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This thesis explores the development of software workflowsai@baseddirect energy
deposition This is doneusing existing CAD, slicing, an@AM tools. The objective was to
evaluate whethethird partysoftware environments can be adapted to create a uaifiéd
userfriendly path generation workflow suitable farc-baseddirect energy deposition
applications.

Threepath generatiomethods were developed and tested: ©8sed, DXFoased, and
STERbased. Each method waanalysedin terms of complexity, flexibility, and
compatibility within the context of arc basetirect energy depositiosystems. The results
showed that the OBJased method was the most straightforward but limited in geometric
complexity, while the DXFbased method offered improved control at the cost of additional
conversion stepandthe STEPbased method provided the greatest flexibility arxlieacy
while being most laborious to use.

The findings demonstrate that existing software tools can be effectively integrated to form
functionalarc basedlirect energy depositionorkflows without the need for specialized
proprietary systems. This study contributes to ongoing efforts to enhance digital
manufacturing byshowing araccessible, modular and scalable solutions for metal additive
manufacturing.
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Avainsanatsuorakerrostusproses$ietokoneavusteinen suunnittellietokoneavusteinen
valmistus polunmuodostus, offlirehjelmointi, tyokaluratojen suunnittelu, digitaalinen
valmistus

Tama tyo tutkii ohjelmistotyénkulkujen kehittAmist#alokaarsuorakerrostygosessa
varten Tama toteutetaan hyoddyntamalla olemassa olevia -CAlpalointi- ja CAM-
tyokaluja. Tavoitteenan arvioidg voidaanko kolmannen osapuolen ohjelmistoympaéristdja
kayttaa yhtenasen ja kayttajaystavaisen polun luomiseksi
valokaarsuorakerrostsprosessille

Tybssa kehitettiin ja testattiin kolme polunmuodostusmenetelma&poigdinen, DXF
pohjainen ja STEPohjainen menetelma. Jokaista menetelmaa analysoitiin
monipuolisuuden joustavuuden ja yhteensopivuuden nakokulmista
valokaarsuorakerrostysosessin kannalta Tulokset osoittivat, ettd OBJpohjainen
menetelma oli suoraviivaisin, mutta rajoittunut geometristen muotiédettavyydessa
DXF-pohjainen menetelma tarjosi parempaalintag mutta lisdsityévaiheita STER
pohjainen menetelma oli tyolgimutta tarjosi suurimman joustavuuden ja tarkkuuden.

Tuloksetosoittavatettad olemassa olevia ohjelmistotydkaluja voidaan tehokkaastiyntaa
toimivien valokaarsuorakerrostugonkulkujen muodostamiseksi ilman erikoistuneisa
valmistajakohtaisia jarjestelmid. Tama tutkimus edistéa digitaalisen valmistuksen
kehittamista tarjoamalla helpo&tyttoorotettavanmodulaarisefa skaalautuvamatkaisun
metallien lis@vanvalmistukseen.



ABBREVIATIONS AND TERMS

Abbreviations

AM Additive Manufacturing

CAD ComputerAided Design

CAM ComputerAided 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 pant path Each new weld bead contributes one layer
to the build.

OBJ path: Path exported from the slicer as a 3D mal€BJ format.
Path: Trajectory that tool end is meant to follaw

Path generation The process of converting a 3D model into a set of padftable 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 processid geometryith offline programming

(OLP) environment to validate toolpaths and parameter
Slicing: Process of dividing a 3D model into discrete layesgg 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

speedspeedandtorch angle
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1 Introduction

Additive manufacturing (AMhas beewchanging howhings arelesigredandmanufactured
sincethe 1980sInstead of cutting material away or usimgulds AM builds objects layer

by layer directly from a digital 3Dnodel This makes it possible to create complex,
customized parts quickly and with less waste. The technology started out in thetd980s
make prototypesand it was calledapid prototyping but has since grown into a full
manufacturing method. Today itos aarspard. f or
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 ofthe fourth generatiorof theindustrial revolution, where digital and physical

processeare becoming more connectédeyaprakasg021, 21-23)

Directenergydeposition (DED) is a type &AM mainly used to build metal parts. It works
by melting materi al as 1 tdos being deposit
source like a laseelectron beam or arblozzle feeds either metal powder or wire into the
melt pool and layer by layer a 3D object is busling a computer model as a referemieD
includesmultiple different manufacturingnethods, buthis work focuses specifically on
arc-basedED, often shortened tarc DED. wire arc additive manufacturing(AAM ) is a
commonly usedubhcategory of DEDand for the purposesof this study WAAM will be
assumed to be the same as RBED. Arc DED uses an electric arc to melt mevale
feedstockto create partsArc 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 componen{®rakasi2025, 6-7.)

1.1 Research problerand questions

Currentlyarc DED manufacturingorojectsrely onspecialisedsoftware systems tailored to
specific equipment, materials and production needs. Hystemsandsoftwarearehard to

get hold ofandimplement leading to a lack of compatibility and standardization across
different systems. As a resuétachprojectemploys its own programming workflow, file

format, and process control method. This makes it difficult to transfer or re@icaED
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processes between companies or research institufioadackof a propesoftware solution
limits theadoption rate oarc DEDprocessPrakash 2025324-25).

Arc DED has demonstrated strong potential for lssgale metal productiohiscould be

useful but the software tools that suppahte processemain underdeveloped. In practice

users are often forced to modify existing programs or manually combine multiple software
environments to achiew#esiredresults. Because most available tools are not specifically
designed folarc DED,they require extensive customization and adjustment for each new
application. This means that instead of following establishedkfleavs users must
experiment with process parameters, path generation methods and data transfer procedures

to find workable solutions.

Lack of predetermined workflowand validated methodologiegn arc DED creates
inconsistency unreliability and inefficiencyin the processThere are no widely accepted
frameworks that define hosoftwaretools shouldbe used oimteract withinanarc DED
processandwhat kind of resultshould be expectedith the processed\s a result, each
applicationtends to evolve its own workflonwonly useful for that specific setup and
dependent on the tools and skills available to the &stablishingsimple, accessibland
easy to implemenworkflows is critical to improvethearc DEDprocessand accelerate the

broader adoption airc DEDasa manufacturing technology.

Arc DED processs a highly useful manufacturing procesgich widerimplementation is
held back bythe lack of simpleand easy to accessoftware.lt is likely that eventually
commercial options will become more availaglbeitin the meantimea software solution
that is available to anyorgght now would help push the field forward:herefore, the

researchyuestiors of this studyare

1. How tocreate a software workflow thetcommonly availablendcan be utilized
for the benefit olarc DED?
2. How to makearc DEDimplementatioreasiemwhen the hardware eready

available
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1.2 Objectives of the study

The goal of this research is to understand the current state of software asediDand

to develop a practical workflosolutionthat improves how toolpaths are created. The first
part ofthis thesidocuses on reviewing existing software solutions and understanding what
is neededrom arc DED-specific workflow. This includes examininghattools are used,

how the tools are usedwhat are their limitations and what functions are necesdary

generateomplete an@ffectiveresults

The second part dhis research aims to build genericsolution using available software
tools. Theaimis to create a workflow that dependableaccessibland simple to uséor

arc DEDapplications. The outcome of this work is intended to provide a foundation that can
be built uponwhile helping to makearc DEDworkflows more accessible and supjpogt
further development in the field.

1.3 Limitationsof the research

This research focuses specifically on the software aspeatcoDED While arc DED
involves several interconnected technical areas, such as material science, meahdnical
structuraldesign and weld procesg 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 hardwarsoftwware Insteadthis studyfocuses on
analysingimprovingand combiningvailablesoftware tools and practicdsat arecurrently

in use The work primarily examines commercially available softveaieh as CAB, CAMs,
slicers and robot programming environmeants evaluates their compatibility, usability and
limitations within thearc DEDcontext.

The purpose of this study is to assess the functionality and practicality ebftiweare
workflow, rather than the quality or mechanical performancanyfprinted part. Printed
partscan beanalyseé to see problems with programming orta@rebut not to see problems
with thewelding parameters or performangéelditionally, thepracticalpart of this research

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

Uni versityods Welding Technology Laboratory
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1.4 Background

This work is acknowledged and conducted as a part of the AluWeld project funded by

Business Finland and the 3DTY project funded by European Regional Development Fund.

1.5 Use ofartificial intelligence

ChatGPT (OpenAl 2025) has been used in the creation of this tBbesis GPT has been
used in three ways in the creation of this thesis. ChatGPT has beeforuBeding high

quality sciencefor re-structuringchaptersandfor grammar correction.
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2 Literaturereview

Arc DED relies on a sequence of software tools to progress from a digital part design to a
depositecpart This workflow typicallycontainsCAD-toolsfor partmodelling slicing and

path planningoolsfor pathgeneratiorand robot programmingpolsto convert the patto

a tool pathandrobotprogramming(Krishnaet al 2024, 3. Each stage involves dedicated
tools with distinct capabilities and limitation. This section revidvesarc DEDprocess as a
wholeandthe currenuse caseand developmentsf software tools irarc DED

2.1 Arc basedlirect energydepositionprocess

Arc DEDis a metaAM process within th®ED categoryArc DED uses a continuous metal

wire as feedstock and an electric arc to melt the wire and deposit material layer by layer.
This useof arc welding allowsirc DEDto produce fullyfilled, accuratemetal components

at scales far beyond the build volumestifermetal AM processes$tructures measuring
several meters and weighing hundreds of kilograms have been successfully preittuced

arc DEDmaking it particularly attractive for large structural pasagmmat016.

Key strength oérc DEDis its high deposition raté\rc DED typically hasa deposition rate
between500g/h and10 000g/h depending on the material and sdtspah et al. 2023).
Moreover, the wire feedstock usedart DEDis relatively economical often costing roughly
onetenth of the equivalent metal powder and it is utilized with nearly 166#iency,
avoiding the waste associated with machining from solid billet or with recycling unused
powderfrom laser powder bed fusig®hah et al. 2023). Arc DED can also accommodate

a wide range of commercially available welding wire alltige steels, stainless steels,
titanium alloys, nickel superalloysluminium alloys Also, with appropriate process
control, arc DED parts can achieveomparablyhigh mechanical propertier an AM
procesgShah et al. 202%-6).

ArcDED6s capabilities have been demonstrated
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 (@egam3d
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202%). That component was recognized as one of the largegri@2d titanium aircraft
parts. In the maritime sector, tise callediWAAMpellero was printed via WAAM by
RAMLAB and Damen Shipyards aritlwas successfully certified for use on a working
tugboat(Ramlab2017). These examples illustrate hanc DEDis enabling largscale, high
value applications that would be difficult dess economicalto producewith other

manufacturingnethods.

Compared to other AM processas DEDoffers clear advantages in cost, scalability, and
throughput. It is one of the feV methods capable of producing very large, ksgiength

metal parts economically, using relatively inexpensive and readily available equigment

DED also is highly materialefficient with minimal waste and the potential for hybrid
manufacturing approaches that combine additive deposition with subtractive finishing.
These benefits come with tradé's.Arc DED6s r esol ution is | imite
bead This means fine details and smooth surface finishes are not achievable directly and
usually require pogtrocess machiningdrc 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., 23 Managing these

issues demands precisentrolof process parameters, adequate ilatger cooling and often

shielding to prevent oxidation for reactive metals.

Researchs increasinglyintegrating monitoring and feedback systems to impeoeeDED
process controFor examplerealtime sensing with thermal cameras and acoustic emission
combined with digital twin simulations are being investigated to predict and mitigate defects
during themanufacturing procegsi et al. 2024 296298). Hybrid WAAM techniques that
alternate deposition witimtermediate processing such as CNC machining between certain
layersor interlayer rolling to refine microstructure haveakshown promise for improving
dimensional accuracy and mechanical performance of WAAM (fahizh et al. 202316-

18).

Over the past decadec DEDhas progressed from laboratory demonstrations to certified
industrial production imultiple sectors. Its current capabilities enable the manufacture of
meterscale components with mechanical properties suitable for demanding applications
particularly where part size, material cost and lead time are critical factors. &kthDED

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

scaleand high deposition end of the manufacturing spectrum. Ongoing developments in
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process control, automation, and software are expected to further eaparmEDD s
industrial adoptionFully capitalizing onarc DEDbs pot ent i al wi || de
advancesndimproving the digital workflow that supports 8oftware tools and workflos/

are crucial for planning and executiage DEDbuilds and currently represent a bottleneck

with wider implementatiomf this process

2.2 Arc basedlirect energy depositiosoftware

Arc DED relies on the smooth interaction of several software tools that bridge the gap
between digital design and physical production. These in€Jd2 systems for modelling
parts, slicers for generating layer paths, and CAM or offline programming tools for
translating thospaths into robotic motion. This section providasgerview of these tools

and their roles within tharc DEDworkflow.

2.2.1 Computeraided desigmools

In typical arc DEDworkflows, the initial design of a component is created vat@AD
software which produces a 3D model representing the geortiedtywill be printed.
Standard CAD systems such as Dass8y#itemsSolidWorks orAutodesk $usion360
provide robustmodelling capabilities for designing complex shapes and the geometric
freedom ofAM encourages designs that might be impractical to fabricate by conventional
methods In arc DEDresearchCAD modellingis sometimes combined with parametric
designtools to create repeatingaths that can be used as tool pathsr example,
Rhinoceros3D with the Grasshopper visual scripting plugin has been used to parametrically
designarc DED structures, allowing complex patterns or lattices to be generated and
adjusted via algorithms (Badiee 20Z%5-36). Such approaches enable highly optimized
infill patterns or toolpath geometries tailored &c DED but itcan increase the complexity

of the design processdforcesthe design to be generated instead of modelled

Key consideration at the design stagéoignsurethat the CAD model is suitable farc
DED. While the CAD tools themselves are aot DEDspecific, 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 tdgpically, 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 (2@33%0) 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 tegas that the toolpaths could be
generated with minimal geometric fidelity loss and with immediatdtfaek 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 miostCAD softwareand limits the design complexity

In summary, conventional CAD toatan producgart design$or arc DED but their linkage
to slicing is not seamless. Thisan be mitigated withthe use of parametric CAD
environments or addns to bridge the gapetween design anpgath generatiorwhile
avoidng issues like geometric errors and tedious file conversionsthe other sidéhese

generativaoolscan be limitedn their applicability

2.2.2 Slicer and path planning tools

After a part is designed is converted into a set of toolpaths that will guide éine DED
process. In mosAM processes, this task is handled by slicer softw@lieergenerates
layerby-layer deposition path from3D modelthat when stacked will resemble the original
model This type of tool andpproachs mostcommon infused deposition modelling-DM)
printing. Arc DED processcan usea similar layered approach, but there are important
differences in path planning comparedRDM-printing. Arc DED involves laying down
continuousmetal weld with significant thermal inputThis means thathe deposition
material is completely melted in the processl cad be manipulated mechanically while
printing. There forthe toolpath strategy must ensure uniform material deposition while

managing heat accumulation in the part.
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Early implementations ofirc DED often borrowed simple path patterns from CNC
machining or traditional 2.5D printin@irectly applying those conventionpith planning
strategies is often unreliable farc DED The arebased process has unique characteristics

For instanceabrupt start/stop points or sudden sharp changes in direction can lead to weld
defects such as craterser depositiorr lack of fusion at the bead endpoirisany basic

infill patternslike lines, zigzags etc require adaptation foarc DEDb s conti nuous
metal depositionMiller et al. 2@3, 834835).

Modern research cerc DEDpath planning has introduced a variety of strategies to improve
deposition quality and process reliabiliseaturebased planning is one such strategy, where

the part is divided into recognizable featuli&s walls, corners, overhang regions, infill
areas and each feature is printed with a tailored pattern or teclifitaeceet al2017) This

can yield superior results because each portion of the geometry uses a toolpath optimized for
its specific requirements. However, manyaeévising a unique toolpath approach for every

new geometry isabourintensive

To address this, Michel et al. (201910) proposed a Modular Path Planning (MPP) method
that brings modularity to the layéy-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 geomeftcharacteristics. For example, straight wall segments, corners,
and internal fill areas within the same layer might each be assigned a different deposition
pattern module. By combininthesemodules, complex parts can be constructed using a
composite obptimized 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
parametersand 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 toarc DEDrather than relying on generic 3D printer slicers

Another important aspect @r'c DEDpath 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 atosedloop toolpaths are often preferred for printing
cylindrical or ringshaped structures so that the layer can be completed in one continuous

weld. For straight wall featurasis best tochoose gaththat turns soothly at each end
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rather than breaking the bead at the wall end. When discontinuities are unavyoidable
parametricstrategies are employed to mitigate their imp&terlapping 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 poedstobead to

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

Beyond planar slicinghere isexplomtioninto non-planar and multdirectional deposition
strategies folarc DED In principle a roboticarc DED system is not constrained to lay
material in strictly horizontal layerd'he print headand the partcan bemounted on a
positioner that canre-oriented to build along differendirections which could enable
overhanging features without support or stronger weld bead orientations. However,
implementing multidirectionalarc DEDadds complexity to path planning, the toolpaths

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

complex

Schmitz et al. (20211-3) developed a robotentred path planning algorithm that

i ncorporates the robotdéds kinematic constreé
the reachability and manipulability of the robot for each segment of the toolpath, their
method ensures that the resulting pathes @ot 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 oarc DEDpath 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 motidkVu et al 2017, 1-3; Michel et al. 20191-3; Schmitzet

al. 2021, 1-2). The diversity of approaches highlights that no single slicer algorithm works
optimally for allarc DEDscenarios. Consequently, currant DEDtoolpath planning often

relies ona mix of adapted existing software and custom algorithms tailored to specific
applicationsSlicers forarc DEDremain limited in capability, and users frequently resort to
customcodng or research prototypes to generate the specialized toolpathbdhdivare

and part geometry require.
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2.2.3 Computeraided manufacturingndroboticprogramming

After generating the deposition path the next step is to translate it into commands that can
be executed onnmaarc 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 t
code that the robot controller candntret. This stagis the CAM postprocessing and robot

offline programming portion of the workflow.

A straightforward approach is to use the
interface or offline programming (OLP) software to manually program the motion.
Programming a complex multayerarc DEDpart by teaching the robot every weld path is
extremelylabour intensive and erroprone and it often lacks the needed flexibility for
iterative path adjustments. Because of thisignificant effort hae been invested into
automating robot programming farc DED and linking it more closely with the path

planning stage.

One approach emerging from research is to use 4miogramming plugins within CAD
environments to generate code automatically from the planned paths. For example, Badiee
(2023) employed the KUKAPRC plugin inside the Rhindrasshopper environment to
directly convert Grasshoppegyener at ed t ool pat hs into act
wor kfl ow, once a toolpath was computed ir
produced KUKA Robot Language instructions
paramegrs This integration meant that the process parametersl be editeall 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 arbtr programming tools to

streamlinearc DEDworkflows.

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 amr DED
applications. Visual Components allows users to import CAD models or externally
generated tool paths and s iemirdnaentdhisprovdesr o b ot
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accurate kinematimodellingfor a wide range of robots enabling reachability checks and
motion planning in a realistic 3D environment. The softvadgeincludes features important

for welding such as ensuring proper torch orientation, performing reach and collision
analysis creating a simulated modet the weldand 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 repetific prgram dramatically reducing
reliance on manual programminghis unified environment covers everything from path
visualization and verification to code output bridging the gap between path planning and

robot execution.

Some exampleshow 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 ime from the 10 days it previously took down to about 1 @agual
component2025). 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 qualityconsistencyvisualcomponent2025).

These examplegrefrom useof OLP for robotic welding butlustrate the practical benefits
of an integrated CAM/OLP tooThese benefits ara$ter development of robot programs,
less downtime and improved fitgine performance due to simulation and verification of the
welding paths beforehand. Although Visual Components isumoDED specific out of the
box, its flexibility and support for custom procesgthdefinitions allow it to accommodate

arc DEDworkflows andcould applythese benefits faarc DED.

Visual Componentgan be used in tandem with modélsed 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 arc DEDsoftware workflow, provided that the upstream data

like CAD modelsandslice pathgan be imported in compatible formats.
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2.2.4 Summary ofarc based dire@nergy depositiodigital workflows

The literature shows thatrc DEDrelies on three main categories of software tools: CAD
systems for creating geometry, slicers or ga#nning tools for generating deposition paths
and CAM/OLP environments for converting those paths into robot motion. Each tool
category has its own strgiins and limitationsPractical 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 tarc DEDspecific constraintsSlicers and patplanning tools
automate layer generation and toolpatbation butare typically developed for polymer
printing and require adaptation &aoc DEDscale, bead size, and thermal behavi@&M

and offline programming tools enable simulation, collision checking, and robot code
generation, but do not inherently underst&nd processes and rely on extal path input.
Generatte CAM tools are limited with the geometries thag able to ieate. Specialized
model toarc DEDtool would beagrate solution, buheyarecurrently underdeveloped and
hard to obtain.

Because each tool excels in a different phase DEDworkflows are built by combining
them in various ways. For example, a workflow may consist of GA&er, OLP or another

may use CABgenerated paths directly in OLP and hybrid workflows may insert conversion
tools or custom scripts between staddws Figure 1 summarizefiow these toolbave been
combined anghowshow different workflow structures emerge from the same underlying

software categories.
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AD-mode Generative CAM-tool

Tool path made in
CAD manvally
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custom script

Specialized WAAM
tool

Robot CAM/OLP

Welding robot

Figurel. Software tools used erc DED

2.2.5 Integrationchallenges

Integrating all these software stagegntioned abovénto a coherent and usé&rendly
workflow is one of the major challenges amc DED today. Unlike more maturé&M
processearc DEDcurrently lacks a widely adopted unified software platfoArc DED
projectsoften patch together different toad®d custom script®d complete therc 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 softatareailable,

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(Fagerstron2024 20). Fagerstronmotes that companies attemptirgc DEDoften

face the need to develop taHorade software solutions for toolpath planning and
monitoring, since readgnade packages are scarce. This reliance bause solutions slows
down adoptiorandmakes 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-tonregdrocess

control. These aim to encapsulate expert WAAM knowledge into fueedly interfaces

allowing endusers to plan WAAM builds without needing deep welding or robotics
expertiseForexampleWA AM3 D6s software platform inclu

machne simulation, and process monitoring (WAAM3D 20623

Similarly, major CAD/CAMcompaniehiave begun addingrc DEDspecific functionality

to their productsFor instance, Siemertsas introduced WAAM path planning routines into

its NX software, so that users can work within a familiar CAD/CAM interfacehawe
dedicated WAAM planning tools for toolpaths and paramdteasnps 2021) While these
developments are promising, many such solutions are proprietary or in early stages of
deployment. This means users may face high dosited flexibility or compatibiity 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 intelligenceuia the

DED software workflow. Research is exploring how to integrate sensors antinteal
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 contrainsl bey

the scope of this literature review, it is worth noting thasedloop arc DEDsystems where
monitoring data is used by the software t¢

are an active area of development

The ultimate vision israarc DEDworkflow where the initial CAD model flows through an
automated pipeline that handles slicing, robot code generation-@ndci@ss correction all
with minimal human intervention. Achieving this level of integration demands compatibility
between differensoftware layers and significant development effort in terms of software
engineering and algorithm desidguilding robust industryreadyarc DEDsoftware is costly

and complex, and manufacturers may be hesitant to invésinless therareclear market
demand and return on investment (Fagerstrom 20@5Nonetheless, the trend is clearly
toward more usefriendly and consolidated toolsyhich will likely acceleratearc DED

adoption in industry as they mature.
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Software workflows folarc DEDremain 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 softwaeédDEDare rapidly evolving
andmoving from simple layebasedorocesse$o sophisticated algorithms that account for
geometric features and even robotic constraints. Robot programming has seen adttances
offline simulation and pogprocessing plugins that streamlioede generation for complex

builds. Still the overarching challenge is integratiamd 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 undiedDED
workflow that can harnessc DEDO s pot ent i al customptogrammingrag g ui r

each step.

It is widely recognized that addressing the software and workflow gaps is crucatfor
DED to transition from isolated demonstrations to a reliable, -phuaplay industrial
processConsideringhese challenges and developments, this thesis focuses on developing
and evaluating modular, accessible aagablearc DEDsoftware workflows using existing
tools. This approach directly addresses the identified need for flexible and andiBdED

workflows andprovides a foundation fdow entry pointarc DEDsolution.
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3 Path generatiostudy

Path generation is the processising computer tools tcreatemovemeninstructions for a
machine. Inarc DEDcontexti t uSexl tomake a deposition path that a robot can follow
using awire arc tool This chapter introduces three different methods for path generation
OBJbased, DXFbased, and STEPased path generation. Each method describes how path
parameters are defined, which software tools are used and what specific functions or settings
are applied within thos@ols

All three methods aim to generate toolpaths compatible with Visual Components OLP
Visual Components is used because this software used at LUDniversity 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 pnagnéng.

In Visual Components each welding operation represents an individual programmed weld,
including its start and end points as well as the relevant process parahVeteling path
defines the traject or y wdldndgopeoatioa.dMultiph weldmd ot O s
paths can be combined to produce a complete build and each path can have unique

parameters such as travel spded;h angleand layer height.

The preconfigured simulation environment used in this thesis is a weldimg esd at UT
University. Thisincludes an industrial robot, a positioner talpleywer source with related
cables, hoses andelding torch. This setup allows for the straightforward creation and
testing of new toolpaths without the need to construct a custom robotic cell for each
experimentor 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 waihataskeR5
mm long section of an SHB00 x 10 profile, as shown in Figurz This geometry was

selected because it provides a straightforwardsangleshape 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 scopestidkis

A 25N

o

Figure2. Demonstration piecghape andimensiors.

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 finaltool 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 oxedappi

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 reapistiameterdor an arc DED process
usingsteelwire and typical deposition rate¥he same parameters were applied across all

three methods to ensure comparability between results.
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3.2 Objectbasedpath generationsing a slicer

Object or OBJ}formatis a simple, widely used 3D geometry file format that stores a model
as lists of vertices, edges and fadé¢ss section describesnOBJbased method for creating
toolpaths using a slicer. In this approach the model is first designed in CAD, sliced into
layers and the resulting pagimported into Visual Components for robot programming and

simulation

3.2.1 Methodoverview

The slicerbased OBJ path generation method involves utilizing a commercially available
FDM slicer to generate deposition paths suitabl@aforDED 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 pathsThis work usesPrusa Sliceto generate the OBJ fileklsinga consumer

grade FDM slicer offers a refine udeendly 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 awati structures.
Additionally, due to the wayhat Visual Componentsallows tool pathsselectiononly the

top, bottom and sidedgef eachpathcan beusedfor a referenceAs aresult,the generated
pathsareoffset by approximately half a layer heigitwidth from the intended deposition
position. This offset can be corrected through rhadpistments or by applying path offsets
within Visual Components, but both solutions add extra steps and potential sources of error.

Figure3 demonstrated theorkflow using this method.
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OBJfile is exported
(WCADmModel is for OLP (wVisual

created in oModel is sliced components
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\ STERile is \_ \ Robot program is
exported for slicer exported

Figure3. Flow chariof OBJ}based path generation method
3.2.2 Creatinganobjectbasedoolpath

This exampleusesPrusa Slicerversion 2.9.2 for path generation. As the software is
originally designed for polymédvased FDM, it does not directly support the parameter range
required forarc 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 DEDboth the layer height and path width are typically an order of magnitude larger than
i n FDM printing. To ensure compatibility t

accordingly.

All extrusion width parameters as shown in Figdrehould 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 thdefault extrusionwidth was set to 3.5 mm representing the actual

weld bead width used duriragc DEDprocess
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Figure4. Prusa extrusion parameter

When the infill value is set to zero, the part is processed as eoshelnodel. While it is
technically possible to include infill when using this metkodhg 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(Florentetal. 2019 4). Used infill parameter are shown in Figie

= Layers and perimeters Infill

o '

() Skirt and brim Fill density: G| 0% ~ (%

() Support material Fill pattern: B * | stars e

() Speed :

5 h?jliiple Extruders Length of the infill anchor: B o | B00% ~ |mm or %
% Advanced Maximum length of the infill anchor: B0 ~ |mm or %
[& Output options Top fill pattern: B * | Monotonic ~

Dl Motes . : .

%, Dependencies Bottom fill pattern: B * | Monotonic o

Figure5. Prusa infill parameters

The fALayer hei ght 0 p6defmenehe gerticalsstew size betwaen F i ¢
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 ®&n beneficial inarc DED as the first deposited layer typically
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requires compensation for variations in skertingsurface, thermal expansion or initial torch

positioning.For this study all the laydreightsare set t&mm.

= Layers and perimeters Layer height
£ Infill _
) Skirt and brim Layer height: G2 mm
() Support material First layer height: (= A mm
(5 Speed
57 Multiple Extruders
9 Advanced Vertical shells
(& Output options Perimeters: = (minimum)
[Fl Motes
% Dependencies Spiral vase: a0
Recommended object thin wall thickness for layer height 2.00 and 2 lines: £.32 mm

Figure6. Prusa layer parameters

Oneadvantage of using a slicer program is automatically calaniatieimeand massf the

final model. By defining the filamerdensity,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 iath®EDprocessFigure

7 showshow the density can be defined with in the slicer. For this study the density is set to
7.85 glcnd.

Il Filament Filament
Cooling
B s Colon B L]
% Advanced
% Filament Overrides Diameter: E ® | 175 mm
&3 Cust -
L Custom G-code Extrusion multiplier: 8|1
[l Not F
otes
% Dependencies Density & J| 783 g/cm’

Cost: 2 #3620 roney kg

Spool weight: 8 = | 2m q

Figure?. Prusa filament parameters

After setting up thelicera model can be importe@lhis method requires a 3D modetmat,

geometry and parametdtst 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 witisiug

a significant amoumf geometric accuracy or surface data.

Once the print parameters have been correctly configured and the model has been imported,
the slicer can generate the laymrlayer toolpath. The resulting path can then be previewed
within the slicer interface to verify the slicing strategy and enswaethie layer structure

matches the intended build before exportiBlicers path preview can be seerfrigure 8.

Figure8. Prusa sliced model.

This methodusest he A Ex por t tooltolggnerateha 3B modé Bf dhe sliced
path. Figured showsthe location of this tool within the slicer interfadenis tool converts
the previewedoolpathinto a 3D modelnd exports a®BJ model of the pathThis 3D

model can beised as a reference for toolpath creation.
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Figure9. Prusa OBJ export.

After exportingthe next step is to impaitte OBJ fileinto robot programming environment.

This process uses Visual Components Premium OLP 4.9 as the OLP software. Visual
Component©LP can import the previously generated (fi8d and interpret its geometry

as a referender weldingpath creation and simulation. The imported OBJ model of the path

can be seen iRigure 10.

FigurelO0. Visual Components imported OBJ



33

The Welding Path Tool in Visual Components allows the deleatarious geometric
features such as the outer corner between layers, the outer edge, the inner corner, the edge
of each layeor any otheredgeas the reference for tophthgeneration These reference
pointscanbe slightly offsefrom the true weld centrelirdepending on the selected reference
detail. Thisexample uses the corner between the layer as a reference meaningfthal the

tool path ioffset by half a layer compared to the original modbis offset can be corrected

with in the Visual Components but amtaining consistent reference selection ensures

uniformity across all layers and welding passed should result in flawlesspart

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 ef layer
specific parameters or the modification of starting points to control heabdigin and
deposition order. Furthermore, individual layers can be divided into multiple welding
operations, enabling finer control over complex geometries or larger piguse 11 shows

how the welding paths are created in this study.

Figurell Visual component toolpath on OBJ

The welding process and the final product can be simulated and visualized within Visual
Components. Theimulatedwelding path previevis shown in Figurel? in red This path
provides a visuatepresentatiomf the programmed toolpath and allowspectionof its
geometry.
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? @ @ 0:09:53

Figurel2 Visual Components simulated weld on OBJ.

3.3 Vectorbasedpath generation using a slicer

DXF is a vectoibased file format used to exchange 2D and 3D geometry between CAD
programs by storing lines, curves, and other drawing entitiesvidely compatible form

This section describesDXF-based method for creating tqmths. 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 ugiognversion program.

The resulting DXF file is then imported into Visual Componemikere it is useds a

referencdo generate the welding paths.

3.3.1 Process overview

This method follows the same initial steps as the-B&sEd approach. The main difference
between these two methoiss in the export and conversion stages. Instead of exporting an
OBJ file, the sliceris allowed togeneratex G-code file This G-codeis then processedlith

a G-code interpretation program that converts Gieodeinto a 3D DXF filebased orG-
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codes move command$his DXF file can then be imported into Visual Components and

used as a reference fwoiol pathgeneration

The primary advantage of this approach is its compatibilitys methoatan utilize virtually

any slicer software capable of generatingdsle, 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 Componeriis{F files are also easy to edit ascale

due totheir vectorbased nature.

This method also has some limitations. Because the imported DXF file contains only vector
data and no 3D geometmjsualization within the OLP environment is limited. Furthermore,
the additional conversion step introduces extra complexity and a potential yecers.

Figure B showshow this workflowoperates

: G-code is generate - RObg; P(;?tggdm is
WCADmModel is wG-code is p

created in «Model is sliced converted using WVisual
Solidworks usign Prusa slicer | Discriminator components OL

is used to crete
STERile is
exported for slicer

DXFfile is exported tool path
for OLP

Figurel3. Flow chartof DXF-based path generation method
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3.3.2 Creatingavectorbasedool path

This method follows the same procedure as described in Section 3.2.1 up tBFigome
that point onward, it divergas the exporting stage. In this approach the sliced model is
converted into &ode using the slicer.-Gode formatting is not critical, as the subsequent

conversion process extracts only thevementata removing all other machine commands.

The generated ©Gode file is then imported into a program called Discriminator.
Discriminator is primarily designed for-Gde visualization and editing, but it also includes
functionality for exporting toolpaths as 3D DXF files. By using Discriminatoraas

conversion tool, the toolpath can be isolated from the@e and exported as a vector file

suitable for use in Visual Components.

The Gcode camalsobe modified directly within Discriminator allowing users to correct
simplify or optimize toolpaths before exporting to DXF format. This capability is
particularly useful because-¢de files include movementhat are notpart of the
deposition path. These movements include but are not limitgdirib head cleaning,-z
hopping, moving to next lay@ndposiion zeroing These unnecessary motions do not need
to be imported into the OLP environment and in some cases may even interfdrgusgh

steps.

The Gecode file is converted usimgp | ot wi t h fshownin figure #¥W\thid t o o
this tool there isatoolc a | | eed tfhos aboMiroFigure 15 that creates a DXFEle

based on the Bodemovement.

I:*E Discriminator - [C:\ .ALUT25\DIPPANSHS 100X 10_25MM_G.GCODE]
E] FME /7 edt ol view f\/ Schemes L;—L‘Cade'ﬁps Tm Tools Eledaw ) ele
Z&-HEZg C O 2 [ OER BEE] << iS5

; generated by PrusaSlicer 2.9.2 on &R at 07:17:57 UTC

T /\ Name-ShortPath

= I
-5 Favorites
T | @5 Today i . .
{3 Vesterday ; external perimeters extrusion width = 3.50mm
>l W\ZEK ; perimeters extrusion width = 3.50mm
@ | & rors ; infill extrusion width = 3.50mm

Figurel4. Discriminatormain menu
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Figurel15. DiscriminatorViewer

TheconvertedDXF file can be imported int@¥isual Component©LP and used as an object
in the programThe imported DXF file can be seenhkigure 16. As seen from the figure

the file isathreedimensional collection of lines.

Figurel6. Visual Components DXF imported

After importing and positioning the DXF object in Visual Components it can be used for
welding pathgenerationVisual Components hasaXF-to-Path Converter todhatallows

the software to automatically generate a welding path from the selected DXF object. This
method is efficient and fast, but it requires a clean andstreittured 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 noftool pathmovements atool paths, resulting in errors or requiring additional
manualclean upusing the Welding Path Adjustment tooAdternatively, it is also possible

to manually creatéool paths from the imported vector object. The detailed process for
manual pattselection and generatios described IrSTEPbased pdit creation methoth
chapter3.4.2.

This example used the DXiB-Path Converteto create the tool path$he tool used can be
seen in figure . The DXFto-Path tool automatically separates the imported paths into 2D
layers, creating a distinct welding operation for each layer, as shown in Biguret 6 s
important to note that the tool paths shownFigure 18 are automatically generated

separated and have not been manually selected or segmented.

CRN =
8 @ @F) 00000 e rotpogen o g

Figurel?. Visual components DXF to path tool
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Figurel8. Visual componenttolpathon DXF.

The final simulated weld generated from the Dbdsed path is shown in Figut®. The
simulation demonstrates how the imported vector data can be used to produce a complete
arc DED sequence within the OLP environment. This visualization slsawsthat the

converted paths align correctly with the intended geomeiithiout any unexpected
movements or depositions

Figurel9. Visual componentsimulated weldn DXF.
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3.4 Modelbasedpbathgeneration

STEP is a standardized CAModelfile format that represents 3D models using precise
geometric and product datd@his sectiongoes overthe STERmodel 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 gedheetric reference

for welding path generation.

3.4.1 Process overview

This method is the most labeimensive, 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 expodimgatha
wireframe STEPmodel withsketch geomeigs This examplegenerate these sketches by
using offset planes and cressctional 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 findune the path geometry. Because the toolpaths are defined as
sketches, they can be individually adjusidended 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 softwéameensure accuracy or continuidso,

the model geometry must match the intended path parameters, since thge@é&mted

paths rely on the model reference withaty additional parameterscorrectiors or

adjustmentools. Theworkflow depicted here can be seerfFigure 20.
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Figure20. Flow chartof STERbased path generation method

-

3.4.2 Creatingamodetbasedool path

There are several ways to create sketanespathsrom a 3D model. The following method
demonstrate®ne approach for generating layby-layer crosssections of any geometry

using a CAD tool.

Before beginning the process, a part model is required. This modbkegther imported

or created directly within the CAD program. In this example, the model was created in
SolidWorks 2024The rest ofCAD work will also take placaithin SolidWorks The next

step is to create offset planes at each desired layer hi@ighis example there is an offset

plane every2 mm correspondingo the process layer heighOn these offset planem
intersection with the modé projectedWhen creatingntersectons,i t 6 s | mpor t ant
a sketch on the offset plane before using the intersection curve tool. The intersection tool
uses asketchas a reference not a plan€igures 4 showsthe creationof the offset planes

andFigure 22 shows how th@lane can be used aseference for intersection curve
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Figure22. SolidWorksintersection 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 stéfigures 3 shows the intersection curves with the

part modebndFigure 24 shows the intersection curves after the part geometry is deleted



43

Figure23. SolidWorkstoolpathsand model.

({

NN

Figure24. SolidWorks toolpatk.

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

ways to export sketch geomet@ne option is to export as a DXF file, allowing the use of
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methods described in Secti@®.2. In this case, however, the geometry is exported as a
STEP fileusing the settings shown Fgure 5. Using these settings all the sketches are

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

SCAM | SOLIDWOARKS CAM TRA | Anahecic Prenaratinn |

System Options  Document Properties 3 search options Q
General File Format:
MED STEP B
D_rawings -
;- Display Style -
é--Area Hatch/Fill ) Solid/Surface geometry
Performance © Wireframe
Colors Export sketch entities
@ | sketch
[ : Relations/Snaps Set STEP configuration data
| Display

Select] Export face/edge properties
election —
! |_| Export appearances

Performance
Assemblies [ JExport 3D Curve features
External References I8 Split periodic faces

! Default Templates ) Export assembly components as separate STEP files

File Locations - frecommended for large assemblies)

FeatureManager

| Spin Box Increments

View

I | Backup/Recover

Touch

Hole Wizard/Toolbox

File Explorer

Search

Collaberation

Messages/Errors/Warnings
. Dismissed Messages

Import

Export

Reset... Output coordinate system: -- default -- -

oK Cancel Help

Figure25. SolidWorksexport settings

The STEP file can be directly imported into the Visual Components OLP environment,
where it can be used as a reference for welding gathtion.Figure 26 shows the STEP
model imported into Visual Componentss seen irFigure 2 the modelconsistsof only

sketch geometries.
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Figure26. Visual componentsnported 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 Toohtaliypa

select the geometries that need to be converted into paths. These path statements can then be
transformed intdcoolp at hs using the APath Statement t

In this example one path statement is created for eachresitting in two paths per layer
and these are converted into process paths individ@gated path statements are shown
in Figure 27 andconvertedool patts are shown irFigure 28.
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Figure28. Visual componenttol path on STEP.

The final simulated weld generated from the STt&Bed path is shown in Figu28. The
simulation illustrates how CARreated geometry can be directly utilized to produce a

complete welding sequence within the VisuabmponentsOLP environment. This
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visualization also enses that the manually created toolpaths align accurately with the

original STEPmodel and that each layer is deposited cdlgrec

Frame

Figure29. Visual componentsimulated weldbn STEP.

3.5 Additional capabilities

The previous sections each presented one primary apprgaatihtoeation.These methods
also include several additional capabilities that may be advantageous farctiidD
process but were natemonstrated with thearlier processesThis section outlines a

selection of these potential features and advanced functionalities.

Modern slicers are capable of a wide range of advanced operations. For eRaugadicer
can generate a spiral vaBem a model producing a single continuous path around the

geometry, as shown figure 30.
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Figure30. Prusa vase preview.

Prusa slicecan also creataultiple kinds ofinfill structures using various patterasd multi

wall structuresThe opersource nature of Pru§&icer further enhances its flexibilitiPrusa
Slicercanbe modified to fit specific applications, and a wide variety of thparty plugins

and customi zed versions ar e avail abl e.
functionality, enabling specialized slicing strategies or tailored process control for different

mateaials and deposition techniques.

CAD-based methodsffer a high degree of customizability for path design. Since toolpaths
are created directly from sketches, it is possible to design virtually any path geometry,

l i mited only by the userodos skill and fami/l
path configurationsreprinting on the side of previous layers or bujldsatingnonplanar
crosssectionsand generating nosplanar 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 geometryr to combine multipleggeometriesBy selecting and adjusting each
weld individually, it is possible tayain 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 tesandvalidation of path creation

To gain a deeper understanding of the methods discussed in CBapkes chapter
demonstrates one of the proposed approdoyewkinga practical test piece. The objective
is to produce a geometry that would have been impossible to manufacture using previously

available methodanddemonstrateéhe feasibility of the new method

The test is carried out using the STE&sedpath creatioomethod This method was selected
because it is the most complex of the three presented methods and offers the broadest range
of capabilitiesThe STEPbased methodlsohasthe mostfeaturesthat were notshown in

earlier examples.
4.1 Arc basedlirect energy depositiogparameters

The arc DED parameters were derived from Suikkari (2028-25) and furthervalidated
through preliminary testing with smakstprints The parameters used in the iggtare
presented in Table 1.

Tablel. Arc DED parameters

Wire material AlMg5 1,2 mm
Movement speed 50mm/s

WFR 8,5m/min
Voltage 18,7V

Current 140 A
Layerheight 1,0 mm
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The test was conducted usibgT universiy& welding station. The welding robot was a

Yaskava AR 2010 Thewelding power sourcevasKemppiAX Pulse+ 500A Additionally

the station had #¥askawaMT1-turning tablethat was used to position the work peace.

4.2 Test piece

The test piece used in this section was designed specifically for this pidjedest piece

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

to demonstrate different capabilities of the software solutionganBEDprocess.

The testis carried out using the STHfasedmethod This means thahe geometry of the
test piece is partly dictated by the welding parameféns.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 previouslisgito minimize the risk of tool

collisions during depositioan the sides of previoysinted geometried he final test piece

is shown in Figur&l. Each line in the figure represents an individoal pathand serves
as a guiding geometry for robot programming.
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Figure31. Practical testimg paths
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The test piece consists of six geometries, each designed to demonstrate a specific feature or
capability of the STE®ased path generation method and &ne DED process.The
geometresare

- wall

- Stiffener

- cone

- hole

- graffiti

- geometry on surface

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

that curveslt serves as the baseline test for repeatability over multiple layers. The slanted
side allows for easy layer counting, while the straight aadl curved walprovides a simple
starting point for subsequent geometrifise wall is highlighteds blue inFigure 2.

Figure32. Practical testig wall paths
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Thestiffeneris a small stiffening feature along the side of the wall. It is deposited as a single
welding operatiorand is intended to test the process performance when adding small details
onto an already printed structuaed performance witrelatively high heat input in a small

area This geometry provides insight into higgmperaturdoehaviourand the feasibility of
featureon-featuredeposition.Tool path of thestiffeneris shown inFigure 3.

Figure33. Practical testiy stiffenerpath

The cone geometrg a slanted serircular shape thas partially overhangingThe cone

is designed to test tleey s t abilitydte generate and print overhanging structures. The cone
also highlights how overhangs affect layer accuracy and shape distblt@oone is shown

in Figure 3 as blue.
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Figure34. Practical testirg cone paths.

The hole geometry is used to examine how the method handlesssalellfeatures and
overhangs aligned with the direction of travel. Holes am@amonstructuralshapen many
metalcomponentsand their successfplrinting would demonstrate aseful capability and

applicationof arc DED The hole idhighlightedin blue inFigure 35.

Figure35. Practical testimg hole paths.
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The graffiti geometry tests thmethodsability to perform surface modifications and
texturing on the sides of printed componefitse graffiticonsists of two distingarts First
part isa tightening zigzag pattern oriented againstwih#s layer direction The secongart

is a threelayers high shapeon the walls sideThe zigzag pattern is used to evaluate how
effectively layer lines can be smootheadd the threelayer structure tests how reliably
material can be deposited onto thefacesof previously printed sectiorend does more

layers make thegraffiti smoother The graffiti is shown irFigure 3 in blue.
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Figure36. Practical testiry graffiti paths.

The geometry on surface is the most complex of thgesixnetriesThe geometrys printed

on top of a circular wall and follows the curvature of the underlying surface in subsequent
layers. The resulting shape resembles a wipe shapeconforms to the geometheneath
testingt h e met h o dddacuratalypdepositing aingnplanar surfacandcreating
conforming featureszigure ¥ shows the shape of the geometrpplueand Figure 8 shows

the layers from abowdisplaying how they conform to tishapeunder thegeometry
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Figure38. Practical testing gometry on surface patfrem above.
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5 Resultsand analysis

This chaptegoes over andvaluates theesults ofprevious chapters on two pargrst part
resultsinclude how thepath creationmethods preformed aritbw feasible the methods are
for future use Second pargoes ovethe performance aherealworld testing the quality

of the simulategbart

5.1 Evaluatingpath creationomethods

When evaluating softwarmols, it is common to use structured comparison criteria that
consider both technical performance and practical usability. Bjarnason €20aB)
emphasize that effective software assessment should account for dimensions such as
productivity, quality, integration capability, cost and overall organisational Ttie
comparison in this thesigs been done with this in minthe workflows were evaluated on

their technical functionalityand on practical factorsThis way of comparingprovides a
balanced view of how well each tool supports an efficient and functional manufacturing
workflow. This section reviews the performance of the three softhvased path generation
methodsand analyses their respective strengths, limitationsuaedcasesvithin the arc

DED workflow.

The OBJ-based methodutilizes a single software environment prior to importing the path
into Visual Components. Most of the setup steps need to be performed onlgaeg, for

weld path selection, which must be repeated for each [Bysrmethod 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 noeplanar geometriesdBecause the method uses a 3D model as a
referencethe 3D model used for path visualization can obstruct lower layers making path
selection challenging for multivall prints. Despite these drawbacks, the metk@imple

and efficient requiring only minimal design consideratitingeta desired tool path
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The DXF-based methodnvolves two software tools before importing the path into Visual
Components The tools areslicer 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 OBJbased method the DXF approach is limited to planar slicing and therefdre can
produce complex geometrie®BJbasedworkflow is straightforward, with few special
design considerations. Once configured, it is easy to operate within the Elgeg
Discriminator as aconverter is also siple and straight forwardThe automatic path
recognition in Visual Components can occasionally cause issues, requiring manual

correction of toolpaths.

The STEP-based methodrelies on CAD software for path creation before importing the
results into Visual Components. Unlike the previous two methedsy process must be

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

Although this approach requires substantial manual effort and design foresight ineéers
unlimited flexibility with path creation. Because every path is individually designed, it
allows for complex, nomplanar, and surfaggnforming geometries that cannot be achieved

with slicerbasedmethods. While computational requirements are minimal the process is
tmeconsuming and highly dep te phth ismported intd he u

Visual Components the path conversioto atool pathis simpk and reliable.

The attributes of thehreepath creatiormethods aresummarizedn Table2. The methods
are compared in Tabl& andranked 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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Table2. Softwaresolutionattributes

Method Strengths Challenges

OBJbased | Simple to set upuses slices 6 Limited to planar slicing3D model
automationproduces a full 3D can block visibility when selecting
visual model of the sliced paths reference point offsets
geometry minimal manual work | require correctiopunsuitable for
once configured. complexnon-planarshapes.

DXF-based | Works with almost any slicer Requires a &odeto DXF
lightweight vector filesfast to conversion stepautomatic
import, toolpaths are automaticly | convertionamay misread lines
createdn Visual Components. weak visual feedbackimited to

planar slicing.
STERbased Maximum flexibility, supports non | Very time-consumingfully manual

planar and surfaeeonforming
paths precise manual control of
every pathenables geometry not

possible with slicers.

path creationdependent on CAD
skill, no automated checks or

corrections

Table3. Software solutions comparisons.

OBJ DXF STEP
Number of sftware used| 2 3 1
Steps 1 2 3
Computingtime 2 3 1
Design complexity 2 1 3
Process difficulty 1 2 3

1 Bestperformance, Pnoderateperformance, 8vorstperformance
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5.2 Practical testing

This sectiorgoes ovethe results of the practical test conducted using the SESEd path
generation method. The test aimed to evaluatewelthe toolpaths translated into physical
deposition and to assess the overall reliability of the workflow when applied ercdED
manufacturing. Both simulated and r@adrld results are discussed to compare the planned

geometryand execution

5.2.1 Simulated results

The simulated resuligenerated geometrythatwas over all what was expectatthile the
general shape of the product was succesgsfgfiyoduced thaccuracy of the simulatiomas
limited. This is primarily because the weld simulation tool used in Visual Components is not
designed foAM applications such asc DED Consequently, thesulting geometrghould

be interpreted as indicative rather than precise.

Two types of geometric inconsistencies can be observed in FRfuaesl40. The first type
arises froninconsistencieand low resolutiorn 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 thestiffenerand 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 niiad@mnportant
to note that these geometric inaccuraciesoalg seen in the simulatioand do not carry
over to the actual togbaths or the final printed componeand they only affect the

appearance of the simulated model and slightly reduce its accuracy.



Figure39. Practical testig simulated resultsview 1.

Figure40 Practical testirg simulated resultgiew 2.
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5.2.2 Realworld results

The realworld results demonstrate how the model, programming and welding parameters
performed during theealworld printing process. The test also provides insight into how

each of the individual sugeometries behaved undealarc DEDprocess conditions.

The test piece was printed only once to ev
optimization. This approach was chosen to maintain the scope of the study and to reflect the
baseline functionality of the developed workfld@&fore any iterative improvementthe

final arc DEDtest piece is shown in Figurd.4

Figure4l. Practical testimg results.

After printing the test piece was wilushed to reveal the weld details more clearly. Figures
42 and 8B showthe print aftemwire brushing anall six subgeometriexan 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 causedapef thewall to lean slightly and






























