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Abstract 

Wire and Arc Additive Manufacturing is a novel Additive Manufacturing technology. 

As a result, the process for progressing from a solid model to manufacturing code, i.e. 

the Part Programming process, is undeveloped.  

In this report the Part Programming process, unique for Wire and Arc Additive 

Manufacturing, has been investigated to answer three questions;  

 What is the Part Programming process for Wire and Arc Additive 

Manufacturing? 

 What are the requirements on the Part Programming process? 

 What software can be used for the Part Programming process?  

With a systematic review of publications on Wire and Arc Additive Manufacturing and 

related subjects, the steps of the Part Programming process and its requirements have 

been clarified.  

The Part Programming process has been used for evaluation of software solutions, 

resulting in multiple recommendations for implemented usage. Verification of 

assumptions, made by the systematic review, has been done by physical experiments to 

give further credibility to the results.  
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1 Introduction  

The timeline for Additive manufacturing (AM) could be argued to start with the first 

attempt to create solids with photopolymers utilizing a laser in the 1960s [1]. Or perhaps 

with the first patent describing the process of building up material using welding in 

1925 [2]. Regardless it can be concluded from the Wohlers report [1] that for the past 

30 years the development of AM has been progressing without a hold. For each year it 

is drawing more attention along with the commercial industry’s realization of the 

potential it entails. In comparison to classical manufacturing technology it is a new 

concept still in it is early stage of development [3, 1]. 

It is argued that AM will bring unlimited design freedom and the possibilities are 

endless [4], but that is only one side of the coin. Though it unlocks new possibilities in 

the design space it also brings new challenges. Some challenges are feasible and just 

require a workaround but others are unobtainable and sets outright limitations [5]. It 

adds to the confusion that the different AM technologies are substantially diverse and 

the challenges and advantages differ [3]. This brings an obstacle for both designers and 

decision makers as knowledge regarding AM is essential to exploit its possibilities and 

overcome the challenges [6]. 

BAE Systems Hägglunds, henceforth referred to as BAE, have found an interest for the 

particular AM technology; robotic Wire and Arc Additive Manufacturing (WAAM) 

which is a Direct Energy Deposition technology. Due to its relatively low investment 

cost, BAE have set up a test lab with the equipment but without concluding or excluding 

what it can or should be used for. As this project is in its earliest state, BAE is now 

raising the most fundamental question;  

“How do we progress from the digital solid model of a part to the 

manufacturing robotic code?”  

With this inquiry as a stepping stone into this project the challenge is now to investigate 

the opportunities and limitations in regards to the equipment available as a first step in 

working efficiently with WAAM. 

1.1 The Part Programming Process 

The Part Programming process refers to the working procedure of progressing from a 

solid model to the code controlling the manufacturing equipment, and thus answering 

the previous stated question. In the case of AM, G. Q. Jin et al. [7] suggest the process 

can be described with four main steps; Slicing – The process of slicing the solid model 

into layers. Orientation-determination – The direction of the slicing. Tool-path 

generation – The pattern of the tool-path for each layer. Support structure – 

Disposable material built to support the part to avoid structural collapse. This process 

is claimed to be a generic process for AM but an important distinction has to be made 

between the different technologies. 

AM, or widely referred to as rapid prototyping [7], has been associated with the 

possibility to automatically process the part without required consideration to its shape 

[8]. The development of Powder bed fusion technologies are approaching that level of 

automation and is the most popular among metal AM, from both an industrial and 

research perspective [9, 10]. They are popular for their capability to produce high 
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geometric accuracy and low surface roughness [10] and for those technologies the 

suggested process is appropriate and well-practised [7]. 

In comparison, Direct Energy Deposition technologies are early in its development and 

even among them, the specific technology WAAM is regarded as a novel technology 

[11]. The process is sensitive to variations in the geometry and it is challenging to create 

repeatable operations and stable generic deposition strategies [3].  

As for the steps described earlier, in the case of WAAM they could all be more or less 

inaccurate or invalid; Support structures is unnecessary [7], the orientation is dynamic 

during the process [12], slicing could be done different from conventional 2.5D slicing 

[13], and appropriate tool-path generation is hard to achieve [14].  

This concludes that the process need to be revised to be suitable for WAAM, and in 

review of the state of the art, two emerging approaches are found. The first is the 

approach suggested by Donghong Ding [10] from University of Wollongong. This 

approach focus on theories to optimize the build path and take advantage of the 

articulated robot. Then weld parameters are applied but it presumes that most 

challenges are solved with the optimized build path. The other approach is suggested 

by Pedro Almeida [15] from Cranfield University. This process is, in comparison, 

simple in its path planning and relies on advanced control of the weld parameters to 

overcome the challenges. 

Both approaches make valid points and claim to achieve successful results but their 

differing focus and a lack of thorough details makes it unattainable to establish a clear 

process. This confirms the need for a thorough investigation to establish the process 

and its requirements.    

1.2 Scope of Work 

The goal of this project is to investigate, clarify and establish the Part Programming 

process for WAAM. This includes establishing of suitable software for the process and 

overcoming the challenges related to the novel nature of the technology.  

This is concretized in to three questions; 

 What is the Part Programming process for WAAM? 

 What are the requirements on the Part Programming process? 

 What software can be used for the Part Programming process?  

1.3 Delimitations  

The project will be solely focusing on the equipment available in BAEs WAAM-lab. 

Potential add-on processes and extension equipment can be mentioned but will not be 

further investigated.  

BAE is collaborating with University West that are researching the optimal welding 

parameters for the specific weld wire that will be used at BAE, hence this project will 

not investigate weld parameters. 
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2 Additive Manufacturing  

AM is the process of building a component by adding material layer by layer. In 

contrast to subtractive methods where material is removed, this reduce the amount of 

material waste and is particularly beneficial when the raw material is expensive [1]. It 

also opens up for new design opportunities that would not be conceivable with 

conventional manufacturing methods [16]. 

AM can be categorized depending on the fabrication material and for metal it can be 

further classified according to the ASTM standard (ASTM F2792) which suggests three 

main groups; Powder bed fusion (PBF), Direct energy deposition (DED) and Binder 

jetting Sheet lamination. D. Ding [3] presents a table classifying the most common 

metal AM-methods with respect to these main groups, see Table 1. 

Table 1. Classification table for the most common metal AM-methods. 

Classification Terminologies Material 

Powder bed 

fusion  

Direct metal laser sintering (DMLS)  Metal powder 

Electron beam melting (EBM)  

Selective laser sintering (SLS)  

Selective laser melting (SLM)  

Directed energy 

deposition  

Electron beam freeform fabrication (EBF3)  Metal powder, 

metal wire Laser engineered net shaping (LENS)  

Laser consolidation (LC)  

Directed light fabrication (DLF)  

Wire and arc additive manufacturing 

(WAAM)  

Binder jetting 

Sheet 

lamination 

Powder bed and inkjet 3D printing (3DP)  Metal powder, 

Metal laminate, 

metal foil 
Laminated object manufacturing (LOM) 

Ultrasonic consolidation (UC)  

2.1 Wire and Arc Additive Manufacturing 

The technology practiced for this project is robotic Wire and Arc Additive 

Manufacturing (WAAM). As the name implies, WAAM uses wire as feedstock and 

melts the material with an electric arc. This is no different from regular welding 

technology but instead of welding a single weld, WAAM continues to build welds upon 

each other to produce the desired shape. The applied weld technology can vary and 

grant different advantages [3, 17, 18].  

The starting material that the welds are built on is referred to as a substrate. The 

substrate is usually a simple metal sheet but can also be other shapes for example 

cylindrical and can be included in the part or cut of and disposed of after the WAAM 

process [12].  

The weld gun is mounted on a robotic arm and the substrate is clamped to a 

worktable/fixture with jigs. Depending on the type of robotic arm and if the worktable 

is static or programmable/dynamic, the possible building directions for the work piece 

is affected [12]. 

WAAM is known to produce medium to large scale parts with good structural integrity 

in different materials. Advantages in comparison with other AM techniques are its low 

investment cost and its high deposition rate. If no enclosed gas shielding is needed, as 
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possible in working with material such as steel or aluminium, part size is only limited 

by the manipulator, and the robot cell does not need any more isolation than a regular 

welding cell [3, 16, 12].  

The most notable disadvantage with WAAM is the rough surface finish which in most 

case sets a demand to post-process the part to achieve an acceptable surface [16].    

2.2 The Applied Hardware 

The WAAM-lab at BAE consist of an ABB IRB 2400 industrial robot with a S4C 

control system. Mounted on the robotic arm is a Fronius CMT gun with its 

accompanying power source. The worktable is an analogue rotary table that is only 

used as a static table because of its imprecise control system. Figure 1 shows the setup 

with the visible components pointed out.    

 

Figure 1. The WAAM-lab at BAE. a) The robot, an ABB IRB 2400. b) The weld-

gun, a Fronius CMT. c) The power source to the weld-gun. d) The worktable with 

jigs mounted. 

2.2.1 The Control System 

To control the WAAM process entails to control the robotic motion and the welding 

equipment. The robotic motion is controlled by the S4C control system that reads 

RAPID code imported to the system from a computer. Controlling the welding 

equipment is to control the power source which is also connected to the S4C control 

cabinet. The communication between the S4C and the power source can be done by 

either directly controlling the weld parameters in the RAPID code or use Jobs. Jobs are 

predefined settings in the power source that has all weld parameters specified. Different 

Jobs can then be called by the RAPID code with a single command instead of defining 

all settings separately. Which approach is most suitable will not be disclosed in this 

project and in regards to the delimitations the only parameter incorporated is the on/off 

signal sent to the power source.  A schematic view of the WAAM-lab’s control system 

is seen in Figure 2. 
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Figure 2. Schematic view of the control system and the involved components. 

The S4C control system is ABBs older system and the precursor of the newer IRC5 

system. They both use RAPID code as high level language but with some differences 

in their naming of functions. The code from one system cannot be directly transferred 

to the other but with a “find and replace”-operation it is possible to convert one code to 

the other. As the S4C system is old and will soon be replaced by the IRC5 system, the 

project will aim to produce IRC5 RAPID and translate the code to the older system 

until it is replaced.     

2.2.2 Cold Metal Transfer 

The specific welding technology used in this project is the Fronius - Cold Metal 

Transfer (CMT). CMT obtains lower heat input than conventional MIG/MAG welding 

which is favourable in WAAM as it lowers deformations [19].  

CMT is a so called “Push-pull system” and a brief explanation of the technology is that 

the welding current and voltage is controlled together with the wire feed. Illustrated in 

Figure 3 is the steps of the CMT cycle. 

 

Figure 3. With the wire approaching the substrate an arc will occur (a), the wire is pushed in to the 

molten pool and the arc is put out (b). As the wire is retracted, a droplet is formed and cladded on the 

weld pool (c). When the droplet has released from wire the cycle repeats (d). 

This process can be further advanced with different modes and configurations of this 

cycle. It is proved that those modes can reduce porosity and affect hardness and the 

microstructure in a favourable way when used for WAAM [17, 19].  
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3 Methodology  

At BAE there is no expertise available on the subject of WAAM as it is an entirely new 

technology at the company. Luleå University of Technology has a history with DED 

technologies but not from a perspective of process control and what this report refers 

to as the Part Programming process. Hence to answer the questions stated in the scope 

the only viable approach is to rely on theoretical reviews and verification through 

experimental testing.    

3.1 Establishing the Part Programming Process 

As disclosed in chapter 1.1, the Part Programming process for WAAM is undeveloped. 

This creates a necessity to further investigate the process and conclude what should be 

achieved. A systematic review is conducted and Parameters is introduced to help 

clarify the data evaluation process.     

3.1.1 Parameters Described 

Parameters are adjustable settings of the manufacturing method. They can be split into 

physical and digital Parameters which can be closely related and both be limiting 

factors for the same phenomena. This is described with the following example;  

If it is desired to rotate the worktable you require the physical Parameter 

“rotational worktable” and the digital Parameter “programming of rotational 

worktables”. If one of those Parameters are missing it will not be possible to 

rotate the table.  

The digital Parameters are in this manner the digital steps that are required to build the 

part successfully. That means they can be directly translated to the steps of the Part 

Programming process. 

The physical Parameters are corresponding to the physical equipment and in 

accordance to the delimitations of the project they will be checked against, and limited 

by, the equipment available at BAE.    

3.1.2 Systematic Review 

A systematic review is conducted on WAAM, AM and related subjects. By trailing 

references and quotations of relevant publications the database can be expanded further. 

In the review two types of data are of interest; Challenges – in regard to manufacturing 

using WAAM, and Solutions – concepts that solves one or more Challenges. From the 

Solutions it is possible to conclude which settings are modified i.e. the third data; 

Parameters. 

These three types of data are connected to each other as illustrated in Figure 4, where 

also the Parameters are processed as described in 3.1.1. 
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Figure 4. An illustration of the connection between the systematic review and the 

concluding- and processing of Parameters. 

3.2 Requirements and Evaluation of Software 

After the systematic review the Part Programming process can be created with the 

digital Parameters and used as an evaluation basis. Each step will be based upon one 

or more Solutions and the functionality they are requesting are translated to 

requirements for each step. 

Evaluation is conducted in four steps; 

1. Map the software solution to the Part Programming process to assure each step 

has a dedicated software. 

2. Evaluate each step in regard to their requirements. 

3. Control which solutions are achievable. 

4. Conclude which Challenges are cleared and what limitations remain.   

The aim is to find a software or combination of software that provide as few limitations 

as possible.   

3.3 Verification 

With the Part Programming process and suitable software established it remains to 

verify assumptions made in regard to the Challenges and Solutions. Because the 

systematic review will not only investigate WAAM but also other similar technologies 

it is of utmost importance to verify that the assumptions are applicable for WAAM.  

Experiments will be conducted in the WAAM-lab where the supposed Challenge will 

be elicited and documented. Solutions are then systematically tested to see their effect 

and the software’s capability is put to the test. The result will be summarized and added 

to the conclusions drawn by the software evaluation.   
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4 Establishing the Part Programming Process 

Presented in this section is the results from each step leading to the Part Programming 

process. 

4.1 Results from the Systematic Review  

The findings are categorized in accordance to Challenges and Solutions, and are briefly 

described in the next sections. To make the results easily grasped, each phenomena is 

supported by the reference that best describes it and not for all occurring sources.  

4.1.1 Challenges  

Starts and stops. Along a continuous weld the appearance and properties are 

reasonably homogenous provided the surrounding conditions are unchanged, but at the 

start and stop of every weld the characteristics are different. This is due to that the weld 

process requires time to stabilize until a steady-state is achieved. 

The divergent characteristics results in an uneven bead profile and an alteration in the 

wall height. This error amplifies with each layer and leads to unwanted distortions and 

possible machine failure [10].  

Voids in solid layers. A common approach for path-planning is contouring the layer 

and building inwards thus procuring better surface finish. A problem occurs when it is 

desired to make the part solid. By offsetting the path inwards (concentric paths) there 

will almost always occur voids in the part and those gaps can cause part failure and 

unwanted part properties [20]. In Figure 5 a cross section of a part is shown to illustrate 

the occurring gaps when offsetting inwards. 

 

Figure 5. Illustration of the occurrence of voids with concentric path planning. a) 

The outline of the part. b) Concentric paths added. c) The resulting part with a void. 

Crossings of paths. With crossing of paths it is challenging to achieve a constant height 

[21]. The consequences are the same as for the “Starts and stops” problem with an 

amplifying error for each layer added.  

Surface finish and resolution. With WAAM the surface finish is rough compared to 

other AM technologies [3]. This is correlated to the low obtainable resolution due to 

the large size of the weld. It is not only a problem for surfaces with tolerance 

requirements but also for other surfaces because the rough finish can be entry points 

for crack propagations [22]. 

Staircase effect. If inclined walls are built with vertical deposition the surface will be 

“staircase”-shaped due to the layer on layer building [23]. The effect becomes 

significantly severe because the step size is equal to the weld height which is in the 

range of 2-3mm [24].  
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Overhang. Cavities, holes and inclined walls can be hard to build due to the structural 

collapse and/or deformations when building in a non-vertical direction. Without 

adjusting the weld tool orientation the weld can be aimed off-centre in relation to the 

underlying  layer, Illustrated in Figure 6b, or even out in the air without any support to 

build on, Figure 6c [20, 25]. 

 

Figure 6. Illustration of the welds for; a) a vertical wall, b) an incline wall and c) a 

steep incline wall. 

Deformation of part due to thermal stress / residual stress. The moving heat source 

that is associated with a weld arc cause shrinkage that leads to residual stress in the part 

[16, 26]. The shrinkage becomes particularly sever on longer walls. When the weld 

cools down the shrinkage along the wall may cause the entire substrate to bend [27]. In 

Figure 7 the deformation is clearly visible on a test wall.   

 

Figure 7. A wall built on a vertical substrate where the shrinkage of the wall has 

caused the substrate to bend. 

4.1.2 Solutions  

Continuous deposition. To avoid starts and stops it can be favourable to plan the path 

in such matter that the deposition path is continuous. This demands that the path is 

consistent and corners/turns have adequate radius [12]. 

Optimized thin wall structures. A sub-concept to “Continuous deposition” is thin 

wall structures. If wall features are the same thickness as the deposition thickness of 

the weld (after post-processing), then this principal is usable to create structures with 

low numbers of path ends. Can be further advanced by utilizing Eulerian pathing to 

minimize path ends and discontinuity, and c-splines to maximize curvature radius [14].  

Symmetric building. By building symmetrically around the initial substrate the stress 

is balanced and in that way avoiding deformation in the substrate. This can be done by 

finding a suitable wall in the part and utilize it as substrate or build two copies of the 

part mirrored on each side of the substrate. In the later the substrate is disposed after 

manufacturing. This requires a moving worktable to be possible [16].  

Short deposition paths. To avoid long continuous walls that generate deformations in 

the substrate it is favourable plan the paths in such a way that they are as short as 
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possible. It is also possible to orient the part in a certain way to obtain shorter paths 

[16]. This is not an option in “thin walled structures” as they only have one possible 

way to be built [26]. 

Selective deposition. By planning the paths to not fully constrain the construction, 

deformations can be avoided because you allow each smaller segment to cool down 

before binding them together. In this way you avoid the stress that builds up when the 

material shrinks during cooling [28].    

Interlayer cooling. By pausing the deposition between layers you allow the metal to 

completely solidify before depositing the next layer, hence improving structural 

integrity and lower deformations [27]. 

Advanced slicing. A possibility with an articulated robot is to build in multiple 

directions. This can be done with techniques such as multi-directional slicing or non-

layer slicing. By carefully planning the slicing direction it is possible to avoid many 

obstacles such as overhang, staircase effect and similar [23].    

Advanced path-planning. Depending on the paths pattern and strategical approach 

pockets can be avoided, starts and stops can be reduced and the surface finish can be 

improved [20].  

Non-vertical building direction. To overcome overhangs and incline walls a potential 

solution is to build in the direction of the geometry. It is proven to be possible to build 

in horizontal direction [16] and even upside-down [24]. This concept is connected to 

“Advanced slicing” but emphasize the possibility to build in actual non-vertical 

direction without adjusting the work-piece or the worktable.     

Rolling of weld. Applying an interpass rolling of the weld is proved to reduce stress 

and distortions in the part [29].   

Clamping. By clamping the part it is possible to detain deformation in the substrate. In 

combination with heat treatment you can then relax the stress before unclamping the 

part hence avoid deformation [27].     

Post-processing. Post-processing is needed in most scenarios with WAAM. In this 

process it is possible to add extra material to the part and let the post-process achieve 

the final results because the post-process is regardless required [16].      

4.2 Constructing the Part Programming Process 

The systematic review findings were mapped to each other and parameters were sought 

out from the solutions and the results are shown in Table 2.  
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Table 2. The results from the systematic review. 

Challenges Solved by Solutions Using Digital parameters And Physical parameters 

Starts and stops Optimized thin wall 
structures [14] 

Profile infill and wall thickness, Tool path 
and sequence 

 

Continuous deposition 

[12] 

Profile infill and wall thickness, Tool path 

and sequence 

 

Advanced path-planning 
[20] 

Profile infill and wall thickness, Tool path 
and sequence 

 

Voids in solid 

layers 

Advanced path-planning 

[20] 

Profile infill and wall thickness, Tool path 

and sequence 

 

Crossing of 

paths 

Optimized thin wall 
structures [14] 

Profile infill and wall thickness, Tool path 
and sequence 

 

Advanced path-planning 

[20] 

Profile infill and wall thickness, Tool path 

and sequence 

 

Continuous deposition 
[12] 

Profile infill and wall thickness, Tool path 
and sequence 

 

Surface finish 

and resolution 

Advanced path-planning 

[20] 

Profile infill and wall thickness, Tool path 

and sequence 

 

Post-process [16] Add offset material Post process machinery  

Staircase effect Advanced slicing [23] Splitting to sub-parts, Layer orientations, 

Slice to layers 

Positioner 

Non-vertical building 

direction [16] 

Splitting to sub-parts, Layer orientations, 

Slice to layers, Tool orientation 

 

Post-process [16] Add offset material Post process machinery  

Overhang Non-vertical building 

direction [16] 

Splitting to sub-parts, Layer orientations, 

Slice to layers, Tool orientation 

 

Interlayer cooling [27] Tool path and sequence  

Advanced slicing [23] Splitting to sub-parts, Layer orientations, 

Slice to layers 

Positioner 

Deformation of 

part due to 

thermal stress / 

residual stress 

Clamping [27]  Clamping equipment 

Symmetric building [16] Tool path and Sequence, Tool orientation Positioner 

Short deposition paths 

[26] 

Profile infill and wall thickness, Tool path 

and sequence 

 

Selective deposition [28] Tool path and Sequence  

Interlayer cooling [27] Tool path and sequence  

Advanced slicing [23] Splitting to sub-parts, Layer orientations, 

Slice to layers 

Positioner 

Advanced path-planning 
[20] 

Profile infill and wall thickness, Tool path 
and sequence 

 

Non-vertical building 

direction [16] 

Splitting to sub-parts, Layer orientations, 

Slice to layers, Tool orientation 

 

Rolling of weld [29]  Rolling equipment 

Post-process [16] Add offset material Post process machinery  

 

A conceptual Part Programming process were constructed from the digital parameters 

with the starting point in solid model and ending with the final export to robotic code. 

The process can be viewed in Figure 8. 

Solid model
Add offset 

material and 
remove  features

Splitting to sub-
parts

Layer orientations Slice to layers

Profile infill and 
wall thickness

Tool path and 
sequence

Tool orientation Weld paramters Export to Robot

 

Figure 8. The Part Programming process constructed from the digital parameters.  

4.3 Clarification of the Steps and Their Requirements  

Following is a brief description of each step and their corresponding requirements in 

regard to the Solutions they are aimed to solve.  

Step 1 – Solid model. The initial stage of the component should be the same software 

that the component where designed in to maintain the digital thread and avoid loss of 

information. It has no further purpose then being compatible with the next step and, if 
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necessary, to export to other software. Requirements: Export to other software. Same 

software as used in the design process. 

Step 2 – Remove features. Some features are not obtainable with WAAM or will 

require excessive post-processing. To keep the down the complexity of the part it could 

be beneficial to remove some features. Requirements: Remove; holes, chamfers, fillets 

and small features.  

Step 3 – Add offset material. Post-processing is required for WAAM manufactured 

components and thus it is required to add adequate amount of excessive material on all 

surfaces. The material added is an offset in the normal direction from the surface. 

Requirements: Add offset for all surfaces. Adjust offset for different surfaces 

independently. 

Step 4 – Splitting to sub-parts. For complex components it can be beneficial to build 

different parts of the geometry with different strategies. To allow different strategies it 

is required to split the solid model in to multiple solids to process them independently. 

Requirements: Split part with cut-planes. Split part with selection of features.  

Step 5 – Layer orientations. For each sub-part the building direction will be decided. 

The building direction corresponds to the layer orientation which will be generated 

along the building direction. Requirements: Define layer orientations that can be 

transferred to the later part of the process.     

Step 6 – Slice to layers. Along the building direction the part will be sliced and layers 

created. Requirements: Slice to layers with fixed distance. Slice to layers with variable 

distance.  

Step 7 – Profile infill and wall thickness. For every layer the appearance of the two 

dimensional profile should be decided and it has to be carefully planned to be suitable 

for WAAM and thus highly customizable. The infill can be a solid fill, lattice filled or 

hollow. Requirements: Highly customizable appearance. Infill patterns suitable for 

WAAM; solid and lattice. Thin walled appearance.  

Step 8 – Tool path and sequence. Each profile can be built in multiple ways and 

sequences. The possibility to customize is important to obtain successful prints. 

Requirements: Customizable sequence. Customizable path.  

Step 9 – Tool orientation. The orientation of the torch tool in reference to the weld 

have impact on the result, hence it is important to have control of this parameter. 

Requirements: Tool orientation in reference to path, to underlying layer, reference 

object and surface of substrate.  

Step 10 – Weld parameters. Within the scope of this project it is only required to turn 

off and on the weld and all parameters are static. Requirements: Turn on and off 

welding. 

Step 11 – Export to Robot. Last step is to export everything to the robot. The only 

requirement is that it should be compatible with the robot control system available, 

hence RAPID-code. Requirements: Export to RAPID.  

The steps and requirements are summarized in Table 3. In common for all steps is the 

request to automate the process, hence it should be noted if the requirements are 

fulfilled manually or automatically and what level of complexity it entails.  
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Table 3. The steps of the Part Programming process with their corresponding 

requirements. 

No. Step Requirements 

1. Solid model Export to other software 

Same software as used in the design process 

2. Remove features Remove;  holes 

chamfers 

fillets 

small features 

3. Add offset material  Add offset for all surfaces 

Adjust offset for different surfaces independently 

4. Splitting to sub-parts Split part with cut-planes 

Split part with selection of features 

5. Layer orientations Define layer orientations that can be transferred to the  

later part of the process 

6. Slice to layers Slice to layers with fixed distance 

Slice to layers with variable distance 

7. Profile infill and wall thickness Highly customable appearance 

Infill patterns suitable for WAAM; solid 

lattice 

Thin walled appearance 

8. Tool path and sequence Customizable sequence 

Customizable path 

9. Tool orientation Tool orientation in reference to;  path 

underlying layer 

reference object 

surface of substrate 

10. Weld parameters Turn on and off welding 

11. Export to Robot Export to RAPID 
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5 Evaluating Software 

With the Part Programming process as a template, various combinations of software 

were tested and evaluated. 

5.1 Index of Software 

The evaluated software are listed in Table 1 with a brief description of background to 

why they have been introduced to this project. 

Table 4. Software used for the Part Programming process. 

Software Background 

3DExpierence  

 

BAE have an extensive collaboration with Dassault Systems as their main supplier of 
CAE solutions. They promoted their platform 3DExpierence as a complete solution to 

handle the entire process revolving around AM. The platform has modules for 

simulation, robotic environments, solid modelling, Part Programming and much more. 

In regard to the scope of this project the Part Programming capability is the point of 

interest and nothing else will be investigated. 

RobotStudio  

 

ABB is a robot supplier and developer of the robotic-simulation software 

RobotStudio. RobotStudio is used to build robotic environments, simulate its motions 
and generate robotic code. ABBs robots and software is already implemented at BAE 

and used within the welding production.   

3DPrint 

 

In dialogue with ABB it was announced that they have a plugin in development 
(3DPrint) for RobotStudio that could be used for AM. This plugin is not a complete 

solution for the process but instead it imports the data from a software used for desktop 

3D-printers and translate it to robotic movements.   

Simplify3D 

 

To complement 3DPrint a so called “slicer”-software for desktop 3D-printers is 

required. There exists multiple slicer software on the market and they all operate 

similarly, and for this project Simplify3D was chosen because of recommendations 
from ABB. This software is developed for Fused Deposition Modelling (FDM) which 

is the common desktop plastic printing. 

WAAMSoft 

 

Cranfield University is one of the most noteworthy actors in the development of 

WAAM and are currently putting a lot of focus on commercialising the technology 
and developing applicable solutions for the industry. This includes developing their 

own software for the entire Part Programming process called WAAMSoft.    

Catia V5 The CAD software used at BAE. 

Topostruct  A software aimed to give designers a grasp of topological optimization. It is not 
optimal for engineers but it works for demonstration purposes. Introduced by the path 

optimization concept found in Ponche et al. [14]  

Illustrator Adobe’s vector graphics software available at BAE’s computers and is used when it 

is required to edit vector-paths and similar.  

5.2 3DExpierence  

The evaluation of the software became unexpectedly brief as it turned out that it did not 

yet have the capability to handle DED processes. So far the platform only has the ability 

to part program with settings for powder bed fabrication, and resulting code is not in 

any way applicable on WAAM. It does have the capability to simulate the residual 

stress and the thermomechanical field of DED processes, provided the program is 

supplied with the path data and other parameters, but that is not within the scope of this 

project.  

It could be argued that the software could be used to handle the robotic control and be 

used in combination with other software to complete the process. But for that 

functionality RobotStudio is already implemented at BAE.  

In dialogue with Dassault Systems they informed that there will be a module for DED 

processes in the future but it will be available earliest in 2020. That concludes the 
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3DExpierence platform, in its current state, is not usable for the Part Programming 

process for WAAM.   

5.3 RobotStudio with 3D Printing Plugin (and others) 

ABB’s RobotStudio (RS) with 3DP can import g-code and translate it to RAPID, 

allowing some adjustments to the toolpath in between. Only the paths and points are 

imported from the g-code and it only distinguishes the paths between traveling 

movements and building movements.   

Preceding RS, is the process to progress from a solid model to g-code. For this purpose 

the commercial slicer software Simplify3D was implemented.  

If it is desired to split the part in sub-parts and build them independently, this needs to 

be done before importing to Simplify3D. Then the sub-parts can be sliced separately 

and assembled in RS. If offset material is required and features are to be 

modified/removed this must be done before importing to the slicing software. This can 

be done manually in most CAD software and for this project Catia V5 is used.  

In Figure 9, all software put together and mapped on the Part Programming process is 

presented.  

Robotstudio with 3D printing pluginSimplify3D

Simplify3DCatia V5

Solid model
Add offset 

material and 
eliminate features

Splitting to sub-
parts

Layer orientations Slice to layers

Profile infill and 
wall thickness

Tool path and 
sequence

Tool orientation Weld paramters Export to RAPID

 

Figure 9. The Part Programming process with Catia v5, Simplify3D, RobotStudio 

and 3D Printing plugin  

5.3.1 Step by Step Evaluation  

Each step is tested and evaluated to determine how well each dedicated software meets 

the requirements.  

Step 1 to 3, Figure 10, is achievable by manually modifying the solid model. The 

complexity of removing features is highly dependent on the type of feature and if it is 

defined as feature within Catia V5.  

Offset can be added to the entire model or individual surfaces. Complexity is increased 

if it is required to add material to specific areas that or not corresponding to a surface 

or a group of surfaces.  
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Figure 10. Step 1 to 3 in Catia V5. a) Test part. b) Hole-features removed. c) Offset 

added. 

Step 4 and 5 is possible to accomplish but requires extensive understanding about 

slicing strategies and is a complicated path through multiple software.  

The splitting is done in Catia V5 by manually disassemble the solid model into surfaces, 

mending the interfaces between desired sub-part and then joining the surfaces 

belonging to their separate sub-part and thus creating multiple solids, see Figure 11a. 

Each sub-part is then exported separately. It is equally complex to split with cut planes 

or predefined features.     

It is also required to build a reference structure, Figure 11b, which is needed later in 

process when importing to RS, see Figure 11c, to maintain the coordinates for each sub-

part throughout the process. The reference structure is based on the centroid/centre of 

mass, for the projected plane perpendicular to the layer orientation vector, for each sub-

part. The centroid is used because it can be found in both Catia V5 and Simplify3D, 

and from Simplify3D transferred to RS and in that way maintain the coordinates. 

 

Figure 11. Step 4 and 5. a) Splitting part to sub-parts with colour visualization. b) 

Reference structures constructed in Catia V5. c) Reference structure imported to 

RobotStudio 

Step 6 to 8 are automated after setting up preferences but have limited settings. All 

evaluated slicer-software has in common that they allow a degree of process settings 

regarding filament, building strategy etc. After settings are done the entire solid model 

is sliced in to layers and the toolpaths are generated. The strategy for the slicing and 

generated toolpaths are dependent on the settings entered but also underlying logic 

using theories on how to improve FDM prints. The underlying logic creates some 

operations that causes problems when implemented for WAAM. Simplify3D has the 

option to disable most of those irregular operations but some remains that needs to be 

manually edited out after export to RS.  

Layer height is static with the exception for the first layer which can be modified 

separately. In Figure 12a, the base sub-part of the test part (green part as seen in Figure 

11a) is sliced and infill is automatically generated.  
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The infill have a limited range of patterns that are doubtfully suitable for WAAM. They 

generate a lot of path-ends (starts and stops), crossing paths, voids and narrow turns, 

see Figure 12b, which is unfavourable as mentioned in 4.1.1. For a thin walled 

component the outer wall can be modified with a set number of concentric paths.   

The toolpath has very few options and can only adjust the starting point to some degree. 

Sequencing the toolpath is not possible at all.   

 

Figure 12. a) Sub-part sliced and with generated paths. b) Top-view of a cross-section 

of the sub-part, showing the infill pattern of the type “rectilinear”. 

Step 9 could be done but with excessive amounts of manual effort with the exception 

of unidirectional editing of all tool-orientations which can be done fairly easily. To 

modify the orientation more specifically it is required to export the path from the 3DP 

plugin to ordinary paths and points within the RS environment. This is limited to 1,000 

points by the 3DP plugin which in this context is very limiting. Within the RS 

environment you are then able to do more specific adjustments to the tool-orientation 

but even then the options are limited.       

Step 10 and 11 are easily achieved but limited in their functionality. Weld parameters 

are static for the traveling movements and the building movements. It is not concluded 

if this pose a problem. The export is done effortlessly and the 3DP plugin allows a 

simulation of the building of the part, se Figure 13. 

 

Figure 13. The simulation in RobotStudio w/ 3DP, showing the traced path of the 

tool. 
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5.3.2 Achievable Solutions and Cleared Challenges  

A summarization of the step by step evaluation is seen in Table 5 with achievement 

status and complexity ranging from 1(fully automated) to 5(extensive manual input).    

Table 5. Results of evaluation of the RS w/ 3DP solution. 

No. Dedicated 

software  

Step Requirements Achieved? 

[Yes/No/Partially] 

Complexity 

[1-5] 

1. Catia V5 Solid model Export to other software Yes N/A 

Same software as used in the design 

process 

Yes N/A 

2. Catia V5 Remove 

features 

Remove;  holes Yes 3 

chamfers Yes 3 

fillets Yes 3 

small features Yes 4 

3. Catia V5 Add offset 

material  

Add offset for all surfaces Yes 2 

Adjust offset for different surfaces 

independently 

Yes 3 

4. Catia V5 Splitting to 
sub-parts 

Split part with cut-planes Yes 4 

Split part with selection of features Partially 4 

5. Catia V5 (and 

RobotStudio) 

Layer 

orientations 

Define layer orientations that can be 

transferred to the later part of the 

process 

Yes 5 

6. Simplify3D Slice to layers Slice to layers with fixed distance Yes 1 

Slice to layers with variable distance No N/A 

7. Simplify3D Profile infill 

and wall 
thickness 

Highly customable appearance No N/A 

Infill patterns 
suitable for 

WAAM; 

solid No N/A 

lattice No N/A 

Thin walled appearance Yes 2 

8. Simplify3D Tool path and 
sequence 

Customable sequence No N/A 

Customable path No N/A 

9. RobotStudio  Tool 

orientation 

Tool orientation 

in reference to;  

path No N/A 

underlying layer No N/A 

reference object Partially 5 

surface of substrate Partially 5 

10. RobotStudio  Weld 

parameters 

Turn on and off welding Yes 2 

11. RobotStudio  Export to 

Robot 

Export to RAPID Yes 2 

 

From the evaluation it can be concluded that major limitations are connected to the 

software Simplify3D and to the steps “Profile infill and wall thickness” and “Tool path 

and sequence”, which are critical steps to clear challenges such as “Crossing of paths”, 

“Starts and stops”, and more. The step “Tool orientation” is also limited and complex 

to achieve but not impossible.  
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5.4 RobotStudio with 3D Printing Plugin (and others), 2D Approach 

From the results of the evaluation in 5.3, it is concluded that it is challenging to achieve 

a solution that accomplish complicated geometries because it can’t control the profile 

infill. Hence it is suitable to investigate more specific solutions that specialize in certain 

geometric configurations. 

In the scenario of a uniform profile it is possible to establish the process for a single 2-

dimensional (2D) layer and then multiply it to obtain the final shape. With only one 

layer to optimize it is possible to refine the process with manual editing to a degree that 

would not be possible if it would be required for each layer. 

For the Part Programming process some adjustments has to be made. The initial point 

is changed to a 2D profile which can be originated from a 3D part or a 2D drawing.  

“Remove features”, “Splitting to sub-parts”, “Layer orientations” and “Slice to layers” 

are removed because they are not applicable because they originate from the process of 

breaking down a 3D model. “Multiply layers” is added, which is the last step before 

final export, where the refined path is multiplied to give the requested height of the part. 

It has the same requirements as “Slice to layers” because it fills the same purpose but 

in a reversed approach. The steps and requirements can be seen in Table 6. 

Table 6. The process steps and requirements for a 2D profile approach. 

No. Step Requirements 

1. 2D Profile Export to other software 

Same software as used in the design process 

2. Profile infill and wall thickness Highly customable appearance 

Infill patterns suitable for WAAM; solid 

lattice 

Thin walled appearance 

3. Add offset material  Add offset for all surfaces 

Adjust offset for different surfaces independently 

4. Tool path and sequence Customable sequence 

Customable path 

5. Tool orientation Tool orientation in reference to;  path 

underlying layer 

reference object 

surface of substrate 

6. Weld parameters Turn on and off welding 

7. Multiply layers Multiply to layers with fixed distance 

Multiply to layers with variable distance 

8. Export to Robot Export to RAPID 

 

For this software solution the appearance of the profile will be modified in 2 dimensions 

and a vector based graphics editor is suitable for the task and in this case Adobe 

Illustrator is introduced.  

To evaluate the capability of the solution and to fully test its customizability, a specific 

methodology described by Ponche et al [14] will be carried through;  

For a non-solid geometry a possible solution for tool path and sequence is the 

“continuous deposition” with topological optimization and Eulerian pathing. 

The methodology consist of first identifying the 2D profile and conducting a 

topological optimization of the profile with an adequate load case. The result 

will then be adjusted and converted to an Eulerian path (a path that only visits 

every edge exactly once).  

For the topological optimization the software Topostruct is used. 
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This method is chosen because it is complex and requires full control of the path 

planning and the profile infill, and is intended to demonstrate the possibilities with the 

approach of a 2D profile.     

To progress from the path built in Adobe Illustrator to robotic code; Catia V5, 

Simplify3D and RS were used. In RS the tool orientation will be edited, weld 

parameters modified and the layer multiplied before exporting to RAPID code. The 

modified Part Programming process and dedicated software is seen in Figure 14. 

 

Robotstudio with 3D printing plugin

Topostruct, Adobe Illustrator, Simplify3D and Catia V5Catia V5

2D Profile
Profile infill and 
wall thickness

Add offset 
material 

Tool path and 
sequence

Tool orientation Weld parameters Multiply layers Export to Robot

 

Figure 14. The modified Part Programming process for 2D profiles with mapped 

software. 

5.4.1 Step by Step Evaluation 

Step 1 with a simple 3D part, Figure 15a, the 2D profile, Figure 15b, can easily be 

identified and exported.    

 
Figure 15. The test part; a) in 3D, b) with its identified 2D profile. 

Step 2 was done by importing the 2D geometry to Topostruct and conduct the 

topological optimization. The result, as seen in Figure 16a, was imported to Adobe 

Illustrator were the geometry was simplified, see Figure 16b. The geometry was then 

adjusted to fulfil the requirements for an Eulerian path, see Figure 16c. And last the 

Eulerian path was constructed with Bézier curves to obtain a smooth curvature suitable 

for WAAM, see Figure 16d.    

 
Figure 16. The steps done in Adobe Illustrator to progress from the topological 

optimized profile to an continues path. a) The results from Topostruct. b) The 

profile simplified. c) Added “edges to fill the requirements for Eulerian pathing. d) 

Path constructed with Bézier curves.   

During this step it was possible to fully control the infill appearance but it requires a 

high understanding of the WAAM process and its criteria. 
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Step 3 was easily achieved by scaling the entire pattern for offset of all surfaces. For 

individual choice of surface it was achieved by moving the path corresponding to the 

desired surface in the offset direction.  

Step 4 was using the same method as in 5.3 but with a single layer. First the geometry 

from Adobe Illustrator was imported to Catia V5 were it was converted to a solid model 

representing the path in a single layer, see Figure 17a. The solid was then imported to 

Simplify3D to convert it to g-code, see Figure 17b.  

The toolpath only have two possible configurations, with start in either of the two ends 

and stop in the other, and the choice is made in Simplify3D by modifying the 

coordinates for preferred start location.  

Step 5 to 8 where all conducted in RS and started with importing the g-code with the 

3DP plugin where it was converted to paths and points, see Figure 17c. Because the 

imported object only was one single layer the limit of 1000 points for import to RS 

environment, as mentioned in previous chapter, was not as limiting in this case. Within 

the RS environment the tool orientation could be edited in detail by free hand or in 

reference to an object. Weld parameters could be configured for the entire layer or 

selected segments.  

When all parameters were configured the layer could be multiplied to obtain the desired 

height of the part. For a fixed layer distance the plugin “Multi Copy Path” could be 

used to instantly get the desired height, see Figure 17d. If variable distance was 

requested the height could be modified manually for each layer.      

 
Figure 17. a) A solid created from the imported path within Catia V5. b) Path 

created from the solid in Simplify3D. c) The path imported to RS. d) The path 

multiplied to achieve desired result. 
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5.4.2 Achievable Solutions and Cleared Challenges  

A summarization of the step by step evaluation is seen in Table 7 with achievement 

status and complexity. 

Table 7. Results of evaluation of the Topostruct and Illustrator solution. 

No. Dedicated 

software  

Step Requirements Achived? 

[Yes/No/Partially] 

Complexity 

[1-5] 

1. Catia V5 2D Profile Export to other software Yes N/A 

Same software as used in the design 

process 

Yes N/A 

2. Topostruct 
and Adobe 

Illustrator 

Profile infill 
and wall 

thickness 

Highly customable appearance Yes 4 

Infill patterns suitable 

for WAAM; 

solid Yes 4 

lattice Yes 4 

Thin walled appearance Yes 3 

3. Adobe 

Illustrator 

Add offset 

material  

Add offset for all surfaces Yes 2 

Adjust offset for different surfaces 
independently 

Yes 2 

4. Simplify3D 

and Catia V5 

Tool path and 

sequence 

Customable sequence Partially 4 

Customable path Yes 4 

5. RobotStudio  Tool 

orientation 

Tool orientation in  

reference to;  

path Partially 5 

underlying 

layer 

Yes 2 

reference 
object 

Yes 4 

surface of 

substrate 

Yes 4 

6. RobotStudio  Weld 
parameters 

Turn on and off welding Yes 2 

7. RobotStudio  Multiply 

layers 

Multiply to layers with fixed distance Yes 1 

Multiply to layers with variable distance Partially 4 

8. RobotStudio  Export to 
Robot 

Export to RAPID Yes 2 

 

From the evaluation it was concluded that this setup does not entail any particular 

constraints except for the boundary condition of only being able to handle 2D 

profiles. It does require extensive knowledge about the WAAM process and a high 

amount of manual input to obtain a satisfactory result.    

5.5 WAAMSoft 

WAAMSoft is a plugin to the 3D modelling software Rhinoceros. Within the software 

it also uses the built in algorithmic modelling module; Grasshopper. The control of the 

process is managed in Grasshopper where different modules control different steps of 

the process, see Figure 18. This combination enables everything from solid modelling 

to the final export of robotic code. 
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Figure 18. Grasshopper with the WAAMSoft modules. 

5.5.1 Step by Step Evaluation 

Step 1 to 3 was achieved manually as within the Rhinoceros environment the software 

has full CAD functionality, see Figure 19. The result was exactly the same as for Catia 

V5 for the same steps, see 5.3.1.    

 

Figure 19. The test part in the Rhinoceros environment. 

Step 4 and 5 were achieved by defining the geometry to be sliced, the plane in the 

direction of the slicing and the layer height. Modified layer height could be applied 

with an adjustment factor for the first layers. It was possible to slice the part in multiple 

directions provided the geometry was split into sub-parts. After successful slicing of 

the geometry each individual layer would be displayed for each sub-part, see Figure 20.  
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Figure 20. To the left; the part sliced in two directions (observe the lines on the part). To the right; the 

first corresponding layers of the two sub-parts. 

Step 6 was limited and had only one zig-zag pattern as option. The settings allowed to 

configure the width, direction and start/end point of the pattern. It was arguable if the 

zig-zag pattern was suitable or if it required extensive control of the weld parameters 

for each turn. 

 

Step 7 had configurable settings which could be applied either to a single layer or a set 

number of layers. Segmentation gave the ability to create multiple zones where the 

pattern could be modified individually and their building order could be rearranged.  

Step 8, tool orientation was set relative the work object and had no other options. 

Step 9 had the option to set overall parameters for the entire process but also customable 

zones where weld parameters could be set for a specific area in a specific layer. 

In Figure 21, one layer is displayed with the customable zones and the segmentations 

and paths from the previous steps.         

 

Figure 21. A layer within WAAMSoft. a) The layer number. b) Two customable zones. c) Two 

segmentations where the zig-zag pattern is in different directions following the guide line visible in the 

middle. 

Step 10 was done with one click and supported the IRC5 controller.     
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5.5.2 Achievable Solutions and Cleared Challenges  

A summarization of the step by step evaluation is seen in Table 8 with achievement 

status and complexity. 

Table 8. Results of evaluation of the WAAMSoft solution. 

No. Dedicated 

software  

Step Requirements Achieved? 

[Yes/No/Partially] 

Complexity 

[1-5] 

1. WAAMSoft Solid model Export to other software Yes N/A 

Same software as used in the design 

process 

No N/A 

2. WAAMSoft Remove 
features 

Remove;  holes Yes 3 

chamfers Yes 3 

fillets Yes 3 

small features Yes 4 

3. WAAMSoft Add offset 

material  

Add offset for all surfaces Yes 2 

Adjust offset for different surfaces 
independently 

Yes 3 

4. WAAMSoft Splitting to 

sub-parts 

Split part with cut-planes Yes 3 

Split part with selection of features Partially 3 

5. WAAMSoft Layer 

orientations 

Define layer orientations that can be 

transferred to the later part of the process 

Yes 2 

6. WAAMSoft Slice to 
layers 

Slice to layers with fixed distance Yes 1 

Slice to layers with variable distance Partially 2 

7. WAAMSoft Profile infill 

and wall 
thickness 

Highly customable appearance Partially 3 

Infill patterns suitable 

for WAAM; 

solid Partially 2 

lattice No N/A 

Thin walled appearance No N/A 

8. WAAMSoft Tool path 
and 

sequence 

Customable sequence Yes 3 

Customable path Yes 3 

9. WAAMSoft  Tool 

orientation 

Tool orientation in 

reference to;  

path No N/A 

underlying layer No N/A 

reference object No N/A 

surface of 

substrate 

Yes 2 

10. WAAMSoft Weld 

parameters 

Turn on and off welding Yes 2 

11. WAAMSoft Export to 

Robot 

Export to RAPID Yes 2 

 

The evaluation shows a high potential and it is clear that this software is developed 

specifically for WAAM. The workflow can be unstable and unforgiving if a faulty 

action is made and the process overall requires a high knowledge regarding WAAM 

and its process. The questionable part is the limitation to the zig-zag pattern of the path 

and if it is suitable for WAAM. Also the tool orientation is limited by manually editing 

relative the work object and there is no functionality to create thin wall parts.    
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6 Verification 

Due to a limited timeframe for lab testing the verification was prioritized to the most 

unclear and critical test. From the evaluation of software the zig-zag pattern had been 

reoccurring in both Simplify3D and WAAMSoft. From the systematic review it was 

argued that the pattern may pose problems due to the narrow turns, resulting in 

deviations in the height of the weld [14]. Establishing if this pattern was suitable for 

WAAM was essential for the determination of suitable software. 

6.1 Result of Zig-Zag Pattern 

The experimental setup can be found in Appendix 1. A small cube was created but an 

error in the program caused the robot to stall at the last layer, resulting in the torch 

melting down the wall section to the right as seen in Figure 22. Luckily it did not affect 

the cube part.  

 

Figure 22. The test cube produced with zig-zag pattern. Visible to the right is the 

melted wall caused by an error in the robot program during the last layer. 

The experiment showed small deviations in the height for the first layers but they were 

almost insignificant as they were smoothed out with the next perpendicular layer. With 

more layers added the deviation amplified and the edges of the shape looked “melted” 

and sloped, but looking at a cross section the height difference was not very noticeable, 

see Figure 23. The height deviation (quota of difference in highest/lowest point and 

average height) measures 6-8%.  
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Figure 23. The zig-zag manufactured cube. Upper picture: The melted appearance 

visible at the cubes edges. Lower picture: A cross-section of the cube, showing the 

height deviation of the cube. 
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7 Conclusions and Discussion  

In this project the part-programming process has been investigated and clarified. 

Recalling the questions stated for the project and their connected results;  

What is the Part Programming process for WAAM? 

A process has been established for a generic approach of WAAM including all 

necessary steps, see section 4.2. Also a simplified process for a 2-dimensional 

approach has been procured, see section 5.4. The steps are based on the 

challenges that are found in the theoretical review and are partially verified with 

experimental testing.  

What are the requirements on the Part Programming process? 

The systematic review has resulted in a list of requirements addressing each step 

in the Part Programming process, see section 4.3  

What software can be used for the Part Programming process? 

Through the evaluation of software multiple approaches has shown a high 

potential. The result did not give an unambiguous answer to which software 

were most appropriate. The only software solution that can be excluded is 

3DExpierence, see 5.2. 

The results are heavily dependent on the systematic review and the verification process 

is far from complete. The credibility of the systematic review is not supposed to be 

obtained by quantitative research but by verification through experiments. When more 

experiments can be conducted more challenges will most likely occur and the process 

should be revaluated and adapted.  

It is worth mentioning that through the verification preparation, i.e. the setup and tests 

of the WAAM-cell, important experience and a “feeling” for the technology was 

acquired. Without actually testing all the assumptions made through the systematic 

review, my opinion is that they are probably correct in their basic principle. What is left 

out to discover is for example the magnitude/impact of the challenges, for example; 

that the substrate will deform for longer wall segments is a fact but when will it become 

a problem?   

The Part Programming process in this project has been viewed at as a linear offline 

process. An offline process implies that the steps are conducted in the defined order 

from start to end with no feedback or recursion during the actual process. This is to 

simplify the software evaluation and keep the complexity of the project in check. It 

should be noted that the order of the steps and the linear configuration of the process is 

not necessarily appropriate for implemented usage but serves the purpose of software 

evaluation.      

7.1 Conclusion of Software for the Part Programming Process   

From the results of the software evaluation the safest solution is the 2D approach, seen 

in 5.4, for its ability to plan paths very precisely. This solution has most control of the 

process but the trade-off is a vast amount of manual input and is only able to produce 

2-dimensional profiles. But for thin walled structures it is probably the best option and 

if no editing is required on the appearance of the path, the step involving Adobe 

Illustrator is unrequired making the process significantly simpler.    
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WAAMSoft also has a lot of process control and is overall the most suitable software 

for solid parts. The only uncertainty is whether the zig-zag pattern is appropriate. In the 

theoretical chapter the challenge of “Starts and stops”, see 4.1.1, suggests that it would 

be problematic with the pattern because the robot cannot maintain continuous speed for 

the narrow corners. But in the experiment of the pattern, see 6.1, the results are much 

better than the theory predicted, it shows deviations, but is the result good enough? 

More tests need to be conducted to further verify if the zig-zag pattern is suitable. If it 

is, then WAAMSoft is undeniably a good solution for manufacturing of solid parts.      

7.2 Future Work 

To settle the assumptions and thesis made by this project more experimental testing 

should be carried out. The requirements and steps of the process need to be further 

investigated to guarantee that they are precise and complete. It might be appropriate to 

narrow it down to a specific type of product/construction to further refine the process.   

The control of the power source, i.e. the welding parameters, is an important aspect of 

the Part Programming process but requires excessive understanding of the welding 

technology and what feedback can be obtained from the power source. This area should 

be further investigated in combination with in-situ monitoring that could be an 

important tool for successful manufacturing [30].  

When the possibilities and limitations with the WAAM technology start to clear it 

should be of high priority to investigate the knowledge criteria within the organization 

and citing Patrick Pradel et al. [6] on the subject of advances for AM;  

“Perhaps the most significant hurdle is a lack of knowledge 

amongst designers on how to design components that take full 

advantage of these new technologies.”    

Addressing this problem is the main purpose of Design for Additive Manufacturing 

(DfAM) and the concept can briefly be described as a tool for ensuring the adequate 

knowledge regarding AM throughout the product development process. Introducing 

DfAM at BAE should not be postponed much further.  
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Appendix 1 – Experimental Setup for Zig-Zag Pattern 

 

Thesis 

Zig-zag pattern may cause excessive heat-input in the corners as the robot will be 

slowed down in the narrow turns. This may result in height deviation in the corners. 

Setup 

A zig-zag pattern is programmed with an entry/exit passage to isolate the pattern from 

the potential effect of starts and stops. The pattern is switched in perpendicular direction 

for each layer to smooth out the welds, see Figure 24. 

 

Figure 24. The pattern for the zig-zag layers. 

 

Cooling: None 

Wait time (between layers): ca 15min 

Layer height: Adaptive (ca 2mm)  

 


