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Abstract 

Robotic wire and arc based additive manufacturing has been used in fabricating of metallic 

parts owing to its advantages of lower capital investment, higher deposition rates, and better 

material properties. Although many achievements have been made, the build direction of Wire 

Arc Additive Manufacturing (WAAM) is still limited in the vertical-up direction, resulting in 

extra supporting structure usage while fabricating metallic parts with overhanging features. 

Thus, the current WAAM technology should be also called 2.5D printing rather than 3D 

printing. In order to simplify the deposition set-up and increase the flexibility of the WAAM 

process, it is necessary to find an alternative approach for the deposition of ‘overhangs’ in a 

true 3D space. This dissertation attempts to realize true 3D printing by developing a novel 

multi-directional WAAM system using robotic Gas Metal Arc Welding (GMAW) to additively 

manufacture metal components in multiple directions. Several key steps including process 

development, welding defect investigation and avoidance, and robot path generation are presented in 

this study. 

 

The research was the first attempt to develop a fabrication method of producing metallic parts 

with overhanging structures using the multi-directional wire arc additive manufacturing. 

Firstly, based on the metal droplet kinetics and weld bead geometry, two different Gas Metal 

Arc Welding (GMAW) metal transfer modes, namely short circuit transfer and free flight 

transfer, were evaluated for the multi-directional wire arc additive manufacturing. 
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Subsequently, the effects of process parameters, including wire feed speed (WFS), torch travel 

speed (TS), nozzle to work distance (NTWD) and torch angle, on the stability of positional 

deposition were investigated. Finally, the effectiveness of the proposed strategy was verified by 

fabricating three complex samples with overhangs. 

 

Moreover, the dimensional quality of the overhanging parts may however deteriorate due to the 

humping effect, which appears as a series of periodic beadlike protuberances on the weld deposits. 

There has been significant research on the humping phenomenon in the downhand welding, but it is 

doubtful whether the existing theories of humping formation can be applied in the positional 

deposition during WAAM process. This study has therefore provided an experimental work to 

investigate the formation of the humping phenomena in the positional deposition during additive 

manufacturing with the gas metal arc welding. Firstly, the mechanism of humping formation was 

analysed to explain humping occurrence for positional deposition. Then, the mechanism was validated 

through experiments with different welding parameters and positions. Finally, a series of guidelines 

are summarised to assist the path planning and process parameter selection processes in 

multi-directional WAAM. 

 

The widespread adoption of multi-directional WAAM is yet to occur, primarily due to the 

complexity of the programming process. In this work, we present a robot path planning 

algorithm which can automatically plan the complete multi-directional WAAM process. 

Compared to a common WAAM process which only deposits parts along the fixed vertical-up 

direction layer upon layer, the programming process becomes more complicated due to the following 
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two reasons. (i) Most existing WAAM system plans torch trajectories based on CAD model and 

assuming robot/machine can always reach those trajectories, which is true when part size is not huge 

and the welding torch is always kept down hand. However, the collision-free robot motion for 

multiple torch orientations usually includes searching for an optimal reachable solution from multiple 

robot configurations, which is new in the WAAM research field. (ii) The deposition sequence is no 

longer from the bottom to the top as the overhanging structure can be built at different stage of the 

manufacturing. The optimization of weld sequence plays a critical role to avoid collision between the 

torch and partially deposited component. The proposed algorithmic system consists of four key 

modules relating to a) robot motion planning, b) initial collision processing, c) layer sequence 

optimization, and d) weld torch pose adjustment. In the first stage, the required robot motions 

to deposit each layer of the part is obtained through an automated robot offline programming 

(AOLP) engine. From these robot motions, a collision matrix C is generated to guide later steps 

of the planning process. After this, layer sequence optimization is performed to eliminate 

identified collision between the robot system and the part. If collision still exists, adjustments 

to the torch pose are made to avoid the remaining collision.  

 

Finally, a process planning algorithm for the multi-directional WAAM based positional 

process is developed. The proposed multi-directional WAAM process would therefore 

significantly reduce the manufacturing time and cost. 

  



 

V 

 

Acknowledgments 

 

This thesis was written at the University of Wollongong, under the main supervision of Prof. 

Zengxi Pan. Thus, First and foremost, I would like to express my sincere appreciation Prof. 

Zengxi Pan who helps start my research and guides me during all my study at the University 

of Wollongong.   

 

Many thanks to my associate supervisor Prof. Weihua Li, he helped we award scholarship 

from china scholarship council (CSC), which keeps free of financial worries and provided the 

much needed assistance in my master and PhD studies. I would also like to Prof. Huijun Li who 

gives me valuable recommendations and suggestions to advance my research progress.  

 

I would like to express my warmest thanks to Prof. Donghong Ding who gives me a lot of 

meaningful discussion of my project and help to finish my thesis. He shared a lot research 

experiences with me and give me valuable comments through completing this thesis.  

 

Thanks to Prof. Stephen van Duin, Joseph Polden and other colleges and students in UOW. 

The assistance they provided in my studies over the last four years is the key factor for the 

successful completion of this work, 

 

Finally, I wish to express my special thanks to my father, to my mother, and to my girlfriend Dr. 

Doan for their support and encouragement during the hard time of my life. I can not have the 



 

VI 

 

achievement without them.   

  



 

VII 

 

Certification 

 

I, Lei  Yuan, declare that this thesis submitted in fulfilment of the requirements for the 

conferral of the degree Doctor of philosophy, from the University of Wollongong, is 

wholly my own work unless otherwise referenced or acknowledged. This document has 

not been submitted for qualifications at any other academic institution. 

 

 

Lei Yuan 

Date (21st November 2020) 

 

 



 

VIII 

 

List of names or abbreviations 

AM additive manufacturing 

AOLP automated offline programming 

BD build direction 

CAD                                                  computer-aided design 

CCD charge coupled device 

CM                                               collision matrix 

CMT                                                cold metal transfer 

CMT-P cold metal transfer- pulse 

CMT-ADV                                                  cold metal transfer- advanced 

C-Space Cartesian Space  

CO2 carbon dioxide 

CTWD contact to work distance 

DoF Degree of Freedom  

GTAW gas tungsten arc welding 

GMAW                                                 gas metal arc welding 



 

IX 

 

HI heat input 

MIG                                                metal inert gas 

NTWD Nozzle to work distance 

STL Standard Template Library 

TIG tungsten inert gas 

TS        Travel speed 

TSMPD Task-Space Motion Planning Decomposition  

T-Space task space 

UOW University of Wollongong 

WAAM                                                   Wire Arc Additive Manufacturing 

WFS wire feed speed 

3D                              3-dimensional 

 

 



 

X 

 

Table of contents 

Abstract ........................................................................................................ II 

Acknowledgments ......................................................................................... V 

Certification ................................................................................................ VII 

List of names or abbreviations .................................................................. VIII 

Table of contents ........................................................................................... X 

List of figures .............................................................................................. XV 

List of tables .............................................................................................. XXI 

Chapter 1 .................................................................................................... 23 

Introduction ................................................................................................ 23 

1.1 Background .................................................................................................................. 23 

1.2 Objective of current research ..................................................................................... 27 

1.3 Outline of thesis ............................................................................................................ 29 

1.4 Original research contributions .................................................................................. 31 

Chapter 2 .................................................................................................... 32 

Literature review ........................................................................................ 32 

2.1 Wire arc additive manufacturing (WAAM) process ................................................. 32 

2.2 Current research work on fabricating overhanging structure ................................ 34 

2.3 Challenges in multi-directional WAAM ..................................................................... 37 



 

XI 

 

2.4 Current methods for quality improvement in WAAM process ............................... 42 

2.5 Humping phenomenon in GMAW .............................................................................. 47 

2.6 Robot path planning .................................................................................................... 51 

2.7 Summary and scope of this work ............................................................................... 54 

Chapter 3 .................................................................................................... 57 

Application development and process optimization ................................... 57 

3.1 Introduction .................................................................................................................. 57 

3.2 Metal transfer in multi-directional GMAW-based WAAM ..................................... 58 

3.2.1 Metal droplet kinetic ................................................................................................................. 59 

3.2.2 Weld pool geometry ................................................................................................................... 60 

3.3 Experimental setup ...................................................................................................... 64 

3.4 Results and analysis ..................................................................................................... 66 

3.4.1 Effect of WFS ........................................................................................................................... 68 

3.4.2 Effect of TS .............................................................................................................................. 73 

3.4.3 Effect of NTWD ........................................................................................................................ 78 

3.4.4 Effect of torch angle ................................................................................................................. 81 

3.5 Case studies................................................................................................................... 83 

3.6 Chapter summary ........................................................................................................ 86 

Chapter 4 .................................................................................................... 89 

Welding defect investigation and avoidance ............................................... 89 



 

XII 

 

4.1 Introduction .................................................................................................................. 89 

4.2 Theoretical analysis of humping formation ............................................................... 91 

4.3 Experimental details .................................................................................................... 95 

4.3.1 The robotic WAAM system ........................................................................................................ 96 

4.3.2 Monitoring methodology for the CMT process .......................................................................... 96 

4.3.3 Materials and welding setups .................................................................................................... 97 

4.3.4 Experimental design ................................................................................................................. 98 

4.4 Results and analysis ................................................................................................... 101 

4.4.1 Validation of the proposed humping mechanism ......................................................................101 

4.4.2 The impact of process parameters on humping .........................................................................106 

4.5 Discussion .................................................................................................................... 114 

4.5.1 The humping formation ...........................................................................................................114 

4.5.2 Recommendations for multi-directional WAAM process ...........................................................115 

4.5.3 Case study ...............................................................................................................................117 

4.6 Chapter summary ...................................................................................................... 119 

Chapter 5 .................................................................................................. 120 

Robot path planning ................................................................................. 120 

5.1 Introduction .......................................................................................................... 120 

5.2  Algorithm Framework Overview ..................................................................... 122 

5.3 Robot motion planning .............................................................................................. 125 

5.4 Initial collision processing ......................................................................................... 129 



 

XIII 

 

5.5 Layer sequence sorting .............................................................................................. 133 

5.6 Torch pose adjustment ............................................................................................... 139 

5.7 Experiment and results .............................................................................................. 141 

5.7.1 Hardware setups ......................................................................................................................142 

5.7.2 Implementation and results ......................................................................................................144 

5.7.3 Discussion ...............................................................................................................................146 

5.8 Chapter summary ...................................................................................................... 147 

Chapter 6 .................................................................................................. 150 

Application of multi-directional mobotic wire Arc additive manufacturing 

process ...................................................................................................... 150 

6.1 Introduction ................................................................................................................ 150 

6.2 The architecture of the multi-directional WAAM system ...................................... 150 

6.3 Bead modelling system .............................................................................................. 153 

6.3.1 The operation procedure ..........................................................................................................154 

6.3.2 The hardware of the system .....................................................................................................156 

6.3.3 Software and user’s graphical interface ...................................................................................157 

6.3.4 Data collection ........................................................................................................................159 

6.3.5 Data processing .......................................................................................................................160 

6.4 Multi-direction slicing strategy ................................................................................. 164 

6.5 Robot code generation ............................................................................................... 168 

6.6 Case study ................................................................................................................... 171 



 

XIV 

 

6.7 Chapter summary ...................................................................................................... 177 

Chapter 7 .................................................................................................. 179 

Summary and future work ....................................................................... 179 

7.1 Summary ..................................................................................................................... 179 

7.2 Future work ................................................................................................................ 179 

Publication ................................................................................................ 183 

Reference .................................................................................................. 186 

 



 

XV 

 

List of figures 

Chapter 1 

Fig.1. 1 WAAM publications per year .................................................................................................................. 25 

Fig.1. 2 A part with overhangs (in red) and its support for conventional vertical-up deposition .......................... 25 

Fig.1. 3 Scope of this study .................................................................................................................................. 27 

 

Chapter 2 

Fig.2. 1 The schematic diagram of (a) GMAW, (b) GTAW, and (c) PAW [8] ...................................................... 34 

Fig.2. 2 (a) Build part with support structure; (b) The table was rotated; (c) Continue to build the component 

along another direction [26]. ....................................................................................................................... 35 

Fig.2. 3 Demonstration of fabricating parts with inclined angle in flat position [32]. .......................................... 36 

Fig.2. 4 The general process of WAAM ............................................................................................................... 38 

Fig.2. 5 Some inclined parts fabricated by WAAM. ............................................................................................. 42 

Fig.2. 6 Sample fabricated by [32]. ...................................................................................................................... 44 

Fig.2. 7 Typical examples of inclined MLMB components. ................................................................................. 44 

Fig.2. 8 horizontal parts by [34]. .......................................................................................................................... 45 

Fig.2. 9 Wire structures by WAAM. ..................................................................................................................... 46 

Fig.2. 10 Existing humping models. ..................................................................................................................... 49 

Fig.2. 11 The process of robot offline programming. ........................................................................................... 54 

 

 



 

XVI 

 

Chapter 3 

Fig.3. 1 The trajectory of the molten droplets (a) in Free flight transfer and (b) in short arc transfer .................. 59 

Fig.3. 3 A force model for a pendent molten pool in positional deposition. ......................................................... 61 

Fig.3. 2 The sagged bead geometry in the horizontal deposition. ......................................................................... 61 

Fig.3. 4 Surface tension of steel S235 as a function of temperature. .................................................................... 62 

Fig.3. 5 The controlled short circuit (CMT) welding system and robot manipulator. .......................................... 65 

Fig.3. 6 Demonstration of fabrication approach for (a) Horizontal deposition, (b) Vertical-down deposition, and (c) 

Vertical-up deposition. ................................................................................................................................ 67 

Fig.3. 7 The experimental results of bead width (w) and height (h). .................................................................... 68 

Fig.3. 8 Geometry appearance of horizontal position thin-walled parts under different WFSs. ........................... 70 

Fig.3. 9 Surface roughness with WFS varied from 1 to 4 m/min. ........................................................................ 71 

Fig.3. 10 The molten pool in the (a) vertical-down and (b) vertical-up deposition. ............................................. 72 

Fig.3. 11 The experimental results of bead width (w) and height (h). .................................................................. 74 

Fig.3. 12 Geometry appearance of thin-walled parts under different TSs. ........................................................... 76 

Fig.3. 13 Geometry appearance of thin-walled parts under different TSs while WFS/TS is constant. ................. 76 

Fig.3. 14 Schematic representation of the forming mechanism of humping issue. .............................................. 77 

Fig.3. 15 The representation of NTWD, electrode stick-out, and arc length. ....................................................... 79 

Fig.3. 16 The appearance of weld bead geometries and their cross-section with NTWD varied from 5 to 21 mm.

 .................................................................................................................................................................... 79 

Fig.3. 17 Welding voltage and heat input with NTWD varied from 5 to 21 mm. ................................................. 81 

Fig.3. 18 The appearance of weld beads geometries and their cross-section with welding torch angle varied from 

45˚ to 90˚ . ................................................................................................................................................... 82 

https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/Manuscript/PhD%20thesis-Lei%20Yuan-5159684%20(7).docx#_Toc38270019
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/Manuscript/PhD%20thesis-Lei%20Yuan-5159684%20(7).docx#_Toc38270020
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/Manuscript/PhD%20thesis-Lei%20Yuan-5159684%20(7).docx#_Toc38270021
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/Manuscript/PhD%20thesis-Lei%20Yuan-5159684%20(7).docx#_Toc38270022
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/Manuscript/PhD%20thesis-Lei%20Yuan-5159684%20(7).docx#_Toc38270023
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/Manuscript/PhD%20thesis-Lei%20Yuan-5159684%20(7).docx#_Toc38270023


 

XVII 

 

Fig.3. 19 A modified force model for a pendent molten pool with welding torch angle at 45 ˚. .......................... 83 

Fig.3. 20 3D model of the first sample and Deposited near-net shape. ................................................................ 84 

Fig.3. 21 3D model of the second case study and Deposited near-net shape. ....................................................... 85 

Fig.3. 22 3D model of the third sample and Deposited near-net shape. ............................................................... 86 

 

Chapter 4 

Fig.4. 1 The sagged weld bead in positional deposition. ...................................................................................... 89 

Fig.4. 2 A schematic diagram of humping phenomenon (side-view). .................................................................. 91 

Fig.4. 3 A schematic diagram of humping phenomenon (top-view). .................................................................... 94 

Fig.4. 4 The experimental setup. ........................................................................................................................... 95 

Fig.4. 5 Three steps of CMT welding (a) metal melting, (b) waiting, and (c) short-circuiting. ............................ 97 

Fig.4. 6 The different deposition positions (a) downhand (flat), (b) horizontal, (c) vertical-down, and (d) 

vertical-up. .................................................................................................................................................. 99 

Fig.4. 7 The side-view of molten pool behaviour (a-f), and bead appearance (g) of test 1 in group A. .............. 101 

Fig.4. 8 The side-view of molten pool behaviour (a-f), and bead appearance (g) of test 2 in group A. .............. 103 

Fig.4. 9 The top-view of molten pool behaviour (a-f), and bead appearance (g) of test 1 in group A. ............... 104 

Fig.4. 10 (a) The definitions of bead dimensions, and (b) the height and vertical displacement variations. ...... 105 

Fig.4. 11 The side-view of molten pool behaviour (a-e) of test 1 to 5 in group B. ............................................. 108 

Fig.4. 12 (a) The definition of molten pool dimensions, and (b) the molten pool dimensions and molten pool 

dimensional ratio r of test 1 to 5 in group B. ............................................................................................. 109 

Fig.4. 13 The side-view of molten pool behaviour (a-e) of test 1 to 5 in group C. ............................................. 110 

Fig.4. 14 The molten pool dimensions and molten pool dimensional ratio r of test 1 to 5 in group C. .............. 111 

https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/Manuscript/PhD%20thesis-Lei%20Yuan-5159684%20(7).docx#_Toc38270040
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/Manuscript/PhD%20thesis-Lei%20Yuan-5159684%20(7).docx#_Toc38270041
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/Manuscript/PhD%20thesis-Lei%20Yuan-5159684%20(7).docx#_Toc38270042
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/Manuscript/PhD%20thesis-Lei%20Yuan-5159684%20(7).docx#_Toc38270043
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/Manuscript/PhD%20thesis-Lei%20Yuan-5159684%20(7).docx#_Toc38270044
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/Manuscript/PhD%20thesis-Lei%20Yuan-5159684%20(7).docx#_Toc38270045
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/Manuscript/PhD%20thesis-Lei%20Yuan-5159684%20(7).docx#_Toc38270045
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/Manuscript/PhD%20thesis-Lei%20Yuan-5159684%20(7).docx#_Toc38270046
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/Manuscript/PhD%20thesis-Lei%20Yuan-5159684%20(7).docx#_Toc38270047
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/Manuscript/PhD%20thesis-Lei%20Yuan-5159684%20(7).docx#_Toc38270048
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/Manuscript/PhD%20thesis-Lei%20Yuan-5159684%20(7).docx#_Toc38270049
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/Manuscript/PhD%20thesis-Lei%20Yuan-5159684%20(7).docx#_Toc38270050
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/Manuscript/PhD%20thesis-Lei%20Yuan-5159684%20(7).docx#_Toc38270051
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/Manuscript/PhD%20thesis-Lei%20Yuan-5159684%20(7).docx#_Toc38270051
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/Manuscript/PhD%20thesis-Lei%20Yuan-5159684%20(7).docx#_Toc38270052
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/Manuscript/PhD%20thesis-Lei%20Yuan-5159684%20(7).docx#_Toc38270053


 

XVIII 

 

Fig.4. 15 The side-view of molten pool behaviour (a-c) of test 1 to 3 in group D, and (d-f) of test 1 to 3 in group E.

 .................................................................................................................................................................. 112 

Fig.4. 16 The molten pool dimensions and molten pool dimensional ratio r of test 1 to 5 in group D (a) and E (b).

 .................................................................................................................................................................. 113 

Fig.4. 17 The proposed humping map. ............................................................................................................... 116 

Fig.4. 18 Different path planning strategies in WAAM. ..................................................................................... 117 

Fig.4. 19 (a) The 3D model of the part, (b) A humping free deposition, and (c) The overall appearance of the 

workpiece. ................................................................................................................................................. 118 

 

Chapter 5 

Fig.5. 1 The simulation wind of the AOLP engine. ............................................................................................ 122 

Fig.5. 2 Overall workflow of the proposed algorithm. ....................................................................................... 123 

Fig.5. 3 (a) The clashed layers (in red) and other layers (in yellow), (b) the original 3D model, and (c) the 

processed 3D model of the part with layer number. .................................................................................. 130 

Fig.5. 4 The structure of the collision matrix C. ................................................................................................. 131 

Fig.5. 5 Initial collision matrix C for the selected part. ...................................................................................... 132 

Fig.5. 6 The layer deposition sequence was reordered from bottom to top. ....................................................... 134 

Fig.5. 7 The dependence matrix D. ..................................................................................................................... 137 

Fig.5. 8 The final collision matrix C with the optimized build sequence. .......................................................... 138 

Fig.5. 9 (a) The torch rotation around Rz, and (b) The simulation results with the adjusted torch angle. .......... 139 

Fig.5. 10 (a) The original CAD model of the workpiece, (b) The decomposed sub-volume, the unbuildable 

sub-volumes are coloured in red, (c) Each sub-volume is sliced according to its optimal build direction, and 

https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/Manuscript/PhD%20thesis-Lei%20Yuan-5159684%20(7).docx#_Toc38270056
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/Manuscript/PhD%20thesis-Lei%20Yuan-5159684%20(7).docx#_Toc38270057
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/Manuscript/PhD%20thesis-Lei%20Yuan-5159684%20(7).docx#_Toc38270058
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/Manuscript/PhD%20thesis-Lei%20Yuan-5159684%20(7).docx#_Toc38270058


 

XIX 

 

(d) The fabricated near-net shape sample. ................................................................................................. 141 

Fig.5. 11 The experimental setup. ....................................................................................................................... 143 

Fig.5. 12 The manufacturing process. ................................................................................................................. 144 

Fig.5. 13 One more layer is recommended to be deposited on parent sub-volume and the torch angle should be 

adjusted to deposit junction layer. ............................................................................................................. 147 

 

Chapter 6 

Fig.6. 1 Architecture of the multi-directional WAAM process. .......................................................................... 151 

Fig.6. 2 The requirement of overlapping distance and bead height in path planning process ............................ 153 

Fig.6. 3 The steps of automated bead modelling process. .................................................................................. 154 

Fig.6. 4 The WAAM system setup. ..................................................................................................................... 156 

Fig.6. 5 WAAM rapid bead modelling graphical user interface. ........................................................................ 157 

Fig.6. 6 Weld bead profiles collection using the laser scanner. .......................................................................... 159 

Fig.6. 7 Bead profile denoise and extraction. ..................................................................................................... 160 

Fig.6. 8 Schematic diagrams of the tangent overlapping model (TOM). ............................................................ 162 

Fig.6. 9 The flowchart of the multi-direction slicing method. ............................................................................ 164 

Fig.6. 10 (a) the overall build direction, (b)The unbuildable sub-volume of the model, and (c) The decomposed 

unbuildable sub-volumes and their new build directions. ......................................................................... 165 

Fig.6. 11 (a) The buildable sub-volume sliced in vertical-up direction and (b) The entire 3D model sliced in 

multi-direction. .......................................................................................................................................... 168 

Fig.6. 12 Flowchart of the robot motion planning. ............................................................................................. 169 

Fig.6. 13 (a) 3D model of workpiece and its overhang part and required supports in vertical-up build direction, (b) 

https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/revise/PhD%20thesis-Lei%20Yuan-5159684%20(9)%20.docx#_Toc69056675
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/revise/PhD%20thesis-Lei%20Yuan-5159684%20(9)%20.docx#_Toc69056676


 

XX 

 

The optimal build direction of each sub-volume, and (c) The final near-net product. .............................. 171 

Fig.6. 14 The building sequence of the third component (a) the dimension of welding torch, (b) the diagram of 

horizontal deposition, (c) the diagram of vertical deposition, and (d) the connection between wall two and 

three. ......................................................................................................................................................... 172 

 

 

 

 

https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/revise/PhD%20thesis-Lei%20Yuan-5159684%20(9)%20.docx#_Toc69056676


 

XXI 

 

List of tables 

Chapter 2 

Table 2. 1 The current path planning strategies. ................................................................................................... 41 

Chapter 3 

Table 3. 1 ER70S-6 and Q235 Chemical compositions & ranges (wt.%)............................................................. 66 

Table 3. 2 Welding parameters and settings of the first test group. ...................................................................... 69 

Table 3. 3 Welding parameters and settings of the second test group. .................................................................. 71 

Table 3. 4 Welding parameters and settings of the third test group. ..................................................................... 75 

Table 3. 5 Welding parameters and settings of forth testing group. ...................................................................... 78 

 

Chapter 4 

Table 4. 1 ER70S-6 and Q235 Chemical compositions & ranges (wt.%)............................................................. 98 

Table 4. 2 The design of five experiment groups. ............................................................................................... 100 

 

Chapter 5 

Table 5. 1 T-Space parameters for robotic welding task (wt.%). ........................................................................ 126 

Table 5. 2 TSMPD Boolean dependency matrix. ................................................................................................ 127 

Table 5. 3 Parameter ordering for WAAM task. ................................................................................................. 128 

 

Chapter 6 

https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/revise/PhD%20thesis-Lei%20Yuan-5159684%20(9)%20.docx#_Toc69056706
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/revise/PhD%20thesis-Lei%20Yuan-5159684%20(9)%20.docx#_Toc69056707
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/revise/PhD%20thesis-Lei%20Yuan-5159684%20(9)%20.docx#_Toc69056708
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/revise/PhD%20thesis-Lei%20Yuan-5159684%20(9)%20.docx#_Toc69056709
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/revise/PhD%20thesis-Lei%20Yuan-5159684%20(9)%20.docx#_Toc69056710
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/revise/PhD%20thesis-Lei%20Yuan-5159684%20(9)%20.docx#_Toc69056711
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/revise/PhD%20thesis-Lei%20Yuan-5159684%20(9)%20.docx#_Toc69056712
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/revise/PhD%20thesis-Lei%20Yuan-5159684%20(9)%20.docx#_Toc69056715
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/revise/PhD%20thesis-Lei%20Yuan-5159684%20(9)%20.docx#_Toc69056716
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/revise/PhD%20thesis-Lei%20Yuan-5159684%20(9)%20.docx#_Toc69056717


 

XXII 

 

Table 6. 1 The process parameters and geometry information of weld bead with mild steel ER70s-6. ............. 163 

Table 6. 2 The manufacturing information of case study. ................................................................................... 173 

Table 6. 3 The comparation between conventional WAAM and proposed strategy. ........................................... 174 

Table 6. 4 surface tension values for pure metals in the liquid state at the melting temperature. ....................... 176 

 

https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/revise/PhD%20thesis-Lei%20Yuan-5159684%20(9)%20.docx#_Toc69056718
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/revise/PhD%20thesis-Lei%20Yuan-5159684%20(9)%20.docx#_Toc69056719
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/revise/PhD%20thesis-Lei%20Yuan-5159684%20(9)%20.docx#_Toc69056720
https://d.docs.live.net/59444dd9e787cf79/PWAAM/PHD%20thesis/revise/PhD%20thesis-Lei%20Yuan-5159684%20(9)%20.docx#_Toc69056721


Realization of the true 3D printing using multi-directional wire and arc additive manufacturing 

23 

 

Chapter 1 

Introduction 

1.1 Background 

 

Additive manufacturing, also known 3D printing [1], has been developing for more than 30 

years since the first attempt to fabricate polymer as communication or inspection tools in 

1980s [2]. ASTM standards define additive manufacturing (AM) as the “process of joining 

materials to make objects from 3D model data, usually layer upon layer, as opposed to 

subtractive manufacturing methodologies” [3]. In Wohlers’s report, they predicted that the 

market value would be growing up to 6.5 billion US dollars, especially the applications of 

creating models and prototyping [4]. Recently, the focus of AM has changed to fabricate 

expensive metal components such as titanium [5] and nickel alloys [6] in the aerospace 

industry where such components often suffer an extremely high buy-to-fly ratio [7].  

 

Many applications have been carried out for fabricating metallic component in AM, including 

directed energy deposition, powder bead fusion, sheet lamination and binder jetting [8]. The 

typical consumables are metal powder and metal wire. Thus, the AM technology can be also 

classified as either powder or wire supplied process [9]. In practices, the AM process using 

powder is employed to fabricate small components with a high geometrical accuracy 

requirement [10], while the wire-feed technology is normally used to produce large size parts 
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with a relatively rough surface and thereby a post-machining process is necessary. However, 

the higher efficiency and lower material cost make wire-feed technology more 

cost-competitive than power-feed process in practical industrial environment. Regarding to 

the different energy sources used to melt raw metal material, wire-feed AM process is 

categorized as three types: weld arc based, laser based and electron beam based [11]. Among 

them, the wire and arc based AM (WAAM), which uses the weld process including Gas Metal 

Arc Welding (GMAW) or Gas Tungsten Arc Welding (GTAW), becomes a more promising 

technology due to its higher efficiency (the deposition rate of WAAM is 50–130 g/min, 

compared to 2–10 g/min for laser or electron beam deposition [12]), lower cost and the 

capability to manufacturing medium to large-scale components [13].  

 

Robotics based Wire Arc Additive Manufacturing (WAAM) process has drawn interests from 

both research and industry in recent years. Fig.1.1 shows the number of publications with the 

keywords “wire arc additive manufacturing”, searched in article titles, abstracts or keywords 

in Scopus, considering all documents published since 2010. It can be seen a dramatic increase 

of pubilications on WAAM process. The WAAM is a rapid manufacturing process that firstly 

slices the input 3D model into a set of 2.5D layer models along the vertical direction, and 

then builds up the model by depositing materials layer-by-layer from the bottom to the top 

[14]. However, the monotonous vertical-up fabrication paradigm makes it impossible to 

deposit parts with overhanging features beyond the overhang angle thresholds [15]. Supports 

or scaffolds are normally required to print parts with geometrical overhanging features, 

resulting in an increased cost due to extra post-removal process and lower material utilization 
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rate [16, 17]. For example, As shown in Fig.1.2, to produce a part with an ‘overhang’ 

structure (in red), a temporary support structure (in yellow) would be required if being 

deposited in the fixed vertical up direction, resulting in the deposition of extra material, and 

the additional cost of a post-machining process to remove it.  

 

 

Fig.1. 1 WAAM publications per year 

 

 

Fig.1. 2 A part with overhangs (in red) and its support for conventional vertical-up deposition 
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Multi-directional Additive Manufacturing, or Multi-orientational Additive Manufacturing, 

has the potential to build up overhangs without extra support to improve the efficiency of the 

AM process. Yang, et al. [18] describes in the multi-directional additive manufacturing 

system, a deposition nozzle is mounted on a multi-axis actuator, such as the Computer 

Numerical Control (CNC) machine or the industrial robot, to deposit materials in multiple 

directions. This positional variant of the process has been developed for various materials 

over the past 20 years. Polymers were initially studied for multi-orientational deposition due 

to their low density and large surface tension force. Yang, et al. [18] presented a new 

deposition method to minimise or avoid the use of support structure. Compared to the 

maximum inclined angle of 45˚ reported in previous studies, the proposed method was 

claimed to be able to deposit plastics in an arbitrary direction. It was also shown that the 

surface quality of the parts and the efficiency of the AM process were greatly improved. In a 

study by Singh and Dutta [19], the authors reported that polymers based AM has the ability to 

deposit part along multiple directions to improve the surface quality and reduce the support 

usage. An algorithm was developed first to determine how much of a part should be deposited 

in a particular direction. By employing the method, a few parts were successfully fabricated 

to demonstrate the effectiveness of the new multi-directional AM system. In addition, Allen 

and Dutta [20] proposed a wall thickness control strategy for producing the thin-walled 

polymer parts. The proposed method enables manufacturers to build up objects with less 

support material and overall manufacturing time.  

 

In terms of WAAM process, taking advantages of positional welding, which means welding 

at any positions, the overhangs can be deposited using the inherent overhang capability of the 

weld-bead. Although it is possible to fabricate overhanging parts along any direction, a 



Realization of the true 3D printing using multi-directional wire and arc additive manufacturing 

27 

 

comprehensive WAAM based positional deposition study has yet to be developed for a 

practical additive manufacturing system. 

 

1.2 Objective of current research 

 

Fig.1. 3 Scope of this study 

 

This study aims to realize a true 3D printing by developing a GMAW-based robotic 

multi-directional WAAM system which can deposit parts along multiple directions in the 3D 

space.  

 

To develop the multi-directional WAAM process, process development, programming, and 
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application development for practical use are the three major challenges. As shown in Fig.1.3, 

lack of investigation on any of these three aspects will result in a practically useless system. 

While under the influence of the gravitational force, it is difficult to deposit weld bead with 

an acceptable geometry, the molten metal may sag before solidification, an elaborate process 

optimization strategy is helpful for forming weld beads with good geometries. Secondly, the 

robot path planning is more difficult due to (i) the orientation of the torch angle does not only 

remain vertically, the variations of the torch angle increase the difficulty of the programming. 

(ii) the layer deposition sequence is not fixed. It needs to be optimized to reduce the 

complexity of the programming process. Finally, a practical software package is expected to 

be developed The research objectives completed in this thesis are listed below.  

 

1) Review current literature on WAAM process to identify the research gap between 

common deposition strategy and the proposed multi-directional WAAM strategy.  

 

2) Obtaining a process optimization strategy. One of the critical requirements for 

GMAW-based multi-directional WAAM process optimize the deposition process for a 

better geometry quality of deposits. Due to the downflow of liquid metal under 

unfavorable force of gravity [23]. In this step, the metal transfer and molten pool 

formation behavior are analyzed first and the effects of various process parameters on 

the stability of positional deposition are investigated. 

 

3) Analysing welding defects in positional deposition. The geometrical quality of the 

overhanging parts may however deteriorate due to a humping effect, which appears as 

a series of periodic beadlike protuberances on the weld deposits. The current study 

has therefore investigated the formation of the humping phenomena in the positional 
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deposition during additive manufacturing with the gas metal arc process. A new 

inclined metal-flow based model is proposed to explain humping occurrence. Based 

on experimental studies, the model was validated by using different process 

parameters and welding positions. 

 

4) Programming. Compared to the traditional WAAM process, the programming work 

becomes more complicated for the multidirectional WAAM. In this study, a new 

algorithm is developed to obtain a set of 2.5D layers through a multi-direction slicing 

method. Then, A complete path planning algorithm is developed for the 

multi-directional WAAM process, which enables the novel manufacturing technology 

to be widely adopted for practical industrial use. 

 

5) Verification of the performance of the proposed system. To test the effectiveness of 

the proposed strategy, several sample parts with different overhanging features are 

fabricated in each chapter.  

1.3 Outline of thesis 

 

This thesis is organized as follows: 

 

Chapter 1 identifies the issue of current WAAM process and initially introduces the conception 

of true 3D printing using WAAM. Then, the objectives of this study is presented. Followed by 

chapter 1, the rest of this thesis is divided into 6 sections. 
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Chapter 2 reviews the development of current WAAM process to identify the research gap. 

Next, the identified gaps between current WAAM and multi-directional WAAM are 

investigated through each sub-section.   

 

Chapter 3 explores the positional deposition process for developing the multi-directional 

process. Different GMAW transfer modes were evaluated based on the metal droplet kinetic 

and the weld bead geometry and effects of process parameters on bead formation and process 

stability were quantitatively investigated. 

 

Chapter 4 investigates the humping phenomenon during multi-layer multi-directional WAAM 

using GMAW/CMT welding. The mechanism of humping phenomenon was analysed for 

welding in the horizontal position. The proposed humping mechanism was validated for 

welding different process parameters in different positions. Several guidelines were proposed 

in order to avoid humping for the multi-layer multi-directional WAAM process. 

 

Chapter 5 develops a complete path planning algorithm for the multi-directional WAAM 

process, which enables the novel manufacturing technology to be widely adopted for practical 

industrial use. 

 

Chapter 6 presents a process planning algorithm including bead modelling, multi-direction 

slicing and process optimization, for multi-directional WAAM based positional process. 
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Chapter 7 concludes the proposed true 3D printing, namely multi-directional WAAM process 

of this study and makes recommendations for the future work. 

 

1.4 Original research contributions 

 

The main contributions of the dissertation are threefold. 

 

1) The concept of true 3D is firstly carried to increase the flexibility and reduce the cost of 

current WAAM process. 

 

2) The positional deposition process is initially investigated in this study. A series of 

guides are summarized to help form a good appearance of the weld bead in the 

off-position deposition.  

 

3) For practical industrial use, a process planning algorithm is developed including a few 

essential modules. Based on the algorithm, a software package is programmed for 

fabricating parts with complex geometries. The case studies show a good performance 

of the proposed system. 
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Chapter 2  

Literature review 

 

WAAM technology have been developed for a decade, many researchers have spent effort on 

how to optimize the WAAM process. In this chapter, current literature regarding how to realize 

true 3D printing using WAAM process were reviewed. Firstly, the general knowledge of 

WAAM was provided. Secondly, the current statues of fabricating parts with overhanging 

features are reviewed and discussed. Then, based on the current WAAM process, a few steps 

are identified to be challenging for developing multi-directional WAAM process. Those key 

steps including process development and optimization, welding defect investigation and 

avoidance, and robot path planning were reviewed subsequently. Finally, a discussion was 

given on developing the multi-directional WAAM process and the specific tasks of this work.  

 

2.1 Wire arc additive manufacturing (WAAM) process 

 

Among many AM applications that are used to fabricate metallic component, WAAM, a 

directed energy deposition method, is normally employed to produce parts with medium to 

large scale due to its high efficiency (the deposition rate of WAAM is 50–130 g/min, 

compared to 2–10 g/min for laser or electron beam deposition [12]), lower cost and the 

capability to manufacturing medium to large-scale components [13]. Depending on the nature 
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of the heat source, there are commonly three types of WAAM processes: Gas Metal Arc 

Welding (GMAW)-based[21], Gas Tungsten Arc Welding (GTAW)-based[22] and Plasma Arc 

Welding (PAW)-based[23]. Fig.2.1 illustrates a schematic diagram of GMAW (a), GTAW (b) 

and PAW (c) [8]. As shown in Fig.2.1(a), in GMAW process, the electric arc is formed between 

a consumable welding wire, which is normally perpendicular to the base metal, and the 

substrate. The basic metal transfer modes of GMAW can be classified into free flight and 

short-circuiting [24]. Free flight transfer can be further divided into Spray, Globular and 

Repelled modes. In addition, cold metal transfer (CMT), a variant of short-circuiting transfer 

has been carried out for depositing parts with a high depostion rate and low heat input. On the 

other hand, in both GTAW and PAW processes, the electric arc is formed between a 

non-consumable tungsten electrode and the substrate. The wire feed angle can be adjusted 

which has a significant impact on the weld quality.  

 

The features of three WAAM power sources are different, for example, the deposition rate of 

GMAW process 2-3 times higher than that of GTAW and PAW processes. However, in GMAW 

process, the GMAW-based WAAM is less stable and generates more weld fume and spatter due 

to the electric current acting directly on the feedstock [25]. Besides, the part surface quality of 

the GMAW-based process is relatively low which a post machining process is normally 

required. Thus, the different WAAM methods have significant on the final products, the choice 

of WAAM method largely depends on the specific task requirements. 
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Fig.2. 1 The schematic diagram of (a) GMAW, (b) GTAW, and (c) PAW [8] 

 

2.2 Current research work on fabricating overhanging structure 

 

To improve the efficiency of the WAAM process, many strategies are proposed to reduce the 

usage of supports, various strategies have been developed for metallic additive manufacturing 

(AM) process. Some researchers explored multi-direction deposition through integrating 

extra rotations into the AM system. Fig.2.2 describes the concept of a multi-axis AM 

deposition system [26]. The overhanging features could be eliminated through suitably 

orienting the part during the deposition process, and therefore support structures are 

unnecessary. Ding, et al. [27] developed an 8-axis robotized AM system combining a 6-axis 
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robot arm and an external 2-axis tilt and a rotatory positioning system. With the aid of 

additional 2-axis rotation system, the reported algorithm optimizes the multi-directional 

deposition process and its production time was reduced significantly. In the study of 

Panchagnula and Simhambhatla [28], an additional rotation table was employed to tilt the 

substrate at an angle equals to the angle from the growth direction of thin-walled parts. The 

results showed a better geometry quality and more stable deposition process were achieved. 

 

Fig.2. 2 (a) Build part with support structure; (b) The table was rotated; (c) Continue to build 

the component along another direction [26]. 

 

In addition, multi-direction slicing of a CAD model is another challenge associated with the 

use of rotational table approach. Ding, et al. [29] developed a new decomposition-regrouping 

method for multi-direction slicing. After decomposing the CAD model into sub-volumes, a 

depth-tree structure based on topology information is introduced to regroup them into new 

orders for slicing. In addition, the proposed method is proven to simple and efficient on 

various tests parts with large number of holes. More existing multi-direction slicing methods 

can be found in Ruan, et al. [30] (Centroid Axis Extraction Method), Yang, et al. [18] 

(Transition WallMethod), and Dwivedi and Kovacevic [31] (Skeleton Method), etc.  
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Fig.2. 3 Demonstration of fabricating parts with inclined angle in flat position [32]. 

 

Instead of using a positioner to adjust the orientation of the object, some researchers focus on 

fabrication of overhangs with inclined features directly in a flat position, as shown in Fig.2.3. 

GMAW-based welding process is considered as a mature process which can be done in any 

direction or orientation with proper control, because the surface tension force is able to bear 

the weight of the weld bead. This inherent overhanging ability of weld-deposition beads is 

used to produce small overhangs easily in WAAM process [28]. Xiong, et al. [32] studied the 

influence of process parameters on the formation of the inclined wall in a GWAM-based 

WAAM process. In the experiment, the influences of offset distance, wire feed speed, and 

welding torch travel speed on the inclination angle were examined and discussed. The 

experimental results showed that the higher travel speed and the lower wire feed speed 

benefited a larger inclination angle. The maximum inclination angle was extended to be more 

than 45˚with proper weld settings. In the research of Li, et al. [33], a mathematical model of 

the inclined multi-layer multi-bead parts is initially established for GWAM-based WAAM 

process. Additionally, the authors mentioned that the material shortage areas are found at the 
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edges of the parts with inclined features and thereby extra material should be deposited to 

form a better parts geometry. However, although several advancements have been made, the 

inclination angle of the overhangs is still limited to a small range.    

 

To deposit overhanging structure at arbitrary direction without extra rotational mechanical 

system, Kazanas, et al. [34] reported a feasibility study of fabrication of overhanging 

structure directly without supports using WAAM process. The authors explained that taking 

advantages of positional welding, which means weld at any positions, the overhangs can be 

deposited directly in WAAM process. In the experiment, a few horizontal and inclined walls 

were deposited, and several process control strategies were presented. Although the 

capability of WAAM process to deposit at any direction was primarily testified, a 

comprehensive WAAM based positional deposition system has yet to be developed in a 

practical additive manufacturing system. 

 

2.3 Challenges in multi-directional WAAM 

 

A common WAAM process aims at fabricating defect-free metallic parts defect-free 

fabrication with high geometrical accuracy [7, 35, 36]. Fig.2.4 illustrates architecture of a 

common WAAM process from CAD model to the final near-net product [29]. It consists of 

several essential modules including 2.5D slicing, bead modelling, 2D path planning, welding 

process setups, robot code generation, and post-machining process.  
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Fig.2. 4 The general process of WAAM 

 

➢ Welding process control. In terms of positional deposition, the first issue coming with 

positional welding is the sagged weld bead. In conventional WAAM process, the 

deposition is always conducted in the downhand position. Thus, weld bead is always 

regular as long as the process parameters are selected in the welding parameter range. 

However, the story is totally different in positional deposition. Due to the impact of 

gravitational force, the molten pool may sag excessively when welding with improper 

parameters, this results in a poor bead profile. To enhance the appearance of the weld 
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bead, it is necessary to identify the proper welding parameters to control deposition 

process for the multi-directional WAAM. Thus, the most important step of 

constructing a multi-directional WAAM process is to develop a welding process 

control strategy for a stable deposition process and acceptable bead profiles. 

 

➢ 2D slicing. Currently, the 3D CAD model is sliced into a set of 2.5Dlayer with one or 

a group of predetermined values for layer thickness along the build orientation, which 

is the vertical-up direction in most of cases [37, 38]. However, to fabricate parts with 

geometrical features in WAAM process, the supporting structure is usually required to 

deposit overhangs when using the monotonous vertical-up slicing strategy. Once the 

overhanging structure can be deposited in multiple directions, a key step in 

multi-directional WAAM process is to develop a robust algorithm to identify the 

overhangs and slicing the 3D model along multiple directions. Currently, many 

multi-direction slicing strategies have been proposed. In this study, the multi-direction 

slicing strategy reported in [29] is developed for fabricating complex structures. The 

slicing method firstly decomposes 3D model into a set of optimal sub-volumes and 

then generate sliced layers along the most suitable deposition directions of the 

sub-volumes.  

 

➢ Robot code generation. Path planning in robotic welding originally concerned the 

problems of moving welding torch along the predetermined weld trajectory without 

any clash. Hence, the collision avoidance is a fundamental issue when programming 

robot motion for welding tasks. Compared to common WAAM process which only 

deposit parts along the fixed vertical-up direction, the programming process becomes 
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more complicated due to the following two reasons. (i)Most existing WAAM systems 

plan torch trajectories based on the part CAD model and assuming robot/machine can 

always reach those trajectories, which is true when part size is not large and the 

welding torch is always kept down hand. However, the collision-free robot motion for 

multiple torch orientations, which usually includes searching for an optimal reachable 

solution from multiple robot configurations, is new to the WAAM research field. (ii) 

The deposition sequence is no longer from the bottom to the top as the overhanging 

structure can be built at different stages of the manufacturing. The optimisation of 

weld sequence plays a critical role to avoid collision between the torch and partially 

deposited component.  

 

➢ 2D path planning and post machining. Path planning module generates the paths to fill 

up the 2D layers representing the cross-sectional geometry by controlling the motion 

the welding torch [39]. In multi directional WAAM, the 3D model is sliced into sets 

of 2.5D layers along multiple directions rather than single vertical-up direction in 

current WAAM process. As listed in Table 2.1, Many 2D path planning algorithms, 

raster [40], zig-zag [41, 42], Spiral [43, 44], Continuous [39, 45-47], Contour [48-50], 

hybrid [37, 51], medial axis transformation (MAT) [36], can be applied to the 

proposed multi-directional WAAM process directly. In addition, post machining 

process is used to remove the unnecessary volume and improve the surface quality of 

the parts. In this study, these two modules will be also integrated into the proposed 

system, although the 2D path planning and post-machining strategy is not the scope of 

this study.  
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Table 2. 1 The current path planning strategies. 

Path planning pattern Literature Illustration 

Raster [40] 

 

Zig-zag [41, 42] 

 

Spiral [43, 44] 

 

Continuous [39, 45-47] 

 

Contour [48-50] 

 

Hybrid [37, 51] 

 

MAT [36] 
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2.4 Current methods for quality improvement in WAAM process 

 

Fig.2. 5 Some inclined parts fabricated by WAAM. 

 

For multi-directional WAAM, the downward flow of the molten metal, induced by the force 

of gravity, makes it difficult to properly control the deposition process. Shirali and Mills [52] 

addresses some several inherent defects formed during deposition, such as irregular bead 

shape, lack of penetration, porosity, undercut and formation of the humped bead, which are 

difficult to avoid. To fabricate parts with overhanging features, initially, researchers have 

investigated the process control strategies to deposit parts with an inclination angle. The 

fabrication methods of two kinds of inclined overhanging structures have been proposed, they 

are: (a) layers are deposited in the same vertical planar with different starting and ending 

positions, and (b) layers are deposited with different horizontal positions the layer toes. In the 

study by Panchagnula and Simhambhatla [16], a small overhanging part was successfully 
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manufactured in planar deposition without extra support by employing the inherent 

overhanging capability of arc welding, as shown in Fig.2.5(a). To explore the maximum 

inclination angle of the self-support capability, a set of thin-walled parts has been deposited 

with, a set of discrete inclination angle values, the experimental results demonstrate a 

maximum of 30° can be achieved with proper welding setups. Nevertheless, the authors did 

not provide the detailed process control method to extend the overhanging capability. Xiong, 

et al. [32] studied the influence of process parameters on the formation of the inclined wall in 

a GWAM-based WAAM process, as shown in Fig.2.5(b). In the experiment, the influences of 

offset distance, wire feed speed, and welding torch travel speed on the inclination angle were 

examined and discussed. The experimental results showed that the higher travel speed and the 

lower wire feed speed benefited a larger inclination angle using GMAW in spray mode. The 

maximum inclination angle was extended to be more than 45˚with proper weld settings. 

Finally, a thin-walled cylinder part with geometrical feature was produced by the proposed 

process control strategy, as shown in Fig.2.6. However, the geometrical error on layer width 

and height were identified in the deposition process. The authors explain that the errors are 

inevitable due to the different heat dissipation in each layer. Inspired by this single bead 

overhanging deposition, Li, et al. [33] investigated fabrication of inclined multi-layer 

multi-bead parts using GMAW-based WAAM, as shown in Fig.2.5(c). According to the 

proposed mathematical model of the layers-overlapping process, the authors initially 

categorized inclined components into four groups: (a) parts with two negative slops, (b) parts 

with two positive slopes, (c) parts with a positive slope and a vertical slope, and (d) parts with 

a positive slope and a negative slope, as shown in Fig.2.7. It was found that material shortage 

always exists at the edge of the parts, to produce inclined parts with better geometry quality, 

more materials should be deposited to optimize the deposition process. Through the 

experimental results, it was found that the compensated amount of the filler material is 
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depend on (a) the deigned inclination angle of the parts, (b) the profile of the initial bead, and 

(c) the step over distance between adjacent beads.  

 

 

Fig.2. 6 Sample fabricated by [32]. 

 

Fig.2. 7 Typical examples of inclined MLMB components. 

 

To further extend the extend the inclination angle, Kazanas, et al. [34] conducted a 

preliminary study of the GMAW based multi-directional WAAM. The authors firstly stated 
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that the Cold Metal Transfer (CMT), a variant of in short arc mode of GMAW, should be 

selected for the multidirectional process due to its low heat input. A set of horizontal 

thin-walled structures have been fabricated to examine the impacts of material ration, 

welding speed, and shielding gas on the weld bead formation, as shown in Fig.2.8(a). Then, 

through fabricating a few sample components with geometrical feature, the feasibility of this 

new strategy was validated, the successful fabrication of the sample demonstrates that the 

proposed method can significantly reduce the manufacturing time and cost. In addition, the 

authors claimed that humped weld beads are always formed in the horizontal deposition with 

improper weld settings, as shown in Fig.2.8(b). However, no further investigation of the 

humping issue in their study. It is necessary to conduct more studies on humping formation in 

positional deposition. 

    

 

Fig.2. 8 horizontal parts by [34]. 
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Fig.2. 9 Wire structures by WAAM. 

 

In addition to traditional WAAM, Radel, et al. [53] presented an approach to automatically 

manufacture complex truss structures without any support using WAAM, as shown in Fig.2.9. 

To against the downward gravity, the surface tension force was identified as the major 

holding force that retains the molten metal on the parent layer in positional deposition. For a 

molten pool in the vertical direction, the effect of the weight of the molten weld metal 

compared to the surface tension can be calculated by Bond Number in (2.1) [54] 

𝐵𝑂 =
(𝑔𝜌)𝑙2

𝛾
                             (2.1) 

where g is the gravitational acceleration, ρ is the density difference of the weld metal and the 

gas. l is the characteristic length of the liquid part. A small Bond Number indicates that the 

molten metal flow is almost affected by surface tension force, the effect of the gravitational 

force can be ignored. Conversely, a high Bond Number normally above 1 means the 

gravitational force dominates. Thus, the molten pool size should be controlled to prevent 
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weld bead sagging. In addition, to optimise the bead geometry, an image based closed-loop 

control strategy was developed to monitor the bead shape and computer-aided manufacturing 

(CAM) software was used to corrects the geometry of the bead for future deposition.  

 

2.5 Humping phenomenon in GMAW 

 

As aforementioned, humping phenomenon is a critical issue in positional deposition of the 

proposed strategy. It is necessary to investigate the humping formation and avoidance for the 

better geometry. According to Nguyen, et al. [55], humping can be described as the series of 

periodic undulation of the weld bead. Over the last 35 years, a considerable amount of 

literature has been published on humping phenomenon in conventional downhand 

welding[56]. Studies have covered several different welding processes, such as GMAW [57], 

GTAW [58-61], laser welding [62-65], electron beam [66, 67], and Submerged arc welding 

(SAW) [68]. Bradstreet [57] reported the mechanism of humped welds using plain carbon 

steel in the GMAW process. He suggested that the defect was produced by surface tension 

force and fluid flow patterns during GMAW. Mendez [58, 59] proposed a forehand technique 

to enhance the productivity in the GTAW process. To suppress humping occurrence, the 

welding torch can be rotated according to the established model. In such way, the plasma jet 

has a velocity component in the direction of motion of the torch. In laser welding, weld pool 

dynamic behaviours were investigated to gain a better understanding of humping in the study 

by Ai, et al. [63]; the experimental results demonstrated that humping formation is related to 

the tilted angle of keyhole, narrow and long molten pool and collision of fluid flow.  

 

For applying to the GMAW-WAAM process, the rest of this subsection will concentrate 
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mostly on humping during GMAW process. However, humping for different fusion welding 

processes will also be mentioned if it is applicable to GMAW.    

 

The previous humping studies on GMAW referred to above fall into three groups; 

experimental observation, modelling, and numerical simulation. Originally the studies mainly 

relied on the experimental observation of the weld bead profile in high-speed GMAW. One 

well-known study that is often cited in research on humping is that of Bradstreet [57], who 

found that the defect was produced by surface tension force and fluid flow patterns during 

GMAW. He found that the humped weld bead can be produced by improper welding process 

parameters including system energy input, welding speed, the surface condition, and 

chemical composition of the parent metal. Although his preliminary study provided a better 

understanding of humping in GMAW, the mechanism was still unclear. Since the occurrence 

of humping limits the welding speed of conventional downhand WAAM. Adebayo, et al. [69] 

investigated humping formation in WAAM using the CMT welding process. The authors 

examined the effects of wire feed speed and travel speed on bead geometries and the 

experimental results showed that under the test conditions uesd, there exists a limiting speed 

of 600 mm/min at which humping starts to take place. However, the universality of these 

findings was limited to a fixed welding trial. Other researchers have applied an external 

magnetic field to control the welding process and suppress the humping formation [70-72]. 

The auxiliary magnetic field has significant influences on the weld pool flow dynamics, arc 

column and the metal transfer. Base on those findings, the optimised excitation currents were 

experimentally determined for GMAW.   
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Fig.2. 10 Existing humping models. 

 

To further study the humping formation in GMAW, the fundamental mechanisms of humping 

were investigated through establishing physical models. Based on the Rayleigh instability 

model [73], the molten metal pool is considered to have a cylindrical shape, As shown in 

Fig.2.10(a). Gratzke, et al. [74] modified the Rayleigh instability model to a Capillary 

instability model to explain driving forces responsible for humping. As shown in Fig.2.10(b), 

the molten metal pool was assumed to be partially bounded liquid cylinder. They suggested 

that the humping commenced when the width/length ratio of the weld pool is less than 1/2 π. 

Some studies considered the strong arc force was the main reason for the onset of humping 

[75-77]. As shown in Fig.2.10(c), Mendez, et al. [59] established an arc force model using the 
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static force balance theory. The presented model indicates that the humping occurs when the 

arc pressure becomes larger than the metal pressure. To be more specific, Nguyen, et al. [55] 

explained when the arc force exceeded the metallostatic pressure, the weld pool underneath 

the arc was depressed and turned into a very thin layer of molten metal. The molten metal 

underneath the arc pressure was pushed toward the rear of the molten pool and the humped 

weld bead was produced with the extra metal solidifying while the gouging region formed 

due to the missing material. It is believed the arc pressure model may describe the 

morphology of humping qualitatively, however, what is not yet understood is the periodic 

behaviour of the humping phenomenon. Nguyen, et al. [78] obtained experimental results and 

observations using a LaserStrobe video system. They developed a new curved wall jet model 

to explain the generation of bead hump in the GMAW process. The authors suggested that the 

humping was enlarged and formed with the strong backward fluid flow of molten metal, 

which mainly was induced by the arc plasma force and droplet impact force, as shown in 

Fig.2.10(d). The molten metal backfills the gouging area when welding with a low speed. 

However, the wall jet becomes more prolonged and narrower with a higher welding speed, 

resulting in the premature solidification of the wall jet which prevents the backfilling fluid 

flow and thereby the humps and valleys formed.   

 

Based on the aforementioned theoretical models, advanced computer simulation technologies 

have been employed to assist researchers in understanding of the temperature distributions 

and fluid flows behaviours of humping phenomenon during the GMAW process [79-83]. Wu, 

et al. [79] established three-dimensional mathematical models to simulate the convection in 

GMAW processes. Through simulating the fluid flow and heat transfer behaviour in normal 

and high-speed welding, they identified two factors are responsible for the humping 

generation: the strong momentum of the backward fluid flow and the capillary instability of 
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the fluid channel. In the study of Cho and Farson [82], three-dimensional numerical 

simulations were also employed to study humping in GMAW. They suggested the formation 

of a thin liquid channel and premature solidification of the melt in the thin channel, 

associated with humping phenomenon. 

 

2.6 Robot path planning 

 

Compared to common WAAM process which only deposit parts along the fixed vertical-up 

direction, the programming process becomes more complicated due to the following two 

reasons. 

 

(i) Most existing WAAM systems plan torch trajectories based on the part CAD 

model and assuming robot/machine can always reach those trajectories, which is 

true when part size is not large and the welding torch is always kept down hand. 

However, the collision-free robot motion for multiple torch orientations, which 

usually includes searching for an optimal reachable solution from multiple robot 

configurations, is new to the WAAM research field.  

 

(ii) The deposition sequence is no longer from the bottom to the top as the 

overhanging structure can be built at different stages of the manufacturing. The 

optimisation of weld sequence plays a critical role to avoid collision between the 

torch and partially deposited component.  
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Path planning in robotic welding originally concerned the problems of moving welding torch 

along the predetermined weld trajectory without any clash. Hence, the collision avoidance is 

a fundamental issue when programming robot motion for welding tasks. In robot welding 

there are two main methods of robot motion programming, online programming and offline 

programming. Online programming requires human operation including lead-through and 

walk-through, it is considered as a simple programming method however the flexibility too 

low for WAAM process. On the other hand, offline programming is used to generate robot 

programs through either manual or automatic programing method [84]. So, it is suitable for 

an automated system. The workflow of the typical process is shown in Fig.2.11 [84]. the main 

steps are: (i) 3D model generation, the 3D model of the target part can be generated through 

various sensing technologies. (ii) Tag creation, the start and end points are identified for the 

robot path. (iii) Trajectory planning, the robot motions are planned and the collision between, 

robot and workpiece is assessed. (iv) Process planning, the welding sequence is reorganized 

for the most effective welding operation. (v) Post processing, the necessary communication 

between robot controller and welding machine and other sensors are programmed into the 

robot language. (vi) Calibration, the differences between the modelled data and the real 

manufacturing environment are compared and compensated. In WAAM process, steps (i) and 

(vi) are unnecessary compared to normal welding process. Step (v) can be easily completed 

by a translator.  

 

Current studies attempt to develop the optimal collision-free robot motion strategies through 

two major steps, environment modelling and optimal path searching [85]. In the study by Gai, 

et al. [86], the obstacles and robot body are simulated by an external sensor and then 

transformed in to Configuration Space (C-Space), where the robot configuration is defined by 
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a set of joint coordinates [87]. Finally, the proposed Artificial Potential Field was applied to 

generate a collision free weld path. Wang, et al. [85] also reported a welding robot collision 

free path optimization strategy. The environment including robot and obstacles is simulated 

through a simple grid method and then the optimized collision free robot motion is 

programmed based on the proposed Ant Colony Optimization algorithm. Simulation results 

demonstrate that the proposed system can automatically generate the shortest robot path 

without clash. In addition, Larkin, et al. [88] pointed out that the welding quality is 

sometimes affected when using traditional robot motion planning methods, because the 

welding task is not a simple pick-and-place operation using the position of the object being 

moved, the configuration of the welding torch will affect the appearance and quality of the 

weld bead. To improve the welding quality, they present a Probabilistic RoadMap motion 

planner for automatic welding robots motion generation concerning the operation range of the 

welding torch angle [88, 89]. Wang, et al. [85] also reported a method for generating a 

collision-free path for welding robot. Firstly, the welding environment is modelled using a 

grid method. Then, the ant colony algorithm is used to search the best algorithm to adjust the 

welding path. A secondary optimization approach is used to improve the system performance. 

The simulation results showed that the shortest collision-free path was obtained through 

optimizing the welding path. In addition, researchers also applied Genetic algorithm [90], and 

Artificial bee colony algorithm [91] to search the optimal path.  

 

There are many restrictions to apply these strategies to multi-directional WAAM directly. 

This is due to the significant differences between traditional welding and multi-directional 

WAAM. In the welding process, the geometry of the part is fixed, and the motion planning is 

in a static environment. However, the volume of the part keeps growing in the WAAM 
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deposition process, which makes the motion planning more complicated in a semi dynamic 

environment. The collision model of the workpiece needs to be updated after each layer of 

deposition. Since the sequence of the deposition affects the collision model for each weld, the 

layer sequence becomes critical for a successful collision free deposition path planning [8]. 

The deposition sequence and single layer path planning interwinds together and become a 

complicated optimisation problem. 

 

Fig.2. 11 The process of robot offline programming. 

 

2.7 Summary and scope of this work  

 

As the current studies reviewed in this chapter, the WAAM process is still limited to deposit 

parts in the vertical up direction. It only can be called as 2.5D printing. To realize the ture 3D 

printing, a multi-directional WAAM process is expected to be developed for significently 

reducing manufactring time and cost. To develep such a inovative technology for industrial 

practical use, a few gaps have been identified as listed below. 
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First, the positional deposition methods need to be developed. the gravitational force has a 

great negative impact on the bead formation. To deposit weld bead along multiple directions, 

the forming mechanism of a weld bead in various deposition directions is necessary to be 

explored. In addition, a set of practical guidelines for multi-directional WAAM is required to 

be carried out for achieving a stable deposition process.  

 

Secondly, although some of the presented studies may provide knowledge of the humping 

phenomenon in a flat position, their ability to explain humping in a horizontal or vertical 

position has not been experimentally demonstrated, the exact mechanism is still unclear. In 

the vertical or horizontal deposition, the sagged beadlike shape indicates that that the 

downward flow of the molten metal induced by the gravitational force may be a critical 

driving factor of the humping. A new humping metal flow model may be required to explain 

the great influence of gravity in positional WAAM.  

 

Thirdly, a practical robot path planning strategy needs to be developed. Compared to 

common WAAM process which only deposit parts along the fixed vertical-up direction, the 

programming process becomes more complicated. However, the robot path planning is 

important for developing a automated manufacturing system. It is necessary to develop such a 

system for the future application.  

 

Finally, as a manicuring process, an elaborate process planning algorithm is required to be 

carried out for industrial users. The system is able to fabricate parts for CAD model to the 

final near-net shape product. The knowledge obtained in this study will be used to develop 

such a system. In addition, for some exiting WAAM algorithms that can be applied to the 
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multi-directional system will able be integrated into the new system.   
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Chapter 3  

Application development and process optimization 

3.1 Introduction 

 

For multi-directional WAAM, the downward flow of the molten metal, induced by the force 

of gravity, makes it difficult to properly control the deposition process. Shirali and Mills [52] 

addresses some several inherent defects formed during deposition, such as irregular bead 

shape, lack of penetration, porosity, undercut and formation of the humped bead, which are 

difficult to avoid. In the study of molten pool behaviour and mechanism of weld forming in 

positional GMAW welding, many researchers focused on the selection of the optimal welding 

parameters. In the studies of Randhawa, et al. [92] and Ghosh, et al. [93], the use of optimal 

welding parameters can significantly improve the weld bead geometry in vertical welding. 

Recently, three-dimensional numerical simulation is used to describe molten pool behaviours 

[94, 95]. They investigated the molten pool flow patterns for various welding positions. In 

addition, some molten pool control methods, such as rotating arc [96, 97], and tandem arc 

[98], were applied to the positional welding for a better weld bead geometry. 

 

Kazanas, et al. [34] conducted a preliminary study of the GMAW based multi-directional 

WAAM. Through the conducted experiment, the feasibility of fabricating parts with 

overhangs using multi-directional WAAM was verified and the torch travel speed selection 
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was claimed to be critical for the process. Recently, Radel, et al. [53] presented an approach 

to automatically manufacture complex truss structures without any support. To optimize the 

bead geometry, an image based closed-loop control strategy was developed to monitor the 

bead shape and computer-aided manufacturing (CAM) software was used to corrects the 

geometry of the bead for future deposition. Nevertheless, there are still several inherent 

technical challenges in the application of the GMAW-based multi-directional additive 

manufacturing. The forming mechanism of a weld bead in various deposition directions has 

not been explored for multi-directional WAAM. Therefore, it is necessary to establish a set of 

practical guidelines for multi-directional WAAM. In this chapter, the positional deposition 

process is investigated for developing the multi-directional process. Initially, different 

GMAW transfer modes were evaluated based on the metal droplet kinetic and the weld bead 

geometry. Subsequently, the effect of process parameters on bead formation and process 

stability were quantitatively investigated. Finally, three case studies are given in Section 5 

and followed by a conclusion in Section 6. 

 

3.2 Metal transfer in multi-directional GMAW-based WAAM 

  

Compared to conventional GMAW-based WAAM, the multi-directional deposition process is 

more difficult to control mainly due to the influence of gravitational force. In this section, 

two major issues are addressed: (a) the transfer of metal droplets from filler wire tip to the 

molten pool in the proper position, and (b) weld pool geometry and formation of the desired 

weld bead profile. 
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3.2.1 Metal droplet kinetic 

 

Generally, the basic metal transfer modes of GMAW can be classified into free flight and 

short circuiting [24]. Free flight transfer can be further divided into Spray, Globular and 

Repelled modes. During Free Flight modes, the droplet trajectory from the wire tip to the 

weld pool is important. Norrish [24] describes the mechanism of metal transfer in terms of 

the balance of forces acting on the system, which includes gravitational force, aerodynamic 

drag, electromagnetic forces, vapour jet forces and surface tension. In positional free flight 

transfer, the gravitational force may be sufficient to exceed the axial forces which would 

normally project the droplet across the arc resulting in displacement of the material from the 

target position. This is illustrated in Fig.3.1(a). In addition, the common spray transfer mode 

only operates above a minimum transition current, a large molten weld pool is usually formed, 

which is undesirable for the multi-directional deposition process. 

 

Fig.3. 1 The trajectory of the molten droplets (a) in Free flight transfer and (b) in short arc 

transfer 
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In short arc transfer, a droplet forms on the wire tip during the arcing phase, but material 

transfers when the wire tip contacts the base metal. Droplets transfer to the weld pool is 

influenced by the gravitational force less. Fig.3.1(b) indicates that the molten metal normally 

transfers accurately on the target position when the correct welding parameters are used. For 

this reason, the short arc transfer has been used to deposit material in all positions.  

 

In addition, the positional performance of both free flight and short-circuiting transfer may be 

improved by using dynamic control of transient welding current and wire feeding. These 

techniques are now known collectively as ‘waveform controlled’ in GMAW. Norrish [24] also 

argues in the case of spray transfer, the current may be pulsed to produce a strong axial 

transfer of droplets at low mean current. In the case of short-circuiting mode, the ‘controlled 

short-circuiting’ processes may be used. 

 

3.2.2 Weld pool geometry 

 

As shown in Fig.3.2, a further issue coming with horizontal deposition is the sagged bead or 

downward flow of molten metal, Soderstrom and Mendez [99] and Motta, et al. [100] refer it 

as humping and dripping phenomenon, respectively. During the metal solidification process, 

the molten pool may sag before it freezes, this results in a poor bead profile. It is therefore 

important to investigate the influence of the forces affecting final bead quality in 

multi-directional GMAW based WAMM process. For simplicity, a static force balance model 

for a molten pool in horizontal welding is adopted, as shown in Fig.3.3. In addition to normal 

force N, the other three forces which influence the formation process of the molten pool are 

gravitational force G, arc pressure farc, and surface tension force fγ. 
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According to [101], the static force balance theory, the molten droplet will remain balanced 

on the base metal in the vertical position when the static detaching forces do not exceed the 

holding force. The force model indicates that the surface tension force can be decomposed 

along vertical and horizontal directions. During horizontal or vertical welding, the component 

of the surface tension force along the vertical direction, fγy, acts as the holding force while the 

 

Fig.3. 3 The sagged bead geometry in the horizontal deposition. 

 

Fig.3. 2 A force model for a pendent molten pool in positional deposition. 
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gravitational force tends to cause the detachment of the pendent molten pool. The 

gravitational force of molten material deposited in a unit time is given by: 

                   𝐺 =
𝜋𝑟2WFS

𝑇𝑆
𝜌𝑔                                               (3.1) 

where ρ and r are the density and radius of the electrode wire. WFS and TS are the wire feed 

speed and welding torch travel speed, respectively. g is the gravitational constant. 

 

Generally, the surface tension force acts as the major force holding the pending molten pool 

during positional welding. The sum of surface tension, which holds and allows the molten 

bead to be stable, acts on the curved liquid surface at the border of the liquid and solid 

material region. The surface tension coefficient γ of the molten metal, which represents the 

surface tension force per unit length, is a critical factor that affects this force. 

 

 

 

 
Fig.3. 4 Surface tension of steel S235 as a function of temperature. 



Realization of the true 3D printing using wire and arc additive manufacturing 

63 

 

According to Eötvös rule [102], the surface tension coefficient is significantly affected by the 

temperature of the liquid [103], as shown in Fig.3.4. In their model, the empirical equation to 

relate the surface tension coefficient γ and temperature T is: 

                     𝛾𝑉0
2/3

= 𝑘(𝑇𝑐 − 𝑇)                                      (3.2) 

where V0 is the molar volume of the substance. Tc is a critical temperature whose value is 

constant for a certain substance. k is a constant for almost all substances. Magnitis, et al. [104] 

calculates its value as 𝑘 = 2.1 × 10−7[𝐽𝐾−1𝑚𝑜𝑙−2/3] 

 

Moore [105] modified Eötvös equation to: 

                       𝛾𝑉0
2/3

= 𝑘(𝑇𝑐 − 𝑇 − 6)                              (3.3) 

in this variant, the equation is more accurate at lower temperatures through employing a 

6-degree kelvins temperature offset. 

 

Besides the general expressions above, Xiong, et al. [32] presented a formula to predict the 

variation of the surface tension force in welding. The surface tension coefficient γ is 

considered to vary linearly with the temperature T, which is given by: 

                        𝛾 = 𝛾𝑚
0 − 𝐴𝑠(𝑇 − 𝑇𝑚)                              (3.4) 

where  𝛾𝑚
0  is the surface tension coefficient of pure metal at the melting point, which should 

be constant for filler material. As can be calculated as the negative of ∂γ/∂T for pure metal, 

which is also considered as a constant when the temperature is much above the melting point. 

Tm is the melting point of the filler material. Thus, to take advantage of surface tension for 

rod retention, a lower temperature weld pool is desired. In other words, the heat input should 

be as low as possible to increase the surface tension force.  
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The molten pool shape is also controlled by the freezing rate of the molten pool. If the pool 

freezes quickly, it will retain its shape. A fast-freezing rate is normally determined by low 

heat input. Based on the analysis above, the dependence of surface tension and freezing rate 

is verified. It reveals that the control of heat input is critical for the successful 

multi-directional WAAM. Besides, Norrish [24] explains the composition of shielding gas 

and Li, et al. [106] tests the surface active elements, such as oxygen or sulphur on steel, 

which also affects the surface tension. From the preceding analysis and section 2.1, it is clear 

that the short circuit mode of operation is most suitable for multi-directional WAAM. In 

addition, Norrish and Cuiuri [107] explain that the controlled short circuit process offers 

improved stability, lower spatter and better process tolerance.   

 

Most commonly, these controlled short circuit processes rely on transient current control to 

prepare a droplet on the wire tip during the arcing period and minimise short circuit rupture 

current [2]. In some cases, this is combined with cyclic wire movement to assist the short 

circuit rupture. In the current work, the later control approach was used with a commercial 

“cold metal transfer (CMT)” system supplied by Fronius. 

3.3 Experimental setup 

 

The plain carbon steel ER70S-6 filler wire, with a diameter of 0.9 mm, was selected as the 

feedstock material in the welding system. A Q235 steel base plate was used as the substrate to 

support metal deposition. The dimensions of this plate were 300 mm × 300 mm × 10 mm. 

The chemical composition (in wt. %) of the wire electrode ER70S-6 and base metal Q235 are 

given in Table 3.1. A shielding gas mixture of Argon (80%) and CO2 (20%) was used at a 

flow rate of 18 L/min. 
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The tests were implemented using a robotic welding system developed at the University of 

Wollongong, as shown in Fig.3.5. The welding system was a Fronius TPS 4000 CMT 

Advanced unit consisting of a welding controller and power source, coupled to a CMT wire 

feeder, and the welding torch. As with similar systems, the welding parameters are 

automatically adjusted in response to settings of wire feed speed, using a synergic algorithm 

embedded in the controller. The welding torch was mounted on an ABB IRB 1400 industrial 

robot. The controller of the welding power source is interfaced with the robot controller, and 

subsequently, the RobotStudio (simulation and programming software for the ABB robot) 

was used to program the torch motion and coordinate the weld settings. A structured laser 

 

 
Fig.3. 5 The controlled short circuit (CMT) welding system and robot manipulator. 
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scanning system was integrated into the robotic welding system to measure the bead profile. 

In addition, to exclude the interference from temperature differences, an infrared pyrometer 

was used to monitor the temperature of the previous weld bead. In this study, each subsequent 

layer was deposited on the substrate layer after the bead cooled to room temperature.  

 

In this study, the basic experiments were designed to examine the performance of the 

controlled short circuit transfer welding technology used in the multi-directional WAAM. 

Also, the impact of the several process parameter and weld setting on the metal transfer and 

bead geometry were investigated. In the test, a steel base plate (Q235) was securely clamped 

in the vertical position by a mechanical vice, as shown in Fig.3.5, with the welding torch 

moved either horizontally or vertically perpendicular to the base plate. The experiments were 

divided into four phases to investigate the impacts of WFS, TS, NTWD and torch angle on 

the geometry variation of the weld bead. 

 

 

3.4 Results and analysis 

 

 

Alloy C  Mn Si Cu S P Fe 

ER70S-6 0.08  1.53 0.88 0.18 0.01 0.009 Bal 

Q235 ≤0.17  0.35-0.80 ≤0.35 - ≤0.40 ≤0.35 Bal 

 

Table 3. 1 ER70S-6 and Q235 Chemical compositions & ranges (wt.%). 



Realization of the true 3D printing using wire and arc additive manufacturing 

67 

 

 

In order to produce weld beads with preferred geometry, the effects of each welding 

parameter on the metal transfer process are crucial to be identified. In this section, several 

major process parameters were studied, including WFS, TS, NTWD and welding torch angle. 

The results were recorded to investigate the effect of each process parameters and to give a 

guide for multi-directional WAAM technology. 

 

 

 

Fig.3. 6 Demonstration of fabrication approach for (a) Horizontal deposition, (b) 

Vertical-down deposition, and (c) Vertical-up deposition. 
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For the horizontal deposition process, the length of the bead was set to 120 mm. To avoid the 

uneven height of the bead at either the start and end of the bead, the welding direction was 

alternated after every layer. This resulted in the regular geometry of the entire bead, as 

illustrated schematically in Fig.3.6(a). However, the same deposition strategy cannot be 

applied to vertical welding. Alternating start-stop positions would not distinguish the 

geometry difference between vertical-up and vertical-down deposition. The welding strategy 

for vertical deposition is shown as follows: the length of first vertical deposit was set to 120 

mm and the length of each subsequent bead was reduced 5 mm at the start of the bead (Weld 

bead geometry at the start of the weld bead is often abnormal compared with the middle 

region, which may affect the experimental results if the swelling keeps accumulating), as 

shown in Fig.3.6(b) and Fig.3.6(c). Each horizontal or vertical wall includes ten layers, the 

torch was perpendicular to the base plate, and the NTWD for both horizontal and vertical 

weld was set to 10 mm. 

3.4.1 Effect of WFS 

Fig.3. 7 The experimental results of bead width (w) and height (h). 
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To investigate the effect of the WFS, the TS was kept constant at 0.1m/min while the WFS 

was varied between 1.0 and 5.0m/min. Table 3.2 lists the welding parameters and settings for 

depositing thin walled structures with ten layers in the horizontal direction. The information 

includes build direction (BD), WFS, TS, bead with (w), bead height (h), and a visual 

assessment of geometry (evaluated as good, acceptable or irregular). The average weld bead 

height and width of each the test are shown in Fig.3.7. It can be seen that the bead width 

increases significantly from 3.1 to 7.0 mm with an increase in WFS. Meanwhile, the bead 

height remains nearly constant with the variation of WFS. This demonstrates that when 

keeping the TS constant, the increase of the deposited material is proportional to the increase 

in bead/wall width. 

 

Fig.3.8 displays the geometry of thin-walled parts under different WFSs. The bead geometry 

deteriorates with an increase in WFS, and an irregular bead shape in test five. According to 

 

Index  BD WFS 

(m/min) 

TS 

(m/min) 

w (mm) h (mm) Geometry  

1 Horizontal  1 0.1 3.1 2.2 Good 

2 Horizontal 2 0.1 5.3 2.3 Good 

3 Horizontal 3 0.1 6.5 2.6 Good 

4 Horizontal 4 0.1 7.0 2.7 Acceptable  

5 Horizontal 5 0.1 - - Irregular  

 

Table 3. 2 Welding parameters and settings of the first test group. 
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the force model given in Fig.3.3 and static force balance theory, there are three reasons to 

explain this phenomenon. Firstly, an increase in WFS causes a reduction in surface tension, 

which subsequently reduces the holding force. For the following, in GMAW welding, the 

relationship between mean welding current Im and WFS is almost linear in the range used 

here. Keeping the TS constant, the increase of WFS is associated with an increase in welding 

current, and thereby a higher heat input for a desired limited WFS. As explained in Section 

2.2, the surface tension force is inversely related to temperature. Thus, the use of high WFS 

decreases the surface tension making it difficult to retain weld pool stability. Secondly, 

excessive energy heat input also extends the metal solidification time. With a longer freezing 

time, the weld bead geometry deteriorates due to the downward flow of molten metal. In 

some instances, molten droplets fall from the base metal when using a large WFS. In addition, 

the volume and mass of the weld metal increase with increased WFS, thereby increasing the 

gravitational force. 

 

Fig.3. 8 Geometry appearance of horizontal position thin-walled parts under different WFSs. 
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Fig.3. 9 Surface roughness with WFS varied from 1 to 4 m/min. 

 

Index  BD WFS 

(m/min) 

TS 

(m/min) 

w (mm) h (mm) Geometry  

1 Vertical-up   1 0.1 3.0 2.3 Good  

2 Vertical-up 2 0.1 5.2 2.3 Good 

3 Vertical-up 3 0.1 6.2 2.5 Acceptable 

4 Vertical-up 4 0.1 - - Irregular 

5 Vertical-up 5 0.1 - - Irregular 

6 Vertical-down 1 0.1 3.1 2.2 Good 

7 Vertical-down 2 0.1 5.2 2.4 Good 

8 Vertical-down 3 0.1 6.5 2.4  Acceptable 

9 Vertical-down 4 0.1 - - Irregular 

10 Vertical-down 5 0.1 - - Irregular 

 

Table 3. 3 Welding parameters and settings of the second test group. 
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Fig.3. 10 The molten pool in the (a) vertical-down and (b) vertical-up deposition. 

 

On the other hand, a high deposition rate with high welding current has several advantages. 

Firstly, the use of high welding current can provide better penetration and depth of fusion, 

which can improve the surface quality of the deposits. The results of the surface roughness of 

the deposited thin wall are given in Fig.3.9. Note that the waviness on the bottom of walls is 

more evident than the top side. For this reason, the bottom side was chosen to evaluate the 

surface quality. Yuan, et al. [108] provides the detailed surface roughness measurement 

method. The parabolic shaped model indicates that the surface quality improved when the 

WFS increased to 2m/min but soon deteriorates when WFS continues to increase up to 

4m/min. The more energy is input to the welding pool with the high welding current 

eventually results in a decreased surface tension, and the molten pool falls downward. A 
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properly determined WFS does improve the surface evenness, but higher deposition rates are 

a prominent advantage of wire-feed additive manufacture, and because the surface 

appearance is of less concern if a post-machining process is used, a lower surface quality and 

higher deposition rate may benefit the productivity of the process. 

 

The same process parameters were used to produce thin walls in the vertical-up and 

vertical-down direction, with the results presented in Table 3.3. It reveals that the bead 

geometry variation is similar to a horizontal deposition, as shown in Fig.3.7. However, the 

maximum WFS of vertical welding is reduced to 3m/min compared to 4m/min in the 

horizontal welding. As shown in Fig.3.10, the molten pool can be divided into the previous 

molten pool and the pending molten pool for both vertical deposition directions. In the 

vertical-down deposition, the previous molten metal flows downward slightly on the pending 

molten pool during the solidification process. On the other hand, in the vertical-up deposition, 

the pending molten pool flows downward on the previous molten metal. In both cases, a 

larger surface tension force fγ is required in a vertical deposition, which results in a limited 

operating range of WFS in the vertical deposition compared to the horizontal deposition. 

3.4.2 Effect of TS 

 

TS is another major parameter affecting positional welding. To study the effect of torch travel 

speed, a group of tests were conducted with TS being varied from 0.1m/min to0.6m/min, 

while the WFS was kept to a constant 4m/min, as shown in Table 3.4. Since the deposition TS 

is inversely proportional to the deposition volume, and both wall height and width reduce 

with the increase of TS, as the results shown in Fig.3.11. In terms of the geometrical quality 

of the deposits, both the filler material volume and the heat input are reduced with the 
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increase of TS while the WFS is constant. The wall quality improved due to the low system 

energy input and a corresponding increase in surface tension force. However, when the TS is 

increased to 0.4m/min, the bead geometry starts deteriorating. Fig.3.12 shows the deposited 

horizontal wall, several obvious humps are seen in test 5 and 6. In GMAW welding, a 

discontinuous deposit is produced if the TS exceeds the limit that causes insufficient material 

to be deposited. Gomez Ortega, et al. [109] explains the frequency of drop deposit becomes 

insufficient to sustain the molten metal volume. 

 

Fig.3. 11 The experimental results of bead width (w) and height (h). 

 

To further investigate the effect of TS on multi-directional WAAM, the control variate 

method was employed where the volume of deposited material is set to a constant value. The 

volume of metal V in a unit time can be calculated as: 

                   𝑉 =
𝜋(

𝑑

2
)

2
𝑊𝐹𝑆

𝑇𝑆
                            (3.5) 
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where d is the diameter of the welding wire. WFS/TS is the deposition ratio that determines 

the material volume deposited during welding. To ensure the same heat input and volume of 

material is deposited in each bead, the deposition ratio WFS/TS was set to 10. The TS was 

varied from 0.1m/min to 0.6m/min, and the WFS was adjusted accordingly. Fig.3.13 shows 

the deposited thin-wall and welding parameters for each test. The intermittent sphere-shaped 

welds, instead of continuous homogeneous beads, can be observed when the TS is more than 

0.3m/min. This kind of welding defect is known as humping. It commonly occurs in the 

high-speed welding [69] and expresses itself by the formation of humps and valleys that 

prevent further weld deposition. 

 

 

 

 

Index  BD WFS 

(m/min) 

TS 

(m/min) 

w (mm) h (mm) Geometry  

1 Horizontal  4 0.05 - - Irregular 

2 Horizontal  4 0.1 7.0 2.7 Acceptable  

3 Horizontal 4 0.2 5.6 2.1 Good 

4 Horizontal 4 0.3 4.9 2.0 Good 

5 Horizontal 4 0.4 4.5 1.5 Acceptable  

6 Horizontal 4 0.5 - - Irregular  

7 Horizontal 4 0.6 - - Irregular  

 

Table 3. 4 Welding parameters and settings of the third test group. 
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Fig.3. 12 Geometry appearance of thin-walled parts under different TSs. 

Fig.3. 13 Geometry appearance of thin-walled parts under different TSs while WFS/TS is 

constant. 
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Fig.3. 14 Schematic representation of the forming mechanism of humping issue. 

 

Fig.3.14 illustrates the mechanism of the humping phenomenon. Under the arc pressure and 

the impact force of the molten filler electrode, a gouging molten pool region is created on the 

base metal. Meanwhile, the molten metal, combining filler wire and substrate materials, 

continuously flows from the welding pool underneath the wire electrode to the rear of the 

welding pool. With a proper TS, the molten metal backfills the weld pool. At a high travel 

speed, the electrode is always located at the leading edge of the weld pool, resulting in the 

premature solidification in the bridge region. With the fall in temperature, ‘swelling’ of the 

bead is formed due to the isolation of the molten metal in the tail portions. Thus, both the 

deposit geometry and productivity should be considered when determines a suitable TS in 

multi-directional WAAM to avoid the humping issue. 
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3.4.3 Effect of NTWD 

 

To investigate the effect of NTWD on positional welding, other process parameters were set 

to constant values (the WFS was 6m/min and the TS was 0.1m/min). NTWD varied from 

5mm to 21mm. All the process parameters, including NTWD, WFS, TS, electric current (Im), 

voltage (Vm), and calculated heat input (HI), are shown in Table 3.5. The heat input was 

calculated by the instantaneous power determined by averaging the product of current and 

voltage measurements made over time at rapid intervals. According to Cong, et al. [110] The 

heat input P is expressed as the formula: 

                    𝑃 = 𝜂(∑ 𝑈𝑖𝐼𝑖)/𝑇𝑆                        (3.6) 

where Ui and Ii are the arc voltage and current for each transient welding period, respectively. 

TS is the travel speed of the robot-torch system. η is the arc thermal efficiency of CMT, Cong, 

et al. [13] assumed it as 0.8. The nominal calculated heat input is used for comparison among 

 

Index NTWD(mm) WFS 

(m/min) 

TS 

(m/min) 

Im(A) Vm (V) HI (J/mm) 

1 5  5 0.1 98 9.7 7.60 

2 9 5 0.1 100 10.5 8.40 

3 13 5 0.1 102 11.3 9.22 

4 17 5 0.1 102 12.0 9.80 

5 21 5 0.1 100 12.7 10.16 

 

Table 3. 5 Welding parameters and settings of forth testing group. 
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each deposition. NTWD can be divided into two segments, electrode stick-out and arc length, 

as shown in Fig.3.15. The electrical stick-out is the length from the nozzle tip to the unmelted 

electrode end. The arc length is the distance between the substrate material and the tip of the 

wire electrode. 

Fig.3. 15 The representation of NTWD, electrode stick-out, and arc length. 

 

Fig.3. 16 The appearance of weld bead geometries and their cross-section with NTWD 

varied from 5 to 21 mm. 
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Fig.3.16 shows the appearance of weld bead geometry and reveals deterioration of the weld 

bead geometry with an increase in NTWD. Fig.3.16 also includes the cross-section of the 

deposits. Here, the bead profiles show that the molten metal sagged with excessive NTWD 

during the deposition process. This resulted in the irregular bead geometry and the prevention 

of further deposition. The mean welding current and voltage information was obtained and 

recorded by the built-in sensor in the welding power source. It can be seen that the voltage 

grows with an increase in NTWD whilst the welding current almost remains constant, as 

shown in Table 3.5. In this case, the surface tension force decreases with the increase of heat 

input (Fig.3.17) and is thus the main reason for bead geometry deterioration. To fully 

understand this phenomenon, it is necessary to investigate the relationship between NTWD 

and welding voltage in CMT welding. 

 

When conducting GMAW welding in spay mode, the arc length changes with the voltage 

variation. Usually, a constant voltage power source is used to maintain a stable arc. The 

situation is different in CMT welding, where the arc length is detected and mechanically 

adjusted to a predefined length regardless of the initial distance between the nozzle tip and 

the surface of the part. In practice, the arc must remain relatively short (2–3 mm) to maintain 

a regular and high dip frequency [24]. According to Ohm’s law in equation (3.7), the current 

(I) through total electrical resistance (R) is directly proportional to the voltage (V) across the 

resistance. 

                     I =
𝑉

𝑅
                              (3.7) 

 

Generally, the electrical resistance of the stick-out resistance depends on the electrode 

diameter/cross-sectional area, electrode resistivity, and the length of the extension [24]. 
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As shown in Fig.3.15, the increase in NTWD has an associated increase in electrode stick-out 

length as the arc length remains stable. Greater resistance to the flow of electricity through 

the electrode extension is generated due to the expanded conductor length. Although the 

control algorithm of CMT is complex, to retain a constant welding current, welding voltage is 

adjusted automatically by the power source. Therefore, it is imperative to keep a short length 

of NTWD for better quality in multi-directional WAAM. 

 

Fig.3. 17 Welding voltage and heat input with NTWD varied from 5 to 21 mm. 

3.4.4 Effect of torch angle 

 

The angle between the welding torch and the base is defined as the troch angle or welding 

angle in welding process, as shown in Fig.3.19. Typically, the torch angle is maintained 

perpendicular to the direction of wall building in WAAM. If the angle changes, the geometry 

of the deposit may vary due to the different force model. To identify an optimized torch angle, 
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varying welding torch angles were set at 45˚, 60˚, 75˚, and 90˚ for each test, whilst all other 

process parameters were kept constant, as presented in Fig.3.18. Note that the NTWD was set 

to 18 mm due to the reachability of torch for acute angles. The bead geometries and 

cross-section of each weld is presented in Fig.3.18. The experimental results reveal that the 

molten metal sags less with a smaller torch angle in the solidification process - meaning a 

better bead geometry is produced with a small torch angle. 

 

Fig.3. 18 The appearance of weld beads geometries and their cross-section with welding 

torch angle varied from 45˚ to 90˚. 

 

To explain this, an updated force model was created for a torch angle at 45˚, as demonstrated 

in Fig.3.19. The arc pressure farc, with the inclined angle of 45˚, is applied on the molten 

metal. Instead of sagging downward, the molten metal tends to flow upward at the beginning 

of the solidification process. In the vertical direction, the molten metal flows upward and then 

downward to suppress the sagging tendency of the weld bead. Thus, with the upward torch 

inclination angle, the arc force assists to improve the molten metal stability and subsequently 

improve the bead geometry shape. 
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Fig.3. 19 A modified force model for a pendent molten pool with welding torch angle at 45 ˚. 

 

3.5 Case studies 

 

To further verify the performance of the proposed strategy, three scenarios were used to 

fabricate parts with more complicated features and compared to the experiments from 

previous sections. For comparative reasons, the filler material, shielding gas, base plate, and 

the robotic welding system utilized in previous sections were kept the same for these case 

studies.  

 

Fig.3.20 presents a 3D model of a part with an overhang structure, coloured in red. To 
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examine the capability of depositing an inclined wall from 0˚ to 90˚, a thin quadrant wall was 

designed. In the deposition process, the vertical wall was firstly deposited as a substrate, with 

WFS and TS set at 5m/min and 0.3m/min, respectively. The process parameters were 

changed to WFS 1m/min and TS 0.1m/min for depositing the thin quadrant wall. The torch 

angle was varied accordingly so that it was parallel to the growth direction of each layer. 

NTWD was kept constant at 8 mm. The start of the bead alternated at each end after every 

deposit. Fig.3.20 also shows the final product, with a total of 32 layers deposited successfully. 

It demonstrates that the proposed multi-directional WAAM strategy is capable of fabricating 

an inclined wall from 0 to 90 degrees with proper welding settings. 

 

Fig.3. 20 3D model of the first sample and Deposited near-net shape. 

 

In the second case study, the multi-directional WAAM was used to fabricate a cylinder 

horizontally, with the 3D model shown in Fig.3.21. Firstly, a vertical wall was produced with 

the WFS and TS set to 5m/min and 0.3m/min, respectively. Process parameters for the 
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horizontal cylinder were WFS 2m/min and TS 0.3m/min. The torch angle was set to 90˚, and 

the NTWD was set to 8 mm. In the deposition process, the start point was selected randomly, 

and the welding direction (anticlockwise or clockwise) was alternated for each layer to 

minimise uneven joint height. A 30-layered thin-walled cylinder with an overhang feature is 

shown in Fig.3.21. As a result of the new strategies used, the appearance and the profile of 

the thin-walled cylinder is reasonably good, and the whole deposition process was quite 

stable. It also demonstrates the proposed multi-directional WAAM strategy is capable of 

depositing at any angle on the vertical surface, from horizontal to vertical. 

 

Fig.3. 21 3D model of the second case study and Deposited near-net shape. 

 

In the third case, multi-directional WAAW was used to fabricate a horizontal wall on a curved 

surface, with the 3D model shown in Fig.3.22. Typically, in practice with the WAAM, the 

welding surface is not a flat surface. This case is designed to examine the performance of 
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multi-directional WAAM that used to deposit on an irregular surface. In the deposition 

process, a thin-walled cylinder was built up vertically to create a curved surface, the WFS and 

TS were set to 2m/min and 0.1m/min, respectively. Subsequently, WFS and TS were changed 

to 1m/min and 0.1m/min. The torch angle was controlled to be perpendicular to the tangent 

line curved surface at all times. The start of the deposit alternated of each layer. A total of 35 

layers were deposited horizontally resulting in a satisfactory flat surface, as shown in 

Fig.3.22. 

 

Fig.3. 22 3D model of the third sample and Deposited near-net shape. 

 

3.6 Chapter summary 

 

This chapter focused on a new strategy of fabricating parts with overhangs using the 

multi-directional WAAM. Due to the negative impact of gravitational force, it is difficult to 
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transfer the molten droplet to the target position and form a regular bead geometry in the 

multi-directional deposition process. To achieve a stable deposition process, the forming 

mechanism of positional deposits is initially investigated. Based on the analysis, GMAW using 

the CMT technology was selected for the multi-directional WAAM process due to its excellent 

position accuracy and ability to reduce the system heat input. Subsequently, the effects of the 

main process parameters on positional deposition were studied and are as follows: 

 

1) Bead geometry deteriorates with an increase in WFS due to the combined effects of 

reduced surface tension force, longer metal freezing time, and increased weld bead 

volume. However, surface quality can be improved with the increase of WFS up to 

2m/min. 

 

2) Welding torch travel speed affects the multi-directional WAAM deposition from two 

aspects: firstly, a discontinuous bead geometry forms with a high TS due to the 

insufficient material deposited. Secondly, the process stability is largely dependent on 

torch TS due to the humping issue. A low TS is helpful to avoid humped bead 

geometry.  

 

3) In CMT welding, the voltage increases with the elongation of NTWD due to the 

automatic control algorithm of CMT welding power source. Thus, a shorter NTWD is 

recommended to reduce the heat input and prevents molten pool sagging. 
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4) Arc force is beneficial of improving bead geometry. The experimental results showed 

a suppressed sagging tendency of the molten metal when adjusting the welding torch 

angle. 

 

Employing this knowledge, three samples were built to demonstrate the effectiveness and 

versatility of the proposed multi-directional WAAM process control strategy. Finally, practical 

guidelines for process control in multi-directional WAAM were summarised and provided for 

practical use. The proposed multi-directional WAAM method provides a new solution for 

fabricating overhangs without extra support and presents better process economy and time 

efficiency compared to the standard WAAM.
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Chapter 4  

Welding defect investigation and avoidance 

4.1 Introduction 

 

 

In the positional deposition process, it was found that the humped weld bead formed when 

depositing in an unsupported horizontal position [34]. As shown in Fig.4.1(a), for horizontal 

deposition, a relatively high welding speed may result in a humped weld bead, while a good 

weld bead forms using the same welding parameters in the flat position. It can also be seen 

that the humping is suppressed with a decreased welding speed, which means that the 

 

Fig.4. 1 The sagged weld bead in positional deposition. 

 

Fig.2. The sagged weld bead in positional deposition. 
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occurrence of humping restricts the useful welding process parameter range in the positional 

deposition. In addition, multiple layers are required to construct a dimensional feature using 

the GMAW-based WAAM [111]. After depositing several layers, the severity of the humped 

weld becomes unacceptable, and the process stability for further deposition is significantly 

affected. Fig.4.1(b) demonstrates the first, second, and third layer of a thin-walled part 

deposited in the horizontal build direction using the CMT welding process. It can be seen that 

humping appears, and the bead geometry deteriorates for each successive layer, indicating 

that the multi-layered process has limited positional capability. 

 

As previously mentioned, the formation of humping is a typical weld defect in conventional 

fusion welding processes, particularly when high travel speeds are used [79]. According to 

Nguyen, et al. [55], humping can be described as the series of periodic undulation of the weld 

bead. Over the last 35 years, a considerable amount of literature has been published on the 

humping phenomenon in conventional downhand welding [56]. Studies have covered several 

different welding processes, such as GMAW [57], GTAW [58] [59] [60] [61], laser welding 

[62] [63] [64] [65], electron beam [66] [67], and submerged arc welding (SAW) [68]. 

Bradstreet [11] reported the mechanism of humped welds using plain carbon steel in the 

GMAW process. He suggested that the defect was produced by surface tension force and 

fluid flow patterns during GMAW. Mendez [58] [59] proposed a forehand technique to 

enhance productivity in the GTAW process. To avoid humping occurrence, the welding torch 

can be rotated according to the established model. In such way, the plasma jet has a velocity 

component in the direction of motion of the torch. For laser welding, weld pool dynamic 

behaviours were investigated to gain a better understanding of humping in the study by Ai, et 

al. [63]; the experimental results demonstrated that humping is related to the combination of 

tilted angle of the keyhole, narrow and long molten pool and collision of fluid flow. 
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While current studies provide useful information on the humping phenomena in downhand 

welding process, they are not directly relevant to humping formation in the multi-layer 

multi-directional WAAM process. This chapter aims to investigate the humping phenomenon 

during multi-layer multi-directional WAAM using GMAW/CMT welding. Related works on 

humping formation in GMAW process was briefly reviewed. From this, the mechanism of 

humping phenomenon was analysed for welding in the horizontal position. Based on 

observing the molten pool behaviour, the proposed humping mechanism was validated for 

welding different process parameters in different positions. Several guidelines were proposed 

in order to avoid humping for the multi-layer multi-directional WAAM process. 

 

4.2 Theoretical analysis of humping formation 

  

 

 

 

Fig.4. A schematic diagram of humping phenomenon (side-view). 

Fig.4. 2 A schematic diagram of humping phenomenon (side-view). 
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To further assist the analysis of the humping formation in multi-directional WAAM process, 

several terms of a typical metal flow based humping model are first explained. As shown in 

Fig.4.2, a schematic diagram is provided to illustrate the longitudinal section along the 

centreline of a humped weld bead in a horizontal position (the direction of gravity from the 

front side of the paper to the backside). The metal streamflow is created under the arc 

pressure, the stream continues to flow to the rear of the molten pool. The term ‘liquid jet’ is 

used to describe the metal stream flowing from underneath the electrode towards the rear of 

the weld pool. At the tail of the molten pool, ‘swelling’ appears with the accumulation of 

molten weld metal, and the humped weld bead forms after this hump completely solidifies. In 

addition, a portion of the liquid jet may become the ‘valley’ between adjacent humps. 

 

During the deposition process, the molten droplet fuses into the weld pool with the forward 

motion of the wire electrode. Then, the wire back-drawing force and surface tension force 

assists the liquid bridge fracture and the metal transfer takes place when the droplet detaches 

from wire electrode [5]. With the high frequency of the droplet detachment, strong molten 

metal flow is formed from the forepart to the rear of the weld pool. The momentum of the 

fluid stream is mainly affected by arc pressure, electromagnetic force, and Marangoni force (a 

variant surface tension force). The weld pool surface in the arc cone region is depressed by 

the arc pressure force, which can be expressed as in (4.1) [112], 

              𝐹𝑎𝑟𝑐 =
𝜇𝐼2

8𝜋
[1 + 2𝑙𝑛 (

𝑅2

𝑅1
)]                            (4.1) 

where μ is the magnetic vacuum permeability, I mean welding current, R1 and R2 are the 

radiuses of the arc cone at the weld electrode and the previous layers, respectively. The arc 

pressure force increases greatly with a higher arc current. 

 



Realization of the true 3D printing using wire and arc additive manufacturing 

93 

 

As widely reported in [113-115], Marangoni force is one of the major driving forces of the 

metal convection in the weld pool. Marangoni force can be defined as a kind of surface 

tension force that drives the flow of the molten metal stream away from low surface tension 

area to the high surface tension area. The surface tension coefficient γ is considered to vary 

linearly with the temperature T, which is given by [32]: 

                  𝛾 = 𝛾𝑚
0 − 𝐴𝑠(𝑇 − 𝑇𝑚)                           (4.2) 

where 𝛾𝑚
0  is the surface tension coefficient of pure metal at the melting point, which is 

constant for filler material. Tm is the melting point of the filler material. As can be calculated 

as the negative of ∂γ/∂T for pure metal, which is also considered as a constant when the 

temperature is much greater than the melting point [116]. Since the surface tension is 

considered a temperature dependent coefficient, the surface tension gradient can be 

associated with the temperature gradient of the weld pool [115]. Thus, the metal stream flows 

from the high temperature region to the relatively low temperature region. In the welding 

process, the weld pool underneath the weld arc has the lower surface tension with the higher 

temperature, when compared to the tail of the weld pool. The momentum of the metal flow 

has been increased by the Marangoni force, which can be expressed as in (4.3) [80]. 

                   𝐹𝑀 =
𝜕𝛾

𝜕𝑇

𝜕𝑇

𝜕𝑆
                              (4.3) 

where 𝑆 is the vector tangential to the target molten pool surface.  

 

With a high welding speed, the weld pool enlarges, and the temperature differences between 

the front and tail of the metal pool increases, resulting in a large Marangoni force and 

therefore increased momentum of the metal flow. This was confirmed in the studies of Wang, 

et al. [72] and Berger, et al. [117], where the mean velocity of the weld metal flow increases 

with a high welding speed. Thus, the metal stream with a high momentum keeps flowing 
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backward, and the humping forms at the tail of the molten pool. Meanwhile, since the 

welding torch continues to move forward at a relatively high travel speed, an elongated liquid 

metal jet appears between the wire electrode and the humping. Finally, since the heat source 

continues to move in the welding direction, the metal flow is prevented from transferring 

backward to the swelling region until a portion of liquid jet solidified. The previous swelling 

stops growing up and a new humping starts forming. Thus, the strong molten metal flow with 

a high momentum is responsible for the humping formation in high speed welding. 

 

 

In addition, as show in Fig.4.1, the sagged weld bead shape indicates that the downward flow 

of the molten metal, induced by the gravitational force, may be another driving factor of the 

humping in the positional deposition. A schematic diagram of metal flow is given in Fig.4.3 

to illustrate the top-view of a humped weld bead in a horizontal position. In downhand 

welding, it is obvious that the gravitational force helps to suppress the accumulation of weld 

 

 

 

Fig.5. A schematic diagram of humping phenomenon (top-view). 

Fig.4. 3 A schematic diagram of humping phenomenon (top-view). 
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metal [78]. However, the effect of gravitational force is different in the positional deposition, 

instead of driving the molten metal to backfill the gouging area, the metal flow trends 

downward as shown in Fig.4.3. The momentum of the backward stream of molten weld metal 

has been increased greatly by the influence of gravity, resulting in a poor positional capability 

of multi-directional WAAM. 

 

4.3 Experimental details 

 

 

 

 

Fig.4. 4 The experimental setup. 
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Fig.4.4 presents the setup of the robotic WAAM system for the investigation of humping 

issue in a positional deposition. Its main components include a 6-axis ABB industrial robot 

with a positioner, a Fronius TPS 4000 CMT Advanced welding unit, a personal computer, 

two CCD cameras, an infrared pyrometer, and a laser scanner. 

4.3.1 The robotic WAAM system  

 

In this study, the ABB IRB 2600 industrial robot with six Degrees of Freedom (DoF) was used 

to hold the welding torch. A two-DoF workpiece positioner was employed to keep base plate 

vertical for the positional deposition. The Fronius CMT Advanced 4000 welding machine was 

used as a welding power supply. It consists of a welding controller and power source, coupled 

to a CMT wire feeder, and the welding torch. The controller of the welding power source is 

interfaced with the robot controller. The motion of the wire feeder can be adjusted on the robot. 

The RobotStudio (simulation and programming software for the ABB robot) was used to 

program the torch motion and coordinate the weld settings. Two CCD cameras were mounted 

on the welding torch to capture the molten pool formation behaviour. A structured light laser 

scanner was integrated into the robotic welding system to measure the height of the multi-layer 

thin-walled structure for updating the robot path. In addition, an infrared pyrometer was used to 

monitor the inter-pass temperature. A data acquisition unit and a personal computer serve as 

the master control for the welding machine, robot, positioner, camera, and laser scanner. 

 

4.3.2 Monitoring methodology for the CMT process  
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As shown in Fig.4.4, the vision system includes two CCD cameras mounted on the robotic 

arm to capture the side-view and the top-view of the weld bead separately. In addition, 

Fig.4.5 demonstrates the basic concept of CMT process, the detailed metal transfer process 

can be divided into three steps; 1) the metal melting phase Fig.4.5(a), 2) the background 

current phase/wait phase Fig.4.5(b), and 3) the short-circuiting phase Fig.4.5(c) [118]. In the 

metal melting phase, it is hard to observe the profile of the molten pool due to the 

illumination of the arc core when electrical arc forms. Thus, the weld pool images were 

presented during the waiting phase or short-circuiting phase. In addition, the forming weld 

pool is white in all the presented images, indicating a high temperature. 

 

4.3.3 Materials and welding setups  

 

This work used plain carbon steel ER70S-6 filler wire 0.9 mm in diameter for the feedstock. 

The experimental trials were implemented on base plates of Q235 with the dimensions of 

 

 

 

 

Fig.7. Three steps of CMT welding (a) metal melting, (b) waiting, and (c) short-circuiting. 

Fig.4. 5 Three steps of CMT welding (a) metal melting, (b) waiting, and (c) short-circuiting. 
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150×150×10 mm. To eliminate the oxide layer and impurities on the surface, the substrate 

plates were ground before welding. The chemical composition of the ER70S-6 welding wire 

and Q235 plates are given in Table 4.1. The welding gas Argoshield (Gas code 566, BOC 

Gases Australia Ltd, Sydney, Australia) consists of 20% Carbon Dioxide and 80% Argon was 

used at a constant flow rate of 25 L/min.  

 

 

In this study, the welding system was a Fronius TPS 4000 CMT Advanced unit. With this 

system, the welding current and voltage are automatically selected based on the wire feed 

speed, using a synergic algorithm embedded in the Fronius welder. The arc length correction 

was set to -5% to have a most flat weld bead [119]. The rest of welding parameters were set 

to the system optimal regarding different filler material, which can be found in [120]. 

 

4.3.4 Experimental design  

 

To investigate the humping formation under different welding settings during multi-layer 

multi-directional WAAM, the influence of CMT welding variables, Wire Feed Speed (WFS) 

 

Alloy C Mn Si Cu S P Fe 

ER70S-6 0.08 1.53 0.88 0.18 0.01 0.009 Bal 

Q235 ≤0.17 0.35-0.80 ≤0.35 - ≤0.40 ≤0.35 Bal 

 

 

Table 1 ER70S-6 and Q235 Chemical compositions & ranges (wt.%). 

Alloy C Mn Si Cu S P Fe 

ER70S-6 0.08 1.53 0.88 0.18 0.01 0.009 Bal 

Q235 ≤0.17 0.35-0.80 ≤0.35 - ≤0.40 ≤0.35 Bal 

 

Table 4. 1 ER70S-6 and Q235 Chemical compositions & ranges (wt.%). 
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and Travel Speed (TS), and welding position were examined by depositing a ten-layer 100 

mm thin-walled structure. In addition, the base plates were orientated vertically, so that the 

welding torch is perpendicular to the base plate as shown in Fig.4.6. 

 

 

The experiments are divided into three subsections with five groups of tests, as shown in 

Table 4.2. Fig.4.6 demonstrates the deposition positions, including downhand(a), 

horizontal(b), vertical-down(c) and vertical-up(d). Firstly, based on the observation of molten 

pool behaviour, the presented mechanism of humping formation was validated through 

depositing horizontal walls in test 1 group A. Besides, another trial in downhand position was 

conducted for comparison. Secondly, the effect of WFS and TS on humping formation were 

investigated thorough the tests in group B and C, respectively. Finally, in the practical 

 

 

 

Fig.8. The different deposition positions (a) downhand (flat), (b) horizontal, (c) 

vertical-down, and (d) vertical-up. 

Fig.4. 6 The different deposition positions (a) downhand (flat), (b) horizontal, (c) 

vertical-down, and (d) vertical-up. 
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WAAM process, the deposition path may be designed along multiple directions rather than 

just horizontally, and therefore the effects of gravitational force on metal flow may be 

different. A set of thin-walled structures in vertical-down (group D) and vertical-up (group E) 

 

Index Welding parameters   

Deposition 

Position 

Humping 

occurrence Group  Test  

WFS 

(m/min) 

TS 

(mm/min) 

Current 

(A) 

Voltage 

(V) 

A 

1 5 500 100 13.8 Horizontal  Yes 

2 5 500 100 13.8 Downhand  No 

B 

3 1 100 35 12.1 Horizontal No 

4 2 100 60 13.2 Horizontal No 

5 3 100 77 13.6 Horizontal No 

6 4 100 92 13.7 Horizontal No 

7 5 100 100 13.8 Horizontal No 

C 

8 1 100 35 12.1 Horizontal No 

9 2 200 60 13.2 Horizontal No 

10 3 300 77 13.6 Horizontal No 

11 4 400 92 13.7 Horizontal No 

12 5 500 100 13.8 Horizontal Yes 

D 

13 1 100 35 12.1 Vertical-down No 

14 2 200 60 13.2 Vertical-down No 

15 3 300 77 13.6 Vertical-down No 

E 

16 1 100 35 12.1 Vertical-up No 

17 2 200 60 13.2 Vertical-up No 

18 3 300 77 13.6 Vertical-up Yes 

 

 

Table 4. 2 The design of five experiment groups. 
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positions were built to examine the impact of different deposition positions on humping 

occurrence. 

4.4 Results and analysis 

4.4.1 Validation of the proposed humping mechanism  

 

To compare the humping formation between downhand and horizontal deposition, two 

 

 

 

Fig.4. 7 The side-view of molten pool behaviour (a-f), and bead appearance (g) of test 1 in group A. 
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thin-walled parts were deposited using the same process parameters, as WFS at 5 m/min, and 

the TS at 500 mm/min. (Note that humping occurs when TS was increased to 500 mm/min 

for the second to tenth layer. For the first layer, humped happens only when TS is over 1300 

mm/min due to the relatively flat substrate surface). The images of the weld pool were 

captured to assist the analysis of humping formation during the metal transfer process. In the 

first test, a thin-walled part was deposited in the horizontal position. Fig.4.7(a) to (e) provides 

a series of side-view images that illustrate the sequence of events during the horizontal 

deposition. The variation in brightness of the molten pool makes it possible to distinguish a 

transitional boundary between the liquid and solidified region. Accordingly, the humping 

bead formation can be divided into three phases: the molten pool growth phase, the hump 

formation phase, and the solidification phase. In addition, since the humping is a periodic 

phenomenon, the start time of a cycle is set to the point when solidification of the previous 

humping completes. 

 

As shown in Fig.4.7(a), the initial molten pool formed and extended in the molten pool 

growth phase. Due to the arc force, the molten pool surface underneath the wire electrode 

was depressed and a strong metal flow was produced. The fluid flow moves backward to the 

tail of the weld pool with high momentum, resulting in a curved and sloped profile and slight 

swelling, as shown in Fig.4.7(b). In the second phase, the swelling kept growing with the 

continuous metal stream flowing towards the rear of the molten pool. Meanwhile, since the 

welding torch continued to move forward at a relatively high travel speed, an elongated liquid 

jet appeared between the arc and the hump, as demonstrated in Fig.4.7(c) and (d). Finally, in 

the solidification phase, while heat source continues to move forward, the weld bead 

solidifies with the reduction of brightness as can be seen in Fig.4.7(e). Until a portion of 

liquid jet solidified, the subsequent molten metal was prevented from transferring backward 
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to the swelling region. Despite the fact that a portion of the swelling region was fused, a new 

cycle of the humping formation begins, as shown in Fig.4.7(f). Therefore, the premature 

solidification of the liquid jet is a critical factor to explain the periodical feature of the 

humping formation. Once it solidifies, the previous hump stops growing, and the next 

swelling begins to take place. The appearance of the deposit with humping is presented in 

Fig.4.7(g), where the accumulation of the weld metal at the swelling forms the humped weld 

beads. Meanwhile, several valleys connecting swellings were formed at the positions of the 

liquid channel. 

 

 

 

 

Fig.10. The side-view of molten pool behaviour (a-f), and bead appearance (g) of test 2 in group 

A. 

Fig.4. 8 The side-view of molten pool behaviour (a-f), and bead appearance (g) of test 2 in group A. 
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In the second test of downhand deposition, the entire process was stable, and no humping was 

observed, as shown in Fig.4.8(g). In addition to the forming appearance of the weld bead, 

several images of the molten pool were provided in Fig.4.8. Compared to the molten pool 

profile in swelling formation phase in the horizontal position (demonstrated in Fig.4.7(c) and 

(d)), the profile of the molten pool is almost homogenous in downhand deposition. It is 

evident that gravity may help suppress the accumulation of molten metal in downhand 

position [78], but it may be a negative influence in positional welding. 

 

 

 

 

 

Fig.11. The top-view of molten pool behaviour (a-f), and bead appearance (g) of test 1 in 

group A. 

Fig.4. 9 The top-view of molten pool behaviour (a-f), and bead appearance (g) of test 1 in group A. 
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To further investigate the behaviour of the metal flow in the horizontal deposition, a group of 

top-view images of the weld pool, as shown in Fig.4.9, were also captured at the same 

deposition time as the side-view images in Fig.9. In the molten pool growth phase, the molten 

pool has a slight tendency to sag downwards, as shown in Fig.4.9(a) and (b). In Fig.4.9(c) and 

(d), it is illustrated that when the weld metal accumulated at the rear of the weld pool, the 

height of the layer grew perpendicular to the base metal to form the hump. However, while 

 

 

 

Fig.12. (a) The definitions of bead dimensions, and (b) the height and vertical displacement 

variations. 

Fig.4. 10 (a) The definitions of bead dimensions, and (b) the height and vertical displacement 

variations. 
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under the detrimental influence of gravity, the swelling sagged downward. Finally, through 

the solidification phase, the sagged weld beads were formed, as shown in Fig.4.9(e)-(g). In 

addition, as depicted in Fig.4.10(a), the bead height h and vertical-down displacement d, were 

recorded using a laser scanner. The results are plotted to illustrate the bead profile variation as 

a function of welding distance (the welding speed was constant at 500 mm/min). As provided 

in Fig.4.10(b), the general trends of the bead profile variation in both horizontal and vertical 

direction are analogous. It can be deduced that compared to the one-dimension humping in 

the flat deposition, the humped weld bead formed in both directions of wall growth and 

gravitational force synchronously. This confirms the presented humping formation 

mechanism in Section 4.2. 

 

4.4.2 The impact of process parameters on humping  

 

Since wire feed speed (WFS) and travel speed (TS) are the two major input parameters in 

WAAM process [7], it is necessary to investigate their impacts on humping formation to 

further verify the proposed humping mechanism and to give guidelines for parameter selection 

in multi-directional WAAM. In the test group B, the TS was kept constant at 100 mm/min 

while the WFS was varied between 1.0 and 5.0 m/min. Fig.4.11 provides the process 

parameters, the molten pool geometries and the bead appearances of each test. The weld bead 

appearances show no periodical variation in dimensions along the welding direction, which 

means no humping occurred. Images of the weld pool are presented to assist the analysis of the 

molten pool behaviour (one representative image of each test is provided as the molten pool is 
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analogous without humping). Note that molten pool geometry parameters (depth and length) 

are introduced here to help describe the molten pool geometry. The depth and the length of the 

molten pool are defined as the distance from the weld pool underneath wire electrode to the 

bottom and the tail of the molten pool, as illustrated schematically in Fig.4.12(a). As illustrated 

in Fig.4.11(a) to (f), the molten pool size increases in both depth and length with the increase in 

WFS. In GMAW welding, the welding current increase with the increase of WFS [107]. 

According to equation (1), the initial momentum of the metal flow increases, which may lead to 

humping. However, with a deeper weld pool, a portion of the metal flow momentum might be 

dissipated and thereby no humped weld bead forms. Based on the results, it is assumed that a 

long and shallow weld pool represents a high chance of humping occurrence while a short and 

deep weld pool means a low chance of humping occurrence. Thus, molten pool dimensional 

ratio r (defined as r=l/d) was introduced as an indicator representing the chance of humping 

occurrence. 

 

With different welding parameters. Fig.12(b) presents the molten pool dimension and 

dimensional ratio r for each test in group B. It can be seen that r remains stable while the 

molten pool size increases in both depth and length with the increase in WFS.  

 

The impact of TS on humped weld bead was investigated in the test group C. A set of tests 

were conducted in which the TS was changed from 100 to 500 mm/min while the material 

deposition ratio rv (rv=WFS/TS) was set to a constant value 10. The material deposition rate rv 

determines the volume of the weld metal deposited in a unit time. As shown in Fig.4.13(a), 

with low TS, a short molten pool was formed which means the backward metal flow is 
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relatively weak. Thus, it is difficult to form humped weld bead. With higher TS, the 

momentum of the metal flow increased [72, 117], the molten pool became elongated and 

shallow when the heat source moves away, as shown in Fig.4.13(e). Molten metal continues 

to transfer through the narrow channel to the rear of the weld pool, resulting in the 

accumulation of the weld metal. Once the thin wall jet solidified, the liquid stream was 

prevented flowing to the swelling area. Then, the portion of the liquid channel became the 

valley of the humped weld bead. 

 

 

 

 

 

Fig.13. The side-view of molten pool behaviour (a-e) of test 1 to 5 in group B. 

Fig.4. 11 The side-view of molten pool behaviour (a-e) of test 1 to 5 in group B. 
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Fig.14. (a) The definition of molten pool dimensions, and (b) the molten pool dimensions 

and molten pool dimensional ratio r of test 1 to 5 in group B. 

Fig.4. 12 (a) The definition of molten pool dimensions, and (b) the molten pool dimensions 

and molten pool dimensional ratio r of test 1 to 5 in group B. 
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 In addition, the depth d, length l, and dimensional ratio r of the weld pool in group C are 

plotted in Fig.4.14. With the TS increased from 100 to 400 mm/min, the weld pool extended 

significantly in length while the depth of the weld pool varied slightly. However, with the TS 

increased to 500 mm/min, the molten pool continued to increase in length while decreasing in 

depth. As a result, humping occurred when the molten pool dimensional ratio r increased to 8. 

So, the molten pool dimensional ratio r may indicate the chance of humping occurrence with 

different welding parameters.  

 

 

 

 

Fig.4. 13 The side-view of molten pool behaviour (a-e) of test 1 to 5 in group C. 
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4.5.3 The impact of welding positions on humping  

 

The proposed mechanism for humping formation indicates that the strong backflow stream of 

the weld metal is responsible for the formation of humping. Different welding positions may 

have distinct influences on the metal flow. Fig.4.15 presents the molten pool images of 

vertical-down and vertical-up deposition in group D and E. In the tests, the material deposition 

ratio was set to 10, the TS varied from 100 to 300 mm/min, and WFSs were adjusted 

accordingly. In the experiment, humping occurred in vertical-up deposition when the TS is 

 

 

 

Fig.16. The molten pool dimensions and molten pool dimensional ratio r of test 1 to 5 in 

group C. 

Fig.4. 14 The molten pool dimensions and molten pool dimensional ratio r of test 1 to 5 in 

group C. 
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300mm/min or higher, while no humping is observed for vertical-down deposition even when 

the TS is increased to 800 mm/min. 

 

Fig.4. 15 The side-view of molten pool behaviour (a-c) of test 1 to 3 in group D, and (d-f) of 

test 1 to 3 in group E. 
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Fig.4. 16 The molten pool dimensions and molten pool dimensional ratio r of test 1 to 5 in 

group D (a) and E (b). 

 

In vertical-down deposition, the molten metal flowed upward to the rear of the weld pool 

while the gravity pulls downward and suppressed the momentum of the upward flow. It is 

difficult to accumulate weld metal at the tail of the molten pool and the gouging area 

underneath the welding arc can be filled readily. Conversely, the downward molten flowed 
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has been strengthened by the gravitational force during vertical-up welding, resulting in an 

elongated molten pool and the humps were easily formed at the tail of the molten pool. The 

results confirmed that the momentum of the backward molten metal flow is responsible for 

the humped weld bead and the gravitational force has a significant impact on humping 

formation when welding in different welding positions. Taking advantages of welding in 

vertical-down position, higher welding speed can be taken to increase the productivity of the 

WAAM process.  

 

Moreover, the molten pool geometry and dimensional ratio as the function of TS of test group 

D and E are presented in Fig.4.16(a) and (b). For vertical-down deposition, both the depth 

and length of the molten pool increased with the increase in TS, resulting in a nearly constant 

value of r and thereby the humping did not occur. Conversely, when using a higher TS in the 

vertical-up deposition, r increased due to the increase in molten pool length is greater than its 

depth, indicating a higher chance of humping occurrence.  

4.5  Discussion 

4.5.1 The humping formation 

 

The experimental results in Section 5 confirm the theoretical analysis in Section 3 for 

humping formation in positional deposition using the CMT process. Generally, a strong 

backward metal flow is responsible for the humping formation. Compared to welding in the 

flat position, the weld bead geometry deteriorates easier since the liquid metal flow is 

strengthened by the gravitational force in the positional deposition. The experimental results 

on various process parameters show that higher TS could produce strong backward flow to 

form a humped weld bead while WFS has little correlation with humping formation. In 
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addition, taking advantages of gravity, the vertical-down welding allows a higher welding 

speed and forms weld beads with better geometries than welding in vertical-up direction.  

 

A new concept, molten pool dimensional ratio, r=l/d, was identified as an indicator of 

humping occurrence with different welding parameters. As larger dimensional ratio 

represents higher momentum of the backward flow, the dimensional ratio can be used to 

represent the chance of humping formation in different deposition positions. The 

effectiveness of various humping suppression methods may be examined by calculating 

molten pool dimensional ratio r, which potentially can be used to systematically develop 

future humping suppression strategies.  

4.5.2 Recommendations for multi-directional WAAM process 

 

In addition to the analysis humping phenomenon itself, this study also aims to provide 

guidelines for multi-positional WAAM regarding the process parameter selection and path 

planning. Firstly, to enable a stable deposition process with a wide process parameter range, the 

selection of TS and deposition position are critical for humping avoidance. The welding 

positions are defined as the angle θ between welding direction and vertical-up direction in the 

vertical plane. For example, the vertical-up direction is 0°, the horizontal direction is 90°, and 

the vertical-down direction is 180°. The humping map, presented in Fig.4.17, describes the 

relationship between TS, θ and humping occurrence based on the experimental results. The 

horizontal axis represents TS, while the vertical axis represents θ. With additional experimental 

tests, the humping occurrences have been marked on the map. As shown in the graph, with the 
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aid of the gravitational force, the maximum TS increases while θ increases, the welding 

parameters should be chosen from the left upper parts of the humping map. The humping map 

approach can be used to provide a database for parameter and welding position selection. If 

necessary, the database can be more accurate when more tests are conducted between the 

boundaries of humping and no humping region 

 

 

Secondly, a good understanding of humping formation provides guidelines for the path 

planning. For example, four path planning schemes are list in Fig.4.18(b) for depositing a 

horizontal rectangular section (yellow) parts of the workpiece in Fig.2.1. The overhanging 

part can be fabricated by depositing horizontally (strategy A), vertical-up (strategy B), 

vertical-down (strategy C), or along a contoured path (strategy D). 

 

 

 

Fig.19. The proposed humping map. 

Fig.4. 17 The proposed humping map. 
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As previously analysed, taking advantages of gravity, the use of vertical-down position 

allows a higher welding speed than both vertical-up and flat position. From a practical 

WAAM perspective, some recommendations for path planning are provided as i) in the path 

planning stage, it is recommended to deposit overhanging parts in a vertical-down position, 

as strategy C in Fig.4.18. The welding process is more stable with a wider range of process 

parameter selection. ii) When the deposition path has multiple welding directions, for 

example, the contour path in strategy D in Fig.4.18, it is necessary to use the travel speed 

with the strictest restriction (vertical-up) to guarantee a humping free deposition. 

 

4.5.3 Case study 

 

 

 

Fig.20. Different path planning strategies in WAAM. 

Fig.4. 18 Different path planning strategies in WAAM. 
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The effectiveness of the proposed humping avoidance strategy outlined in this study is 

demonstrated through the fabrication of a thin-wall workpiece with overhanging features. 

Fig.4.19(a) presents the 3D model of the workpiece, the sub-volumes of the workpiece are 

numbered and the building direction of each sub-volume are also illustrated in Fig.4.19(a). The 

key step for the fabrication of this workpiece is the deposition of the sub-volume two. 

According to the geometrical feature, a contour path is chosen to fabricate sub-volume two 

(Note that the start position of each deposition is designate to be different for mitigating the 

swellings at the connection point). Humping was observed at this situation using normal 

welding parameters for down-hand welding. Thus, the welding parameters must be carefully 

selected to avoid the occurrence of humping in positional deposition. Firstly, the weld path 

 

 

 

Fig.21. (a) The 3D model of the part, (b) A humping free deposition, and (c) The overall appearance of the 

workpiece.  

Fig.4. 19 (a) The 3D model of the part, (b) A humping free deposition, and (c) The overall appearance of the 

workpiece. 
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consists of three directions (0°, 90°, and 180°), the welding travel speed should be determined 

with the most restricted condition (vertical-up) to guarantee a humping free deposition. Then, 

according to the humping map in Fig.19, the welding travel speed is limited in the range from 0 

to 200 mm/min. Finally, the wire feed speed is determined at 2 m /min to meet its cross-section 

dimensions. Fig.4.19(b) demonstrates a humping free surface of sub-volume which proves the 

effectiveness of the proposed strategy. The overall appearance of the fabricated workpiece is 

presented in Fig.4.19(c). 

4.6 Chapter summary  

 

This chapter investigated the humping phenomenon for multi-layer multi-directional WAAM 

process. Firstly, the mechanism of humping formation was analysed for positional deposition 

using GMAW in the CMT process mode. It was found that the backward metal flow under 

the effect of gravity is responsible for the sagged humps in the positional deposition. 

Secondly, based on the observation of molten pool behaviour, the humping formation 

mechanism was confirmed. A molten pool dimensional ratio r is identified as an indicator for 

humping occurrence and can be used to help parameter selection. Finally, a series of 

guidelines are summarised to assist the practical use of multi-directional WAAM, (i) humping 

can be avoided through planning an elaborate robot trajectory (vertical-down path is the most 

recommended direction). (ii) it is necessary to use the travel speed with the most restricted 

condition (vertical-up) to guarantee a humping free deposition. 
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Chapter 5  

Robot path planning 

5.1  Introduction 

 

Multi-directional WAAM is a process with great potential in the manufacturing field, and is at 

its nascent development stage. Compared to conventional WAAM processes, which are limited 

to depositing parts along a fixed vertical-up direction, the programming process for a 

multi-directional approach becomes complicated as (i) Most existing WAAM systems plan 

torch trajectories based on the CAD model of the part to be fabricated, and assume the 

robot/machine can always perform the required trajectories. This is true when part sizes are 

small and the welding torch is always kept down hand. However, generation of collision-free 

robot motions for deposition paths featuring multiple torch orientations can be difficult, and 

little evidence of this consideration exists in literature related to WAAM research. (ii) The 

deposition sequence is no longer in a bottom-to-top configuration, as the overhanging structure 

can be built at different stages of the fabrication process. The optimisation of the sequence in 

which each layer is welded plays a critical role in avoiding collision between the torch and 

partially deposited component.  

 

Path planning in robotic welding applications originally concerned problems relating to moving 

a welding torch along a predetermined weld trajectory without any collision. Current studies 
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attempt to develop optimal collision-free robot motion strategies through two major steps, 

environment modelling and optimal path searching [85]. In the study by [86], environment 

obstacles and robot bodies are simulated in a Configuration Space (C-Space) environment, 

where the robot configuration is defined by a set of joint coordinates [87]. In this environment, 

an Artificial Potential Field was applied to guide the robot and  generate a collision free weld 

path. [85] also reported a welding robot collision free path optimization strategy. The 

environment, including robot and obstacles, is simulated through a simple grid method. 

Optimized collision free robot motion is programmed based on an Ant Colony Optimization 

algorithm. Simulation results demonstrate that the proposed system can automatically generate 

the shortest robot path without collision. [88], identified that welding quality is sometimes 

disrupted when using traditional robot motion planning methods. This is because a welding task 

is inherently different from a simple point-to-point robot motion problem, which the majority of 

these planning algorithms were developed to address. The positional configuration of the 

welding torch will have various impacts on the appearance and quality of the weld bead. To 

improve welding quality, they present a Probabilistic Road Map motion planner, developed 

specifically for robotic welding applications, where control of the operational range of the 

welding torch angle is a primary concern [88, 89].  

 

There are many considerations which must be made in order to apply these strategies to 

multi-directional WAAM. This is due to the fundamental differences between traditional 

welding and multi-directional WAAM. In welding processes, the geometry of the part is fixed, 

and motion planning is performed in a static environment. However, in a WAAM application, 
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the volume of the grows dynamically as the deposition process proceeds, which complicates the 

motion planning problem, as it is now performed in a semi-dynamic environment. The collision 

model of the workpiece now needs to be updated after each layer of deposition is completed. 

Since the deposition sequence for each layer affects the collision model of the part, the layer 

sequence becomes critical for successfully planning a collision free deposition path [8]. In this 

application, deposition sequencing and single layer path planning are interwound together, 

which produces a complex problem to address. 

 

The aim of this chapter is to develop a complete path planning algorithm for the 

multi-directional WAAM process, which enables the novel manufacturing technology to be 

widely adopted for practical industrial use.  

 

5.2  Algorithm Framework Overview 

Fig.5. 1 The simulation wind of the AOLP engine. 
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Fig.5. 2 Overall workflow of the proposed algorithm. 

 

To generate collision free deposition paths, a number of key factors must be considered. Firstly, 
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for each layer in the deposition sequence, a valid robot trajectory must be planned so that the 

robot is able to deposit the layer without exceeding its kinematic limits or colliding with the 

surrounding environment (including the partially manufactured component). Additionally, a 

valid build sequence for all layers needs to be identified. These two planning processes are 

interwound with each other and present a challenging optimisation problem. This planning 

process is supported by an automated robot offline programming (AOLP) engine [121], which 

provides a simulation model for the robotic WAAM system, as shown in Fig.5.1. With this 

offline programming engine, robot motions can be efficiently planned and simulated to test 

robot reachability and collision. Whilst the most straightforward method is to test all possible 

combinations of build sequences and robot motion options in a brute-force manner, the 

exceedingly large number of possible permutations, particularly for more complex parts, 

renders it prohibitive to do so. To find an acceptable solution in a short time-frame, an efficient 

search algorithm which breaks the complex search problem into multiple steps, each with much 

lower DoFs, was developed in this study.  

 

The framework of the proposed robot path planning algorithm for multi-directional WAAM is 

presented in Fig.5.2. The framework features four key modules: a) robot motion planning, b) 

initial collision processing, c) layer sequence optimization, and d) weld torch pose adjustment. 

The first module generates nominal robot motions for each layer using the welding path and 3D 

model of the robot, torch and worktable. In this step, an efficient task space (T-Space) planning 

algorithm [89] is used to generate the required robot motions. At this stage of the process, 

collision free motions between the robot, torch and worktable have been generated, however, 
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collision between the torch and previously deposited layers is not considered due to the, at this 

stage of the process, undetermined deposition sequence. The second step involves generating an 

initial collision matrix C, based on the nominal path of each layer. In the collision matrix C, all 

collisions occurring between the robot and a particular layer are encoded at the corresponding 

element. If the initial build plan is valid (i.e. collision free), we can directly generate the final 

robot code. Otherwise, we enter an iterative planning loop, which sorts the build order 

algorithmically to remove or minimize existing collisions. Finally, if collision still exists, 

accessibility constraints between the nozzle and workpiece can be solved by adjusting welding 

torch pose (within an acceptable range). Further details of these four key modules will now be 

presented. 

 

5.3 Robot motion planning  

 

In this work, AOLP engine [121] is adopted to generate valid robot motions for each weld path 

such that (i) the weld torch tip is able to trace the predetermined weld path with the nominal 

contact to work distance (CTWD), (ii) the robot does not exceed any of its kinematic limits, (iii) 

the robot and torch do not collide with any objects in their environment and finally (iv) the 

relative angles between the welding torch and the weld seam (Rx and Ry) remains at 90° (note 

that the 90° torch angle is default to achieve a constant weld bead geometry, however it may be 

adjusted in later stages of the planning process to avoid collisions, details of this are presented 

in Section 5.6). The above conditions allow us to create a partially constrained robot path 

planning problem which can be resolved by the AOLP engine. 
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The AOLP engine used in this work uses a Task-Space Motion Planning Decomposition 

(TSMPD) approach [89] to efficiently search for an optimal path in high Degree of Freedom 

(DoF) space. In a similar analog to Cartesian Space (C-Space), which contains all possible robot 

configurations, Task Space (T-Space) consists of configurations constrained to the specific task. 

For the WAAM process, T-Space can be defined by the parameters outlined in Table 5.1 below. 

The implementation details for the TSMPD are as follows. 

 

First, a T-Space kinematic equation TK(s) is defined as below 

                𝑇𝐾(𝑅𝑥, 𝑅𝑦, 𝑅𝑧, 𝑐𝑡𝑤𝑑, 𝑐𝑓𝑔, rail, 𝑡) = 𝑇0
𝑡𝑜𝑜𝑙                    (5.1)    

                       𝑇0
𝑡𝑜𝑜𝑙 = 𝑇0

𝑡𝑎𝑟𝑔𝑒𝑡
∗ 𝑇𝑡𝑎𝑟𝑔𝑒𝑡

𝑡𝑜𝑜𝑙                            (5.2) 

where 𝑇0
𝑡𝑎𝑟𝑔𝑒𝑡

 represents the tool transform at position t along the weld path. 𝑇𝑡𝑜𝑜𝑙
𝑡𝑎𝑟𝑔𝑒𝑡

 applies 

the local T-Space configuration parameters Rx, Ry, Rz, CTWD to the tool position, as shown in 

Eq.(5.3). 

 

Variable  Definition  

t Position along the robot path  

cfg Robot configuration representing Inverse Kinematics solution. 

Rx, Ry, Rz Welding torch orientation along x, y, and z axis. 

CTWD Contact to work distance (CTWD) 

rail  Configuration of the external robot track (if applicable) 

 

 

Table 1 T-Space parameters for robotic welding task (wt.%). 

Variable  Definition  

t Position along the robot path  

cfg Robot configuration representing Inverse Kinematics solution. 

Rx, Ry, Rz Welding torch orientation along x, y, and z axis. 

CTWD Contact to work distance (CTWD) 

rail  Configuration of the external robot track (if applicable) 

 

Table 5. 1 T-Space parameters for robotic welding task (wt.%). 
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𝑇𝑡𝑎𝑟𝑔𝑒𝑡
𝑡𝑜𝑜𝑙 = [

𝑅𝑜𝑡𝑥(𝑅𝑥)𝑅𝑜𝑡𝑦(𝑅𝑦)𝑅𝑜𝑡𝑧(𝑅𝑧)
0
0

𝑐𝑡𝑤𝑑
0 0 0 1

]                (5.3) 

 

The TSMPD algorithm first generates a dependency matrix, which relates the motion of each of 

the robot 𝑏 ∈ 𝐵 to the T-Space parameters T. Eq. (5.4) is used to generate this matrix, where Dij 

is marked true if the pose of Bi is affected by T-space parameter Tj.  

  

𝐷𝑖𝑗 =
𝑑𝐵𝑖

𝑑𝑇𝑖
≠ 0∀𝑖 ∈ [0, 𝑛], 𝑗 ∈ [0, 𝑚]                    (5.4) 

 

 

The resultant Boolean dependency matrix is shown in Table 5.2. With this table, each of the 

T-space parameters can now be ranked in order of the number of dependent bodies each has, as 

shown in Table 5.3. This ordering is used to structure the collision checking process; it allows 

 

Body 

Parameter  

t Rx Rx Rx ctwd cfg rail 

Base  × × × × × × √ 

J1 - J5 √ √ √ √ √ √ √ 

J6 √ √ √ √ √ × × 

Torch √ √ √ √ √ × × 

Nozzle √ √ √ × √ × × 

 

 

Table.x TSMPD Boolean dependency matrix. 

Body 

Parameter  

t Rx Rx Rx ctwd cfg rail 

Base  × × × × × × √ 

J1 - J5 √ √ √ √ √ √ √ 

J6 √ √ √ √ √ × × 

Table 5. 2 TSMPD Boolean dependency matrix. 
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the collision checker to focus its search on parts of the robot which are more likely to cause 

collision, creating an efficient means of solving the sampling-based motion planning problem.   

 

Due to the large number of parameters in the T-space formulation, a brute force search will be 

prohibitively slow for practical purposes. The TSMPD breaks the overall path planning problem 

into a set of sequential sub-problems that dramatically increases the overall search efficiency. 

For our particular formulation of T-Space (i.e. a welding task), the search takes the following 

approach: 

 

a) For the welding torch nozzle, a collision free path along the weld, for the parameter 

subset Rx, Ry and CTWD is found, then 

b) For the welding torch body, and robot joint 6 (wrist), a collision free path for parameter 

Rz, using the previously found path from a) is found, then 

 

Order  Variable  Body  

1 t, Rx, Ry - 

2 ctwd Nozzle 

3 Rz Torch, J6 

4 rail Base  

5 cfg J1 – J5 

 

 

Table x Parameter ordering for WAAM task 

Order  Variable  Body  

1 t, Rx, Ry - 

2 ctwd Nozzle 

3 Rz Torch, J6 

4 rail Base  

5 cfg J1 – J5 

 

Table 5. 3 Parameter ordering for WAAM task. 
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c) For the Base, a collision free path for the turntable is found using the path from b), then 

finally 

d) For J1-5, a collision free path for parameter cfg, using the previously found path c), is 

determined. 

 

If one of these steps fails to find a valid path, the solution from the previous step is invalidated. 

We then backtrack and re-solve the problem from the previous step and continue. Each of these 

sub-problems is solved within a discretised T-Space, sampling-based, graph searching 

algorithm. T-Space is sampled randomly with many combinations of available parameter sets. 

Once sampled, graph-based search algorithms can find a minimum cost path through the 

sampled T-Space. Note that this robot motion planning method is used only on the current 

deposition layer. Collision between the robot/torch and other layers of the part is not considered 

at this stage. However, compared to the welding process, the volume of the part keeps growing 

dynamically in the WAAM deposition process, which may lead to more collision occurrences.  

 

5.4 Initial collision processing  

 

Once robot motions for each layer have been planned, the collision between the robot and other 

layers of the same part can be tested, as shown in Fig.5.3(a), where layers coloured in red 

indicate the presence of collision between the robot and/or torch while depositing a layer 

underneath. This information is stored and used to generate an initial collision matrix C, which 

is used as a heuristic to guide the later stages of the deposition sequence planning (Section 5.5). 
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To assist with explanations over the following sections, a sample part, shown in Fig.5.3(b), is 

provided. Firstly, the deposition path of each layer is generated from its 3D CAD model through 

multi-direction WAAM planning algorithm (details can be found in [122]), as shown in 

Fig.5.3(c). The individual layers are numbered categorically relating to their local sub-volume. 

Then, the collision matrix C is generated. This matrix is square, its dimensions equal to the 

number of layers of the part to be manufactured. As shown in Fig.5.4 rows of the C represent 

weld paths of each layer; columns are used to represent a geometric collision model of each 

deposited layer. The welding simulation feature of the robotic AOLP engine is then used to fill 

the elements of C. As the AOLP software searches for its solutions, the 3D model of each layer 

is added to the simulation system to emulate the build process. 

 

Fig.5. 3 (a) The clashed layers (in red) and other layers (in yellow), (b) the original 3D model, 

and (c) the processed 3D model of the part with layer number. 
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Fig.5. 4 The structure of the collision matrix C. 

 

The AOLP system simulates the required robot motions for each layer, and simultaneously 

monitors for collision with the other layers. It is worth mentioning that many collision models 

exist for the detection of collision between the robot, tool, workpiece and environment models 

[85, 123-125]. In this work, a simplified bounding volume approach is utilised, primarily due to 

its fast calculation times [121]. Robot motions for each weld-path/layer are simulated. If 

collision is detected between the robot and a particular layer, the corresponding element in C is 

marked with an “×”, as shown in Fig.5.5. The data encoded in C is used in later stages to identify 

collision between the robot/tool and the part. It provides a rapid look-up table for potential 

collision, which is useful as the parts geometric model is changing as more layers are deposited. 

Further details of matrix C are explained as below,  

(i). The first column of C is the deposition sequence determined according to the 

sub-volume numbers. 
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Fig.5. 5 Initial collision matrix C for the selected part. 
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 (ii). Column naming conventions in C are listed, for example, as a-b. In our system, the 3D 

geometric model of the part is divided into sub-volumes, as shown in Fig.5.3(c). “a” denotes the 

sub-volume number and “b” represents the specific layer number within its sub-volume.   

 

(iii). In the matrix C, a ‘0’ element denotes the corresponding deposition is collision free and 

“×” denotes that some form of collision has been detected for that particular weld path.  

 

(iv). The elements in the bottom-left triangle region of the matrix C represent the collision 

information obtained during the deposition process. For a particular layer, all “×” in the bottom 

left triangle means collision occurs between the specific layer and the layers deposited before it. 

On the other hand, the “×” in the upper-right triangle indicates collision occurs between the 

selected layer and layers deposited subsequently, which is not of concern. For example, row 23 

of C in Fig.5.5 indicates the collision information during the deposition of path 3-3. The welding 

torch clashes with layer 2-7 to 2-9 and 3-4 to 3-8. However, the layer 3-3 is deposited after 2-7 

to 2-9 and before layer 3-4 to 3-8, thus, it only clashes with layer 2-7 to 2-9. 

 

5.5 Layer sequence sorting 

 

The initial collision matrix C provides a useful tool to rapidly query collision between the 

robot/torch and deposited layers of the part. In this section, C is used as a heuristic to guide a 

sequence sorting algorithm in an attempt to determine a valid build sequence. To do this, three 

main steps are performed, as follows. 
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Fig.5. 6 The layer deposition sequence was reordered from bottom to top. 

 

a) The layers are first ordered according to their height in the global z direction, i.e. all layers 

are ordered from the bottom to the top, as outlined in Fig 5.6.  

 

b) Layer dependency identification. Layer dependency relates to whether a particular layer 

can be deposited before or after a previous layer. Layer dependency can be classified into 

three core types: absolute dependence, multiple dependence, and no dependence. Fig.5.7 

illustrates this further, in the form of a dependency matrix D for the part presented in 

Fig.5.6. Absolute dependence and no dependence are recorded as “1” and “0” in the matrix, 

respectively. Absolute dependence occurs when a layer can only be deposited after the layer 

underneath is completed. For example, the first to the tenth layers of sub-volume 1 are 

deposited on the adjacent layer along the z direction. On the other hand, no dependence 



Realization of the true 3D printing using wire and arc additive manufacturing 

135 

 

indicates the deposition of a layer does not depend on the completion of other layers. 

Multiple dependence denotes a particular layer can be deposited from more than one 

direction. For example, the layers in sub-volume 2 of the part in Fig.5.6 would be classified 

in the multiple dependency category. Two or more build scheme will be created according 

to the build sequence. For example, if the build direction of sub-volume three is determined 

from sub-volume one to sub-volume two, layer 3-1 is required to be deposited on layer 2-7, 

2-8, and 2-9, as marked as “(scheme) a” in the matrix D. On the other hand, in the “scheme 

b”, the build direction of sub-volume three is determined from sub-volume two to 

sub-volume one. Thus, layer 3-1 is deposited on layer 3-2. Note that the dependence of the 

rest of the layers in sub-volume three are also marked as scheme a or b based on the 

designated build direction. The layer dependence matrix D is imposed to the final optimal 

layer sequence searching process to ensure the robot motion is executable. 

 

c) The goal of these sequencing operations is to avoid or minimize potential collisions. To do 

this, the information obtained from collision matrix C and layer dependence matrix D are 

combined. An A* [22] search algorithm is adapted here to search for a deposition sequence 

(from matrix D) with the minimum occurrences of collision (from matrix C). While the A* 

algorithm will search for the optimal solution, it may prove too computationally expensive 

for a large-scale part with a large number of layers. Thus, the proposed algorithm first 

focuses on adjusting the layer sequence for layers found to collide other layers. The scope 

of the search will then extend to their adjacent layers if no solution is obtained. In addition, 

the information obtained from the analysis of the layer dependence matrix D is also 
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incorporated. By incorporating this information into the search, the number of possible the 

build sequence combinations is drastically reduced, which in turn will speed up the overall 

search. Fig.5.8 presents the final build sequence for the example part shown in Fig.5.6. The 

number of collision occurrences is reduced from eight (layer 3-1 to 3-8) to one (layer 2-7). 

Collisions which remain after this process of sequence optimisation are addressed by 

adjustment of welding torch pose parameters, which is covered in the next section. 
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Fig.5. 7 The dependence matrix D. 
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Fig.5. 8 The final collision matrix C with the optimized build sequence. 
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5.6 Torch pose adjustment 

 

Adjustment of torch pose parameters is performed if the algorithm fails to find a valid build 

sequence through the search process outlined in section 5.5. By adjusting welding torch angles 

(within an allowable range), more clearance between the part and torch can be achieved, 

potentially removing the remaining collision. Three factors must be considered when adjusting 

the torch pose: (i) The tip of the wire electrode cannot deviate from the designated path during 

the deposition. (ii) Geometric variations in the weld bead, which can occur as a result of 

adjusting the torch angle, must remain in an acceptable range. (iii) For a new torch pose, the 

required robot trajectory must be checked again for reachability and collision.  

 

Fig.5. 9 (a) The torch rotation around Rz, and (b) The simulation results with the adjusted 

torch angle. 
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As mentioned previously, the robot motion planning algorithm used here is a discretised 

T-Space, sampling-based, graph searching algorithm. To maintain bead positional accuracy 

during the deposition process, the torch position X, Y (in the world coordinate frame) must  

remain constant, while CTWD(Z), Rx, Ry, and Rz, are redundant parameters that can be modified 

(within limits) for collision avoidance purposes. Thus, T-Space is sampled randomly with many 

combinations of available parameter sets, Rx, Ry, Rz, and CTWD. Correct use of the torch angles 

Rx and Ry are essential in achieving a high-quality weld. So experimental determination of 

suitable ranges for each of these variables is critical for practical applications. Note that as the tip 

of the welding gun is symmetric around the wire electrode, rotation around Rz will not affect the 

deposition process and the resultant geometry of the weld bead, as shown in Fig.5.9(a). Thus, the 

value of Rz can range from -180° to 180°. The other available parameter adjustment ranges are 

given based on our experimental tests, below. Finally, the obtained information will be sent to a 

code translator to generate robot code for a selected industrial robot (we have made templates for 

many kinds of industrial robot in the code translator for user selection). 

 

For the example part outlined in Fig 5.6, only one collision exists when we enter the torch pose 

adjustment stage.  As shown in collision matrix C shown in Fig.5.8, whilst performing the 

deposition process for layer 2-7, collision with layer 3-8 was detected. Torch angles were 

adjusted algorithmically, and the required robot motions were updated to avoid this collision. As 

simulation results in Fig.5.9(b) indicate, the identified collision was removed by implementing 

a new deposition strategy. Note that the red layers in the figure are layers 2-8 to 2-10, which will 

be deposited after layer 2-7, meaning they can be ignored.  
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5.7 Experiment and results  

 

Fig.5. 10 (a) The original CAD model of the workpiece, (b) The decomposed sub-volume, the 

unbuildable sub-volumes are coloured in red, (c) Each sub-volume is sliced according to its 

optimal build direction, and (d) The fabricated near-net shape sample. 
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To test the proposed path planning algorithm, a sample part with overhanging features was 

fabricated. The CAD model of the workpiece is provided in Fig.5.10(a). The geometries of the 

two stacked structures indicate that collision between welding torch and previously deposited 

layers may occur, particularly when depositing the overhanging features. By using the 

multi-directional slicing algorithm presented in [122], the part was decomposed into six 

individual sub-volumes. Each sub-volume was identified as buildable or unbuildable 

sub-volumes (unbuildable sub-volume means it cannot be built along the vertical order). The 

results of this partitioning is labelled and illustrated in Fig.5.10(b). Note that the CAD model 

was modified so that the holes on sub-volume 1 were removed. As shown in Fig.5.10(c), each 

sub-volume is sliced along its optimal build direction, the detailed explanation of the 

multi-direction slicing algorithm used can be found in [29].  

 

5.7.1 Hardware setups 

 

Fig.5.11 provides the experimental setup for the case study. A 6-DOF ABB IRB 2600 industrial 

robot is used for executing the welding tasks. The Cold Metal Transfer (CMT)Advanced 4000 

welding unit was employed as the welding power source for the system. The welding machine 

was integrated to the robot control system so that the welding variables (Wire feed speed and 

torch speed) can be controlled directly from the robot program. An infrared pyrometer was 

appended to the welding torch to ensure welds are deposited at a consistent temperature. A 
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LabView computer interface was used as the master control for the robot, welding machine, and 

infrared pyrometer. 

 

Fig.5. 11 The experimental setup. 

 

This work was carried out on a Q235 steel plate with the dimensions of 300×150×10 mm3. The 

surface of the substrate plate was ground to remove the oxide layer and impurities. The plain 

carbon steel welding wire ER70S-6 with the diameter of 0.9 mm was selected as the feed stock. 

The welding gas Argoshield (Gas code 566, BOC Gases Australia Ltd, Sydney, Australia) 

consists of 20% Carbon Dioxide and 80% Argon was used at a constant flow rate of 25 L/min. 
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5.7.2 Implementation and results 

 

Fig.5. 12 The manufacturing process. 

 



Realization of the true 3D printing using wire and arc additive manufacturing 

145 

 

The multi-direction WAAM path planning strategy was implemented to guide the fabrication 

process. The closed structure of the part strongly indicates collision may occur if a default 

‘bottom-to-top’ deposition sequence is used, making it a good test for the proposed algorithm. 

 

Software-based robotic welding applications developed by our research group [89] were used to 

slice the model into layers and then generate the required robot welding motions for each layer. 

Following this, the robot-model collision checking module was called to create the collision 

matrix C. According to the generated collision matrix C, the final four layers of the sub-volume 

one will block the deposition of sub-volume two, and the last four layers of sub-volume three 

will block the deposition of sub-volume six. To address this, the deposition sequence was 

reordered through the proposed layer sequence optimization module. The final manufacturing 

process, presented in Fig.5.12(a)-(i), illustrates the optimized build strategy as generated by the 

overall path planning algorithm. First, the bottom of sub-volume one was built with a vertically 

aligned torch angle, as shown in Fig.5.12(a). The two vertical walls of sub-volume one were 

built synchronously, as shown in Fig.5.12(b). However, the vertical wall on the right-hand side 

was not built to its full extent (the last four layers were not built at this time) in order to give 

enough space for the welding torch when depositing wall two, as shown in Fig.5.12(c). As the 

deposition of sub-volume two proceeds, the welding arc gradually moves closer to the right 

thin-walled structure of sub-volume one. Some action must be made to ensure the welding arc 

is kept as far away from the other wall as possible. This will help avoid situations where the 

electron stream will flow (or ‘jump’) across to the other wall structure, and also help maintain a 

stable welding arc. Thus, in the proposed strategy, the last a few layers of this sub-volume were 
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performed by alternating deposition between the sub-volume two and the right thin-walled 

structure of sub-volume one, as shown in Fig.5.12(c) and Fig.5.12(d). As the deposition 

progresses, the algorithm adjusted the torch angle to 45° in order to avoid collision between the 

torch and previously deposited weld material, as shown in Fig.5.12(e). This was also done for of 

sub-volumes three, four, five, and six, as shown in Fig.12(f)- Fig.12(i). Fig.5.10(d) presents the 

near-net shape of the final product, the successful fabrication of the part verifies the performance 

of the proposed system. 

 

5.7.3 Discussion  

 

For practical applications, some further considerations have been summarised as follows: 

 

1) Some parent sub-volumes, such as the one highlighted in Fig.5.13, need to be extended so 

that the child sub-volume, which extends from it, can be properly supported. At this stage, 

these modifications are implemented manually in most of WAAM process. In the proposed 

system, an automated approach to algorithmically identify these scenarios is developed 

which based on the build direction of each sub-volume and dependency matrix D. then, the 

robot code can be adjusted accordingly. 

 

2) When reaching a junction between two (or more) sub-volumes, as shown in Fig.5.13, some 

additional consideration is required. Experimental testing found that the connection 
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between the two sub-volumes is physically weak. To strengthen this connection, the torch 

angle should be adjusted to 45°, as shown in Fig.5.13, to allow for simultaneous bonding of 

both sub-volumes. In the developed algorithm, this junction is be identified through the 

build directions of each sub-volume, and the torch angle is set to bisect these directions. 

 

 

Fig.5. 13 One more layer is recommended to be deposited on parent sub-volume and the 

torch angle should be adjusted to deposit junction layer. 

 

5.8 Chapter summary  

 

In this chapter, a path planning algorithm for multi-directional WAAM was developed. 

Experimental tests showed that the proposed algorithm could automatically generate collision 

free deposition strategies for the fabrication of metallic parts which feature overhanging 

sections. In this paper, the overall methodology was described first, then, the by four core 
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modules of the algorithm were presented. The function of each sub-module is summarized 

below. 

 

1) Robot motion planning. An AOLP engine [15] is used to generate valid robot motions 

for each weld path.  

 

2) Initial collision processing. Once robot trajectories for each layer are planned, the 

collision between the robot and other layers of the selected part can be tested. The 

information is stored in a collision matrix C, which is used as a heuristic to guide the 

later stages of the deposition sequence planning. 

 

3) Layer sequence planning. According to the identified collisions in C, a series of 

optimisation routines are used to determine the best available sequence to deposit each 

layer of the part while minimising collision between the robot, torch, part and 

environment. 

 

4) Torch pose adjustment. If any collision still exits, the last module of the system will 

adjust welding torch pose (within a reasonable range) to avoid the remaining collision.  

 

Finally, the developed algorithm was validated through a physical case-study, where a part with 

complex geometry (i.e. overhangs) was fabricated. The successful manufacturing process 
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demonstrates that the proposed planning system is effective, and it enables the wide industrial 

use of multi-directional WAAM on manufacturing metallic components. 
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Chapter 6  

Application of multi-directional mobotic wire Arc additive 

manufacturing process  

6.1 Introduction 

 

In the previous chapters, the capability of depositing part at any direction was primarily 

testified. However, a comprehensive WAAM based positional deposition system has yet to be 

developed for practical fabrication. In this chapter, a process planning algorithm for 

multi-directional WAAM based positional process is presented.  

 

6.2 The architecture of the multi-directional WAAM system 

 

Fig.6.1 illustrates architecture of the proposed multi-directional WAAM system from CAD 

model to the final near-net product. It consists of several essential modules including 

positional bead modelling, multi-direction slicing, and deposition process optimization which 

are distinct in multi-directional WAAM process and will be introduced in detail.  

Weld bead modelling is the first step in WAAM process establishing the relationship between 

the process parameters and the weld bead geometry. It provides a database for slicing 

procedure to select a reasonable layer thickness, for path planning procedure to control the 

offset distance between adjacent beads, and deposition process to adopt the optimum welding 

parameters. Several methods, linear regression, second-order regression, artificial neural 
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network, and Taguchi method have been adopted to establish a bead geometry model. Some 

studies focus on the optimal model for the bead profile in WAAM process [7, 16, 126]. It is 

found that the weld bead geometry is largely dependent on the selection of wire feed speed 

and torch travel speed. Although weld bead modelling methods are widely reported in the 

literature [14, 127, 128], the positional bead modelling regarding the deposition in an 

arbitrary direction is not developed. 

 

 

Fig.6. 1 Architecture of the multi-directional WAAM process. 
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In slicing module, the 3D model in STL format is firstly imported into our in-house 

MATLAB based WAAM programming software. Multi-direction slicing of a CAD model is 

another challenge associated with multi-direction deposition process. Ding, et al. [29] 

developed a new decomposition-regrouping method for multi-direction slicing. After 

decomposing the CAD model into sub-volumes, a depth-tree structure based on the topology 

information is introduced to regroup them into new orders for slicing. The proposed method 

is also proven to be simple and efficient on various tests parts with a large number of holes. 

More multi-direction slicing methods can be found in Ruan, et al. [30] (Centroid Axis 

Extraction Method), Yang, et al. [18] (Transition Wall Method), and Dwivedi and Kovacevic 

[31] (Skeleton Method), etc. The proposed algorithm for obtaining a set of 2.5D layers 

through a multi-direction slicing method, as shown in Fig.6.1, consists of four steps, 

including a) Overhanging part identification, the 3D model is divided into buildable and 

unbuildable sub-volumes according to the user determined initial build direction. b) 

Determination of build direction for overhangs, the optimal build direction for each overhang 

is selected. c) Repeat Step 1 to Step 3, all decomposed sub-volumes are buildable along one 

certain direction. d) Slice all sub-volumes according to their calculated build directions. 

 

In process optimization module, the process control strategy is developed for the welding 

setups and robot motion planning. The welding setup is the most important step in 

multi-directional WAAM to form a regular weld bead under unfavorable downward 

gravitational force, this includes the selection of proper welding mode and welding process 
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parameters. In addition, the robot code generation module is provided to optimize the 

deposition sequence and collision avoidance during the deposition process. 

 

6.3 Bead modelling system 

 

This section proposes a novel Computer Aided Manufacturing (CAM) system for bead 

modelling process using arc welding-based AM technology. Weld beads are deposited side by 

side, as demonstrated in Fig. 6.2, the sliced layer height and offset distance are the same as 

the desired bead high (BH) and overlapping distance (OD). The proposed system aims to 

generate optimal welding parameters and setups to produce the user preferred bead geometry. 

Fig.6. 2 The requirement of overlapping distance and bead height in path planning process 
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6.3.1 The operation procedure 

 

Fig.6. 3 The steps of automated bead modelling process. 

 

The overall workflow of an automated bead modelling process for WAAM system is 

presented in Fig. 6.3. It consists of three essential modules including, data generation, model 

creation, and welding parameter generation. All three modules will be called when the weld 

bead model for selected operation welding mode and filler material does not exist in the 

current model library. This is because the weld bead morphology indicates that the weld bead 

geometry is different with different welding methods and filler materials, a new bead model 

is required to be created. Otherwise, only the welding parameter generation module will be 

called. The detailed workflow of the system is described as follows: 
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The Data generation module is used to provide data for model creation, four steps are 

included from depositing weld beads to obtaining bead geometry information. Firstly, the 

welding setup, including the range of welding parameters, the length of a single bead, the 

substrate plate dimensions, etc, are required as user input for the system. Secondly, according 

to the welding setup, our software can provide an optimal deposition plan for the bead on 

plate process and then the bead on plate process can be executed automatically. In this step, 

the user only needs to place the base plate to the predetermined location and start the 

deposition. Thirdly, the bead profiles are scanned and recorded with a laser scanner. Finally, 

the raw data of the bead profiles are processed to generate the bead height and optimal 

overlapping distance with their welding parameters for model creation. 

  

The Model creation module builds bead models based on the obtained data. An Support 

Vector Machines (SVM) algorithm is used to build up the relationship between welding 

parameters and bead geometries. Once a model is created, it will be saved and labelled in the 

model library for use. 

 

The Welding parameter generation module is used to provide the optimal welding process 

parameters for the deposition process. Firstly, the correct model is selected according to the 

welding method and filler material. Then, a set of combinations of welding variables for 

producing the optimal bead geometries can be generated. In addition, in the arc welding 

based AM process, the optimal inter-pass temperature can improve residual stress and 

deformation of the deposits [129]. In the developed system, the information of inter-pass 

temperature can be input to the system for a better quality of the final product. 
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6.3.2 The hardware of the system 

Fig.6. 4 The WAAM system setup. 

 

The basic hardware of the automated bead modelling system includes an industrial robot, a 

worktable, a welding machine, a computer, an infrared pyrometer, and a laser scanner. Fig. 

6.4 displays the hardware setup for this study. An ABB IRB 2600 industrial robot with six 

Degrees of Freedom (DoF) is used to hold and move the welding torch along the 

preprogramed the deposition path. The welding power source is a Fronius CMT Advanced 

4000 welding machine with a number of GMAW based welding modes to select from. Robot 

Studio (simulation and programming software for the ABB robot) was used to program the 

torch motion and coordinate the weld settings. The base plate is placed on a 2-DoF worktable, 

note that the position of the worktable is fixed and calibrated carefully to ensure an accurate 

weld bead position for scanning. A structured light laser scanner is integrated into the robotic 
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welding system to measure the bead profile. An infrared pyrometer was used to monitor the 

inter-pass temperature. A data acquisition unit and a personal computer serve as the master 

control for the welding machine, robot, laser scanner, and infrared pyrometer. 

 

6.3.3 Software and user’s graphical interface 

Fig.6. 5 WAAM rapid bead modelling graphical user interface. 

 

Based on the presented workflow in Section 6.3.1, software has been developed for a 

non-expert operator to monitor and control the bead modelling process, the user-friendly 

interface is shown in Fig. 6.5. The programming language Python was used to develop the 

software. Five steps are included as described below. 
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Step 1, model selection: the user needs to input welding method and filler material to see if 

the bead model for the selected welding process exists. If the required model exists, the then 

welding parameters generation model will be loaded and the welding parameters can be 

generated directly. On the other hand, if the model does not exist, a new model can be saved 

and named with the welding method and filler material. 

 

Step 2, bead on plate deposition: in this step, the information of the welding setups is required 

for the bead on plate deposition, including welding parameters range (Wire Feed Speed 

(WFS), Travel Speed of the torch (TS), and inter-pass temperature (WT)), and dimensions of 

the base plate. With the inputs, a preview image of the distribution of weld beads on plate 

process is shown. More detailed information, the total number of weld beads and base plate, 

length of each weld bead, and offset distance of the adjacent bead, can be provided 

automatically. 

 

Step 3, deposition control: this step is used to monitor and control the bead deposition and 

data collection process. Once the operator places the plate on the working table, the entire 

deposition and data collection process will be executed automatically. 

 

Step 4, data processing and bead modelling: the OD and BH of each weld bead can be 

generated by processing the raw data of the weld bead profile. Then, the bead model is 

trained using the SVM based algorithm and it is saved to the model library to the system. 

 

Step 5, welding parameter generation: Once a new model is exported to the library for a 

specific welding task, the user can obtain the optimized welding parameters by inputting the 

required bead overlapping distance, bead height, and inter-pass temperature. 
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6.3.4 Data collection  

Fig.6. 6 Weld bead profiles collection using the laser scanner. 

 

Firstly, a set of weld beads are deposited with the designated welding parameters. According 

to the dimensions of the base plate, the length of each bead is 100mm. The distances between 

adjacent beads and columns are set to 30 mm and 40 mm. The detailed arrangement of bead 

locations is presented in Fig. 6.5. In the deposition process, movements of the welding torch 

are automatically programmed in the robot controller. The welding parameters, such as WFS 

and TS, are automatically set to the designated values for each deposit. It is worth mentioning 

that a temperature control system is used in the deposition process, a thermal pyrometer is 

used to monitor the inter-pass temperature. A ceramic heater pad and compressed air nozzle 

are applied to heat up or cool down the base plate to the designate inter-pass temperature. A 
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laser scanner is used to measure the profile of beads, as illustrated in Fig. 6.6. It scans the 

weld beads along the weld path and records the transverse bead profile of each weld bead. 

 

6.3.5 Data processing 

 

Fig.6. 7 Bead profile denoise and extraction. 

 

The target of the data processing is to obtain the OD and BH through the raw data of weld 

bead profile. In order to depict the geometry of weld beads accurately, a data processing 

algorithm was proposed. It includes: (i) a signal denoising filter, (ii) bead profile extraction, 

(iii) Curve fitting process, and (iv) Generation of the OD and BH. 

 

Step 1, signal denoising. As noise is inevitably recorded by the laser scanner, a moving 

average filter is used for smoothing raw data. The moving average filter is a type of low pass 

finite impulse response filter (LPF) which can be used for regulating an array of sampled data. 

The LPF uses Hamming window with the sampling frequency and cut-off frequency were set 

to 10000Hz and 400Hz respectively. Most of the noise points in the data set are removed after 
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filtering. The processed data after denoising is presented in Fig. 6.7(a). 

 

Step 2, bead profile extraction. As a number of weld beads are scanned simultaneously by the 

laser scanner as shown in Fig. 6.7(a), a boundary detection program was developed to extract 

single bead profile in each data set. Firstly, the boundaries of each weld bead are identified by 

calculating the change rate of slope in the y-axis. Points between the left and right boundary 

are saved to represent the weld bead profiles, as shown in Fig. 6.7(b). 

 

Step 3, curve fitting process. To obtain OD and BH accurately, accurate weld bead profiles 

are required. Thus, the weld bead profile data from the laser scanner needs to be further 

processed. Commonly, various functions are used to fit the cross-section of the weld bead. In 

the research by Xiong, et al. [130], the parabola, arc, and cosine functions can be applied to 

build the profile of the weld bead. In our previous study [131], a number of curve fitting 

methods were used to create bead profile models. Through the comparison of the developed 

model, the experimental results reveal both parabola and cosine functions accurately 

represent the bead profile. In our study, the parabola function was chosen to fit the 

cross-section of weld bead. The fitted parabola function can be represented by 

                             𝑦1 =  −𝑎𝑥2 + 𝑐                            (6.1) 

Step 4, generation of the bead overlapping distance. In the practical deposition process, the 

BH and OD are used to determine the layer height and offset distance between adjacent weld 

path. The BH can be obtained by searching the vertex coordinates of each parabolas function 

directly. Fig. 6.8(a)-(c) illustrate the principle of generating OD. As described in Fig. 6.8(a), 

two identical welding beads are deposited next to each other with the offset distance d. Based 

on the polynomial fitting result in Step 3, the parabola function which can represent the 

adjacent bead profile is shown as below 
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                       𝑦2 =  −𝑎(𝑥 − 𝑑)2 + 𝑐                             (6.2) 

Fig.6. 8 Schematic diagrams of the tangent overlapping model (TOM). 

 

To generate a flat layer surface, an optimal value of d=d' should be selected so that the 

critical valley area A1 equals to the overlapping area A2. A1 and A2 can be calculated as: 

       𝐴1 = 𝑐𝑑 − ∫ (−𝑎𝑥2 + 𝑐) 𝑑𝑥
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when A1= A2, d' is  
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Fig. 6.8(b) and (c) illustrate that swellings valleys and valleys form when d' > d and d' < d. 

Finally, d' will be recorded into the library as the OD for the selected weld bead profile. A set 

of ODs and BHs with their corresponding welding parameters will be sent to SVR based 

model creation process. 
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The process parameters and geometry information of weld bead with mild steel ER70s-6. 

 Process parameters Measured 

geometry  

Predicted 

geometry 

Modelling error  

Inde

x 

WFS 

(m/min) 

TS 

(m/min) 

Ratio h (mm) w 

(mm) 

h' 

(mm) 

w' 

(mm) 

eh (%) ew (%) 

1 1 0.1 10 2.23 3.13 2.22 3.16 -0.45 0.95 

2 2 0.1 20 2.35 5.32 2.40 5.28 2.13 -0.75 

3 3 0.1 30 2.60 6.53 2.55 6.57 -1.92 0.61 

4 4 0.1 40 2.68 7.07 2.69 7.03 0.37 -0.56 

5 1 0.2 5 - - - - - - 

6 2 0.2 10 1.61 3.65 1.59 3.60 -1.24 -1.37 

7 3 0.2 15 1.88 5.05 1.89 5.03 0.53 -0.40 

8 4 0.2 20 2.14 5.57 2.16 5.63 0.93 1.08 

9 1 0.3 3.33 - - - - - - 

10 2 0.3 6.67 - - - - - - 

11 3 0.3 10 1.58 4.06 1.60 4.16 1.26 2.46 

12 4 0.3 13.3 2.04 4.91 2.02 4.85 -0.98 -1.22 

 

 

TABLE I 

THE PROCESS PARAMETERS AND GEOMETRY INFORMATION OF WELD BEAD WITH MILD STEEL ER70S-6 

Table 6. 1 The process parameters and geometry information of weld bead with mild steel ER70s-6. 
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6.4 Multi-direction slicing strategy  

Fig.6. 9 The flowchart of the multi-direction slicing method. 
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One of the critical steps of multi-directional WAAM process is multi-direction slicing 

algorithm. Primarily, the slicing method should be able to decompose 3D model into a set of 

optimal sub-volumes and generate sliced layers along the most suitable deposition directions 

of the sub-volumes. Based on our previous study [29], a modified multi-direction slicing 

strategy is developed for fabricating complex structures. Main steps of the slicing strategy are 

presented in Fig.6.9 and introduced as follows.  

Step 1, Creation of the build direction. The initial build direction (or orientation) of the 

model is determined manually according to the user experiences. The build direction B 

[0 0 1] is adopted for the input model as shown in Fig.6.10(a). 

Fig.6. 10 (a) the overall build direction, (b)The unbuildable sub-volume of the model, and (c) 

The decomposed unbuildable sub-volumes and their new build directions. 
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Step 2, Overhangs identification. Overhangs of the input model along the build 

direction are identified using the Silhouette Edges Projection method [19]. Through 

the silhouette edges projection method, the input model can be divided into buildable 

and unbuildable parts along a certain build direction. Fig.6.10(b) shows the 

unbuildable sub-volume (in red) of the input 3D model. The unbuildable part is 

identified as the overhanging part and therefore decomposed from the input model as 

shown in Fig.6.10(c). 

 

Step 3, Determination of build direction for overhangs. Gauss Map method is 

adopted to identify the optimal build directions for sub-volumes (overhangs). For the 

unbuildable sub-volumes, the optimal build orientation can be determined using 

Gauss map. The Gauss map method provides normal vectors from all points on a 

curve or a surface to a corresponding point on a unit sphere [117, 132]. A spherical 

crown with a minimum radius bottom surface that contains all the points can be 

found on the sphere surface, the unit vector from the center of the sphere to the 

center of the bottom circle of the spherical crown C is the desired optimal build 

direction. The detailed description of the Gauss mapping procedure can be found in 

[117, 132]. Fig.6.10(c) demonstrates the ideal build orientation for the overhanging 

parts.  

 

Step 4, Repeat Step 1 to Step 3, in this step the overhangs is used as input model. The 
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Step 4 stops unless all decomposed sub-volumes are buildable along certain 

directions. 

 

Step 5, Slice all sub-volumes according their build directions. In the slicing 

procedure, the in-house MATLAB based is used to slice each sub-volume along its 

identified orientation using facet-plane slicing method [133]. Normally, the 

intersection line between the facet and cutting plane can be calculated along 

vertical-up direction or z [0 0 1] axis. Note that the distance between adjacent slicing 

planes is also called layer thickness. The layer thickness information obtained from 

previous bead modelling process is considered as a user input for 3D model slicing. 

Fig.6.11(a) shows the sliced layers of the substrate sub-volumes along vertical-up 

direction with the input layer thickness. To slice other sub-volumes in their optimal 

build direction, the normal vector of the cutting plane needs to be rotated parallel to 

the build direction. Rotation matrices are used to transfer normal vector of the 

cutting plane P, as expressed in (6.6) to (6.8), three 3-by-3 matrices Mx, My, and Mz 

are used to represent plane rotations by angles α, θ, and γ about the x-, y-, and z-axis, 

respectively. With the help of rotation matrices, the cutting plane P is transformed to 

the new cutting plane Pnew=MxMyMzP for the slicing of the volume along the 

corresponding new direction. Finally, the rest of the sub-volumes are sliced 

according to their identified build orientations, as presented in Fig.6.11(b).   
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𝑀𝑥 = (

1 0 0
0 cos (𝛼) −sin (𝛼)
0 sin (𝛼) cos (𝛼)

)                           (6.6) 

𝑀𝑦 = (
cos (𝜃) 0 sin (𝜃)

0 1 0
−sin (𝜃) 0 cos (𝜃)

)                           (6.7) 

𝑀𝑧 = (
cos (𝛾) −sin (𝛾) 0
sin (𝛾) cos (𝜃) 0

0 0 1

)                           (6.8) 

 

 

Fig.6. 11 (a) The buildable sub-volume sliced in vertical-up direction and (b) The entire 3D 

model sliced in multi-direction. 

 

6.5 Robot code generation 

 

The robot code generation module generates collision-free robot motions from 3D model of the 

robotic system, torch and work piece. Fig.6.12 presents the overall flowchart of the robot 

motion planning in multi-directional WAAM. The input of the system is the position 
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information and its build direction obtained from the multi-direction slicing process. Layers of 

each sub-volume are placed into an original layer pool according to their z coordinates. The 

collision between the welding torch and the previous deposited layers can be resolved through 

layer sequence sorting and/or torch pose adjustment. To help understand the workflow, the 

major steps of the algorithm are as follow:  

 

1) The collision check module. The collision mainly happens between robot, the welding 

torch and the workpiece. The 3D model of the robot and torch are readily available and 

Fig.6. 12 Flowchart of the robot motion planning. 
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imported to robot motion planning program. The trajectory of the welding torch is the 

same as the welding path with a distance offset of contact tip to work distance (CTWD) 

and the orientation is the same as the build direction. At each torch position, the robot 

joint angles can be obtained from inverse kinematics. After each deposition, the 3D 

model of the deposited workpiece is updated with newly deposited layer through 3D 

re-construction from 2D sliced layer. If no collision is detected, the next layer will be 

tested, otherwise the collision avoidance module will be called, which includes layer 

sequence sorting and torch pose adjustment module. 

2) Layer sequence sorting module. When collision is detected, the layer sequence will be 

reorganised and send back to collision check module. As the layers are added from the 

bottom to the top and welding torch are approaching from the top (worst case horizontal 

direction), the collision will only occur at the top few layers during the collision check, 

there is only a few combinations for the layer sequence of clashed layers. 

3) Torch pose adjustment. If collision still exist after checking all the combinations of 

clashed layers, torch pose can be adjusted to avoid the collision. The collision problem 

in multi-direction WAAM is formulated as a T-space motion planning problem as the 

path has workspace constraints such as the actual desired weld path and the weld gun 

angles specified in the weld procedure. The details of T-space motion planning problem 

can be found in [134]. As introduced in [88], the torch position X, Y, determine the bead 

positional accuracy, while Z (CTWD), and torch orientation, Rx, Ry, and Rz, are 

redundant Degree of Freedoms (DOFs) that can be adjusted without affecting the 

welding accuracy. A set of new torch poses parameters can be generated by our 
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software, and the optimal solution with the minimum change will be selected to update 

the layer pool.  

4) Robot code translation.  Finally, the path positions and torch poses of each layer pool 

are translated to ABB robot language as subroutines. A main routine calls subroutines 

according to the updated layer sequence to deposit the input model without collision. 

6.6 Case study 

 

 

The performance of the proposed multi-directional WAAM strategy is demonstrated through 

fabricating a thin-walled workpiece with overhangs. The 3D model of the workpiece and the 

necessary supports for conventional vertical-up deposition are illustrated in Fig.6.13(a). The 

component is identified as buildable and unbuildable sub-volumes first, and the unbuildable 

Fig.6. 13 (a) 3D model of workpiece and its overhang part and required supports in vertical-up build 

direction, (b) The optimal build direction of each sub-volume, and (c) The final near-net product. 
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sub-volume is further decomposed into two parts as shown in Fig.6.13(b). Based on the 

proposed multi-direction slicing strategy, the build orientations are identified as vertical-up 

direction along z axis [0 0 1] for sub-volume one, two, and four, while the horizontal 

direction along x axis [1 0 0] is identified for the sub-volume three. 

 

Fig.6. 14 The building sequence of the third component (a) the dimension of welding torch, 

(b) the diagram of horizontal deposition, (c) the diagram of vertical deposition, and (d) the 

connection between wall two and three. 
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The key step of the deposition process is to bridge the gap between the wall one and the wall 

two. An overhanging horizontal wall is required to build such a part. To reduce the 

manufacturing time, a high travel speed is selected for depositing sub-volume one, two, and 

four while a relatively low travel speed is selected for a more stable horizontal deposition. 

According to the optimal build directions and deposition sequence, the vertical wall one and 

two were built first while the torch angle was maintained vertically. However, as illustrated in 

the Fig.6.14(b), the wall one was initially built to the vertical height of the wall three and the 

wall two was built to a little bit lower height than that for the wall one in order to give enough 

space for the welding torch when depositing the wall three. For the same accessibility reason, 

 

Material Wire diameter Shielding gas Flow rate 

Aluminum 4043 1.2mm Pure argon 20L/min 

 Process parameters Geometry information 

Part 

No. 

WFS 

(m/min) 

TS 

(m/min) 

Ratio Layer height 

(mm) 

Bead width 

(mm) 

No. of layers 

1 6.0 0.2 30 3.0 7.8 35 

2 6.0 0.2 30 3.0 7.8 35 

3 2.0 0.1 20 2.6 4.5 21 

4 6.0 0.2 30 3.0 7.8 18 

 

 

TABLE III The manufacturing information of case study 

Material Wire diameter Shielding gas Flow rate 

Aluminum 4043 1.2mm Pure argon 20L/min 

 Process parameters Geometry information 

Part 

No. 

WFS 

(m/min) 

TS 

(m/min) 

Ratio Layer height 

(mm) 

Bead width 

(mm) 

No. of layers 

1 6.0 0.2 30 3.0 7.8 35 

2 6.0 0.2 30 3.0 7.8 35 

3 2.0 0.1 20 2.6 4.5 21 

Table 6. 2 The manufacturing information of case study. 
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the wall three was not built to its full size, as shown in Fig.6.14(c). In addition, since the 

electron flow tends to the closer metal conducts electricity in welding. To avoid electron flow 

transferring through the wrong location and maintain a stable welding arc, it was required to 

keep alternating deposition between horizontal and vertical wall and the torch angle kept 

alternating between vertical and horizontal directions as well, as shown in Fig.6.14(b) and 

Fig.6.12(c). Subsequently, the last bead was deposited with the torch rotated to 45° for a good 

connection between wall two and three, as show in Fig.6.14(d). Finally, the wall four and the 

rest of the wall one and two were fabricated, the successful creation of the enclosed shape is 

shown in Fig.6.14(c). The detailed information of the experiments is provided in Table 6.2. 

 

 

Part No. Time (s) Path length (m)  Mass (kg) Material cost (AUD) 

1 1575 5.25 0.48 13.69 

2 1575 5.25 0.48 13.69 

3 1260 2.1 0.13 3.65 

4 297 0.99 0.09 2.58 

Support  5100 17 1.56 44.34 

Total (proposed strategy) 4707 13.59 1.18 33.61 

Total (conventional strategy) 9807 30.59 2.74 77.95 

Reduction  52% 56% 57% 57% 

 

 

Table IV The comparation between conventional WAAM and proposed strategy  

Part No. Time (s) Path length (m)  Mass (kg) Material cost (AUD) 

Table 6. 3 The comparation between conventional WAAM and proposed strategy. 
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Table 6.3 lists the experimental results of multi-directional WAAM in comparison with 

conventional WAAM. As shown in Fig.6.13(a), extra supporting structure is required for 

fabricating the part with overhangs by conventional WAAM, resulting in additional 

manufacturing time and cost (the cost is calculated based on the price of BOC 4043 

Aluminum MIG Wire, BOC Ltd, Australia). The production time and cost of the supporting 

structure are calculated based on its 3D model, the extra built for supporting structure costs 

more than the part itself. It can be seen that reductions of 52%, 57%, and 57% in 

manufacturing time, material use, and material cost were achieved through using the 

proposed multi-directional deposition strategy. In addition, it needs to be mentioned that all 

data summarized in Table 6.4 is calculated based on the deposition process only, without 

considering the post-machining process required for removing the supporting structure in 

conventional WAAM process. Thereby, the actual efficiency of the proposed strategy is 

higher. 

 

In addition, the provided case study poses significant challenges for the traditional WAAM 

process. For positional WAAM of complex structures, some suggestions have been 

summarized for optimum results: 

 

1) Due to the influence of downward gravitational force, the process parameters of 

multi-directional WAAM is limited compared to WAAM in a flat position. For 

positional deposition, it is suggested that relatively low power in combination with low 
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WFS and TS are employed for better welds whilst a relative higher WFS and TS can 

be used for a higher productivity.  

2) The surface tension force is major holding force in multi-directional WAAM process. 

According to (6.9), the surface tension coefficient can be expressed as [32], 

     𝛾 = 𝛾𝑚
0 − 𝐴𝑠(𝑇 − 𝑇𝑚)                        (6.9)                   

where 𝛾𝑚
0  is the surface tension coefficient of pure metal at the melting point which 

should be constant for filler material. 𝐴𝑠 is the negative of 𝜕𝛾/𝜕𝑇 for pure metal 

which is also considered as a constant when the temperature is much above the melting 

point. Tm is the melting point of filler material. Besides, the temperature variation 

which can be suppressed by optimal deposition process control strategy. 𝛾𝑚
0  is another 

fact that affects the surface tension force, it is the inherent character of the filler 

material, so we named it inherent surface tension (IST) in this study. For example, 

Table 6.4 provides surface tension values of several pure metals in the liquid state at 

the melting temperature [135]. It reveals that the IST is different for various metallic 

materials. The larger IST can provide a more stable deposition process with a relative 

high material deposition ratio. 

 

Metal Al Be Fe Ti Re 

Temperature (K) 870±10 1760±40 1730±40 1890±40 3270±80 

Liquid state surface tension 

(mJ/m2) 

914 1390 1872 1650 2700 

 

Table 6. 4 surface tension values for pure metals in the liquid state at the melting temperature. 
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6.7 Chapter summary 

 

This chapter presents an innovative multi-directional WAAM strategy for fabricating 

complex metal components without supporting structures. Compared to conventional WAAM 

process, the proposed multi-directional WAAM process would significantly reduce 

manufacturing time and cost. In this study, the overall process planning algorithm for 

multi-directional WAAM system from CAD model inputs to final near-net shape products is 

firstly introduced. Three critical parts of the process are explained and summarized here: 

 

1) Positional bead modelling. The parabola model is used in multi-directional WAAM 

process. The optimum welding parameters corresponding to the desired bead geometry 

can be obtained using the developed parabola bead model. 

 

2) Multi-direction slicing strategy. A multi-direction slicing strategy is described step by 

step through a 3D model of a bearing seat. In the slicing process, a complex input CAD 

model is decomposed into a set of sub-volumes along the corresponding optimal build 

directions. Each of the sub-volumes is therefore sliced along its optimal build 

direction.  

 

3) Deposition process optimization. CMT is selected as welding machine for the 

positional WAAM due to its short arc transfer mode and low heat input. A relatively 
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low WFS and TS are recommended for preventing sagged weld bead. A collision free 

robot motion is achieved through the presented robot code generation module.  

 

The process planning algorithm has been validated to be effective through fabricating the 

metallic part with complex geometry. The case study also shows a great reduction of material 

usage compared to traditional WAAM process. The better buy-to-fly ratio makes 

multi-directional WAAM ideal for industrial using expensive metallic materials, such as 

titanium alloys from aerospace industrial. 
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Chapter 7 

Summary and future work 

7.1 Summary  

 

This study initially carried out the novel conception of true 3D printing which uses the 

proposed multi-directional WAAM process. Firstly, the forming mechanism of positional 

deposits is initially investigated to develop a stable deposition process. The effects of the main 

process parameters on positional deposition were studied. Secondly, the mechanism of 

humping formation was analyzed for positional deposition using GMAW. It was found that the 

backward metal flow under the effect of gravity is responsible for the sagged humps in the 

positional deposition. Based on this, a series of guidelines are summarized to assist the 

practical use of multi-directional WAAM. Thirdly, a path planning algorithm for 

multi-directional WAAM was developed. Then, the overall process planning algorithm for 

multi-directional WAAM system from CAD model inputs to final near-net shape products was 

firstly carried out for practical industrial use. Finally, a number of parts was fabricated to 

validate the proposed method and the results showed a great reduction of material usage and 

manufacturing time compared to traditional WAAM process. 

 

7.2 Future work 

This study has made progress in successfully carrying out the concept of ture 3D printing and 
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realizing in by developing the multi-directional WAAM process. As it is still at its nascent 

stage, the further study on Research and development of multi-directional WAAM process 

were recommended and summarized below.  

 

1) The optimization of the practical multi-directional WAAM system. 

The multi-dictional WAAM system has been initially carried out in this study, however, it 

needs to be kept improving to adopt the manufacturing industrial requirements. To 

enhance the current system, more samples with different geometrical features are 

expected to be fabricated. In this process, imperfections of the system can be found and 

improved. Thus, the update of the software is priority for the widely use of 

multi-directional WAAM system. 

 

2) Process control and monitoring system  

Generally, the control and monitoring modules are important for most of automated 

manufacturing systems. For multi-directional WAAM, the welding process has been 

demonstrated to be sensitive as the process varies, which may affect the process stability 

and thereby quality of the final products. An on-line monitoring and control system is 

helpful to improve the system performance, by correcting the process errors at onset of 

the deposition process.  

 

3) Investigation of material quality  

The multi-directional WAAM is considered as an interdisciplinary process, material 
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science is very important for the future development of it. For example, with a high 

deposition rate, the heat input of the WAAM is relatively high which comes up with 

residual stresses and distortion of final products. Thus, the suppression of residual stresses 

and distortion of the metallic components is critical for widely use of the proposed method. 

Currently, many studies focused on improving the material performance during WAAM 

process [129, 136, 137]. However, the martial properties of the metallic parts made by the 

proposed multi-directional WAAM method still lacks investigation. Significant effects 

should be paid on how material property in influenced by the process patterns, the welding 

setups and process variables to identify the optimal strategy for improving the material 

properties of the fabricated parts. 

 

4) Investigation on molten pool behavior in positional deposition  

As stated in this study, the molten pool is unstable in the multi-directional deposition due to 

downward flow of the molten metal, induced by the force of gravity. Thus, the 

improvement of molten pool behavior is beneficial for forming weld beads without defects. 

In chapter 4, to avoid humped weld beads, the molten pool behavior was investigated 

experimentally to improve the molten pool behavior. More research attention may be paid 

on improving molten pool behavior by applying the simulation method investigate the 

thermal behavior of the molten pool. Taking advantages of characteristics the molten pool, 

more guidelines maybe given to optimize process parameters and welding setups to 

improve the proposed system performance.  
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