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This thesis explores the development of software workflows for arc-based direct energy 

deposition. This is done using existing CAD, slicing, and CAM tools. The objective was to 

evaluate whether third party software environments can be adapted to create a unified and 

user-friendly path generation workflow suitable for arc-based direct energy deposition 

applications. 

Three path generation methods were developed and tested: OBJ-based, DXF-based, and 

STEP-based. Each method was analysed in terms of complexity, flexibility, and 

compatibility within the context of arc based direct energy deposition systems. The results 

showed that the OBJ-based method was the most straightforward but limited in geometric 

complexity, while the DXF-based method offered improved control at the cost of additional 

conversion steps and the STEP-based method provided the greatest flexibility and accuracy 

while being most laborious to use.  

The findings demonstrate that existing software tools can be effectively integrated to form 

functional arc based direct energy deposition workflows without the need for specialized or 

proprietary systems. This study contributes to ongoing efforts to enhance digital 

manufacturing by showing an accessible, modular and scalable solutions for metal additive 

manufacturing.  
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Tämä työ tutkii ohjelmistotyönkulkujen kehittämistä valokaarisuorakerrostusprosessia 

varten. Tämä toteutetaan hyödyntämällä olemassa olevia CAD-, viipalointi- ja CAM-

työkaluja. Tavoitteena on arvioida, voidaanko kolmannen osapuolen ohjelmistoympäristöjä 

käyttää yhtenäisen ja käyttäjäystävällisen polun luomiseksi 

valokaarisuorakerrostusprosessille.  

Työssä kehitettiin ja testattiin kolme polunmuodostusmenetelmää: OBJ-pohjainen, DXF-

pohjainen ja STEP-pohjainen menetelmä. Jokaista menetelmää analysoitiin 

monipuolisuuden, joustavuuden ja yhteensopivuuden näkökulmista 

valokaarisuorakerrostusprosessin kannalta. Tulokset osoittivat, että OBJ-pohjainen 

menetelmä oli suoraviivaisin, mutta rajoittunut geometristen muotojen säädettävyydessä. 

DXF-pohjainen menetelmä tarjosi parempaa hallintaa, mutta lisäsi työvaiheita. STEP-

pohjainen menetelmä oli työläin, mutta tarjosi suurimman joustavuuden ja tarkkuuden. 

Tulokset osoittavat, että olemassa olevia ohjelmistotyökaluja voidaan tehokkaasti hyödyntää 

toimivien valokaarisuorakerrostustyönkulkujen muodostamiseksi ilman erikoistuneita tai 

valmistajakohtaisia järjestelmiä. Tämä tutkimus edistää digitaalisen valmistuksen 

kehittämistä tarjoamalla helposti käyttöönotettavan, modulaarisen ja skaalautuvan ratkaisun 

metallien lisäävään valmistukseen.  

 

  



 
 

ABBREVIATIONS AND TERMS 

 

Abbreviations  

 

AM Additive Manufacturing 

CAD Computer-Aided Design 

CAM Computer-Aided Manufacturing 

DED Direct Energy Deposition 

DXF Drawing Exchange Format 

FDM Fused Deposition Modelling 

MPP  Modular Path Planning 

OBJ 3D Object File Format 

OLP Offline Programming 

SHS Square Hollow Section 

STEP Standard for the Exchange of Product model data 

WAAM  Wire Arc Additive Manufacturing 

WFR Wire Feed Rate 

 

 

 

 

 

 

 



 
 

Terms  

 

Converter: Software tool used to change one file format into another. 

DXF path: Path saved as a 2D or 3D vector file in DXF format. 

Layer: Single deposited level of the part or path. Each new weld bead contributes one layer 

to the build. 

OBJ path: Path exported from the slicer as a 3D model in OBJ format. 

Path: Trajectory that a tool end is meant to follow. 

Path generation: The process of converting a 3D model into a set of paths suitable for 

manufacturing. 

Print : Complete build produced by executing all toolpaths from start to finish. 

Shell: The outer wall of the printed geometry typically defining its overall shape. 

Simulation: Virtual test of the welding process and geometry with offline programming 

(OLP) environment to validate toolpaths and parameter. 

Slicing: Process of dividing a 3D model into discrete layers using an automated tool. 

STEP path: Manually created path within CAD software, exported as a 3D model in STEP 

format.  

Tool path: Finalized path imported into the robot programming software, used to control 

the welding motion.  

Welding path: path that includes process parameters such as start and stop points, travel 

speed, speed and torch angle. 



6 

 

 
 

Table of contents 

 

Abstract 

Tiivistelmä 

Abbreviations and terms 

Declarations 

 
1 Introduction .................................................................................................................... 9 

1.1 Research problem and questions ............................................................................ 9 

1.2 Objectives of the study ........................................................................................ 11 

1.3 Limitations of the research .................................................................................. 11 

1.4 Background .......................................................................................................... 12 

1.5 Use of artificial intelligence ................................................................................. 12 

2 Literature review .......................................................................................................... 13 

2.1 Arc based direct energy deposition process ......................................................... 13 

2.2 Arc based direct energy deposition software ....................................................... 15 

2.2.1 Computer-aided design tools ........................................................................... 15 

2.2.2 Slicer and path planning tools .......................................................................... 16 

2.2.3 Computer-aided manufacturing and robotic programming ............................. 19 

2.2.4 Summary of arc based direct energy deposition digital workflows ................. 21 

2.2.5 Integration challenges ...................................................................................... 22 

3 Path generation study ................................................................................................... 25 

3.1 Test setup ............................................................................................................. 25 

3.2 Object based path generation using a slicer ......................................................... 27 

3.2.1 Method overview ............................................................................................. 27 

3.2.2 Creating an object-based toolpath .................................................................... 28 

3.3 Vector based path generation using a slicer ......................................................... 34 

3.3.1 Process overview ............................................................................................. 34 

3.3.2 Creating a vector-based tool path .................................................................... 36 

3.4 Model based path generation ............................................................................... 40 



7 

 

 
 

3.4.1 Process overview ............................................................................................. 40 

3.4.2 Creating a model-based tool path .................................................................... 41 

3.5 Additional capabilities ......................................................................................... 47 

4 Practical test and validation of path creation ................................................................ 49 

4.1 Arc based direct energy deposition parameters ................................................... 49 

4.2 Test piece ............................................................................................................. 50 

5 Results and analysis ...................................................................................................... 56 

5.1 Evaluating path creation methods ........................................................................ 56 

5.2 Practical testing .................................................................................................... 59 

5.2.1 Simulated results .............................................................................................. 59 

5.2.2 Real-world results ............................................................................................ 61 

6 Discussion..................................................................................................................... 65 

6.1 Practical implications for arc based direct energy deposition ............................. 65 

6.2 Connection to current field .................................................................................. 65 

6.3 Limitations of the implemented methods ............................................................ 67 

7 Conclusions and future research ................................................................................... 68 

References ............................................................................................................................ 70 

 

 

 

  



8 

 

 
 

DECLARATIONS 

 

Turnitin   

The originality of this thesis has been reviewed with the Turnitin similarity checking 

service.    

AI usage  

The author of the thesis, Tuomas Raittila, used the following AI-tool during the preparation 

of the thesis:  

1. ChatGPT 

a. Purpose of use:  finding high quality science, re-structuring chapters and 

grammar correction 

b. Explanation of the use of the tool: ChatGPT was utilized as a search engine 

to find high quality science and for proof reading to re-structuring chapters 

and correct grammar.  

 

Responsibility  

The author, Tuomas Raittila, takes full responsibility for the content of this thesis and has 

reviewed and edited the content generated by the possible use of AI tools.  

  



9 

 

 
 

1  Introduction 

Additive manufacturing (AM) has been changing how things are designed and manufactured 

since the 1980s. Instead of cutting material away or using moulds, AM builds objects layer 

by layer directly from a digital 3D model. This makes it possible to create complex, 

customized parts quickly and with less waste. The technology started out in the 1980s to 

make prototypes and it was called rapid prototyping but has since grown into a full 

manufacturing method. Today itôs used for everything from medical implants to car parts. 

AM is a key part of what's called rapid manufacturing, where products are made faster and 

more flexibly to meet individual needs without sacrificing quality or cost. It's also seen as a 

major part of the fourth generation of the industrial revolution, where digital and physical 

processes are becoming more connected. (Jeyaprakash 2021, 21-23.) 

Direct energy deposition (DED) is a type of AM mainly used to build metal parts. It works 

by melting material as itôs being deposited onto a surface, usually using a focused energy 

source like a laser, electron beam or arc. Nozzle feeds either metal powder or wire into the 

melt pool and layer by layer a 3D object is built using a computer model as a reference. DED 

includes multiple different manufacturing methods, but this work focuses specifically on 

arc-based DED, often shortened to arc DED. wire arc additive manufacturing (WAAM ) is a 

commonly used subcategory of DED and for the purposes of this study WAAM  will be 

assumed to be the same as arc DED. Arc DED uses an electric arc to melt metal wire 

feedstock to create parts. Arc DED stands out for its high deposition rates, large build 

volumes and relatively low equipment costs, making it a promising approach for producing 

large structural components. (Prakash 2025, 6-7.)  

1.1  Research problem and questions 

Currently arc DED manufacturing projects rely on specialised software systems tailored to 

specific equipment, materials and production needs. These systems and software are hard to 

get hold of and implement, leading to a lack of compatibility and standardization across 

different systems. As a result, each project employs its own programming workflow, file 

format, and process control method. This makes it difficult to transfer or replicate arc DED 
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processes between companies or research institutions. The lack of a proper software solution 

limits the adoption rate of arc DED process (Prakash 2025, 24-25).  

Arc DED has demonstrated strong potential for large scale metal production. This could be 

useful, but the software tools that support the process remain underdeveloped. In practice 

users are often forced to modify existing programs or manually combine multiple software 

environments to achieve desired results. Because most available tools are not specifically 

designed for arc DED, they require extensive customization and adjustment for each new 

application. This means that instead of following established workflows users must 

experiment with process parameters, path generation methods and data transfer procedures 

to find workable solutions.  

Lack of predetermined workflows and validated methodologies in arc DED creates 

inconsistency, unreliability and inefficiency in the process. There are no widely accepted 

frameworks that define how software tools should be used or interact within an arc DED 

process and what kind of results should be expected with the processes. As a result, each 

application tends to evolve its own workflow, only useful for that specific setup and 

dependent on the tools and skills available to the user. Establishing simple, accessible and 

easy to implement workflows is critical to improve the arc DED process and accelerate the 

broader adoption of arc DED as a manufacturing technology.  

Arc DED process is a highly useful manufacturing process, which wider implementation is 

held back by the lack of simple and easy to access software. It is likely that eventually 

commercial options will become more available, but in the meantime a software solution 

that is available to anyone right now would help push the field forward. Therefore, the 

research questions of this study are: 

1. How to create a software workflow that is commonly available and can be utilized 

for the benefit of arc DED?  

2. How to make arc DED implementation easier when the hardware is already 

available?  
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1.2  Objectives of the study 

The goal of this research is to understand the current state of software used in arc DED and 

to develop a practical workflow solution that improves how toolpaths are created. The first 

part of this thesis focuses on reviewing existing software solutions and understanding what 

is needed from arc DED-specific workflow. This includes examining what tools are used, 

how the tools are used, what are their limitations and what functions are necessary to 

generate complete and effective results.  

The second part of this research aims to build a generic solution using available software 

tools. The aim is to create a workflow that is dependable, accessible and simple to use for 

arc DED applications. The outcome of this work is intended to provide a foundation that can 

be built upon while helping to make arc DED workflows more accessible and supporting 

further development in the field.  

1.3  Limitations of the research 

This research focuses specifically on the software aspect of arc DED. While arc DED 

involves several interconnected technical areas, such as material science, mechanical and 

structural design and weld processing these are beyond the scope of this work and are 

discussed only when directly relevant to software workflow.  

This study does not aim to develop new hardware or software. Instead, this study focuses on 

analysing, improving and combining available software tools and practices that are currently 

in use. The work primarily examines commercially available software such as CADs, CAMs, 

slicers and robot programming environments and evaluates their compatibility, usability and 

limitations within the arc DED context.  

The purpose of this study is to assess the functionality and practicality of the software 

workflow, rather than the quality or mechanical performance of any printed part. Printed 

parts can be analysed to see problems with programming or software but not to see problems 

with the welding parameters or performance. Additionally, the practical part of this research 

is limited to using only the robotic welding equipment and software available at LUT 

Universityôs Welding Technology Laboratory.  
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2  Literature review 

Arc DED relies on a sequence of software tools to progress from a digital part design to a 

deposited part. This workflow typically contains CAD-tools for part modelling, slicing and 

path planning tools for path generation and robot programming tools to convert the path to 

a tool path and robot programming (Krishna et al. 2024, 3). Each stage involves dedicated 

tools with distinct capabilities and limitation. This section reviews the arc DED process as a 

whole and the current use cases and developments of software tools in arc DED.  

2.1  Arc based direct energy deposition process 

Arc DED is a metal AM process within the DED category. Arc DED uses a continuous metal 

wire as feedstock and an electric arc to melt the wire and deposit material layer by layer. 

This use of arc welding allows arc DED to produce fully filled, accurate metal components 

at scales far beyond the build volumes of other metal AM processes. Structures measuring 

several meters and weighing hundreds of kilograms have been successfully produced with 

arc DED making it particularly attractive for large structural parts (Waammat 2016).  

Key strength of arc DED is its high deposition rate. Arc DED typically has a deposition rate 

between 500 g/h and 10 000 g/h depending on the material and setup (Shah et al. 2023, 3). 

Moreover, the wire feedstock used in arc DED is relatively economical often costing roughly 

one tenth of the equivalent metal powder and it is utilized with nearly 100% efficiency, 

avoiding the waste associated with machining from solid billet or with recycling unused 

powder from laser powder bed fusion (Shah et al. 2023, 3). Arc DED can also accommodate 

a wide range of commercially available welding wire alloys like steels, stainless steels, 

titanium alloys, nickel superalloys, aluminium alloys. Also, with appropriate process 

control, arc DED parts can achieve comparably high mechanical properties for an AM 

process (Shah et al. 2023, 5-6).  

Arc DEDôs capabilities have been demonstrated across several industries. In aerospace, BAE 

Systems produced a large titanium rear frame section for the Eurofighter Typhoon using 

WAAM -process, reportedly reducing the lead time from 100 weeks to 100 days (waam3d 
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2025a). That component was recognized as one of the largest 3D-printed titanium aircraft 

parts. In the maritime sector, the so called ñWAAMpellerò was printed via WAAM by 

RAMLAB and Damen Shipyards and it was successfully certified for use on a working 

tugboat (Ramlab 2017). These examples illustrate how arc DED is enabling large scale, high 

value applications that would be difficult or less economical to produce with other 

manufacturing methods. 

Compared to other AM processes arc DED offers clear advantages in cost, scalability, and 

throughput. It is one of the few AM methods capable of producing very large, high-strength 

metal parts economically, using relatively inexpensive and readily available equipment. Arc 

DED also is highly material efficient with minimal waste and the potential for hybrid 

manufacturing approaches that combine additive deposition with subtractive finishing. 

These benefits come with trade-offs. Arc DEDôs resolution is limited by the size of its weld 

bead. This means fine details and smooth surface finishes are not achievable directly and 

usually require post process machining. Arc DED process also involves high thermal input 

which can lead to challenges such as significant residual stresses, part distortion and weld 

defects if parameters are not carefully controlled (Shah et al. 2023, 6-7). Managing these 

issues demands precise control of process parameters, adequate inter layer cooling and often 

shielding to prevent oxidation for reactive metals.  

Research is increasingly integrating monitoring and feedback systems to improve arc DED 

process control. For example, real time sensing with thermal cameras and acoustic emission 

combined with digital twin simulations are being investigated to predict and mitigate defects 

during the manufacturing process (Li et al. 2024, 296-298). Hybrid WAAM techniques that 

alternate deposition with intermediate processing such as CNC machining between certain 

layers or inter layer rolling to refine microstructure have also shown promise for improving 

dimensional accuracy and mechanical performance of WAAM parts (Shah et al. 2023, 16-

18).  

Over the past decade arc DED has progressed from laboratory demonstrations to certified 

industrial production in multiple sectors. Its current capabilities enable the manufacture of 

meter scale components with mechanical properties suitable for demanding applications 

particularly where part size, material cost and lead time are critical factors. While arc DED 

does not replace high precision AM processes it complements them by addressing the large 

scale and high deposition end of the manufacturing spectrum. Ongoing developments in 
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process control, automation, and software are expected to further expand arc DEDôs 

industrial adoption. Fully capitalizing on arc DEDôs potential will depend on hardware 

advances and improving the digital workflow that supports it. Software tools and workflows 

are crucial for planning and executing arc DED builds and currently represent a bottleneck 

with wider implementation of this process.  

2.2  Arc based direct energy deposition software 

Arc DED relies on the smooth interaction of several software tools that bridge the gap 

between digital design and physical production. These include CAD systems for modelling 

parts, slicers for generating layer paths, and CAM or offline programming tools for 

translating those paths into robotic motion. This section provides an overview of these tools 

and their roles within the arc DED workflow. 

2.2.1  Computer-aided design tools 

In typical arc DED workflows, the initial design of a component is created with a CAD 

software which produces a 3D model representing the geometry that will be printed. 

Standard CAD systems such as Dassault Systems SolidWorks or Autodeskôs Fusion 360 

provide robust modelling capabilities for designing complex shapes and the geometric 

freedom of AM encourages designs that might be impractical to fabricate by conventional 

methods. In arc DED research, CAD modelling is sometimes combined with parametric 

design tools to create repeating paths that can be used as tool paths. For example, 

Rhinoceros 3D with the Grasshopper visual scripting plugin has been used to parametrically 

design arc DED structures, allowing complex patterns or lattices to be generated and 

adjusted via algorithms (Badiee 2023, 35-36). Such approaches enable highly optimized 

infill patterns or toolpath geometries tailored for arc DED, but it can increase the complexity 

of the design process and forces the design to be generated instead of modelled.  

Key consideration at the design stage is to ensure that the CAD model is suitable for arc 

DED. While the CAD tools themselves are not arc DED-specific, the designer must account 

for process constraints such as maximum overhang angles and minimum feature sizes 

dictated by bead width to prevent unprintable geometries. Another practical limitation is the 
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transfer of CAD data to the slicing or path planning tool. Typically, the CAD model must be 

exported for input into a slicer which can introduce approximation errors or require laborious 

file handling.  

Recent approaches seek to eliminate this conversion step by integrating design and slicing 

within a single environment. For instance, Badiee (2023, 48-50) demonstrated a workflow 

using Grasshopper scripts to slice directly from the native CAD geometry without first 

converting it to STL. This approach preserved full geometric accuracy since the slicing was 

performed on the exact geometry from CAD. The result was that the toolpaths could be 

generated with minimal geometric fidelity loss and with immediate feedback between design 

parameters and slicing output. Such integration at the CAD stage improves fidelity and 

reduces manual data exchange, but it typically requires custom scripting or specialized 

plugins beyond the capabilities of most CAD software and limits the design complexity.  

In summary, conventional CAD tools can produce part designs for arc DED, but their linkage 

to slicing is not seamless. This can be mitigated with the use of parametric CAD 

environments or add-ons to bridge the gap between design and path generation while 

avoiding issues like geometric errors and tedious file conversions. On the other side these 

generative tools can be limited in their applicability.   

2.2.2  Slicer and path planning tools 

After a part is designed it is converted into a set of toolpaths that will guide the arc DED 

process. In most AM processes, this task is handled by slicer software. Slicer generates a 

layer-by-layer deposition path from a 3D model that when stacked will resemble the original 

model. This type of tool and approach is most common in fused deposition modelling (FDM) 

printing. Arc DED process can use a similar layered approach, but there are important 

differences in path planning compared to FDM-printing. Arc DED involves laying down 

continuous metal weld with significant thermal input. This means that the deposition 

material is completely melted in the process and canôt be manipulated mechanically while 

printing.  There for the toolpath strategy must ensure uniform material deposition while 

managing heat accumulation in the part.  
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Early implementations of arc DED often borrowed simple path patterns from CNC 

machining or traditional 2.5D printing. Directly applying those conventional path planning 

strategies is often unreliable for arc DED. The arc-based process has unique characteristics. 

For instance, abrupt start/stop points or sudden sharp changes in direction can lead to weld 

defects such as craters, over deposition or lack of fusion at the bead endpoints. Many basic 

infill patterns like lines, zigzags, etc. require adaptation for arc DEDôs continuous molten 

metal deposition (Müller et al. 2023, 834-835). 

Modern research on arc DED path planning has introduced a variety of strategies to improve 

deposition quality and process reliability. Feature-based planning is one such strategy, where 

the part is divided into recognizable features like walls, corners, overhang regions, infill 

areas and each feature is printed with a tailored pattern or technique (Zhao et al. 2017). This 

can yield superior results because each portion of the geometry uses a toolpath optimized for 

its specific requirements. However, manually devising a unique toolpath approach for every 

new geometry is labour-intensive.  

To address this, Michel et al. (2019, 4-10) proposed a Modular Path Planning (MPP) method 

that brings modularity to the layer-by-layer paradigm. In MPP, each layer of the part is 

subdivided into smaller sections and different predefined path patterns are applied to each 

section based on its geometric characteristics. For example, straight wall segments, corners, 

and internal fill areas within the same layer might each be assigned a different deposition 

pattern module. By combining these modules, complex parts can be constructed using a 

composite of optimized strategies, rather than a single uniform infill pattern. Michel et al. 

developed a software implementation of this MPP approach that minimizes the need for user 

intervention. In their system, the user provides the CAD model and some basic input 

parameters, and the software automatically handles the detailed path generation for each 

section of each layer. This level of automation demonstrates the potential for slicer tools 

tailored to arc DED rather than relying on generic 3D printer slicers.  

Another important aspect of arc DED path planning is maintaining continuous deposition 

whenever possible. Since every stop and start of a weld bead can introduce defects or 

inconsistencies, path planners strive to create continuous toolpaths without unnecessary 

breaks. For example, spiral or closed-loop toolpaths are often preferred for printing 

cylindrical or ring-shaped structures so that the layer can be completed in one continuous 

weld. For straight wall features it is best to choose a path that turns smoothly at each end 
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rather than breaking the bead at the wall end. When discontinuities are unavoidable, 

parametric strategies are employed to mitigate their impact. Overlapping or crossing 

deposition paths can cause local accumulation of material and thermal stress at the 

intersection, which in turn can degrade quality. To avoid these issues, advanced algorithms 

could adjust the deposition sequence or modify path geometry so that no two hot welds 

overlap in a problematic way. They might also relocate the start/stop points of each bead to 

areas of the part that are less critical or will be machined off later. 

Beyond planar slicing there is exploration into non-planar and multi-directional deposition 

strategies for arc DED. In principle a robotic arc DED system is not constrained to lay 

material in strictly horizontal layers. The print head and the part can be mounted on a 

positioner that can re-oriented to build along different directions which could enable 

overhanging features without support or stronger weld bead orientations. However, 

implementing multi-directional arc DED adds complexity to path planning, as the toolpaths 

must consider the robot kinematics and collision avoidance in 3D space and 3D paths are 

complex.  

Schmitz et al. (2021, 1-3) developed a robot centred path planning algorithm that 

incorporates the robotôs kinematic constraints during the slicing stage itself. By factoring in 

the reachability and manipulability of the robot for each segment of the toolpath, their 

method ensures that the resulting paths are not only geometrically sound for material 

deposition but also executable by the robot at the required travel angles and speeds without 

singularities or joint limit issues.  

Overall, the literature on arc DED path planning is rapidly evolving and numerous toolpath 

strategies have been proposed each offering certain advantages and facing certain 

limitations. Some methods focus on thermal management while others emphasize geometric 

quality or the ease of robot motion (Wu et al. 2017, 1-3; Michel et al. 2019, 1-3; Schmitz et 

al. 2021, 1-2). The diversity of approaches highlights that no single slicer algorithm works 

optimally for all arc DED scenarios. Consequently, current arc DED toolpath planning often 

relies on a mix of adapted existing software and custom algorithms tailored to specific 

applications. Slicers for arc DED remain limited in capability, and users frequently resort to 

custom coding or research prototypes to generate the specialized toolpaths their hardware 

and part geometry require.  
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2.2.3  Computer-aided manufacturing and robotic programming 

After generating the deposition path the next step is to translate it into commands that can 

be executed on an arc DED robot system. Arc DED is commonly implemented using 

industrial robotic arms that manipulate a welding torch, so the toolpaths must ultimately be 

converted either into a robot program in the robotôs native language or into a generic machine 

code that the robot controller can interpret. This stage is the CAM post processing and robot 

offline programming portion of the workflow.  

A straightforward approach is to use the robot manufacturerôs standard programming 

interface or offline programming (OLP) software to manually program the motion. 

Programming a complex multi-layer arc DED part by teaching the robot every weld path is 

extremely labour intensive and error prone and it often lacks the needed flexibility for 

iterative path adjustments. Because of this a significant effort have been invested into 

automating robot programming for arc DED and linking it more closely with the path 

planning stage.  

One approach emerging from research is to use robot-programming plugins within CAD 

environments to generate code automatically from the planned paths. For example, Badiee 

(2023) employed the KUKA PRC plugin inside the Rhino Grasshopper environment to 

directly convert Grasshopper generated toolpaths into actual robot code. In Badieeôs 

workflow, once a toolpath was computed in Grasshopper the pluginôs script component 

produced KUKA Robot Language instructions specifying the robotôs motions and welding 

parameters. This integration meant that the process parameters could be edited all within the 

same software environment where the toolpath was designed. Such tightly integrated 

solutions greatly reduce manual transcription and opportunities for error and they illustrate 

the potential for modular combinations of design, slicing and robot programming tools to 

streamline arc DED workflows. 

Beyond custom tool, there are industrial software solutions specifically aimed at robotic cell 

programming and simulation. Visual Components is an example of a commercial robotic 

simulation and offline programming platform that has been utilized for arc DED 

applications. Visual Components allows users to import CAD models or externally 

generated toolpaths and simulate the robotôs motion in a virtual environment. This provides 
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accurate kinematic modelling for a wide range of robots enabling reachability checks and 

motion planning in a realistic 3D environment. The software also includes features important 

for welding such as ensuring proper torch orientation, performing reach and collision 

analysis, creating a simulated model of the weld and using libraries of equipment to mimic 

an actual welding cell setup. Once the robotic motion is validated through simulation Visual 

Components can automatically generate the robot specific program dramatically reducing 

reliance on manual programming. This unified environment covers everything from path 

visualization and verification to code output bridging the gap between path planning and 

robot execution.  

Some examples show substantial efficiency gains from using Visual Components OLP in 

welding automation. For example, the Finnish forest machine manufacturer Ponsse reported 

that by adopting Visual Components for offline programming, they cut their robot welding 

programming time from the 10 days it previously took down to about 1 day (visual 

components 2025a). This time reduction was achieved by moving programming offline and 

by reusing modular programming routines for similar welds.  

Berlin Gardens saw approximately an 80% reduction in programming time when they 

switched to offline programming with Visual Components, along with improvements in 

weld quality consistency (visual components 2025b).  

These examples are from use of OLP for robotic welding but illustrate the practical benefits 

of an integrated CAM/OLP tool. These benefits are faster development of robot programs, 

less downtime and improved first time performance due to simulation and verification of the 

welding paths beforehand. Although Visual Components is not arc DED-specific out of the 

box, its flexibility and support for custom process path definitions allow it to accommodate 

arc DED workflows and could apply these benefits for arc DED.  

Visual Components can be used in tandem with model-based definitions for welding, 

meaning CAD models with weld paths can be directly interpreted by the software to generate 

tool paths. This kind of integration demonstrates how a general robotic CAM platform can 

serve as the central hub of an arc DED software workflow, provided that the upstream data 

like CAD models and slice paths can be imported in compatible formats.  
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2.2.4  Summary of arc based direct energy deposition digital workflows 

The literature shows that arc DED relies on three main categories of software tools: CAD 

systems for creating geometry, slicers or path-planning tools for generating deposition paths 

and CAM/OLP environments for converting those paths into robot motion. Each tool 

category has its own strengths and limitations. Practical arc DED implementations are 

created by combining tools from these categories into different workflows depending on user 

needs, equipment, and available software. 

CAD tools provide precise geometry and allow modifications to the part model, but they are 

not directly connected to arc DED-specific constraints. Slicers and path-planning tools 

automate layer generation and toolpath creation but are typically developed for polymer 

printing and require adaptation to arc DED scale, bead size, and thermal behaviour. CAM 

and offline programming tools enable simulation, collision checking, and robot code 

generation, but do not inherently understand AM processes and rely on external path input. 

Generative CAM tools are limited with the geometries they are able to create. Specialized 

model to arc DED tool would be a grate solution, but they are currently underdeveloped and 

hard to obtain.  

Because each tool excels in a different phase, arc DED workflows are built by combining 

them in various ways. For example, a workflow may consist of CAD, slicer, OLP or another 

may use CAD-generated paths directly in OLP and hybrid workflows may insert conversion 

tools or custom scripts between stages. The Figure 1 summarizes how these tools have been 

combined and shows how different workflow structures emerge from the same underlying 

software categories.  
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Figure 1. Software tools used in arc DED. 

2.2.5  Integration challenges 

Integrating all these software stages mentioned above into a coherent and user-friendly 

workflow is one of the major challenges in arc DED today. Unlike more mature AM 

processes arc DED currently lacks a widely adopted unified software platform. Arc DED 

projects often patch together different tools and custom scripts to complete the arc DED 

process. This fragmentation leads to inefficiencies and steep learning curves. Each project 

might evolve its own workflow that is specific to the equipment and software at available, 

making it hard to transfer or reproduce successful procedures elsewhere.  

Academic reviews have identified the absence of comprehensive software tools covering 

deposition planning and process control as a key barrier to the industrial implementation of 

arc DED (Fagerström 2024, 20). Fagerström notes that companies attempting arc DED often 

face the need to develop tailor-made software solutions for toolpath planning and 

monitoring, since ready-made packages are scarce. This reliance on in house solutions slows 

down adoption and makes it difficult to replicate successes across different organizations or 

projects. 
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Several efforts are underway to close this software gap. On the commercial side, a few 

companies born out of WAAM research such as WAAM3D and MX3D have started 

releasing integrated software suites that handle everything from slicing to real-time process 

control. These aim to encapsulate expert WAAM knowledge into user friendly interfaces, 

allowing end users to plan WAAM builds without needing deep welding or robotics 

expertise. For example, WAAM3Dôs software platform includes modules for path planning, 

machine simulation, and process monitoring (WAAM3D 2023b).  

Similarly, major CAD/CAM companies have begun adding arc DED-specific functionality 

to their products. For instance, Siemens has introduced WAAM path planning routines into 

its NX software, so that users can work within a familiar CAD/CAM interface but have 

dedicated WAAM planning tools for toolpaths and parameters (Kamps 2021). While these 

developments are promising, many such solutions are proprietary or in early stages of 

deployment. This means users may face high costs, limited flexibility or compatibility issues 

and the approaches are still converging toward what might eventually become standardized 

practices.  

In the academic domain the push is toward greater automation and intelligence in the arc 

DED software workflow. Research is exploring how to integrate sensors and real-time 

feedback into the loop so that toolpaths can adapt on the fly to thermal distortions or 

geometric deviations detected during the build. Although detailed process control is beyond 

the scope of this literature review, it is worth noting that closed-loop arc DED systems where 

monitoring data is used by the software to adjust the robotôs path or parameters in real time 

are an active area of development.  

The ultimate vision is an arc DED workflow where the initial CAD model flows through an 

automated pipeline that handles slicing, robot code generation and in-process correction all 

with minimal human intervention. Achieving this level of integration demands compatibility 

between different software layers and significant development effort in terms of software 

engineering and algorithm design. Building robust industry-ready arc DED software is costly 

and complex, and manufacturers may be hesitant to invest in it unless there are clear market 

demand and return on investment (Fagerström 2025, 76). Nonetheless, the trend is clearly 

toward more user-friendly and consolidated tools, which will likely accelerate arc DED 

adoption in industry as they mature. 
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Software workflows for arc DED remain an active area of both technological development 

and research. CAD tools provide capable design environments but need better direct linkage 

to AM process planning. Slicers and path planning software for arc DED are rapidly evolving 

and moving from simple layer-based processes to sophisticated algorithms that account for 

geometric features and even robotic constraints. Robot programming has seen advances with 

offline simulation and post-processing plugins that streamline code generation for complex 

builds. Still the overarching challenge is integration and ensuring these components work 

together seamlessly as parts of one pipeline. Progress is being made through both academic 

initiatives and new industrial solutions, all aiming to deliver a more unified arc DED 

workflow that can harness arc DEDôs potential without requiring custom programming at 

each step. 

It is widely recognized that addressing the software and workflow gaps is crucial for arc 

DED to transition from isolated demonstrations to a reliable, plug-and-play industrial 

process. Considering these challenges and developments, this thesis focuses on developing 

and evaluating modular, accessible and capable arc DED software workflows using existing 

tools. This approach directly addresses the identified need for flexible and unified arc DED 

workflows and provides a foundation for low entry point arc DED solution.   
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3  Path generation study 

Path generation is the process of using computer tools to create movement instructions for a 

machine. In arc DED context itôs used to make a deposition path that a robot can follow 

using a wire arc tool. This chapter introduces three different methods for path generation: 

OBJ-based, DXF-based, and STEP-based path generation. Each method describes how path 

parameters are defined, which software tools are used and what specific functions or settings 

are applied within those tools. 

All three methods aim to generate toolpaths compatible with Visual Components OLP. 

Visual Components is used because it is the software used at LUT University for robotic 

programming. Visual Components OLP can interpret both 3D models and vector files as 

references for toolpath creation. This allows paths generated in external software to be 

imported and directly utilized for welding simulation and robot programming. 

In Visual Components each welding operation represents an individual programmed weld, 

including its start and end points as well as the relevant process parameters. Welding path 

defines the trajectory followed by robotôs torch during welding operation. Multiple welding 

paths can be combined to produce a complete build and each path can have unique 

parameters such as travel speed, torch angle and layer height. 

The preconfigured simulation environment used in this thesis is a welding cell in use at LUT 

University. This includes an industrial robot, a positioner table, power source with related 

cables, hoses and welding torch. This setup allows for the straightforward creation and 

testing of new toolpaths without the need to construct a custom robotic cell for each 

experiment or this thesis. Using a standardized environment also ensures that all three 

methods can be compared under consistent simulated conditions.  

3.1  Test setup 

The path generation methods are demonstrated using a simple square wall model that is a 25 

mm long section of an SHS 100 x 10 profile, as shown in Figure 2. This geometry was 

selected because it provides a straightforward and simple shape for evaluating different path 
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generation approaches. Although all the methods presented can generate more complex 

geometries, testing the feasibility of such shapes is beyond the scope of this study.   

 

 

Figure 2. Demonstration piece shape and dimensions. 

In addition to the part geometry key parameters must be defined for path generation. These 

include layer height and path width which directly affect both the simulation accuracy and 

the final tool path. The layer height determines the slicing interval in the vertical direction, 

while the path width defines the effective bead size used during deposition. Correctly setting 

these parameters ensures accurate visualization of the build and prevents overlapping or 

intersecting paths. 

For this demonstration, the layer height was set to 2 mm, and the path width was set to 3.5 

mm. These values were chosen to represent realistic parameters for an arc DED process 

using steel wire and typical deposition rates. The same parameters were applied across all 

three methods to ensure comparability between results.  
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3.2  Object based path generation using a slicer 

Object- or OBJ-format is a simple, widely used 3D geometry file format that stores a model 

as lists of vertices, edges and faces. This section describes an OBJ-based method for creating 

toolpaths using a slicer. In this approach the model is first designed in CAD, sliced into 

layers and the resulting path is imported into Visual Components for robot programming and 

simulation. 

3.2.1  Method overview 

The slicer-based OBJ path generation method involves utilizing a commercially available 

FDM slicer to generate deposition paths suitable for arc DED. The slicing process produces 

a layered path that is then exported as a 3D model in OBJ format. This OBJ file can be 

imported into Visual Components where the 3D geometry serves as a reference for welding 

paths.  

The main advantage of this method is that it provides a 3D representation closely matching 

the final print geometry. This allows for visualization and direct reference when creating 

welding paths. This work uses Prusa Slicer to generate the OBJ files. Using a consumer-

grade FDM slicer offers a refine user friendly interface and access to a wide range of built-

in tools and plugins making it easier to adjust slicing parameters and visualize toolpaths.  

This method also presents several limitations. The solid 3D model can obstruct the line of 

sight to lower layers making it difficult to select or edit toolpaths for multi-wall structures. 

Additionally, due to the way that Visual Components allows tool paths selection only the 

top, bottom and side edges of each path can be used for a reference. As a result, the generated 

paths are offset by approximately half a layer height or width from the intended deposition 

position. This offset can be corrected through model adjustments or by applying path offsets 

within Visual Components, but both solutions add extra steps and potential sources of error. 

Figure 3 demonstrated the workflow using this method. 
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Figure 3. Flow chart of OBJ-based path generation method. 

3.2.2  Creating an object-based toolpath 

This example uses Prusa Slicer version 2.9.2 for path generation. As the software is 

originally designed for polymer-based FDM, it does not directly support the parameter range 

required for arc DED. Therefore, several settings must be carefully adjusted to adapt it for 

this process. 

The main challenge lies in the significant difference in scale between the two processes. In 

arc DED both the layer height and path width are typically an order of magnitude larger than 

in FDM printing. To ensure compatibility the slicerôs extrusion parameters must be modified 

accordingly. 

All extrusion width parameters as shown in Figure 4 should be set to zero, except for the 

Default Extrusion Width. This prevents the slicer from automatically adjusting the extrusion 

width, which could otherwise cause calculation errors due to unusually large path sizes. In 

this demonstration the default extrusion width was set to 3.5 mm representing the actual 

weld bead width used during arc DED process. 
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Figure 4. Prusa extrusion parameter. 

When the infill value is set to zero, the part is processed as a shell-only model. While it is 

technically possible to include infill when using this method doing so introduces additional 

complexity to the process. The presence of internal infill paths can lead to overlapping weld 

beads and uneven heat accumulation, which in turn reduce the dimensional accuracy of the 

final part (Florent et al. 2019, 4). Used infill parameter are shown in Figure 5.  

 

 

Figure 5. Prusa infill parameters. 

The ñLayer heightò parameter shown in Figure 6 defines the vertical step size between 

successive deposition layers and therefore corresponds directly to the layer height of the 

generated path. It is also important to note that the first layer height can be set independently. 

Adjusting this value is often beneficial in arc DED, as the first deposited layer typically 
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requires compensation for variations in the starting surface, thermal expansion or initial torch 

positioning. For this study all the layer heights are set to 2mm. 

 

 

Figure 6. Prusa layer parameters. 

One advantage of using a slicer program is automatically calculated volume and mass of the 

final model. By defining the filament density, the slicer can estimate the total mass of the 

part. This feature can be used to predict the amount of wire feedstock required for each print, 

allowing for more accurate planning of material consumption in the arc DED process. Figure 

7 shows how the density can be defined with in the slicer. For this study the density is set to 

7.85 g/cm3. 

 

 

Figure 7. Prusa filament parameters. 

After setting up the slicer a model can be imported. This method requires a 3D model format, 

geometry and parameters that can be imported into the selected slicer. In this demonstration, 
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the model was created using SolidWorks 2024 and exported as a STEP file. The specific file 

format is generally not critical provided that the slicer can import the model without losing 

a significant amount of geometric accuracy or surface data.  

Once the print parameters have been correctly configured and the model has been imported, 

the slicer can generate the layer-by-layer toolpath. The resulting path can then be previewed 

within the slicer interface to verify the slicing strategy and ensure that the layer structure 

matches the intended build before exporting. Slicers path preview can be seen in Figure 8.  

 

 

Figure 8. Prusa sliced model. 

This method uses the ñExport toolpath as OBJò tool to generate a 3D model of the sliced 

path. Figure 9 shows the location of this tool within the slicer interface. This tool converts 

the previewed toolpath into a 3D model and exports an OBJ model of the path. This 3D 

model can be used as a reference for toolpath creation.  
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Figure 9. Prusa OBJ export. 

After exporting the next step is to import the OBJ file into robot programming environment. 

This process uses Visual Components Premium OLP 4.9 as the OLP software. Visual 

Components OLP can import the previously generated OBJ file and interpret its geometry 

as a reference for welding path creation and simulation. The imported OBJ model of the path 

can be seen in Figure 10.  

 

 

Figure 10. Visual Components imported OBJ. 
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The Welding Path Tool in Visual Components allows the selection various geometric 

features such as the outer corner between layers, the outer edge, the inner corner, the edge 

of each layer or any other edge as the reference for tool path generation. These reference 

points can be slightly offset from the true weld centreline depending on the selected reference 

detail. This example uses the corner between the layer as a reference meaning that the final 

tool path is offset by half a layer compared to the original model. This offset can be corrected 

with in the Visual Components but maintaining consistent reference selection ensures 

uniformity across all layers and welding passes and should result in a flawless part. 

It is also important to note that each layer can be created as a separate welding path. This 

allows for the inclusion of custom commands between layers, the adjustment of layer-

specific parameters or the modification of starting points to control heat distribution and 

deposition order. Furthermore, individual layers can be divided into multiple welding 

operations, enabling finer control over complex geometries or larger parts. Figure 11 shows 

how the welding paths are created in this study. 

 

 

Figure 11 Visual component toolpath on OBJ. 

The welding process and the final product can be simulated and visualized within Visual 

Components. The simulated welding path preview is shown in Figure 12 in red. This path 

provides a visual representation of the programmed toolpath and allows inspection of its 

geometry. 
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Figure 12. Visual Components simulated weld on OBJ. 

3.3  Vector based path generation using a slicer 

DXF is a vector-based file format used to exchange 2D and 3D geometry between CAD 

programs by storing lines, curves, and other drawing entities in a widely compatible form. 

This section describes a DXF-based method for creating tool paths. In this approach, the 3D 

model is first designed in CAD and then sliced into layers using a slicer. The slicer exports 

a G-code file, which is subsequently converted into a DXF file using a conversion program. 

The resulting DXF file is then imported into Visual Components, where it is used as a 

reference to generate the welding paths. 

3.3.1  Process overview 

This method follows the same initial steps as the OBJ-based approach. The main difference 

between these two methods lies in the export and conversion stages. Instead of exporting an 

OBJ file, the slicer is allowed to generate a G-code file. This G-code is then processed with 

a G-code interpretation program that converts the G-code into a 3D DXF file based on G-
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codes move commands. This DXF file can then be imported into Visual Components and 

used as a reference for tool path generation.  

The primary advantage of this approach is its compatibility. This method can utilize virtually 

any slicer software capable of generating G-code, making it a flexible method for path 

creation. In addition, the final paths are represented as vector entities which simplifies 

editing and alignment within Visual Components. DXF files are also easy to edit and scale 

due to their vector-based nature. 

This method also has some limitations. Because the imported DXF file contains only vector 

data and no 3D geometry, visualization within the OLP environment is limited. Furthermore, 

the additional conversion step introduces extra complexity and a potential source for errors. 

Figure 13 shows how this workflow operates.  

 

 

Figure 13. Flow chart of DXF-based path generation method. 
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3.3.2  Creating a vector-based tool path 

This method follows the same procedure as described in Section 3.2.1 up to Figure 8. From 

that point onward, it diverges in the exporting stage. In this approach the sliced model is 

converted into G-code using the slicer. G-code formatting is not critical, as the subsequent 

conversion process extracts only the movement data removing all other machine commands.  

The generated G-code file is then imported into a program called Discriminator. 

Discriminator is primarily designed for G-code visualization and editing, but it also includes 

functionality for exporting toolpaths as 3D DXF files. By using Discriminator as a 

conversion tool, the toolpath can be isolated from the G-code and exported as a vector file 

suitable for use in Visual Components.  

The G-code can also be modified directly within Discriminator allowing users to correct 

simplify or optimize toolpaths before exporting to DXF format. This capability is 

particularly useful because G-code files include movements that are not part of the 

deposition path. These movements include but are not limited to print head cleaning, z-

hopping, moving to next layer and position zeroing. These unnecessary motions do not need 

to be imported into the OLP environment and in some cases may even interfere with future 

steps.  

The G-code file is converted using ñplot with full viewerò tool shown in figure 14. With in 

this tool there is a tool called ñsave to DXFò shown in Figure 15 that creates a DXF file 

based on the G-code movements.  

 

 

Figure 14. Discriminator main menu. 
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Figure 15. Discriminator Viewer 

The converted DXF file can be imported into Visual Components OLP and used as an object 

in the program. The imported DXF file can be seen in Figure 16. As seen from the figure, 

the file is a three-dimensional collection of lines.   

 

 

Figure 16. Visual Components DXF imported. 

After importing and positioning the DXF object in Visual Components it can be used for 

welding path generation. Visual Components has a DXF-to-Path Converter tool that allows 

the software to automatically generate a welding path from the selected DXF object. This 

method is efficient and fast, but it requires a clean and well-structured DXF file to function 

correctly. 
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It is recommended to review and clean the DXF file beforehand to ensure that no 

unnecessary lines or segments are included. Any unwanted geometry may cause the software 

to interpret non-tool path movements as tool paths, resulting in errors or requiring additional 

manual clean up using the Welding Path Adjustment tools. Alternatively, it is also possible 

to manually create tool paths from the imported vector object. The detailed process for 

manual path selection and generation is described in STEP based path creation method in 

chapter 3.4.2. 

This example used the DXF-to-Path Converter to create the tool paths. The tool used can be 

seen in figure 17. The DXF-to-Path tool automatically separates the imported paths into 2D 

layers, creating a distinct welding operation for each layer, as shown in Figure 18. Itôs 

important to note that the tool paths shown in Figure 18 are automatically generated a 

separated and have not been manually selected or segmented.  

 

 

Figure 17. Visual components DXF to path tool. 
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Figure 18. Visual components toolpath on DXF. 

The final simulated weld generated from the DXF-based path is shown in Figure 19. The 

simulation demonstrates how the imported vector data can be used to produce a complete 

arc DED sequence within the OLP environment. This visualization also shows that the 

converted paths align correctly with the intended geometry without any unexpected 

movements or depositions.  

 

 

Figure 19. Visual components simulated weld on DXF. 
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3.4  Model based path generation 

STEP is a standardized CAD-model file format that represents 3D models using precise 

geometric and product data. This section goes over the STEP-model based method for 

creating paths directly within a CAD program. In this approach, the toolpaths are manually 

drawn based on the 3D model and then exported as a STEP file. The STEP file is 

subsequently imported into Visual Components, where it serves as the geometric reference 

for welding path generation.  

3.4.1  Process overview 

This method is the most labour-intensive, but also the most customizable of the three 

approaches. In this process, the 3D model is manually transformed into toolpaths within a 

CAD environment by creating sketches directly from the geometry and exporting them as a 

wireframe STEP model with sketch geometries. This example generates these sketches by 

using offset planes and cross-sectional projections of the model.  

The main advantage of using a CAD tool for path generation is that the 3D model can be 

easily modified to fine-tune the path geometry. Because the toolpaths are defined as 

sketches, they can be individually adjusted, extended or recreated with high precision. 

This method also has significant drawbacks. All paths must be created manually, as there is 

no automation. Drawing the paths by hand means losing access to the automated tools and 

error-checking functions provided by slicer software to ensure accuracy or continuity. Also, 

the model geometry must match the intended path parameters, since the CAD-generated 

paths rely on the model reference without any additional parameters, corrections or 

adjustment tools. The workflow depicted here can be seen in Figure 20. 
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Figure 20. Flow chart of STEP-based path generation method. 

3.4.2  Creating a model-based tool path 

There are several ways to create sketches and paths from a 3D model. The following method 

demonstrates one approach for generating layer-by-layer cross-sections of any geometry 

using a CAD tool. 

Before beginning the process, a part model is required. This model can be either imported 

or created directly within the CAD program. In this example, the model was created in 

SolidWorks 2024. The rest of CAD work will also take place within SolidWorks. The next 

step is to create offset planes at each desired layer height. In this example there is an offset 

plane every 2 mm corresponding to the process layer height. On these offset planes an 

intersection with the model is projected. When creating intersections, itôs important to create 

a sketch on the offset plane before using the intersection curve tool. The intersection tool 

uses a sketch as a reference not a plane.  Figures 21 shows the creation of the offset planes 

and Figure 22 shows how the plane can be used as a reference for intersection curve.  
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Figure 21. SolidWorks planes. 

 

Figure 22. SolidWorks intersection curves. 

After generating intersection curves at all required heights, the 3D model can be hidden or 

removed, leaving only a stack of intersection curves. These curves represent the toolpaths 

that will be used in the subsequent steps. Figures 23 shows the intersection curves with the 

part model and Figure 24 shows the intersection curves after the part geometry is deleted. 
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Figure 23. SolidWorks toolpaths and model. 

 

Figure 24. SolidWorks toolpaths. 

Once the desired curves have been created, the model can be exported. There are multiple 

ways to export sketch geometry. One option is to export as a DXF file, allowing the use of 
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methods described in Section 3.3.2. In this case, however, the geometry is exported as a 

STEP file using the settings shown in Figure 25. Using these settings all the sketches are 

exported and if any solid geometries are left, they are converted into wireframes.  

 

 

Figure 25. SolidWorks export settings. 

The STEP file can be directly imported into the Visual Components OLP environment, 

where it can be used as a reference for welding path creation. Figure 26 shows the STEP 

model imported into Visual Components. As seen in Figure 26 the model consists of only 

sketch geometries. 
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Figure 26. Visual components imported STEP. 

Because the imported paths are represented only as geometric lines, the Visual Components 

Path Tool does not automatically recognize them, making it impossible to select them 

directly. This limitation can be addressed by using the Path Statement Tool to manually 

select the geometries that need to be converted into paths. These path statements can then be 

transformed into tool paths using the ñPath Statement to Process Pathò function.  

In this example one path statement is created for each weld resulting in two paths per layer 

and these are converted into process paths individually. Created path statements are shown 

in Figure 27 and converted tool paths are shown in Figure 28.  
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Figure 27. Visual components path statement on STEP. 

 

Figure 28. Visual components tool path on STEP. 

The final simulated weld generated from the STEP-based path is shown in Figure 29. The 

simulation illustrates how CAD-created geometry can be directly utilized to produce a 

complete welding sequence within the Visual Components OLP environment. This 
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visualization also ensures that the manually created toolpaths align accurately with the 

original STEP model and that each layer is deposited correctly. 

 

 

Figure 29. Visual components simulated weld on STEP. 

3.5  Additional capabilities  

The previous sections each presented one primary approach to path creation. These methods 

also include several additional capabilities that may be advantageous for the arc DED 

process but were not demonstrated with the earlier processes. This section outlines a 

selection of these potential features and advanced functionalities. 

Modern slicers are capable of a wide range of advanced operations. For example, Prusa slicer 

can generate a spiral vase from a model producing a single continuous path around the 

geometry, as shown in Figure 30.  
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Figure 30. Prusa vase preview. 

Prusa slicer can also create multiple kinds of infill structures using various patterns and multi 

wall structures. The open-source nature of Prusa Slicer further enhances its flexibility. Prusa 

Slicer can be modified to fit specific applications, and a wide variety of third-party plug-ins 

and customized versions are available. These modifications extend the softwareôs 

functionality, enabling specialized slicing strategies or tailored process control for different 

materials and deposition techniques. 

CAD-based methods offer a high degree of customizability for path design. Since toolpaths 

are created directly from sketches, it is possible to design virtually any path geometry, 

limited only by the userôs skill and familiarity with the CAD software. Examples of advanced 

path configurations are printing on the side of previous layers or builds, creating non-planar 

cross-sections and generating non-planar starting surfaces for improved adhesion or 

structural control. 

After creating and importing toolpaths, Visual Components OLP provides additional 

flexibility for fine-tuning. The imported paths can be scaled, repositioned or stretched to fit 

the desired geometry or to combine multiple geometries. By selecting and adjusting each 

weld individually, it is possible to gain precise control over welding operations, print order 

and sectioning. This allows for experimental optimization of the build process directly within 

the simulation environment.   
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4  Practical test and validation of path creation 

To gain a deeper understanding of the methods discussed in Chapter 3, this chapter 

demonstrates one of the proposed approaches by making a practical test piece. The objective 

is to produce a geometry that would have been impossible to manufacture using previously 

available methods and demonstrate the feasibility of the new method.  

The test is carried out using the STEP-based path creation method. This method was selected 

because it is the most complex of the three presented methods and offers the broadest range 

of capabilities. The STEP-based method also has the most features that were not shown in 

earlier examples.  

4.1  Arc based direct energy deposition parameters 

The arc DED parameters were derived from Suikkari (2024, 23-25) and further validated 

through preliminary testing with small test prints. The parameters used in the testing are 

presented in Table 1.  

 

Table 1. Arc DED parameters. 

Wire material AlMg5 1,2 mm 

Movement speed 50 mm/s 

WFR 8,5 m/min 

Voltage 18,7 V 

Current 140 A 

Layer height 1,0 mm 
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The test was conducted using LUT universityôs welding station. The welding robot was a 

Yaskawa AR 2010. The welding power source was Kemppi AX Pulse+ 500A. Additionally 

the station had a Yaskawa MT1-turning table that was used to position the work peace.  

4.2  Test piece 

The test piece used in this section was designed specifically for this project. The test piece 

consists of six distinct geometries which are printed sequentially. Each geometry is intended 

to demonstrate different capabilities of the software solutions and arc DED process.  

The test is carried out using the STEP-based method. This means that the geometry of the 

test piece is partly dictated by the welding parameters. The weld bead width and height 

determine how closely adjacent geometries can be placed. All geometries were designed 

assuming a weld width of 8 mm and a layer height of 1 mm. The selected weld width is 

intentionally larger than values reported in previous studies to minimize the risk of tool 

collisions during deposition on the sides of previous printed geometries. The final test piece 

is shown in Figure 31. Each line in the figure represents an individual tool path and serves 

as a guiding geometry for robot programming.  

 

 

Figure 31. Practical testing paths. 
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The test piece consists of six geometries, each designed to demonstrate a specific feature or 

capability of the STEP-based path generation method and the arc DED process. The 

geometries are:  

- wall  

- Stiffener 

- cone 

- hole 

- graffiti 

- geometry on surface 

 

The wall geometry consists of a long straight section with one slanted side and a wall section 

that curves. It serves as the baseline test for repeatability over multiple layers. The slanted 

side allows for easy layer counting, while the straight wall and curved wall provides a simple 

starting point for subsequent geometries. The wall is highlighted as blue in Figure 32. 

 

 

Figure 32. Practical testing wall paths. 
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The stiffener is a small stiffening feature along the side of the wall. It is deposited as a single 

welding operation and is intended to test the process performance when adding small details 

onto an already printed structure and performance with relatively high heat input in a small 

area. This geometry provides insight into high temperature behaviour and the feasibility of 

feature-on-feature deposition. Tool path of the stiffener is shown in Figure 33.  

 

 

Figure 33. Practical testing stiffener path. 

The cone geometry is a slanted semi-circular shape that is partially overhanging. The cone 

is designed to test the systemôs ability to generate and print overhanging structures. The cone 

also highlights how overhangs affect layer accuracy and shape distortion. The cone is shown 

in Figure 34 as blue.  
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Figure 34. Practical testing cone paths. 

The hole geometry is used to examine how the method handles small-scale features and 

overhangs aligned with the direction of travel. Holes are a common structural shape in many 

metal components, and their successful printing would demonstrate a useful capability and 

application of arc DED. The hole is highlighted in blue in Figure 35. 

 

 

Figure 35. Practical testing hole paths. 
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The graffiti geometry tests the methods ability to perform surface modifications and 

texturing on the sides of printed components. The graffiti consists of two distinct parts. First 

part is a tightening zigzag pattern oriented against the walls layer direction. The second part 

is a three layers high shape on the walls side. The zigzag pattern is used to evaluate how 

effectively layer lines can be smoothed and the three layer structure tests how reliably 

material can be deposited onto the surfaces of previously printed sections and does more 

layers make the graffiti smoother. The graffiti is shown in Figure 36 in blue. 

 

 

Figure 36. Practical testing graffiti paths. 

The geometry on surface is the most complex of the six geometries. The geometry is printed 

on top of a circular wall and follows the curvature of the underlying surface in subsequent 

layers. The resulting shape resembles a pipe with shape conforms to the geometry beneath, 

testing the methodôs capability of accurately depositing to a non-planar surface and creating 

conforming features. Figure 37 shows the shape of the geometry in blue and Figure 38 shows 

the layers from above displaying how they conform to the shape under the geometry.  
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Figure 37. Practical testing geometry on surface paths.  

 

Figure 38. Practical testing geometry on surface paths from above. 
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5  Results and analysis 

This chapter goes over and evaluates the results of previous chapters on two parts. First part 

results include how the path creation methods preformed and how feasible the methods are 

for future use. Second part goes over the performance of the real-world testing, the quality 

of the simulated part.  

5.1  Evaluating path creation methods 

When evaluating software tools, it is common to use structured comparison criteria that 

consider both technical performance and practical usability. Bjarnason et al. (2023) 

emphasize that effective software assessment should account for dimensions such as 

productivity, quality, integration capability, cost and overall organisational fit. The 

comparison in this thesis has been done with this in mind. The workflows were evaluated on 

their technical functionality and on practical factors. This way of comparing provides a 

balanced view of how well each tool supports an efficient and functional manufacturing 

workflow. This section reviews the performance of the three software-based path generation 

methods and analyses their respective strengths, limitations and use cases within the arc 

DED workflow. 

The OBJ-based method utilizes a single software environment prior to importing the path 

into Visual Components. Most of the setup steps need to be performed only once, except for 

weld path selection, which must be repeated for each layer. This method involves significant 

computational processing during slicing, OBJ export, and model import into Visual 

Components. Once configured it is relatively straightforward to operate within both the slicer 

and the OLP environment. 

The main limitation of this method is its restriction to planar slicing, which prevents the 

creation of complex non-planar geometries. Because the method uses a 3D model as a 

reference, the 3D model used for path visualization can obstruct lower layers making path 

selection challenging for multi-wall prints. Despite these drawbacks, the method is simple 

and efficient requiring only minimal design considerations to get a desired tool path.  
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The DXF-based method involves two software tools before importing the path into Visual 

Components. The tools are slicer and a conversion program. All preparation steps are 

performed once, with no need for repetition between layers. The computational load occurs 

mainly during the slicing stage, while the subsequent conversion and import are relatively 

light. 

Like the OBJ-based method the DXF approach is limited to planar slicing and therefore canôt 

produce complex geometries. OBJ-based workflow is straightforward, with few special 

design considerations. Once configured, it is easy to operate within the slicer. Using 

Discriminator as a converter is also simple and straight forward. The automatic path 

recognition in Visual Components can occasionally cause issues, requiring manual 

correction of toolpaths.  

The STEP-based method relies on CAD software for path creation before importing the 

results into Visual Components. Unlike the previous two methods, every process must be 

repeated for each layer, as paths are manually defined in CAD.  

Although this approach requires substantial manual effort and design foresight it offers near 

unlimited flexibility with path creation. Because every path is individually designed, it 

allows for complex, non-planar, and surface conforming geometries that cannot be achieved 

with slicer-based methods. While computational requirements are minimal the process is 

time consuming and highly dependent on the userôs skill. Once the path is imported into 

Visual Components the path conversion into a tool path is simple and reliable.  

The attributes of the three path creation methods are summarized in Table 2. The methods 

are compared in Table 3 and ranked according to their performance based on workflow 

efficiency, computational effort, and design flexibility. 1 indicates the best performance and 

3 the weakest.  
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Table 2. Software solution attributes. 

Method Strengths Challenges 

OBJ-based Simple to set up, uses slicersô 

automation, produces a full 3D 

visual model of the sliced 

geometry, minimal manual work 

once configured. 

Limited to planar slicing, 3D model 

can block visibility when selecting 

paths, reference point offsets 

require correction, unsuitable for 

complex non-planar shapes. 

DXF-based Works with almost any slicer, 

lightweight vector files, fast to 

import, toolpaths are automaticly 

created in Visual Components. 

Requires a G-code to DXF 

conversion step, automatic 

convertions may misread lines, 

weak visual feedback, limited to 

planar slicing. 

STEP-based Maximum flexibility, supports non-

planar and surface-conforming 

paths, precise manual control of 

every path, enables geometry not 

possible with slicers. 

Very time-consuming, fully manual 

path creation, dependent on CAD 

skill, no automated checks or 

corrections. 

 

 

Table 3. Software solutions comparisons. 

 OBJ DXF STEP 

Number of software used 2 3 1 

Steps 1 2 3 

Computing time 2 3 1 

Design complexity 2 1 3 

Process difficulty 1 2 3 

1 Best performance, 2 moderate performance, 3 worst performance. 
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5.2  Practical testing 

This section goes over the results of the practical test conducted using the STEP-based path 

generation method. The test aimed to evaluate how well the toolpaths translated into physical 

deposition and to assess the overall reliability of the workflow when applied to real arc DED 

manufacturing. Both simulated and real-world results are discussed to compare the planned 

geometry and execution.  

5.2.1  Simulated results 

The simulated results generated a geometry that was over all what was expected. While the 

general shape of the product was successfully reproduced the accuracy of the simulation was 

limited. This is primarily because the weld simulation tool used in Visual Components is not 

designed for AM applications such as arc DED. Consequently, the resulting geometry should 

be interpreted as indicative rather than precise.  

Two types of geometric inconsistencies can be observed in Figures 39 and 40. The first type 

arises from inconsistencies and low resolution in the path simulation itself. A clear example 

can be seen in the wall section, where identical toolpaths are drawn differently on top of one 

another, resulting in visible irregularities. 

The second type of inconsistency involves incorrectly represented paths. These occur for 

instance in the stiffener and hole geometries where the simulated welds appear with gaps, 

sharp edges or uneven thickness.  

Similar visual distortions are also visible in other parts of the simulated model. It is important 

to note that these geometric inaccuracies are only seen in the simulation and do not carry 

over to the actual tool paths or the final printed component and they only affect the 

appearance of the simulated model and slightly reduce its accuracy.  
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Figure 39. Practical testing simulated results view 1. 

 

Figure 40 Practical testing simulated results view 2. 
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5.2.2  Real-world results 

The real-world results demonstrate how the model, programming and welding parameters 

performed during the real-world printing process. The test also provides insight into how 

each of the individual sub-geometries behaved under real arc DED process conditions. 

The test piece was printed only once to evaluate the methodôs performance without iterative 

optimization. This approach was chosen to maintain the scope of the study and to reflect the 

baseline functionality of the developed workflow before any iterative improvements. The 

final arc DED test piece is shown in Figure 41. 

 

 

Figure 41. Practical testing results. 

After printing the test piece was wire-brushed to reveal the weld details more clearly. Figures 

42 and 43 show the print after wire brushing and all six sub-geometries can be seen in those 

figures. 

The wall geometry performed well overall. The main issue observed was excessive material 

deposition at the start of each weld, which caused the top of the wall to lean slightly and 




















