed to droop somewhat. This was not observed in the cube structure, as the inclined 

angles of the struts were less. In more severe cases, the deposit was observed to spill off the build 

layer before solidification. To address this, further experiments will make use of a temperature camera 

to monitor interpass temperatures of the welding process to adjust the cooling time dynamically. The 

influence of temperature on the strut can also be investigated in-depth via a detailed bead modelling 

study.  

Moreover, the strategy proposed in the paper is robust and adaptive for almost all metal materials, as 

long as it can be given stable welding parameters. As an extra example shown in Fig. 15 (d), this is 

the same honeycomb structure processed with aluminum ER4043 (bead modelling not explained 

here). In conclusion, the quality result of the obtained resultant geometry for these two steel parts and 



 

 

one aluminum part with the wire structure, particularly at intersection nodes, is good-looking and 

precise in position, highlighting the reliability and practicality of the fabrication strategy proposed in 

this paper. 

6. Conclusion 

In this work, a WAAM fabrication strategy for manufacturing components featuring wire structures 

via the point-by-point manner was presented. Firstly, a strut-based bead modelling process was well 

established to accurately ascertain and predict the optimal welding process parameters for the selected 

bead geometry of the given strut. Subsequently, the adaptive slicing algorithm and height control 

system of the strut was also presented to generate an adaptive slicing model. Then these items are 

used in combination for the torch path planning of the overall deposition process. Finally, their 

effectiveness was elaborated through the fabrication process of two separate parts featuring wire 

structure designs. 

Further research aims to enhance the practicality of the proposed strategy and further develop the 

robotic system to deposit these wire structures reliably. The topology optimization process will be 

regarded as a research and development focus to split the entire workpiece into multiple independent 

regions, thereby reducing the time spent on processing workpieces with high space complexity. The 

work will also expand reliable and robust algorithms to reduce the weight of physical workpieces or 

convert them into stable skeleton-structures and manufacturing arbitrary workpieces that combine 

wire structures and thin-walled structures and solid structures, etc. 
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Figures

Figure 1

De�nition of layer geometry, substate, and layer data collected.



Figure 2

The schematic of the build direction, torch direction of the single strut.



Figure 3

WAAM system. (1) IRB 2600; (2) TransPuls Synergic 5000 CMT welder; (3) VR 7000 CMT wire feeder; (4)
CMT torch; (5) CCD camera; (6) 3D pro�le scanner; (7) Infrared temperature sensor; (8) 2-DOF workpiece
positioner.

Figure 4

The effect of (a) WFS, (b) WT on the layer geometry, and (c) �tting result.



Figure 5

Comparison between predicted and measured value (normalized).



Figure 6

Some appearance of struts with incline angles (30° to 90°).

Figure 7

Changes of welding current and voltage under different CTWD, here V_i=0.1017c+8.673.



Figure 8

Schematic diagrams of slicing methods. (a) Wire structure model, (b) Acquisition of independent struts,
(c) Proposed strut slicing method.



Figure 9

Processes of the slicing and height control methods for the strut.



Figure 10

Arc-shaped strut deposition process (a) with adaptive CTWD changes, (b) in static deposition approach;
(c) Cumulative errors in (b) discontinues the deposition.

Figure 11

The example of (a) the divergence node and (b) the convergence node.



Figure 12

Examples of fabricating branch intersections. For divergence samples: (a) deposit layer-by-layer in the
traditional z-direction; (b) deposit strut-by-strut in order; (c) The adaptive changes of CTWD used to avoid
collisions. For convergence nodes: (d) determining the collision area (collision layer); (e) The adaptive
changes of CTWD used to avoid collisions; (f) the �nal geometry of this sample.



Figure 13

An example of generating a deposition sequence for a wire structure.



Figure 14

Cube-shaped wire structure. (a) The STL model, (b) the slicing model, (c) the �nal part, and (d) a
fabrication detail.


