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Summary

Additive manufacturing (AM) has, over recent decades, become a quickly
evolving and ever more present part of production and manufacturing. It
has gone from being a simple prototyping method to building more complex
prototypes more quickly and more accurately, and even for manufacturing
smaller end products, which is financially advantageous for products in small
quantities. Most off-the-shelf AM methods are, however, limited by both the
geometry and the size of builds, as they mostly require the component to be
built layer-by-layer within a chamber. Robotised AM is on its way to help
solve these challenges, making AM technology more useful and available for
industry in the future.

This thesis presents contributions in robotised additive manufacturing,
focusing on manufacturing metal structures using methods that deviate from
the most common methods for AM. The papers present proof-of-concept re-
sults of non–layer-wise material deposition as a step towards expanding the
range of geometries possible in AM. From there, different challenges related
to the construction of thin-walled metal structures using wire-arc additive
manufacturing (WAAM) are examined. A set-based control method is ex-
amined as a possible solution for enabling non-vertical material deposition
in WAAM, and, lastly, more complex structures with overhangs are built by
depositing material orthogonally onto surfaces already built.

The accompanying text presents the motivation behind this research, and
an introduction to the set-based control method used in some of the exper-
iments. The principles behind the focus on WAAM technology is explained
by introducing the main arc welding methods, and examining which method
is most easily combined with robotic deposition of material. An overview of
the most common methods for AM is also given, in order to fully understand
why non-vertical material deposition is a topic worth researching.
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Chapter 1

Preface
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and Technology (NTNU).

I have done this work at the Department of Engineering Cybernetics
(ITK) under the supervision of Professor Jan Tommy Gravdahl. My co-
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The PhD project was funded by the Research Council of Norway, and
undertaken in the SFI Manufacturing cross-disciplinary centre for research-
based innovation for competitive, high-value manufacturing in Norway1under
contract number 237900. SFI Manufacturing has three main focus areas:
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1http://www.sfimanufacturing.no/
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Gellein, V. Brøtan. Additive manufacturing by robot manipulator: An
overview of the state-of-the-art and proof-of-concept results. In 22nd
IEEE International Conference on Emerging Technologies and Factory
Automation (ETFA), pages 1–8. IEEE, 2017,

(B) L. D. Evjemo, G. Langelandsvik, and J. T. Gravdahl. Wire-arc ad-
ditive manufacturing by robot manipulator: Towards creating com-
plex geometries. In 5th IFAC Conference on Intelligent Control and
Automation Sciences (ICONS)/IFAC-PapersOnLine, 52(11): 103–109,
2019,
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tive manufacturing using set-based control: Experimental results. In
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Gravdahl. Wire-arc additive manufacturing of structures with over-
hang: Experimental results depositing material onto fixed substrate.
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tual advancement, as the research progressed from literature reviews and
proof-of-concept experiments to welding technology and robotised WAAM.

Paper A presents the state of the art of large-scale AM as of March
2017, looking into some of the projects that had come furthest in utilising
AM technology on large structures such as buildings or sculptures. After
outlining the the necessary algorithms and components for an AM system
that combines robotics with non–layer-wise material deposition, a proof-of-
concept experiment using a UR5 robot is performed to demonstrate non–
layer-wise material deposition by extrusion by robot.

Paper B presents the transition to building metal structures using CMT
welding equipment and a IRB2400/10 robot from ABB Robotics. The focus
of the paper is the feasibility of large-scale AM of metallic materials by
arc welding. A series of robotic arc-welding experiments is presented and
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discussed. These experiments helped map some of the challenges that needed
to be addressed in subsequent work.

In paper C, a method for set-based control for WAAM was tested on a
cylindrical structure with non–layer-wise material deposition. The set-based
control method used to control the robot manipulator allows for some free-
dom in tool orientation so that the material is not always deposited strictly
vertically. Evaluating how non-vertical deposition impacted upon the struc-
ture helped map how feasible this solution would be when manufacturing
more complex structures.

In paper D, structures with overhangs are constructed using two dif-
ferent approaches: both vertical and non-vertical material deposition. Ma-
terial tests on two of the structures are presented, examining the porosity
and hardness. Tests were done on material in parts of the structure with a
prominent overhang, and compared to a part of the structure with little or no
overhang. Tests were also performed on a structure with intersections. The
final vase and bowl structures presented in this paper show that large over-
hangs can be constructed using robotised WAAM to perform non-vertical
material deposition of material onto a fixed surface.

Other results during the doctoral studies not published as part of this thesis
are:

• I. F. Onstein, L. D. Evjemo and J. T. Gravdahl. Additive Manufactur-
ing Path Generation for Robot Manipulators Based on CAD Models.
IFAC-PapersOnLine, 53(2): 10037—10043 [1]

• L. D. Evjemo, T. Gjerstad, E. I. Grøtli, and G. Sziebig. Trends in
smart manufacturing: Role of humans and industrial robots in smart
factories. Current Robotics Reports. 1(2), 35—41, 2020 [2].
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Chapter 2

An introduction to additive
Manufacturing

The term additive manufacturing (AM) is an umbrella term that covers a
variety of methods for joining materials together in order to build three-
dimensional structures. Techniques include 3D-printing, powder-bed fusion
(PBF), direct energy deposition (DED) and binder jetting (BJT), and also
find extensive application in rapid prototyping (RP) and free-form fabrica-
tion. [3]. The term ‘rapid prototyping’ refers to creating three-dimensional
models of products for testing and prototyping, and was an early use of
the technology [4]. Mass production of parts in any industry is, in gen-
eral, cheaper than producing single, custom-made components. However,
AM technology is gradually making custom made parts more affordable.
Commercial desktop 3D printers have already been welcomed into the world
of prototyping for small businesses and start-ups. As AM technology evolves
and becomes more advanced, its availability increases, and the technologies
are now used to also manufacture smaller end- products. This is why the
term ‘AM’ has gradually taken over from ‘RP’ [5, p. 2], although in every-
day speech and popular technology, the term ‘3D-printing’ is most commonly
used.

The work presented in this thesis examines how the combination of
robotics and AM can benefit industry by solving challenges and limitations
that limit many of the commercially available AM methods. The main focus
is on wire-arc additive manufacturing (WAAM), a welding-based method for
additive manufacturing in metals. As this thesis is quite cross-disciplinary,
some basic principles will be presented that may be familiar to some readers
and new to others: An overview of the most commonly used AM methods

7



2. An introduction to additive Manufacturing

will also be presented in order to understand why robotised AM can increase
the flexibility of the design and build, and how this, in turn, can help solve
some of the limitations and challenges that other AM methods face today. A
brief introduction to welding technology in general, and to the arc welding
methods that are of particular interest when considering welding-based AM,
will also be given.

2.1 Common methods for AM

The work presented in this thesis focuses on the benefits of depositing ma-
terial using a robot manipulator with up to 6 DOFs, focusing on WAAM
and robotised welding. This method’s differences from many of the most
common AM technologies are best understood through an overview of the
existing and dominant technologies, and what their limitations are.

Powder-bed fusion (PBF)

PBF describes a group of layer-based AM methods that build structures
from the bottom layer up. This category includes various methods such as
selective laser sintering (SLS) and electron beam melting (EBM) [5]. PBF
was one of the earliest AM processes, suitable for metals and polymers,
and SLS was the first PBF process to be commercialised [5, p. 125]. All
PBF processes that use lasers to perform the fusing of powder particles are
known collectively as laser sintering (LS) machines [5, p. 125]. For each layer,
which is typically 0.1mm thick or thinner, an energy source sinters together
the powdered material in patterns that match slices of the full 3D structure.
Next, a new layer of powdered material is spread out, as shown in Fig. 2.1,
and the process is repeated.

When the build is complete, the solid product is enclosed in a pow-
der bed [7]. Because the material is sintered together layer by layer, the
bottom-up building process is strictly vertical. However, overhangs can still
be constructed because the component is fully submerged in excess pow-
dered material, and each top layer is, at any time, fully supported by this
powder bed. When the powdered material is subjected to the energy beam,
it melts together in all directions, not only vertically. This makes it possi-
ble to construct overhangs and hollow chambers. Even if this AM method
is flexible in which geometries can be built, it is still very limited when it
comes to size and build time: the size is generally limited to within 2 m3 due

8



2.1. Common methods for AM

Figure 2.1: Powder-bed fusion: This illustration of PBF shows how ma-
terial from a container to the left is gradually delivered to the container
on the right. There, an energy source fuses the material together in a 2D
pattern, creating a new layer of the fabricated object. The container holding
the fabricated material is gradually lowered, while the container with the
building material is gradually elevated. Overhangs are possible because the
material at the top is always fully supported by excess powder below. Image
from[6], Creative Commons CC BY-NC 4.0.

to the size of the printer and the prolonged build time due to the thin layers,
which typically lays down only a few millimetres of depth per hour [8].

Direct energy deposition (DED)

DED methods use an energy source to heat up the material upon deposition,
and include WAAM. DED and PDF are, together, the most used methods
for constructing metal components. A wide range of more specialised AM
methods fall under DED, such as laser-engineered net shaping (LENS), di-
rect light fabrication (DLF), direct metal deposition (DMD), and laser-based
metal deposition (LBMD). DED methods are based on welding, and use an
energy beam such as an electrical arc or a laser beam to melt solid material
as it is being deposited [5, pp. 285–287]. DED is traditionally layer-based,
building structures from the bottom-up, and is used almost solely for metals.
As shown in Fig. 2.2, powdered material can be fed, for example, through
a nozzle along a defined path, and immediately melted using a laser beam.
The material deposition rate and build time depend very much on the spe-
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2. An introduction to additive Manufacturing

Figure 2.2: Direct energy deposition: In this illustration of powder-based
DED, powdered metal is deposited and melted together with the substrate
using a laser beam. The process is performed vertically, and layer by layer.
Image from [9], Creative Commons CC BY-NC-ND 3.0.

cific method, but, like extrusion extrusion-based methods, DED can build
much more quickly than PBF because deposition is not confined to very thin
layers.

Binder jetting (BJT)

BJT methods are similar to PBF in the sense that both methods entail
depositing powder, layer by layer, from the bottom up. The method was
developed at MIT in the 1990s, and was the first method to be called 3D
printing [5, pp. 237–239]. Instead of melting the material together in 2D pat-
terns that cumulatively constitute the 3D structure, BJT methods involve
depositing a binder onto a layer of powdered material, the layer typically
being less than 0.1 mm thick. A majority of the materials used for AM us-
ing BJT are starch-based, plus a water-based binder which reacts with the
powder. The deposited binder droplets make up part of the material in the
final structure, though most of the building material is the material from
the powder bed. Because the binder reacts with the powder in all directions,
AM using BJT also the construction of overhangs, holes etc, but the fin-
ished component is commonly less than 1 m3 due to the limitations of the
chamber size and the long building time involved in working with a large
number of very to the thin layers.
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Material jetting (MJT)

Material jetting (MJT) extrudes material from a printer head, and covers
many different kinds of AM technology. To enable the jetting of material,
solid material is heated enough to melt, and then cools upon depositing, ad-
hering to previously deposited material [5, pp.203-204]. Finding the right
temperature, nozzle diameter, extrusion rate, layer thickness and nozzle
speed are the main optimisation challenges at the user end; they’re all driven
from below by the material’s fluidity and freezing rate. The first demonstra-
tions came about in the 1980s, and the first commercially available MJT
printer was released in the mid 1990s [5, pp. 203–204]. MJT technology con-
tinued to develop to present date. The method can now be used for a variety
of materials including various polymers, ceramics and metals, though, in in-
dustry, MJT is mostly used for polymers [5, p. 205]. MJT is typically used to
build components less than 0.5 m3 large, and layer-by-layer from the bottom
up.

Material extrusion

Material extrusion (MEX) is the most commercially available AM method.
Material is fed through a nozzle onto a surface where it adheres to the
building surface or the previous layer. Most commonly, material is heated up
to a fluid phase before deposition, forced through the nozzle under pressure,
and solidifies as it cools down to room temperature. It is also possible to
solidify the material chemically, for example by drying a wet material, or
by agent-activated curing of an initially liquid material [5, pp. 171–173].
Material is deposited in layers from the bottom- up, accumulating into a final
three-dimensional product. Fused deposition modelling (FDM) is a form of
MEX, and one of the more commonly known and most available forms of
AM. It uses a bottom-up, layer-by-layer approach, melting and extruding a
plastic filament through a nozzle that moves along a preassigned path close
to the building surface within each layer on the x-y plane. When a layer
is completed, the nozzle moves up in the z-direction, to deposit the next
layer [4].

Vat polymerisation (VP)

Vat polymerisation (VP) processes, or vat photo-polymerisation processes,
use electromagnetic waves, mostly in the ultraviolet range, to change the
state of materials through radiation. Visible light, gamma rays, x-rays or
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Figure 2.3: Vat polymerisation: This illustration of a VP process shows
how a vat filled with a liquid photo-polymer, and a component being con-
structed on a platform moving vertically. The liquid surface is selectively
cured, for example by UV light or a laser, and adheres to the rest of the
component below. The platform is then lowered to submerge the component
just below the liquid surface, and another layer can be constructed in the
surface film. Adapted from [10].

electron beams may also be used. Most processes use liquid polymers that
become solid when exposed to the right kind of radiation, and are hence
called photo-polymers [5, pp. 77–78]. These materials were developed in the
1960s, and mostly used for painting and coating. The first approach towards
creating three dimensional parts was done in the 1980s by Charles Hull, and
this was the beginning of stereo-lithography (SL).

The method is layer-based. The upper-most part of a vat (tank) filled
with liquid photo-polymers are exposed to radiation, shown in Fig. 2.3. The
hardened part of the component is then lowered into the liquid, and a new
layer is exposed to the radiation. The submerged part of the component
and the surrounding liquid provide enough support that small overhangs,
of approximately 1–2 mm per layer, can be constructed without needing
additional support structures, despite the build being performed strictly
vertically from the bottom up [11].
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Why the need for robotised AM?

What many of the AM method described in this section have in common, is
that they require a strict top-down or bottom-up building approach, where
material is deposited or hardened vertically, one layer at a time. Some of
the methods allows for the construction of overhangs, but these methods
are limited by a slow building process and the size of the build chamber:
VP, MJT, BJT and PBF all take place inside a container that must be
larger than the structure being built. The deposited layers are also very
thin, which allows for a great deal of detail, but makes the deposition rate
very low. Building a larger structure is very time-consuming, even if the size
of the structure is not limited by the in-box building method. In addition, as
the build chamber must be filled with material, whether in liquid or powder
form, a lot of excess material is involved. Much of this excess material can
be re-used when considering machines that receive heavy use, e.g. producing
a large number of small orders, but this can be a big sunk cost in machines
used only occasionally.

For methods that can deposit material more quickly, such as MEX and
DED, additional support structures must be added if the build involves any
overhangs, as material cannot be deposited into thin air [11]. These support
structures must later be removed. Some geometries might not be possible
to construct at all, depending on the building material and dimensions.
Therefore, AM technology would greatly benefit from non-vertical deposition
of swiftly curing material.

Consider Fig. 2.4: When material is deposited vertically, but the layers
do not overlap completely, the contact surface is reduced, which weakens
the link between the layers. This was also the result of the preliminary
experiments using viscous glue presented in paper A: a larger contact surface
gave a more stable structure [12]. If the overhang shown in Fig. 2.4 were
even steeper, the layers might not overlap at all, making it impossible for
the layers to stick together when depositing material vertically. However, if
the material is deposited at an angle, as shown to the right in Fig. 2.4, the
contact surface is increased relative to the vertical deposition of the same
overhanging wall. This can enable the construction of overhangs even when
using AM methods that such as MEX or DED.
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Figure 2.4: Non-vertical deposition: In this simplified illustration, it is
possible to see how the contact surface between one layer and the next
changes with the angle of the wall being built. and the angle of the welding
gun. By angling the tool to follow the tilt of the wall, the contact surface
is increased, which can enable the newest welding bead to adhere better to
the underlying surface.

2.2 Additional benefits of using a 6-DOF robot

Combining material extrusion with a robot manipulator can be beneficial in
several ways. Most of the AM methods presented in section 2.1 have hard
limitations on the size of the structure that can be built: all in-box building
methods require the AM machine to be larger than the component that is
being constructed, as the component is built inside a chamber or a basin.
Any limitation on the size of the AM machine restricts the dimensions of
any component that can be built. “Large” AM-machines are still limited to
a volume of a few cubic meters.

One solution to this challenge is to use an industrial robot arm for ma-
terial deposition. Many industrial, 6-DOF robot manipulators have a reach
of 2 meters or more, which in itself creates a total workspace larger than
the build chamber of most AM machines. An example is the workspace of
the ABB IRB2400/10 robot used in the welding experiments in this thesis,
described in Fig. 2.5. Mounting the industrial robot manipulator on a rail or
gantry system can increase the workspace almost indefinitely. As long as the
material deposition rate is high enough to manufacture components within
a reasonable time-frame, such mobility enables the manufacturing of larger
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Figure 2.5: IRB 2400/10: This 6-DOF robot has a much larger workspace
than many traditional AM machines, and can reach points within the
workspace with an arbitrary orientation of the end effector. Dimensions are
given in mm. Image: www.Abb.com [13]

components. What defines a reasonable time-frame depends on the compo-
nent that is being used, and on what alternative manufacturing methods
are available, just as with other AM methods where the manufacturing time
can range from under an hour up to several days.

A larger workspace is only one of the reasons why AM by robot shows
promise. Robotised, non-vertical material deposition also broadens the spec-
trum of what kinds of structures can be manufactured. Compared to, for ex-
ample, machining, AM has very few limitations when it comes to the geome-
tries of the component. However, most AM methods require the structure to
be built layer-by-layer, based on a digital 3D-model which is sliced into thin
layers for deposition one at a time [14]. The material is deposited directly
and vertically, either top-down or bottom-up, and the process is often time
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Figure 2.6: Non-vertical deposition: Equipment attached to a 6-DOF
robot manipulator to deposit material can achieve non-vertical material de-
position. This can help build overhangs without needing additional support
structures. Simulations were done using the Robot Studio software from
ABB.

consuming as very little material is added to the process in each thin layer.

A building method with strictly vertical material deposition is generally
unable to build structures with overhangs, so-called ‘unsupported geome-
tries’ [14], without adding support structures. Unsupported geometries can,
in themselves, be quite simple, such as a hollow ball or an arch, and may
seem much easier to construct than many other complex geometries that
modern AM machines are able to manufacture. For methods such as PBF
and VP, smaller overhangs are possible to construct because the compo-
nent is fully submerged in excess material during the build process, and the
fusing or polymerisation can happen horizontally as well as vertically. For
extrusion-based AM methods, on the other hand, and other methods which
offer benefits such as a higher material deposition rate and less need for
excess building material, this is not the case.

While material is deposited directly above the previous layer, any kind
of significant overhang requires additional support structures so that the
new material can have something to adhere to. This can be understood
by studying Fig. 2.4, which shows how the contact surface between layers
decreases at steeper angles. Material cannot be deposited onto thin air, so
additional support structures are needed for prominent overhangs. Building
support structures adds time to the overall building process. In addition,
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these support structures must often be removed in post-processing to leave
behind the desired shape, which again requires more time and resources.
Even if the structure does not, for some reason, require that the support
structures be removed, they still represent extra costs in terms of materials
and construction time.

If material could instead be deposited in a non-vertical direction, this
would greatly expand the range of geometries and structures that can be
built. Even though successive layers may not be directly one above the other,
it can still be possible for them to adhere to each other when deposited as
shown in Fig. 2.6. An industrial 6 DOF robot manipulator can reach a given
point in its workspace with an arbitrary orientation of the end effector. If
the material extruded through that end effector cures quickly enough to
withstand the stresses due to its own weight before reaching a solid state, it
will be possible to deposit material non-vertically, as the contact surface is
increased as shown in Fig. 2.4. This will not only make it possible to more
easily construct geometries with overhangs, but can also remove the need
for a strictly horizontal layering approach.

For the preliminary experiments presented in this thesis, tests were done
building a small cylindrical cup structure using set-based control and a 6-
DOF UR-5 robot arm depicted in Fig. 2.7. This test showed that it was
possible to build a structure using a viscous material that was deposited
in a non–layer-wise manner: the material was deposited by spiralling the
extrusion head upwards along a helix, which sets the method apart from
traditional AM. Further details on this experiment can be found in paper
A [12]. This is the only build in this thesis that was not done using metals
and welding technology, and is an area that needs to be explored further.

2.3 AM using metals and WAAM

This thesis focuses mostly on AM in metals, as this is an important area
for industry and manufacturing, as will be further discussed in chapter 4.
PBF and powder-based DED are the most-used traditional AM methods
for creating metal structures. A great variety of metals can be used to build
structures using PBF methods, the most common being stainless steel and
tool steels, titanium alloys, nickel alloys, and aluminium alloys, though it
is possible to use just about any metal that can be welded [5, pp. 128-
130]. These traditional methods are, however, limited to producing smaller
components because they are generally so time-consuming. The layers of
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Figure 2.7: Non-layer-wise deposition: A viscous glue was used in this
non–layer-wise build. This preliminary experiment is the only test from this
thesis done using material extrusion rather than WAAM, and a 6-DOF UR5
robot from Universal Robots.

deposited materials are thin and, while this allows for a great amount of
detail, the deposition rate is relatively low [5, pp. 301–303]. As an example,
SLS or DED methods can deposit steel at a rate of 0.1 kg to 1 kg per hour.
In comparison, WAAM in the same material can have a deposition rate of
5 kg to 6 kg per hour [15, 16].

Some of the advantages of using WAAM are listed by Williams et al. [17]:

• Low-cost process, cheap robots,

• High deposition rate; can deposit material quickly

• No size limitations, if robot is placed on a track

• Reduces waste of material
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Figure 2.8: Wire-arc additive manufacturing: Most of the lab work
presented in this thesis was done using this robot cell with a IRB 2400/10
6-DOF robot manipulator from ABB, and Fronius CMT welding equipment.

Most common AM methods are limited to producing small objects because
of the enclosed building environment, i.e. the printing chamber of the AM
machine. While the machine has to be larger than the component it pro-
duces, the benefits of enlarging the machine diminish at a certain point.
And, of course, as long as the deposition rate is low, constructing large
components will take too long to be practicable.

As explained in section 2.1, the term DED covers a range of AM meth-
ods that use an energy beam to melt material as it is being deposited. The
arc in a wire–arc welding process can work as such an energy source, moti-
vating the extensive work that has gone into the method known as WAAM.
WAAM has grown rapidly in popularity and gained much interest in the
industrial manufacturing sector due to its ability to produce large metal
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components with a high deposition rate. WAAM can be traced back to the
1920s, when an electric arc was used as the heat source to construct metal
decorative ornaments by layered material deposition [18, 19]. The technol-
ogy has developed gradually from there, and has seen an additional spike
in the development over the last decades, which follows the general trend in
the use of AM technologies.

WAAM is not restricted by low deposition rates, nor by the size of a
printing chamber: combining wire–arc welding equipment with an industrial
robot manipulator gives the robot cell a large workspace compared to tra-
ditional AM methods. If the robot manipulator is mobile, for example by
being installed on a rail or a gantry system, the workspace can be increased
even further. The deposition rate is very high compared to PBF or powder-
based DED. And, very importantly, the equipment is relatively cheap when
considered in a manufacturing setting, and can often be used in other parts
of production as well. Both an industrial robot manipulator and welding
equipment already exist in many factories, and can often be used for other
purposes than WAAM, or can be re-sold if necessary. There are three main
types of arc welding, which will be further described in section 3.2: GMAW,
GTAW and PAW [18]. The method most commonly used in WAAM, and
used in the work presented in this thesis, is GMAW, often referred to only
as MIG welding.

In general, building components using WAAM can be more material-
efficient, less time-consuming, and environmentally friendlier based on the
saving of materials and energy compared to other manufacturing methods.
Though all welding faces challenges in its material properties, it has been
shown that WAAM samples can have lower porosity, finer micro-structures
and higher strength compared to casting when conditioned using post-weld
heat treatment [16, 20].
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Chapter 3

Arc welding technology

Welding is the joining of two or more parts together by applying heat or
pressure. This technology has been utilised in different forms for as long as
we have made use of metals such as bronze, iron or gold, and has grown
more advanced over time [21]. The technology has evolved especially over
the last two centuries, through the significant development and refinement
of welding methods following the Industrial Revolution. As of today, over 75
different welding methods, with different advantages and drawbacks, have
emerged to meet a growing need for precise and diverse methods for joining
metals[22, pp. 3–6]. The common denominator is that all these methods
produce a metallic bond between separate pieces of material by exposing
them to heat or pressure. The more heat is added, the less need there is for
pressure.

3.1 Basic principles for arc welding

This thesis focuses mainly on arc welding, which uses heat input from an
electric arc to weld metals together. A welding arc is an electric discharge
between two electrodes, with a current being conducted through a shielding
gas from the electrode to the work-piece. The arc forms initially through di-
electric breakdown of the shielding gas, as the electric field between the elec-
trodes pulls the shielding gas atoms apart. This produces ions and free elec-
trons that, accelerated by the electric field, collide with other gas molecules,
ionising them to maintain conductive plasma channel – the arc – through
the shielding gas.

For traditional welding where separate pieces of metal are joined to-
gether, the metal constituting the parts to be joined is called the base metal,
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3. Arc welding technology

Figure 3.1: Welding arc: In this sketch, the consumable electrode is de-
picted as positive and the substrate is negative, but it can just as well be
other way around. Adapted from [24, p. 2.7]

or the substrate. The material added between them during the welding pro-
cess, such as a welding wire, is called the filler material. The heat input is
determined by the amount of electric energy released in the discharge be-
tween the electrodes. The heat input controls how much of the substrate
and the filler metal melt, and the amount of heat accumulated [23, pp. 6-
8]. In arc welding, the heat input is large enough that no extra pressure is
required for the metals to bond together. Fig. 3.1 shows the arc between a
consumable electrode, i.e. the filler material, and the substrate, which works
as the second electrode.

The heated area where base material has melted and can be welded
together with the filler metal is called the molten weld pool or molten weld
metal, as shown in Fig. 3.4 and Fig. 3.5. The size of this area depends on
the heat input, and keeping the size and depth of the weld pool stable is
important for determining the outcome of the welding process. A shielding
gas protects the electrode, the electrical arc and the weld pool from chemical
interaction with the surrounding air. Such gases can be active or inert: an
active gas will react with the material in the weld pool and thereby be an
active part of the chemical process, while an inert gas will not [23, p. 4-5].
The shielding gas, whether inert or active, must be heated enough to be
ionised, in order that it be able to carry the current between the electrodes
via its charged particles; different gases require different temperatures for
ionisation. This, in turn, impacts upon the heat input to the weld pool.
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Figure 3.2: Heat-affected zone: A cross-section of a welding bead on a
substrate. The fully melted metal is called the weld metal and is a combi-
nation of melted base metal and filler metal. The heat-affected zone (HAZ)
is the area surrounding the welding metal which has not melted, but is still
structurally affected by the heat input.

In Fig. 3.2 the cross section of a welding bead on a substrate is shown.
The weld metal is the material that has been melted; this will usually be
a combination of base material and filler material. The heat-affected zone
(HAZ) is material surrounding the weld metal which is affected by the heat,
but has not reached the melting point.

Operating variables in arc welding

Several variables control different aspects of the arc welding process. The
way these parameters impact upon the welding arc has much to say for
the result. The most important parameter are the voltage and current in
the welding process, how these are controlled, and how they relate to each
other.

The diameter of the weld pool is determined by the current that is added
to create the electric charge between the electrodes, as a higher supply cur-
rent will give a higher heat input at the electrode [22, p. 16]. The welding
current is typically somewhere between 100A and 1000A [24, p. 2.7]. The
voltage is naturally linked to the added current, but not in the classical
sense where U = R · I, because the welding arc does not work as a Ohmic
resistance [24, p. 2.7]. The voltage mainly impacts upon the arc length: the
higher the voltage, the higher the arc length, and vice versa.

The wire feed rate also impacts upon the welding process, especially
when the wire also functions as a consumable electrode (see section 3.2). As
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Figure 3.3: Volt–ampere characteristic curves: A constant-current sup-
ply, with its non-linear volt- ampere curve, can stabilise the current even
when the voltage varies somewhat from the target operating point. For a
constant- voltage power source, the volt- ampere curve is linear. Depending
on the slope of the curve, even a small variation in the voltage can give a
significant change in the current. Adapted from [25]

shown in Fig. 3.1, the welding arc stretches between the two electrodes. If
the uppermost electrode, i.e. the welding wire, is moved closer to the base
material due to an increase in the wire feed rate, the welding arc will shorten.
This will, in turn, lower the arc voltage.

How the current, voltage and wire feed are controlled greatly impacts
upon the welding process, and different welding approaches can benefit
from different control methods. The power sources are generally divided
into constant-voltage and constant-current power sources. As explained, the
current, voltage and arc length all impact upon each other. It is therefore
possible to choose your main control parameter depending on what type of
control is desired for executing the welding procedure.

For example, in manual arc welding, it is not possible to have full con-
trol of the arc length: the distance between the end of the welding gun and
the surface to be welded will vary throughout the process because a human
welder will have some deviations in her movements. When the arc length
varies, so will the arc voltage, as these are so closely connected. However,
with modern voltage-sensing tecnhiques, it is possible for the power source to
adjust the supply voltage to keep the current close to constant, thereby con-
trolling the heat input at the electrode [26]. For these systems, supply voltage
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and current are connected in a way so that each current setting results in
its own volt–ampere characteristic curve, like those shown in Fig. 3.3: For a
constant- current power source, this characteristic is non-linear, as shown to
the left. This means that a large change in the voltage will not necessarily
lead to a large change in the current, so the welding is kept stable.

On the other hand, automated and robotised welding procedures that
are very precisely controlled generally benefit from using a constant-voltage
power source. As the arc length does not vary in an unpredictable or sudden
way due to close control of both the tool position and the wire feed rate,
the system can stabilise the arc based on a constant voltage instead. For a
constant-voltage power source, the Volt–Ampere characteristic is linear, as
shown to the right in Fig. 3.3. Depending on the slope of the curve, even
a small change in voltage can result in a large change in the current [26].
In robotised welding procedures where the surface to be welded and the
welding gun are held a fixed distance apart, the voltage is usually kept
stable throughout a welding process. Deviations in this distance caused by
e.g. an uneven surface can impact upon both the voltage and the current [22,
p. 16].

The shielding gas has two main functions: to protect the process from
interaction with the surrounding air, and to increase the process’s stabil-
ity, reliability, and quality [23, pp. 49-50]. Inert shielding gases include the
helium (He), argon (Ar) and carbon dioxide (CO2), with helium being par-
ticularly costly, and carbon dioxide being cheap but at the practical cost of
more spatter. Among the active shielding gases, hydrogen (H2) is sometimes
used for welding austenitic stainless steels, and oxygen (O2) and nitrogen
(N2) for stabilising the arc [23, p. 19].

3.2 Types of arc welding

Over time, arc welding has become the most important group of welding
methods, owing to their wide use in industry [24]. The various kinds of arc
welding differ in their characteristics, and hence in their fields of applica-
tion. The following outline of the most common methods will help us to
understand why some kinds of arc welding are more suitable for robotised
welding, the focus of this thesis.
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Gas tungsten-arc welding

Gas tungsten arc welding (GTAW) uses tungsten or tungsten-alloy electrode
separate from the deposited material. This electrode is non-consumable, as
tungsten in pure form has a melting point over 3400◦C. GTAW welding is
also known as tungsten inert gas (TIG) welding, mostly using inert shielding
gases such as argon and helium. Tungsten active gas welding (TAG) also
exists, but is not commonly used, and will not be described further in this
thesis.

In TIG welding, the electric discharge that comprises the welding arc
occurs between the non-consumable electrode and the base metal or weld-
ing surface. The added current is usually in the range 20A to 800A with
regular GTAW equipment [24, p. 3.2]. The arc extends from a tungsten (wol-
fram) electrode protruding from the mouth of the welding gun, as shown in
Fig. 3.4. Shielding gas flows out through the nozzle, enveloping the tungsten
electrode. The filler material is added separately, like when using a soldering
iron, and angled at the front of the electrode relative to where the welding
gun is headed [24, pp. 3.1—3.3]. GTAW welding can be used to weld almost
all kinds of metal materials, and the deposition rate for GTAW is typically
1 kg to 2 kg of material per hour.

Plasma arc welding

Plasma arc welding (PAW) also involves a non-consumable electrode and
separate feed of filler wire, similarly to GTAW. The mouth of the welding
gun is made narrower than in GTAW by adding a nozzle, which concentrates
the plasma jet and its power [24, pp. 3.4-3.5]. This leads to an increased
heat input when using PAW compared to GTAW, and the deposition rate is
typically 2 kg to 4 kg of material per hour [18]. In order to better protect the
powerful arc, an extra layer of shielding gas—called plasma gas—is added
via an extra mouth piece outside the nozzle that separates the shielding gas
and the additional plasma gas, even though these two gases are often the
same. One of the drawbacks with PAW is that the equipment is generally
very expensive compared to other types of arc welding equipment [26]. The
nozzle providing the additional layer of shielding gas also adds bulk to the
tip of the welding gun, limiting access to small spaces.
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Figure 3.4: GTAW: Gas tungsten arc welding, often called TIG- weld-
ing from the term ‘tungsten inert gas welding’. This process has a non-
consumable electrode and a separate filler wire. Adapted from [24, p. 3.1].

Gas metal arc welding

Unlike GTAW and PAW, gas metal arc welding (GMAW) has a consumable
electrode. The welding wire serves as both filler wire and electrode, as illus-
trated in Fig. 3.1. The arc burns from the welding thread itself, which is fed
continuously through the nozzle of the welding gun, as shown in Fig. 3.5. The
shielding gas, electrode and current conductor are all led down through to
the nozzle, and, just as for GTAW, the shielding gas covers the electrode. As
there are fewer elements involved than in GTAW or PAW, GMAW is often
favoured for fully automated welding or WAAM. As the electrode and the
consumable filler material are one and the same, there are fewer components
to consider when, for example, programming the path for a robot, and less
chance of collisions. This makes sense when comparing Fig. 3.4 and Fig.3.5:
the latter involves no additional parts to consider when planning the robot’s
path.

For robotised and fully automated GMAW processes, it is most common
to use a constant-voltage power source, as explained in section 3.1. The
voltage is typically kept in the range of 20V to 40V [22, p. 16]. The average
deposition rate is 3 kg to 4 kg of material per hour, depending on the heat
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Figure 3.5: GMAW: A consumable electrode serves also as the filler wire.
Adapted from [24, p.3.6]

input and filler wire material [18]. The method is often referred to as metal
inert gas (MIG) or metal active gas (MAG) welding, depending on whether
the shielding gas is inert (e.g. argon or helium) or active (e.g. oxygen or
carbon dioxide), i.e. whether it reacts with the molten material.[23, p. 3].
The work presented in this thesis focuses mainly on MIG welding.

There are a few main parameters that affect a MAG/MIG welding process,
listed in [23, pp. 19–24 ]:

• Wire diameter: A thicker wire can carry a higher current, but might
also cause feeding problems due to the filler melting into the wire guide
and nozzle. This is especially challenging when working with a filler
material with a relatively low melting point, such as aluminium.

• Voltage and wire feed rate: Will impact upon both the length of the
welding arc and the width of the welding bead.

• Welding speed: How quickly the welding gun and the surface to be
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welded move relative to each other. In general, a higher welding speed
gives a narrower welding bead, as material is spread out over a greater
length, given a constant material deposition rate.

• Inductance or dynamic properties: The inductance of the power source
affects the welding properties. This is typically managed by digital
control circuits, and will not be addressed further in this thesis.

• Wire stick-out, or electrode extension : How far the consumable elec-
trode sticks out from the nozzle of the welding gun. If this distance
is too short, there is a greater chance of the filler metal melting into
the wire guide or the nozzle. If the stick-out is too far, stubbing can
occur, i.e. longer periods of short-circuiting caused by the welding wire
touching the welding surface.

• Choice of shielding gas and gas flow rate: Different welding gases and
gas mixtures affect both temperature and other welding arc properties.

• Torch and joint position: The orientation of the nozzle relative to the
base metal or welding surface will affect the shape of the welding arc,
which, in turn, impacts upon material deposition and arc stability.

• Pulsed wire feed: Affects the deposition rate for CMT welding.

When welding with a consumable electrode, the arc can be classified by how
the filler material is transported to the weld pool. For this thesis, it is most
important to understand the two most basic transport methods: short arc
welding and spray welding.

Spray arc welding is used only for processes with a relatively high current,
normally above 200A to 250A. A current this high produces a magnetic field
that helps to release a spray of melted material from the electrode surface
and directs the droplets down into the welding pool [23, pp. 13–14], as
shown to the left in Fig. 3.6. This process avoids short-circuiting, making
the welding arc stable and spatter-free, which are highly valued properties for
any welding process. If the filler wire is very thin, it is possible to perform
spray arc welding at a slightly lower current than 200A, as the smaller
droplets will require less magnetic force to travel the gap between electrodes
through the welding arc.

Short arc welding, also referred to as short-circuiting arc welding or dip
transfer, is the most common method when using lower currents. When the
current is low, magnetic forces do not push droplets of melted material down
into the welding pool, but rather pushes upwards in the welding arc. This
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3. Arc welding technology

Figure 3.6: Transfer of filler material: There are two main arc classifica-
tions when using a consumable electrode. Spray arc welding is shown to the
left, and the steps of short (-circuiting) arc welding are shown to the right.
Adapted from [23, p. 11].

means that the droplet of melted material will not be released immediately,
but instead grows in size, which can destabilise the process by affecting the
welding arc [23, p. 11]. To prevent the droplet from growing too large, the
distance between the consumable electrode and the base or welding surface,
i.e. the length of the welding arc, is kept so short that the droplet briefly dips
into the welding pool, creating a short circuit. When this happens, surface
tension pulls the droplet from the filler wire to the melting bath, and the
end of the droplet is eventually pinched off by the magnetic forces at the
electrode end. The filler material is hence transferred by direct contact, in
contrast to the free droplets used in spray arc welding [23, pp. 11–12]. The
steps of short arc welding are shown to the right in Fig. 3.6. If the short-
circuit current is too high, the magnetic pinching of the droplet can be
affected, causing weld spatter.

In addition to spray arc and short arc transfer, there is globular arc
welding, which lies somewhere in-between the two. For this method, a larger
droplet of molten filler material, i.e. wider than the filler wire, gathers at
the end of the feed wire. This droplet is heavy enough for gravity to play
a significant role, it is transferred into the weld pool through a combina-
tion of gravitation, drag and electromagnetic forces [27]. As the droplet is
greatly affected by its weight, this transfer method is generally used only
for welding on strictly flat surfaces [26]. Because the molten filler droplet is
so large, irregular, and does not necessarily ‘fall’ straight into the middle of
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the welding pool, there is often spattering, though the material deposition
rate can be higher than for the other two methods.

Pulsed MAG/MIG

Pulsed MAG/MIG welding can be considered as a fourth transfer mode, or
as a modified kind of spray arc welding which uses pulsations in the current.
This requires a power source specifically designed to allow for pulsed current
control [26, 28]. Spray arc welding gives a more stable arc than short-arc
welding, and is generally used with a current range of around 200A to
250A [23, p. 13]. Pulsed MAG/MIG uses pulses between 30Hz to 300Hz to
control the molten filler droplets. The current pulses encourage the formation
of small droplets at the end of the welding wire, which move through the arc
onto the surface to be welded. This enables greater control over the spray
arc welding at lower currents. Pulsed MAG/MIG welding is mainly used
for welding stainless steel and aluminium, but can also be used for other
materials. Spray welding is both stable and spatter-free compared to short
arc welding [23, p. 14, p. 37].

Cold metal transfer

Cold metal transfer (CMT) is a type of short arc MAG/MIG welding in-
vented by the company Fronius [29]. CMT is very stable and spatter-free,
even though short arc welding is generally less stable than spray arc weld-
ing. This is because of the modified control method: while pulsed MAG/MIG
uses a control system to oscillate the current, CMT uses a mechanical os-
cillation of the filler wire itself. The rate and direction of the wire feed are
controlled so that the welding wire oscillates in and out of the welding gun,
i.e. towards and away from the surface to be welded [30]. The short circuiting
that occurs when the droplet of molten filler material touches the welding
surface is detected by process control in the welding equipment, and the
filler wire is then immediately retracted. The droplet is thus released, and
a gap opened, stopping the short circuiting. This oscillation of the welding
wire achieves a more stable short arc welding [31]. The heat input is in the
low range of GMAW welding techniques. Consequently, the deposition rate
is also slightly lower, about 2 kg to 3 kg of material per hour [18].
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3. Arc welding technology

Figure 3.7: Cold metal transfer: By oscillating the wire feed, CMT weld-
ing achieves a more stable form of short arc welding. When the welding
wire is moved close to the surface to be welded, a short circuit occurs. The
wire is then retracted, leaving behind a droplet of melted material. Image
from[32]/www.Fronius.com, Creative Commons CC BY 4.0.
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Chapter 4

Motivation and literature
review

The 1980s were the early start for additive manufacturing. Over the decades
since then, there has been a boost in the development and use of AM tech-
nology. The first commercial systems were available in the 1990s, and were
originally based on polymers etc., as the technology was initially focused
on prototyping [14]. AM has developed alongside other technologies such as
3D graphics and computer-aided design (CAD), and has numerous benefits
when it comes to small series production of three-dimensional parts. The
ability for building affordable, small-scale 3D models or prototypes created
many new possibilities for developers. The technology has later transitioned
from being used solely for prototyping to also producing smaller end prod-
ucts. Gibson et al. (2021) present some of the financial benefits of using AM
technology in prototyping and short-run production of components [5, p.
652]:

• If prototypes and end products can be produced in near-net–shape
without the need for moulds etc., material consumption could be re-
duced compared to for example CNC or casting. This will, in turn,
lead to lower start-up costs for new and old businesses alike.

• Building structures using AM makes it easier to build them as a whole
instead of in pieces that must later be assembled into the compos-
ite end product. This can reduce the need for extra equipment or
manpower to perform such tasks, and hence the associated financial
benefits.

• Having the opportunity to produce components in small runs can re-
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lieve businesses of the costs related to the need to store surplus parts,
and also avoid the sunk costs of material and time in producing more
parts than are presently needed.

An extensive presentation of the most common forms of AM was presented
in chapter 2, and researching and writing an early version of section 2.1
was the starting point for the research presented in this thesis. The work
on this thesis began at the end of 2016, and as this is a field that is rapidly
evolving, much has happened over these last five and half years. The main
objective of the thesis is to investigate how robotised AM can be used to
extend the areas in which AM could be useful. This include manufacturing
structures outside of a restrictive building chamber, and the potential to
deposit material non-vertically to construct overhangs without the need for
support structures. To fulfil this objective, the following research questions
have been identified:

RQ1: How can a 6 DOF robot manipulator be combined with material depo-
sition to perform AM in order to diverge from many of the standard methods
of AM and thus avoid being restricted by a building chamber?

RQ2: Can a proof-of-concept build by robot be performed using a building
method that is not strictly based on stacking 2D layers of material?

RQ3: Is it possible to build thin-walled metal structures in one continuous
process using WAAM, thereby avoiding additional issues related to flame-
initiation and flame-out?

RQ4: When the structure requires intersections within a layer, can an alter-
native approach using opposing corners to avoid intersections within layers
be used on a build with continuous material deposition over several layers?

RQ5: Can the suggested framework for set-based control be suited to build a
thin-walled, symmetrical structure using WAAM?

RQ6: Does freedom in the orientation of the tool significantly affect the
build?

RQ7: Can an overhang be constructed by depositing material continuously
while letting the orientation of the tool follow the tilt of the overhang?
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4.1. Robotised AM – proof-of-concept

This chapter will summarise the starting point for the research, the lit-
erature that the work presented in each paper is based on, and how the
status quo of the AM technologies and research evolved in parallel with this
project.

4.1 Robotised AM – proof-of-concept

Based on researching the most common methods for AM, presented in sec-
tion 2.1, two main challenges was identified: ’In-box’ building methods re-
quire the AM machine to be larger than the component that is being con-
structed, which limits the size of the final component, as increasing the size
of the AM machine can only be beneficial up to a point. In addition, most
methods for AM build up structures strictly layer-by-layer using vertical
material deposition, i.e. adding 2D layers onto each other either top-down
or bottom-up. This introduces the need for support structures if the build
involves overhangs, as material cannot be deposited vertically onto noth-
ing. If material could be deposited at an angle, the contact surface between
layer could be increased, allowing to consecutive layers to adhere to each
other even at an angle. For a more thorough explanation, see Fig. 2.4 and
sections 2.1 and 2.2. The starting point for the work was to perform robo-
tised AM, and to utilise the benefits of this approach, especially considering
building large structures.

Paper A [12] includes a literature review conducted at that time inves-
tigating the several forms in which other projects were working on realis-
ing large-scale or robotised AM. This literature review investigated both
projects that built larger structures piece by piece by splitting the final
product into smaller parts, such as the 3D Elephant Petition [33], Total
Kustom’s concrete castle [34], and to some extent the Dragon Bench from
Joris Laarman Lab [35].

The 3D Elephant Petition 3D printed a life-sized elephant sculpture over
the course of two weeks by combining several 3D printers with an add-on
that allowed the printers to move vertically, introducing an additional degree
of freedom (DOF) [36]. This use of traditional 3D printers to produce larger
structures led to evaluating if a 3D printer head could be used to extrude
material while connected to a robot manipulator for some proof-of-concept
experiments performed and presented in paper A [12] and section 5.1. The
fact that this build also took two full weeks highlights how the high reso-
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lution of many off-the-shelf 3D printers also means that they are slow, and
that larger builds would take a very long time, and that high resolution or
accuracy in many cases must be weighed against efficiency.

The project Total Kustom worked on AM on a much larger scale, using
their own apparatus for extruding cement in order to build small houses
and other living quarters [34, 37]. As opposed to the high resolution of the
structures built in the 3D Elephant project, Total Kustom used a very low
resolution material extrusion to deposit large amounts of cement. Another
project called Apis Cor had a similar approach: Using their own system for
extruding cement, they could build a 38m2 circular house in approx. 24 hours
of machine printing time [38, 39]. In later years, several other companies have
followed suit and started their own research into 3D printing of houses, such
as the American company ICON who printed a set of 37m2 homes for the
homeless in 2020 [40], the Belgic Kamp C KIEM project which produced
their first house in 2020 [41], or the German company Peri who opened their
first 3D printed home in 2021 [42].

The work performed by Joris Laarman Lab was especially within the
focus area of this research, as they combined robotics with the extrusion
of material: Both a fast-curing polymer [43] and metal by laser welding
in order to build structures using non-layer-wise material deposition [44].
Their work in metals was focused both on spot welding welding, for example
shown in the construction of the dragon bench [35], and continuous arc
welding when building the butterfly screen: a 2×3 meter large double curved
bronze structure built as a whole [45]. However, as this work is carried out
by a commercial actor, their research methods have not been published,
and a detailed description of their work is not available. From the time
the literature review in paper A was performed, their work has continued
developing. A 3D printed metal bridge that were in the planning stages at
the end of 2016 has now been built, and more work has been done using CMT
and WAAM, culminating in a fully integrated print-on-demand system [46].

Based on the the status of alternative forms of AM investigated, paper
A aimed to address RQ1 and RQ2 [12].

4.2 Continuous material deposition using WAAM

While mass production of parts and products can bring the cost of manu-
facturing down, custom-made parts or products are generally costly in com-
parison. For start-ups and developers, AM is often affordable compared to
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other methods for manufacturing custom parts or prototypes. Metal AM is,
in general, an interesting field for industry, as metal parts can be costly and
time-consuming to manufacture in small quantities. AM can for example be
cost-efficient because it saves time in production or in materials: Producing a
custom metal component from a large piece of material by grinding it down
to its final shape generates a large amount of scrap metal relative to the ma-
terial cost of the actual component, sometimes as much as 90 %. Although
scrap metal can often be recycled, recycling typically results in material of a
lower quality than the original block. An alternative manufacturing method
can be to cast the structure, which might save materials compared to ma-
chining a large block of material down to a smaller component. However,
developing a custom mould is, in itself, costly and time consuming, and it
might not be worthwhile to produce only a few components.

Performing AM in metal is therefore a field with much interest from
industry, including the industry consortium in SFI Manufacturing, which
this PhD project has been a part of. The scope of this work was therefore
narrowed down from working with deposition of any kind of material using
robotics, to focusing on constructing metal structures. A demonstrated by
Laarman Lab, AM in metal could be done using welding equipment [44, 45].
A thorough presentation of different welding technologies were presented
in chapter 3, highlighting the main differences, advantages and drawbacks
for using different methods, and section 2.3 described how WAAM can be
used. Much of the work presented in this thesis concerns metals and welding
technology. The hope is that metal AM can eventually help both to enable
the manufacturing of components on demand, and also to perform repair
work on existing components on site. Based on the research done on welding
method presented in chapter 3, CMT was chosen as the preferred welding
method, as it is considered very stable and spatter-free [31]. A closer de-
scription of how the method work, and how it compares to other types of
arc-welding, is found in section 3.2.

Though the work presented in paper A [12] investigate how material can
be deposited in a manner that is not based on layers, a layer-based approach
can be easy when planning the build of a structure. The work in paper A
showed that there were challenges related to the starting and stopping of
material flow when working with material extrusion. As reported by [47],
flame and initiation and flame-out in welding processes also tend to lead
to uneven material deposition. Therefore, it could be beneficial to keep the
build going as continuously as possible, which would also be more efficient.
How the transition between layers happened might make a difference to
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how the structure turns out, and be essential if the aim is to keep the build
going as continuously as possible. Investigating how a build of thin-walled
structure would react to a continuous building process was deemed a good
starting point for further work.

One challenge that can arise when building thin walled structures us-
ing any kind of material deposition is how to deal with intersections within
the same layer [48]. While a continuous path might be ideal in order to
avoid issues related to flame initiation and flame-out [47], intersections in
a robot’s path within one layer while continuously depositing material will
lead to double material deposition. One solution to this could be to adjust
the process to make the tool deposit less material at the point of inter-
section, though this would require very finely tuned welding parameters.
However, an alternative approach was suggested by [49]: Replacing the ac-
tual intersections with opposing corners, and ensuring that these corners
were close enough together to properly melt together. This had not been
done for longer, continuous builds, so whether this method with opposing
corners could be combined with continuous material deposition constructing
a thin-walled structure became the objective for the next work, and paper
B aimed to address RQ3 and RQ4 [50].

4.3 Set-based control framework used in WAAM

Based on the overview of AM methods given in section 2.1, one of the ben-
efits of using a 6 DOF manipulator to deposit material was found to be
the ability to deposit material at an angle, in addition to building larger
structures without being restricted by a chamber. A 6 DOF robot manipu-
lator’s end effector has the ability to reach any given point within the robot’s
workspace at an arbitrary orientation. For vertical material deposition, addi-
tional support structures are needed when constructing overhangs, i.e. parts
of the structure that sticks out over a lower part of the structure without
being supported by an preceding layer in a directly vertical direction. This
indicated more materials, and a longer build time, and if the overhangs
are significant for the final structure, these support structure must also be
removed in post-processing [51].

By depositing fast-curing material at an angle, it could be possible to
bypass this restriction, as demonstrated by Laarman Lab amongst oth-
ers [43, 44, 52], described in section 4.1. This could for example be done
by moving a mobile building surface around a fixed point of material de-
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position, which at this time seemed to be the dominant approach in new
research. This had been done using both plastics and metals [53, 54], though
for structures at a relatively small scale. As a fixed point of material deposi-
tion would make the build less vulnerable to effects of the gravitational pull,
this approach makes sense as a starting point for such research. However, as
explained in section 4.1, AM in metal could be very helpful for repair work
on for example ships or other constructions that cannot easily be moved,
if the technology matured enough. In such events, a tool working onto a
fixed, un-moving surface would be closer to a realistic scenario. This had
been examined by Xiong et al. [55], using arc-welding to build metal walls
with overhang on a fixed, horizontal surface. However, this was done while
keeping a fixed vertical orientation of the torch in a AM apparatus, not using
a robot manipulator or utilising a robot manipulator’s flexibility to change
the orientation of the tool. Another project, Kazanas et al. [56], had indeed
used WAAM with non-vertical orientation of the tool to construct small,
tilted wall structures. However, this had not been done during continuous
builds over time, a scenario which would likely present a new set of chal-
lenges related to how the material would set on the building surface, as heat
accumulation would keep the metal at a liquid stage for longer. As an ap-
proach utilising a 6 DOF robot manipulator’s flexibility did not seem to be
broadly investigated by actors publishing their scientific methods, building
structure onto a fixed substrate using a tilted tool for material deposition
became the main objective for further work.

As is further elaborated on in section 5.1, the experiments carried out in
paper A were performed using a framework for set-based control developed
by S. Moe, a co-supervisor for this thesis, and co-author of paper A, C
and D [12, 57, 58]. Inspired by how this control method had been used
to optimise spray painting in [59], the work presented in paper C focused
on whether this approach could be transferred to building a thin-walled
structure using WAAM. Not relying on a strictly fixed orientation of the
welding gun expands the available work-space of the robot, and can help
avoid obstacles in an industry or factory setting, be it external obstacles
or parts of the ongoing build. A brief introduction to set-based control is
given here, as not all readers of this cross-disciplinary thesis are necessarily
familiar with this control method.

A robot manipulator consists of a set of joints and links: The links are the
solid parts of the robot arm, and the joints are where the links meet and move
relative to each other. Calculating the position of the end effector, based on
knowing the characteristics and positions of each of these joints, is called
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forward kinematics or direct kinematics. Calculation the forward kinematics
can almost be compared to following a map: If you know where you start,
how far you move in a given direction, and how you change direction relative
to where you were going, you can calculate where you are going to end
up without much difficulty. For robot control, the problem is typically the
opposite: you know where you need effector of the robot arm to end up,
and you know the dimensions of the joints. Then you need to calculate the
necessary values in the joint space for the robot to realise this command.
This calculation is called inverse kinematics, and is much more complicated
than forward kinematics because there are often multiple valid solutions. In
fact, the more joints, or DOFs, the robot has, the more solutions there are.

Parts of the robot control presented in this thesis use built-in functions
from the RAPID programming language produced by ABB Robotics [60].
When such commands are used, the robot control system registers the spe-
cific, desired positions and orientations, and then performs the necessary
inverse kinematics calculations for us. This is of course very helpful, but
it also takes away some control over the robot’s path and the process. De-
pending on the application, there is a risk that the calculations will take too
long compared to how promptly, and how quickly, the end effector should
undertake its manoeuvre. This was not a prominent problem for any of the
experiments presented here, but it was one of the reasons to investigate
alternatives to the RAPID commands, such as set-based control.

Control of a robot manipulator usually happens in the joint space, which
means that specific positions and velocities are calculated for each of the
robot manipulator’s joints. The desired trajectory for the end effector of the
robotic system is typically described in Cartesian space, and the trajectory
needs to be mapped to a reference trajectory in the joint space [61]. Some
of the robot control presented in this thesis is done using set-based control.
This was done using a framework which had proved to work well for robotic
systems with a large number of DOFs and, thus, numerous tasks that need
to be solved. Set-based control is a kinematic control framework which cal-
culates reference states based on the desired behaviour and the current state
of the system. It combines set-based tasks defined by a valid interval with
equality tasks defined by a desired value. An equality constraint is a con-
straint on the movements of the robot determined by a value having to be
as close as possible to the value set for the equality constraint. A set-based
constraint means that a certain variable has to stay within a given set of
values. In other words, there can be one condition that must be followed pre-
cisely, such as position control of the end effector, presented by the equality
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constraint, and, at the same time, a set-based task that must be followed,
such as collision avoidance. A full description of the framework can be found
in [59, 61].

Paper C aimed to address research question RQ5 and RQ6 [57], and
a detailed description of the experiment carried out in paper C is found in
section 5.3.

4.4 Building structures with overhang onto fixed
substrate

At this point, the focus of the work had reached how non-vertical, non-
layer-wise deposition of material can help build structures with overhangs
by depositing the material with a moving tool. Similar work has been done
on AM processes by moving a mobile building surface around a fixed point of
material deposition. This has been done using both plastics and metals [53,
54]. This work shows promise, and should also be examined further. However,
based on the research gap regarding continuous deposition of material onto
a fixed surface using a non-vertical tool described in section 4.3, this was
the direction in which this work should go. Also, fixed surfaces are closer
to a real industry settings: If such technology, in time, is to be used for
repair works on-site on ships or in factories, it is essential that the material
deposition can be performed on a structure or surface that is fixed. When
using a robot manipulator with an end effector that can reach any point
within its workspace in an arbitrary orientation, moving and reorienting the
tool will generally give more flexibility than having to move the structure
under construction.

The framework for set-based control that was presented in section 4.3
and tested for WAAM in paper C [57] did not work as well with WAAM as
it had with the work on spray-painting presented in [59]. It was therefore
not the focus for further work, see section 5.3 for full details. At this point
in the research, AM technology had come further than in 2016. Still, there
limitations for the most widespread methods of AM remained much the
same. Depending on the AM method, the challenges can vary from issues
such as long build time or high cost [62] to issues related to structural
challenges such as residual stresses or porosity within the final structure [63].
Though many path planning strategies for layer-based AM exist, layers are
generally applied directly on top of each other in order to allow each now
layer to be vertically attached to the previous layer [64].
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Based on there still not being many available sources to work done on
non-vertical material deposition onto a fixed substrate, this was to be the
objective for the work carried out and presented in paper D [58]. Following
the approach in [55], one structure with overhang were to be constructed
onto a fixed, horizontal surface while keeping the orientation of the tool fixed
as well. Material analyses of this structure were to be tested to assess the
impact of the overhang compared to other parts of the structure. In addition,
the objective was to construct similar structures with overhang using a non-
vertical orientation of the tool to deposit material. While similar work had
been done on simple wall structures in [56], as mentioned in section 4.3,
these new builds would attempt to do this on a larger scale, building a
complete, thin-walled structure with continuous material deposition. This
would be very different than building a small wall due to the continuous
heat accumulation in the build. Paper D aimed to address research question
RQ7 [58].

4.5 AM technology today — what now?

In paper A, the state of the art in large-scale AM is presented, introducing
several projects that have begun working on both large-scale AM and AM
using non-vertical material deposition [12]. This paper is from 2017, and as
this is a rapidly evolving field, much has happened in the following years, in
parallel with the work presented in this thesis. What follows is a brief outline
of some similar work that has been done in the past few years focusing on
metal AM and WAAM. This is not a full state-of-the art mapping, but gives
some insight into the situation as of 2021.

One of the industries that have embraced the rapidly evolving metal AM
technology is aviation. Producing parts for use in aircraft carries very partic-
ular challenges related to the products’ structural properties and robustness.
Still, some projects have come far in utilising this new technology in order to
drastically lower the cost of production of, for example, titanium parts. One
of these companies is Norsk Titanium [65]. Titanium’s high strength makes
it suitable for aerospace, but it is an expensive metal, often costing over 10
times the more common materials such as stainless steel. Saving material in
the building process is, therefore, an important way to save money in pro-
duction. In addition, additively building near net-shape structures can be a
significantly more effective way of producing components than milling down
a solid block of material or using thin-layer methods such as powder-based
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Figure 4.1: Norsk Titanium: By building components that are near net-
shape using Rapid Plasma Deposition (RPD) it is possible to save both
construction time and materials. This is very beneficial when working
with titanium, which is a relatively expensive building material. Photo:
www.Norsktitanium.com [65]

systems.
The Norway-based company has developed its own patented technology

called Rapid Plasma Deposition (RPD), where titanium is deposited layer
by layer. This AM technique combines wire feeding with plasma welding,
and operates with a high deposition rate and thicker wall width than most
competing AM methods, and is also believed to produce fewer defects in
the final structure [47, 66]. Norsk Titanium manufactures components that
are near net-shape using RPD, which means that these components require
little machining and post-processing to reach the desired design, as shown
in Fig. 4.1. The components can be up to 900×600×300 mm3, and as each
layer is approximately 3mm to 4mm thick, the deposition rate is about 5 kg
to 10 kg per hour [65], which is quicker than many WAAM methods. From
2018, Norsk Titanium has been on Boeing’s list of certified producers for
the aerospace company’s 3D-printed parts used in 787 Dreamliners.

The challenges of producing precisely shaped intersections and sharp
edges in WAAM structures during layer by layer welding has also been inves-
tigated by, among others, Gudeljevic and Klein[67]. Their experiments were
performed using CMT and continuous vertical material deposition, using
an aluminium alloy as welding material. They used an adapted deposition
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strategy to create smooth intersections. By manipulating the energy input
from the welding equipment when the path reached intersections, the shape
of the welding bead could be locally flattened by increasing the heat input.
This solution should be investigated further, preferably in combination with
a surveillance system with feedback for the building process.

Structures with overhangs have been explored by many projects, often
focusing on material deposition from a fixed point onto a moving substrate.
One example is a project using micro- laser wire deposition (µLMWD), suc-
cessfully constructing overhangs with relatively sharp angles[68]. The tech-
nique was demonstrated on components only a few centimetres tall, how-
ever. Depositing the material from a fixed point onto a moving substrate or
component, enables the increased contact surface described in Fig. 2.4 while
keeping the material from excessive deformation under its own weight. Thus,
such methods are more predictable than the the non-vertical approach pre-
sented in this thesis. However, as explained in sec. 4.3, the focus of this
thesis is material deposition onto a fixed surface, as this approach might be
very useful in repair work on larger and otherwise immobile structures once
the technology matures.

Other projects have focused on large-scale applications of non-vertical
material deposition onto a fixed surface. For example, the Relativity Space
project has created what they call the world’s largest 3D-printer, applying
WAAM combined with a rotary table to construct a large cylindrical fuel
tank [69]. Their aim is to construct a rocket with over 90 % of its parts made
by AM. In 2021, their single-structure building efforts had achieved a 6.75m

tall aluminium tank with a diameter of 3m [70]. This project also shows
that overhangs can also be constructed using WAAM and a rotary table,
the table reducing the movements demands upon the robot, which helps to
keep the welding arc stable. The same project uses PBF direct metal laser
sintering (DMLS) to build smaller parts, and hence illustrates how different
AM methods can combined to build complex structures with a combination
of parts. The work of the Joris Laarman Lab has also continued on from
the work presented in paper A [12]: The bridge that was in its planning
phase in that paper has since been printed, and more work has been done
using CMT and WAAM, culminating in a market-ready, fully integrated
print-on-demand system [46].

In summary, AM technology is on the rise, and many industries are
interested for many reasons: AM can help to speed up production of custom
parts, which is benefits both prototyping and short-run production; it can
reduce costs associated with excess materials, which is especially important
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for expensive materials such as titanium; it can reduce both material waste
and energy use, benefiting the company’s finances and the environment.
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Chapter 5

Summary of publications

In this thesis, the work is presented in four published papers. These papers
follow each other chronologically in conceptual advancement and methodol-
ogy. This chapter will give a brief summary of the methodology and results
provided by each of these papers. By highlighting which research question
(descriped in chapter 4) each paper aimed to answer, this chapter show
how the research progressed from a literature review and proof-of-concept
experiments over to WAAM and building structures with overhang.

5.1 Additive manufacturing by robot
manipulator: An overview of the
state-of-the-art and proof-of-concept results

In order to outline the direction of the work of this thesis, paper A [12]
presents a literature review that gives an overview of the state-of-the-art of
AM by robot as of February 2017. As AM technology has evolved over the
last decades, it has become an increasingly important part of prototyping,
and development of new devices. The principles of building a 3D structure
using for example material deposition has also been utilised on a much larger
scales, constructing sculptures and even buildings. The problem addressed in
paper A is whether material could be deposited using a robot arm, moving
the process away from the ’in-box’ methods of many of the existing and
widely used AM methods, the argument being that this will remove the
need for a AM machine larger than the structure that is being built (RQ1).

In addition to depositing material using a robot manipulator, it was
desired to build a structure using a path that was not strictly layer by
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layer (RQ2). Many widely used AM methods are based on building one
2D layer at a time, then moving straight up or down, and constructing a
new 2D layer (see section 2.1). When manufacturing a structure using this
approach, there are limitations to the geometries that can be constructed,
especially when considering overhangs. Making the build more continuous
would also be beneficial if the aim is to build larger structure. It this point
in time, Joris Laarman Lab had already produced very promising results
on this kind of work using a fast-curing polymers [43], but none of their
algorithms or methods had been made public.

A proof-of-concept experiment was designed to map how a viscous mate-
rial (STP Quickfast) with dynamic viscosity of 3.200.000 mPa·s at 25◦ could
be used to build a cylindrical cup-structure in a continuous, non-layer-wise
movement. An air-pressure drive caulking gun was connected in parallel to
the end effector of a 6 DOF UR-5 robot arm. This material was deemed a
good choice for a small-scale initial experiment because the materials avail-
able for the caulking gun generally had a higher velocity than for example
liquid glue from a glue gun, which was one of the other options considered.

Figure 5.1: Planned path: A plot of the desired, continuous path of the
robot’s end effector. The path creates a cylindrical structure with diameter
of 4 cm.
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As this was meant only as a proof-of-concept build, optimising the choice
of material was not a goal in itself. Compressed air was connected to the
caulking gun by manually opening and closing a vent while the robot was
moving along its path, thereby controlling the material flow. The structure
to be built was a small cylindrical cup with bottom with a diameter of 4
cm. The simulated trajectory is shown in Fig. 5.1, and with its continuously
upwards spiralling path, this deviates from strictly layer-wise methods.

The path was programmed using a framework for set-based control de-
veloped by co-author of paper A, S. Moe. An outline of the principles be-
hind set-based control is found in section 4.3, and full details on the control
method can be found in [59, 61]. In short, it combines conditions that must
be followed precisely with conditions that can be followed more loosely. Tn
future experiments, there could be some freedom in the orientation of the
tool, not necessarily staying strictly vertical onto the building surface. This
is examined further in paper C, see section 5.3. For the work in paper A,
both the path and the orientation of the tool had to be followed precisely,
thereby removing the set-based part of the control scheme by setting the set
to be a single value instead of an interval.

Several small cup structures were built using continuous material depo-
sition during these initial experiments, highlighting some of the challenges
that had to be addressed in future work. The experiments showed that ma-
terial deposition by robot using a path that was not strictly layer-wise was
indeed possible. However, there were challenges related to the starting and
stopping of material flow, as well as the stability of the structure compared to
the contact surface between each strip of deposited material and the surface
it was deposited onto. If more experiments were to be performed using the
same material, it might be necessary to change the geometry of the nozzle
in order to build wider layers, increasing the contact surface. The challenges
related to the starting and stopping of material flow underlined the benefits
of keeping a build as continuous as possible, which would also help shorten
the build time.

5.2 Wire-arc additive manufacturing by robot
manipulator: Towards creating complex
geometries.

Many different materials can be used in AM, but constructing metal struc-
tures could be especially useful in a variety of industries: As post-processing
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of metal structures is generally required even when using relatively quick
methods such as casting, this reduces the required resolution of the build,
which would lower the build time. As addressed in chapter 4, building
end products using AM could also be beneficial when considering build-
ing custom-made parts or products, or parts that need to be produced in a
low number. Machining a structure down from a larger block of metal can
be an alternative, but depending on the metal, this can be costly in terms of
excess materials. In the long term, the notion is that such technology could
also be applied in repair work on for example ships or other structures that
would benefit from on-site repairs.

Paper B [50] addresses how thin-walled structures can be built by WAAM,
and which challenges need to be solved in order to perform effective manu-
facturing of such structures. Based on the experience from the initial exper-
iments performed in paper A [12], it seemed that the starting and stopping
of material flow could be a challenge when working with viscous materials
such as glue. Whether these challenges were as prominent when working ma-
terial deposition by arc-welding was therefore also of interest in these next
experiments. As reported by [47], flame and initiation and flame-out tend
to lead to uneven material deposition. An objective for these experiments
was therefore to assess if it was possible to keep the welding process going
as continuously as possible without the structure getting so hot that the
accumulated heat lead to deformations (RQ3). Both a directly layer-based
approach and an approach with a smoother transition between horizontal
layers was tested for thin-walled structures. In addition, a structure with
intersections was constructed, as shown in Fig. 5.3, testing how intersec-
tions can be created through opposite corners in a continuous build, as this
method had been demonstrated on shorter builds by [49]. One objective was
to see if this approach could be combined with a longer, continuous build,
or if the accumulated heat would cause issues (RQ4).

The modified arc-welding method CMT is considered to be well suited
for WAAM because it has a more stable arc than other types of arc welding,
as examined in section 3.2. It also has a reduced heat-input which reduces
residual stresses and distortions, and the stable arc reduces splattering [71].
Therefore, most of the builds presented in this paper, and in this thesis in
general, are done using CMT, the exception being when the required heat
input was too high for CMT, in which case pulsed MIG was used. The
experimental set-up was changed to a 6 DOF ABB 2400/10 robot manipu-
lator equipped with Fronius TPS 400i CMT welding equipment, as shown in
Fig. 2.8. As the main objective of the experiments presented in paper B was
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to examine the feasibility of building thin-wall structures using continuous
WAAM, the choice of material was partly based on availability. Aluminium
alloys were used for most of the builds, as this was an easily available mate-
rial with a low cost. It became evident that some of the tests needed to be
done using a material with a higher melting point, and the nickel-based al-
loy Inconel 625 was chosen, again partly based on availability. The objective
here was to compare the end product when using materials that would react
differently to accumulated heat, so these materials were deemed suitable.

The path for the robot manipulator was performed using the high-level
programming language RAPID for ABB robots: The build in functions for
moving in straight lines and half circles was sufficient for programming the
paths for the thin-walled structures, as they were either simple rectangular
or circular shapes, as shown in Fig. 5.2, or in the case of the structure with
intersections shown in Fig. 5.3, a combination of these. See paper B for a
more detailed descriptions and figures of the structures [50]. In order to keep
the weld as continuous as possible, a smoother transition between layers of
the structure spread over a few centimetres was compared to a straight,
vertical movement at the end of a layer. Parts of the welding parameters,
as well as the arc initiation and flame-out were controlled by RAPID func-
tions, while the welding method, i.e. CMT, as well as the added voltage was
controlled manually by a welding technician during the build. Full details

Figure 5.2: Transition between layers: As can be seen in the front-most
corner of the structure to the left, a vertical movement of the welding gun in
a single point causes deformations because the material flow is continuous,
thereby depositing more material in this point than in the rest of the layer.
In the structure to the right, this vertical movement is spread over 2 cm,
removing the issue. More details are found in paper B [50].
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on the welding parameters are found in paper B [50].
For all the builds, the first couple of layers had to be done using pulsed

MIG, as this welding methods allowed for a larger heat-input. This was
necessary because the substrates used were so thick that the deposited ma-
terial did not adhere properly to the substrate at lower heat inputs. This
makes sense for aluminium despite its relatively low melting point, because
aluminium has a very low heat-emission to air and dissipates heat almost
solely through conduction [72]. This means that the heat from the deposited
material would very quickly spread throughout the substrate, cooling the de-
posited material too quickly for it to adhere properly to the substrate. As
the substrate and the already welded material reached a high enough tem-
perature due to heat accumulation, the welding method could be switched
back to CMT. Detailed tables listing all relevant welding parameters for the
different builds are found in paper B [50], and will not be discussed further
here.

For the circular and rectangular structures built in aluminium alloys
AA4043 and AA4047, the build could go on continuously with out any sign
of the structure heating up enough to cause deformation. The builds were
not stopped because there were any issues, but rather because the build had
gone on for a long time with no sign of unwanted changes, and having to
consider material costs in the experiments. Some of these final structures
were 12-15 cm tall, i.e. much taller than the structures shown in Fig. 5.2.
See paper B for details and images of these structures [50]. The results of
these experiments indicated that continuous WAAM showed promise when
building thin-walled structures. With very simple rectangular or circular
structures, it was possible to build smooth structures even using a mate-
rial with a relatively low melting point, such as the aluminium alloys used:
The heat dissipation and heat accumulation would reach an equilibrium at
a temperature low enough that the structure did not show deformations
(RQ3).

However, for structures with intersections created by opposite corners,
the structure would get clear deformations when building in the aluminium
alloys. This was determined to be caused by uneven heat dissipation, and the
intersections becoming areas of heat accumulation due to the thigh thermal
conduction of aluminium. Another build was therefor done using the nickel-
based alloy Inconel 625. This structure was built only using pulsed MIG, as
the nickel-based alloy required a higher heat-input for the entire build than
the aluminium alloys because of the higher melting point and the higher
thermal emissivity to air [73]. For the Inconel 625 build, the intersections
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Figure 5.3: Intersections: One of the structures with intersections af-
ter post processing, showing that the opposing corners have melted to-
gether [50].

were no longer problematic, and as can be see on the resulting structure
after post-processing, shown in Fig. 5.3, the intersections would melt to-
gether completely. Another attempt to build the intersection structure in
the aluminium alloy AA4043 was performed after seeing that it was possible
using Inconel 625, this time using pulsed MIG instead of CMT. While CMT
oscillates the filler wire itself, pulsed MIG uses pulsed current control, suing
pulses to control the molten filler droplets [26, 28], allowing for a more con-
trolled weld at higher currents than CMT. With a generally higher input,
the idea was that this might lead to a more even heat distribution, making
the challenges around the intersections less prominent. While this approach
led to structures that were slightly less deformed than those performed us-
ing CMT, the intersections still became areas of heat accumulation, and the
lower melting point of the aluminium alloy compared to the nickel alloy led
to significant deformations.

The conclusion to these experiments was that the approach presented by
[49] to create intersections within a layer by having a path with opposing
corners can indeed be used for continuous builds, given that the building
material has properties that makes it resistant to uneven heat distribution
(RQ4). Comparing a gradual transition between layers to a vertical move-
ment in a single point showed that the gradual transition gives a much
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smoother result, while the vertical movement in a single point leads to de-
formations caused by the continuous material deposition, as can be seen in
Fig. 5.2. It is important to note that the difference between the two struc-
tures in Fig. 5.2 is also better adjusted welding parameters, as the smooth
structure to the right was built after the structure to the left showing many
deformations. However, the issues shown at the front-most corner caused by
the vertical layer transition in a single point would still have been there with
better suited welding parameters, though less prominent.

At this point in the thesis, material analysis was not a focus, but inves-
tigating the material properties is of course important in order to decide if
this is a promising method for producing end products or parts. Therefore,
material analyses were later performed on one of the nickel-alloy structures
with intersections to consider the properties of the materials in the intersec-
tion areas compared to other parts of the structure – see the presentation
of paper D in section 5.4.

5.3 Robotised wire-arc additive manufacturing
using set-based control: Experimental results

As presented in section 2.2, there are several benefits of combining material
deposition with a 6 DOF robot manipulator. The first is moving the AM
process away from a restricted building chamber, as is a necessity for many
of the AM methods described in section 2.1. By avoiding a building cham-
ber, the AM apparatus does not have to be larger than the structure being
built, so with the large workspace of an industry size robot manipulator it is
possible to build much larger structures. Though the structures built in the
experiments from paper A [12] and B [50] were not very large, this set-up
does have the potential for building large structures, and continuous mate-
rial deposition by WAAM of thin-walled structures have been investigated
(RQ3). The next step was to try to exploit the other great benefit of doing
AM using a 6 DOF robot manipulator: The flexibility in the orientation of
the end effector or tool.

The objective of paper C [57] was to build a similar thin-walled structure
like those built in the experiments from paper B, but with some flexibility
in the orientation of the tool. As explained in section 2.2, a 6 DOF robot
can reach any point withing its workspace with an arbitrary orientation of
the end effector. The notion investigated here is that the flexibility of the
robot manipulator could be used to increase the flexibility of the building
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process, the objective being to see how freedom in the orientation of the
tool would impact the build (RQ6). This was done using the set-based
control framework developed by co-author S. Moe, which had also been
used in the experiments presented in paper A [12]. The principles behind
set-based control is presented in section 4.3, and full details can be found
in [59, 61]. Summarised, the set-based control framework combines strict
equality constraints that must be followed precisely, such as a path, with a
set-based constraints that can have some slack, for example the orientation
of the tool. Using set-based control with some deviation in the orientation
of the tool helps make the robot movements smoother and less demanding
for the robot and may reduce the required torques, as it enables a smoother
trajectory for the tool. Inspired by how this framework had been used to
optimise spray painting, see [59], the aim was to investigate if this approach
could be transferred to arc-welding (RQ5).

The experimental set-up was the same as for the experiments presented
in section 5.2, i.e. a 6DOF IRB2400/10 ABB robot manipulator equipped
with Fronius TPS 400i CMT welding equipment. The path was this time
planned using the framework for set-based control, which generated a list
of joint configurations that was then sent to the robot using the RAPID

Figure 5.4: Set-based control: The resulting structure built using set-
based control that allowed for a slack in the orientation of the welding gun
of 6◦. The structure ended up having a saddle form, likely caused by the
difference in gravitational pull on the deposited material, as the deviation
in orientation of the welding gun was not symmetrically distributed.
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function for joint control. When using joint control, RAPID did not have
functions for giving commands to the welding equipment, meaning that for
these experiments the welding equipment was fully controlled by the opera-
tor, even the arc initiation and flame-out, wire feed speed etc. This did not
lead to a great difference when carrying out the experiment, except from
a less smooth starting and stopping point of the weld, as a manual opera-
tor could not time this perfectly. Further details on this are found in paper
C [57].

The structure built was a cylinder consisting of a outwards spiralling
bottom layer, and walls that were an upwards spiralling helix, similar to the
structure from paper A [12] shown in Fig. 5.1. This time the structure was
much larger, with a radius of 60 mm, and the slack in orientation of the
tool was set to 6◦. The resulting structure is shown in Fig. 5.4. While the
outwards spiralling bottom layer was surprisingly smooth, indicating that
the welding parameters for this part of the build worked very well, the walls
ended up with what looked like a saddle form. This was most likely caused
by the difference in orientation of the welding gun: As shown in Fig. 5.5,
the angle oscillated between 6◦ and closer to 0◦ from a strictly vertical
orientation. Because of the position of the build relative to the robot, one
side of the structure had the welding gun at an almost vertical orientation,
i.e. a deviation from a vertical position of 0◦, while the opposite side of
the build had the small tilt of 6◦ relative to a vertical position. As gravity
works on the liquid metal during deposition [55], this difference created a
significant deformation to the structure that would have been avoided if
there was a symmetrical distribution of the deviation in angle (RQ6).

This saddle form did not become very prominent until the build had gone
on for a while, i.e. approx. 20+ layers. This was likely partly because the
error would accumulate over time, and was not clearly visible until it had
accumulated over several layers. In addition, the error would become more
prominent as the structure grew hotter, because the aluminium would take
longer to solidify. As it stayed liquid for longer, the difference in gravitational
pull would have a stronger impact, and the error would grow in prominence.
As explained, this research focused on continuous builds as a way to both
reduce the building time and minimise the issues related to flame initiation
and flame-out. However, in an attempt to prevent the structure from getting
too hot and the error accumulating, active cooling of the aluminium build
during pauses in the building process was tested. This was done by blowing
cold air onto the structure to cool it down several times during the build
– see the tables in paper C for a details on exactly when air-cooling was
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Figure 5.5: Orientation of welding gun: This plot shows how the orienta-
tion of the tool deviated from a strictly vertical position over time, oscillating
between 6◦ and closer to 2◦, resulting in a difference in orientation of the
tool for two opposite sides of the structure. Further information is found
in [58].

applied in each build. This did seem to halter the accumulation of the error,
but the saddle form would return as soon as the structure grew hot again.
This indicated that continuous cooling of the structure could be a solution
to such challenges. However, this was not investigated further, as the focus
of this thesis was continuous builds (RQ3).

Based on the results from these experiments, it was concluded that if
the orientation of the welding gun could be more evenly distributed around
a centre point, the method would be more useful, as the gravitational pull
on the liquid metal would be more evenly spread out over a circular path.
While this would still only benefit symmetrical structures, and this control
method might not be the best way to proceed, as the main motivation of the
set-based control methods is to prioritise the ease of the joint configurations
(RQ5). Therefore, the set-based control framework was not used in the later
work presented in paper D [58].
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5.4 Wire-arc additive manufacturing of structures
with over-hang: Experimental results
depositing material onto fixed substrate

Based on the experiments performed in paper C [57], the orientation of
the tool relative to the surface to be welded is not at all arbitrary, and
a difference of a few degrees can make a large difference regarding how
the material will set (RQ6). As is further investigated in section 2.1 and
shown in Fig. 2.4, overhangs are challenging to build when material is only
deposited orthogonally to the building surface. If the overhang grows too
steep and the material is deposited strictly vertically, additional support
structures must be added for the new layers to have something to adhere to.
However, if fast-curing material can be deposited at an angle, the contact
surface would be increased, and it would be possible to construct overhangs
without support structures.

The objective of paper D is to examine if overhangs can be built using
non-vertical material deposition, with the orientation of the tool following
the direction of the tilt of the overhang (RQ7). Similar work has been done
using plastic [54] and in metal [53], but while the focus has previously been
to deposit material vertically onto a tilting surface, the objective in paper
D is building structures by depositing material onto a fixed substrate. This
difference is important if the aim is to build large structures, as tilting the
platform will quickly become more challenging once the structure grows in
size. It methods like this is to be used for repair work, depositing material
from a tilted tool onto a fixed substrate is also much closer to a realistic
environment.

As for the experiments presented in section 5.2 and 5.3, the experimen-
tal set-up was a 6DOF IRB2400/10 ABB robot manipulator equipped with
Fronius TPS 400i CMT welding equipment. The path was once again pro-
grammed using the RAPID programming language’s functions for linear
and circular movements, as used in paper B [50]. When using these com-
mands, the orientation of the welding gun is set using quaternions. In order
to control the orientation, the desired orientation of the welding gun given
in quaternions was calculated via rotation matrices and the robot’s global
coordinate system. As RAPID does not have mathematical functions for
matrix multiplication etc., this had to be programmed manually. For the
hexagonal structure shown in Fig. 5.6, the coordinates of the points had to
be calculated based on the hexagon rotating 1◦ for each consecutive layer.
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Details on all of these calculations are described in paper D [58], but will
not be elaborated on here, as this is not the focus of the research.

In total, three structures with overhang were built in the work presented
in paper C. The first structure, shown in Fig. 5.6 and to the left in Fig. 6.1
was built using vertical material deposition and an increasing overhang. By
building a structure with slight overhang using strictly vertical deposition,
the aim was to study how overhangs can be ’forced’ by depositing material
onto an existing part of the structure that does not fully overlap with the
current path while using material that can sufficiently withstand deforma-
tions due to heat accumulation. The results from paper B [50] presented
in section 5.2 showed that structures in the tested aluminium alloys were
much more vulnerable to uneven heat accumulation than structures built in
a nickel-alloy with a higher melting point. Therefore, the hexagonal structure
was built using a Ni–Cr–Mo alloy UTP 759, as this was a similar material
to Inconel 625, and easily available. As these experiments were also meant
for testing new methods, an analysis of which exact material would give the
best results was not considered to be a priority. In future work, this would
have to be assessed further. For each approximate layer, the hexagon was

Figure 5.6: Overhang with vertical deposition: Using a fixed vertical
orientation of the welding gun, it was possible to construct a structure with
a slight overhang by rotating the hexagonal structure 1◦ per rotation.
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Figure 5.7: Vase with overhang: The vase structure with outwards and
inwards tilting overhang, built by having the orientation of the tool approx.
follow the tilt of the overhang.

twisted 1◦. This meant that by the end of the build, when the structure was
approx. 45 layers tall, the structure had twisted 45◦, thereby creating an
overhang.

Two other builds were performed using non-vertical material deposi-
tion (RQ7): A shape with an overhang both outwards and inwards, seen
in Fig. 5.7 and Fig. 6.1 and hereon referred to as the ’vase’, and a struc-
ture with a more prominent outwards overhang, shown in the simulation in
Fig. 5.8 and in Fig. 6.2, and hereon referred to as the ’bowl’. These structures
are both similar to the cylinders from earlier work, though with a varying
radius. The orientation of the tool was set to follow the tilt of the wall, as
can be seen in the simulation in Fig. 5.7. For the vase, the overhang was at
the most 25◦, and the orientation of the tool only approximately followed
the tilt of the wall. The exact values for the angle of the welding gun, as well
as all relevant welding parameters, are listed in the tables in paper D [58].

As the vase build looked promising in the sense that it could continue
without unforeseen material deformations, at least on a superficial level,
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Figure 5.8: Prominent overhang: The simulated robot path for the bowl
structure built in the work presented in paper D [58]. This structure had
an overhang of 43◦, and was built with the orientation of the tool closely
following the tilt of the overhang.

the bowl build was performed. This time, the overhang was set to increase
by 1◦ per approx. layer, and then keep building with this overhang when
reaching 43◦. This limit was set to avoid issues with the bounds of the
robot’s joints, as the movement grew more challenging for the robot itself.
The build continued for almost another 50 layers, resulting in the structure
shown in Fig. 6.2. This structure also looked good on a superficial level,
without clear deformations or issues related to the non-vertical material
deposition (RQ7). The orientation of the tool was set to follow the angle of
the tilt exactly, and the increase of radius per layer as well as the layer height
was set using geometry: the layer height and the increase in radius being
the two short sides of a right-angled triangle, the angle being equal to the
angle of the overhang, and the hypotenuse being the layer height when the
tool was kept vertical. The estimated value for the layer height was based
on experience from the previous builds, see details in paper D [58]. A full
description on how this was calculated, as well as values for the radius, layer
heights and angles throughout the vase build and bowl build are found in
paper D, and will not be explained in further detail here.

The conditions for heat accumulation and heat dissipation are altered
when building structures with overhangs or intersections. In order to ex-
amine the quality of the build, an optical microscopy and hardness mea-
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surements were performed on one of the hexagonal structures built using
vertical material deposition, as well as the structure with intersections pre-
sented in section 5.2 and paper B [50]. Both of the structures that were
examined were built in the Ni–Cr–Mo alloy UTP 759. Transverse sections of
stable mid-wall positions, overhang corners and intersections were examined
to reveal potential process defects of fluctuations. It was evident that the
micro-structure during deposition away from intersections or overhangs was
different for the hexagonal structure and the structure with intersections,
likely due to the difference in accumulated heat. As the structure with in-
tersections would accumulate much more heat that the simpler, thin-walled
hexagonal structure, a higher heat input suppressed the columnar dendritic
growth in the material. The effects of this difference was evaluated by Vick-
ers hardness testing, showing that the higher heat input had resulted in an
increased hardness in the material. An in-depth assessment of mechanical
performance of the structure, e.g. tensile strength and impact toughness was
deemed out of scope for this work, but should be assessed in further work.

In conclusion, the results from the work presented in this paper showed
that building structures with overhang is possible using continuous WAAM,
and that good results without unforeseen deformations or complications were
found when allowing the orientation of the welding gun to follow the tilt of
the constructed overhang (RQ7). When building using a material with a
relatively high melting point, such as UTP 759, it was possible to keep a
build going at an angle of 43◦ without the building shown signs of sagging
or other deformations due to accumulated heat or issues with gravitational
pull on the material. Using Pythagoras to determine the increase in radius
and layer height seemed an effective solution, allowing the build to continue
without issues until the build was stopped by the operators. Further work
should investigate if the same method would be as effective when building
in for example aluminium, a material that has proven to be much more
vulnerable to the gravitational pull when the structure accumulates heat as
the build goes on because of its comparatively low melting point.
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Chapter 6

Discussion and future work

The building techniques for three-dimensional components that are today
covered by AM started out as the term ‘rapid prototyping’ suggests: a rapid
building technique meant purely for prototyping and modelling. From there,
it has evolved into being used to manufacture parts for high-specification
sectors such as medicine and aviation, as well as for components at an end-
product level. Still, the technology has its limitations. Many of the most
common methods for AM face common challenges related to the geometry
and size of the components that can be manufactured. Though some mate-
rials and techniques, such as liquid-based stereo lithography, allow for more
flexibility than material extrusion, both the building rate and the in-box
building methods can restrict their practicability in industrial applications.
The work presented in this thesis has highlighted how robotised additive
manufacturing is a useful technique that helps solves some of these chal-
lenges.

6.1 Research questions and research development

Chapter 4 gives an overview of how the research objectives and research
questions were formulated and developed throughout the work on this the-
sis. The main research question to be answered throughout this work was
investigating how robotised AM could be used to extend the areas in which
AM could be useful. While initially considering many different materials,
the focus was on AM in metals using wire-arc welding, as this could be an
area of interest for the industry.

Firstly, the overview of AM methods presented in section 2.1 and the
literature presented in section 4.1 let to the following opportunity for fur-
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ther development of AM: Combining material deposition with the possibility
for non-vertical and/or non-layer-wise material deposition that was not re-
stricted by a building chamber. While several projects had used different
methods for large-scale AM, most of them kept the build strictly layer-wise,
and the deposition vertical. Though Laarman Lab had done much work
on robotised AM [43, 44, 52], this work was not accessible by the research
community. Robotised AM was therefore the aim of the work in this thesis,
with an initial objective to investigate deposition methods that were not
strictly layer-based. Initially, there was no specific material in focus, so a
proof-of-concept experiment could be carried out using any available, suit-
able material.

RQ1: How can a 6 DOF robot manipulator be combined with material depo-
sition to perform AM in order to diverge from many of the standard methods
of AM and thus avoid being restricted by a building chamber?

RQ2: Can a proof-of-concept build by robot be performed using a building
method that is not strictly based on stacking 2D layers of material?

The proof-of-concept experiment in paper A showed that building a thin-
walled structure by continuous material deposition using a robot manip-
ulator, and a non-layer-wise path, was indeed possible (RQ1, RQ2). A
continuous build like the one performed in the experiments in paper A is
beneficial for its high material deposition rate: fewer pauses in the build-
ing process shortens the build time, which is, in itself, financially beneficial.
When working with different forms of material deposition, fewer stops in
the building process can in addition help keep the quality of the build high.
These initial experiments also helped highlight some of the main challenges
with robotised AM: Already in the preliminary experiments using viscous
glue it became evident that the beginning and end phases of material de-
position are challenging. A continuous build is hence more predictable, and
less vulnerable to unwanted variations in the build.

Further literature studies, as well as input from the industry, led the
work towards AM in metals, as described in section 4.2. One method for
metal deposition by robot was WAAM, and the possibility to build metal
structure using robot manipulators combined with welding equipment had
already been demonstrated [44, 52]. Robotised WAAM can also be more
accessible to the industry because a robot manipulator can often be used
for a series of tasks, meaning that the equipment can be of value even when
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not used for WAAM. A industry robot manipulator will generally also be
possible to sell if no longer needed, making the investment less of a risk. The
presentation of welding technology given in chapter 2 gives a more thorough
introduction to different welding methods, and explains how the main focus
ended up being on CMT welding.

The initial experiments in paper A had shown that the beginning and
ending of material deposition could lead to uneven material deposition and
deformations. The same applies to arc welding processes: arc initiation and
flame-out both lead to uneven material deposition, as reported by [47]. This
is unfortunate because deformations and inaccuracies often accumulates dur-
ing these kinds of open-loop builds. Therefore, one of the main objectives
going forward was keeping the build as continuous as possible. To investi-
gate how robotised AM using arc-welding could be used, and if the building
process could be continuous, new test experiments were carried out. The
literature, presented in chapter 4, showed that one challenge for layer-based
material deposition was intersections within each layers, so this was also an
objective for these initial welding experiments.

RQ3: Is it possible to build thin-walled metal structures in one continuous
process using WAAM, thereby avoiding additional issues related to flame-
initiation and flame-out?

RQ4: When the structure requires intersections within a layer, can an alter-
native approach using opposing corners to avoid intersections within layers
be used on a build with continuous material deposition over several layers?

Several thin-walled structures were built using continuous WAAM in the
work presented in paper B, thereby avoiding the issues related to flame-
initiation and flame-out. For very generic aluminium structures, without
any areas that could lead to uneven heat-accumulation, the build could
keep going continuously without the structure showing signs of deformations
(RQ3). It was also possible to perform continuous builds with intersections
using the approach presented in [49]. However, these structures had some is-
sues when built with aluminium, as the uneven heat distribution throughout
the structure led to an accumulative error in the intersections. However, the
method worker well for builds when switching to a nickel-based alloy with a
higher melting point and higher heat emission to air than aluminium [73],
in the sense that the opposing corners melted together completely without
visible deformations (RQ4). This highlighted the difference in building with
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materials depending on their melting point and other properties.
As presented in section 5.3, the main focus of the work from this point

came to be continuous builds that could deviate from the strictly layer-wise
building methods, focusing on the possibility of non-vertical material de-
position. Now that the feasibility of continuous WAAM builds was shown
(RQ3), the next step was to utilise the freedom in orientation given by the
6 DOF robot manipulator. Based on the experience with the framework for
set-based control presented in [59, 61], the idea was to see if this approach
could be transferred to WAAM in order to ease the joint configuration for
the robot. Not relying on a strictly fixed orientation of the welding gun ex-
pands the available work-space of the robot, and can help avoid obstacles in
the area.

RQ5: Can the suggested framework for set-based control be suited to build a
thin-walled, symmetrical structure using WAAM?

RQ6: Does freedom in the orientation of the tool significantly affect the
build?

Based on the resulting structures, and the building process described in
paper C [57], the framework for set-based control presented in [59, 61] did
not work well for building a symmetrical structure using WAAM: The ori-
entation of the welding gun seemed to impact the process a great deal com-
pared to for spray painting, leading to unwanted deformations of the build,
as the deviation in the orientation of the tool was not symmetrically dis-
tributed, as explained further in section 5.3 (RQ5, RQ6). Therefore, this
set-based solution was not considered for further work in its current state.
Instead, the focus was turned to material deposition by robot in order to
create structures with overhangs, i.e. parts of the structure that sticks out
over a lower part of the structure without being supported by an preceding
layer in a directly vertical direction. Because, even though the orientation
of the welding gun was deemed to have a large significant impact on the
build, this might not necessarily be negative if used the right way: The lit-
erature showed that Xiong et al. had build a structure with overhang on a
fixed substrate using vertical material deposition [55], while Kazanas et al.
had created quite steep, simple wall structures using an orientation of the
tool which followed the direction of the tilt of the overhang [56]. Significant
overhangs had been built the orientation of the tool was used in a strategic
way. The main objective of paper D was therefore to build structures with
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a significant overhang onto a fixed substrate sing continuous material depo-
sition, and an orientation of the tool that followed the tilt of the overhang.

RQ7: Can an overhang be constructed by depositing material continuously
while letting the orientation of the tool follow the tilt of the overhang?

Building structures with overhang using an orientation of the tool which
followed the tilt of the overhang worked well in the sense that the final struc-
ture showed few signs of deformation, and the build could continue without
interruption caused by unforeseen build defects (RQ7). A full description
of these experiments are found in paper D [58], and a full discussion of the
different elements of this work and its indications is found in chapter 6. The
ability to build overhanging structures was one of the main motivations to
use robotised AM, as overhangs significantly expands the range of geometries
that can be manufactured beyond those possible with the most common in-
box AM methods. Even methods that do allow for overhangs, such as PFB
and VP, are very limited when it comes to the size of the component. This
is due not only to the build having to take place within a chamber limiting
the product’s size, but also because the layers need to be so thin that the
building time is impracticably long, whereas material extrusion or WAAM
methods can deposit several kg of material per hour. In this work, struc-
tures with overhangs were built using WAAM and a Ni–Cr–Mo alloy, using
both a strictly vertical and a non-vertical welding gun orientation. It was
possible to manufacture a structure with less prominent overhangs using a
vertical orientation of the welding gun, as long as the contact surface be-
tween consecutive layers was quite large relative to the width of the welding
bead (RQ7).

Builds done using a tilted gun orientation, which followed the tilt of the
constructed overhang as shown in Fig. 2.6, showed great promise. Building
a structure with such a large overhang proved unsuccessful when the gun
was oriented vertically, as explained in paper C when using the set-based
control method [57]. However, when the orientation of the welding gun was
tilted tangentially to the vase wall as shown in Fig. 6.1, the build was much
more successful, see paper D fro details [58]. Another build was done in the
same Ni–Cr–Mo alloy to create a structure with an even larger overhang,
almost 45◦, as shown in Fig. 6.2, and the build still showed few malforma-
tions. Details on this build is also found in paper D [58]. The heat input
and accumulated heat in the structure will affect an overhang more than
a vertical wall, even for materials with higher melting points such as the
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Figure 6.1: Overhangs: Two of the structures with overhangs built using
the Ni–Cr–Mo alloy UTP759. For further details on these builds, see paper
D [58].

Ni–Cr–Mo alloy used in these builds, so this should be investigated further
in future work.

Future work on this topic should focus both on how prominent the over-
hang can get before the structure shows significant deformation, and on
how the choice of building material impacts upon the final structure. Exper-
iments performed on intersections in paths when manufacturing structures
in a semi-layer-wise manner, presented in paper B, show that the properties
of the building material are indeed important [50]. Softer materials with a
lower melting point, such as aluminium alloys, are more vulnerable to de-
formations. Inaccuracies and flaws that are biased in its distribution will
accumulate as the build progresses, and become problematic for the contin-
ued material deposition. For example: If heat accumulation in parts of the
structure causes the metal to spread out more before becoming solid, leading
to a lower layer height, this will not necessarily even itself out as the build
progresses, but rather accumulate over time. Harder metals, such as nickel-
based alloys, with higher melting points can withstand such deformations
more easily, which leaves more room for inaccuracies without compromis-
ing the building process in a significant way. For further details, see paper
D [58].
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Figure 6.2: Significant overhang: A bowl structure with an overhang of
43◦ was built using material deposition from a welding gun that followed
the was tilted tangentially to the bowl walls. Simulation of the path shown
to the left was tested using ABB’s simulation software Robot Studio. See
paper D for full details on this build [58].

6.2 Further discussions and future work

The work presented in this thesis has focused on a building process that is
as continuous as possible. In the preliminary experiments (paper A [12]),
a viscous glue was tested as a building material for a robotised AM pro-
cess. The ensuing work and experiments all focused on the construction of
metal structures using WAAM and CMT, as presented in papers B, C and
D [50, 57, 58]. When building thin-walled structures using WAAM, it was
generally possible to keep the building process going for a long time once the
welding parameters were adjusted so that the heat input and heat dissipa-
tion reached an equilibrium. Depending somewhat on the building material,
it was generally pauses and interruptions in the building process that lead to
deformations: such an interruption could, for example, occur when pausing
to adjust the distance from the welding gun to the surface to be welded be-
cause the layer height estimation turned out to be too high or too low. Such
situations clearly illustrates the need to include feedback and closed-loop
control of the manufacturing process in future work. This would help avoid
unnecessary interruptions and arc terminations.
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The distance from the feed wire to the building surface, i.e. between the
electrodes, was one of the parameters that needed the most adjustment
throughout the builds in this work. This distance determines the length of
the welding arc, which impacts upon the voltage and heat input, as ex-
plained in chapter 3. Based on experience, it is possible to give an accept-
able approximation of both a good starting distance between the welding
gun and the substrate, and also the layer height, i.e. how far the welding
gun has to move in the z-direction. When running the build using off-line
scripts, this approximated layer height was set in the beginning of the build,
and determined the height increase as the build progresses. Both over- and
under-estimating the layer height will impact upon the voltage and material
deposition during the build, as the distance between the electrode and the
substrate will deviate from the desired distance, affecting both the welding
arc length and the heat input.

To some extent, the process tries to ’correct itself’, returning the elec-
trode spacing to the desired value. This can be explained as follows: If the
estimated layer height is too low and the welding arc too short, the heat input
increases, along with the depth of the welding pool. The temperature hence
rises, and the deposited material takes longer to cool down and harden, and
therefore spends more time in its gravity-vulnerable liquid state. Under its
own weight, the welding bead thus becomes wider and lower, which thus in-
creases the distance between the welding gun and the surface to be welded
again. This occurs both in vertical material deposition, as shown in papers
B and C [50, 57], and also in non-vertical material deposition, as presented
in papers C and D [57, 58]. Although a welding arc is not as predictable as a
traditional resistor regarding the relationship between voltage and current,
an over-approximation of the layer height will generally lead to the opposite
results as under-approximation, i.e. a lower heat input. This means that,
if the approximated layer height is too big, the heat input goes down. The
material will then cool faster, resulting a narrower welding bead with an
increase in height [74], and the distance to the welding gun thus decreases
again. This effect can help to regulate small deviations in the arc length,
though, as the associated arc instabilities will affect the properties of the
deposited material, this is still not an ideal solution for the manufacturing
process.

For the experiments presented in this thesis, the deviation in approxi-
mated layer height turned out, in several cases, to accumulate significantly
over time. An example is the build of a hexagonal structure with overhang,
built using vertical material deposition, as presented in paper D [58]. This
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build had to be terminated because the distance between the consumable
electrode and the substrate grew too wide: a small over-approximation of
the layer height accumulated over the 45 layers until the arc became so un-
stable that the build had to be interrupted. This build shows how much the
building material matters when the welding parameters are not optimally
tuned. A large portion of the build was performed with a significant shift
away from an ideal arc length, even though the finished structure showed few
superficial signs of this. Optical microscopy showed that the structure was
not compromised by the high porosity that one might expect from a WAAM
process with a very long and unstable welding arc, due to the stretched arc
resulting in reduced gas shielding.

Combining GMAW welding and a 6-DOF robot manipulator shows that
manufacturing of metal structures with overhangs is possible using non-
vertical deposition of material by WAAM, even for DED AM methods that
are not done within a volume of excess material (such as PBF or VP). The
builds done using the Ni–Cr–Mo alloy UTP759 show that the orientation of
the welding gun greatly affects the width and height of the welding bead,
which is as expected from the work in [55]. This effect became challenging
when trying to implement additional freedom in the gun orientation using
set-based control. Having increased freedom in the tool orientation as intro-
duced by this approach has shown promising results in spray painting [59].
However, this set-based framework does not require the orientation to be
symmetrical around the constructed structure. The experiments presented
in paper D [58] show that symmetry is much more important for arc welding
than for spray painting, even when using relatively hard materials with a
high melting point. The conclusion is that, in its current form, the set-based
framework presented in [59, 61] is not suitable for WAAM: the freedom in
gun orientation has too great an impact on the resulting build, and the
a-symmetry leads to an unpredictable result, as shown in paper D [58].

The research presented in this thesis is based on open-loop, offline robot
control. The path of the robot’s end effector is pre-programmed, both for
the WAAM experiments and the preliminary experiment using a UR-5 robot
and viscous glue. This programming is done either using commands from
ABB’s RAPID programming language, or by using the set-based framework
from [59, 61] to determine configurations for each of the robot’s joints based
on the desired path. What this means is that the robot will continue along
the pre-defined path, regardless of whether the structure shows significant
geometric discrepancies, and even if these discrepancies might block its path.
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In future work, the system needs feedback in the system to improve and
adapt to the building process.

The welding processes in the experiments are partly controlled by the
control system of the welding equipment, which adjusts the welding param-
eters described in section 3.1 relative to each other. In addition, the supply
current was adjusted manually during the welding process, and tables with
all of the relevant welding parameters can be found in papers B, C and
D [50, 57, 58]. As experience accrued during testing, each successive task
required fewer manual adjustments compared with the one before because
less unplanned tuning of the welding parameters was necessary during the
build. This, in turn, led to increasingly successful builds with fewer visible
malformations, as more accurately adjusted welding parameters gave a more
even and predictable deposition of welding material.

Still, several of the WAAM processes had to be interrupted or terminated
because the approximated layer height was wrong, or because malformations
due to uneven heat dissipation accumulated over time. The challenges re-
lated to the layer height and the length of the welding arc can perhaps be
solved by ensuring a more stable layer height by careful design of the building
process, as shown in [74]. The build can potentially also benefit greatly from
feedback or surveillance of the building process, and the possibility to adjust
the robot path during the build using closed-loop control. A visual surveil-
lance system should hence be considered in future work. This could be done,
for example, by installing a set of static cameras or laser scanners around
the build area or on one or more dedicated robots involved in the build-
ing process, as suggested by [75]. This could enable the three-dimensional
geometry to be calculated photogrametrically from the multiple views. How-
ever, this poses its own challenges if it is going to enable the avoidance of
blind spots and collisions. Also, depending on the building material, it can
be challenging to get an accurate mapping of the structure if the surface
is, for example, too reflective. In addition, 3D imaging techniques designed
for improved imaging of reflective surfaces generally require a long exposure
time, for example 50ms, which makes it challenging to get a good mapping
of an active welding process [76].

Surveillance could alternatively be done using a heat-monitoring camera.
This might also be challenging because the metal structure potentially has
a reflective surface, or low emissivity, which makes such readings inaccurate.
Objects with low emissivity emit very little thermal energy compared to
how much thermal energy they reflect, so the radiant heat picked up by a
thermal camera might not describe the surface temperature of the structure
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itself, but instead the reflected thermal radiation from the environment [77].
The surface’s reflectivity depends on the welding metal, and on the extent
of oxidation or contamination creating a film over its surface. For an active
welding process, this can partly be solved by filtering out the strongest radi-
ation from the molten pool, for example by using a band-pass filter as done
in [78]. Heat surveillance can also be done using non-contact infrared sensors
to monitor the heat development in, for example, the welding pool, as done
by Alfaro and Franco in 2010 [79]: Because the welding pool temperature
is directly connected to the penetration depth of the weld, monitoring the
welding pool’s surface temperature can help approximate the penetration
depth, taking advantage of this correlation between different parameters of
the welding process.

In general, closer monitoring of the manufacturing process and the pos-
sibility of closed-loop control of the robot’s path are essential, and needs to
be addressed in future work before this approach can be used in production
or for repair work in industry. If such an approach is to be used in an en-
vironment such as a ship which exhibits heaving and swaying, closed-loop
control is essential, as external influences will most likely impact upon an
open-loop system in ways that cannot be predicted accurately.

This thesis has focused on continuous WAAM, while other projects have
focused on metal AM using spot welding, or robotised AM using other fast-
curing materials. Once this technology matures, robotised AM will, hope-
fully, enable on-site production of a new range of custom components with
a relatively low production time. This will help to save materials compared
to, for example, machining, and will reduce the costs of unique parts com-
pared with mass production. On-site production of components can also
lessen the need to store extra parts. Hopefully it will also be possible to use
robotised AM to perform repairs on existing constructions, such as ships or
other formations that are costly or difficult to move.
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ADDITIVE MANUFACTURING BY ROBOT MANIPULATOR: AN
OVERVIEW OF THE STATE-OF-THE-ART AND

PROOF-OF-CONCEPT RESULTS

Linn Danielsen Evjemo1, Signe Moe1, Jan Tommy Gravdahl1, Olivier Roulet-Dubonnet2,
Lars Tore Gellein2, and Vegard Brøtan3.

Abstract— For the last decades, additive manufacturing (AM)
has become an ever increasing part of the development of new
technology and devices. However, it is still challenging to use
this technology on a larger scale. This paper presents the state-
of-the-art of large-scale AM, looking into some of the projects
that have come furthest in utilising AM technology on large
structures such as buildings or sculptures. The background for
this research is to consider the possibility of large-scale AM
by robot manipulator using the welding method cold metal
transfer (CMT). After outlining the the necessary algorithms
and components for such an AM system, a proof-of-concept
experiment using a UR5 robot is presented. This initial ex-
periment will clarify some of the challenges that need to be
addressed in future work.

I. INTRODUCTION

Additive manufacturing (AM) is an umbrella term for
several specific techniques that primarily build up structures
layer by layer, and which often go by names such as free-
form fabrication, rapid prototyping (RP), or 3D-printing [1].
AM is the most general term, and will be used throughout
this article. AM technology has made it easier for small
companies and individual developers to make custom made
parts at a reasonable price, and it has also made prototyping
easier and less expensive. While AM has mostly been used
for creating smaller parts for larger products or processes,
the process has also been used to create small end products.

Typically, AM is time demanding for larger components.
This is because the production layer size affects the rough-
ness and accuracy of the constructed surfaces. With low layer
thicknesses, the AM-machines are often restricted to small
build volumes, as larger volumes tend to take an unreason-
able amount of time. However, in many cases machining
or other surface treatments are necessary to get the desired
surface properties for the end product. In such parts where
surface quality and detail are less important, it is possible to
build quicker and bigger. For traditional AM-processes, this
implies that the machines need to grow to a larger scale than
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are with the Department of Engineering Cybernetics, NTNU,
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the produced parts, which in any case would limit the build
volume.

One way of enabling additive manufacturing of large-
scale products ”outside the box”, is to combine AM with
robotics. By using a robot manipulator to extrude a fast-
curing material, gradually building up a larger structure,
the workspace for the build would be massively expanded.
Most of the flexibility for the shape and form of the final
product that traditional AM-methods allows for should be
kept or even improved, as parameters like build speed, layer
thickness, and even nozzle size would allow for changing
build speed between the general production and finer details.
If the build material is metal, or some other very fast-curing
material, the need for support structures could also decrease
to the point of only relying on anchoring and stabilising. If
necessary, it would also be possible to increase the flexibility
of the building process itself, because the structure would no
longer have to be built layer by layer from the bottom-up or
top-down - which is necessary for most existing forms of
AM. Several robot manipulators could potentially also work
simultaneously, building with several different materials.

In this paper, we will present an overview of current
approaches to AM by robot, as well as a novel concept of
using an industrial robotic manipulator as a means for 3D-
printing or AM. We will outline the necessary algorithms and
components needed to realise such a system. The paper is
organized as follows: In section II, an overview of the current
approaches to large-scale AM by robot will be presented. In
section III, we will explain our novel idea of AM by robot
manipulator. A proof-of-concept experiment is presented in
section IV, and the results as well as plans for future work
are summarized in section V.

II. AN OVERVIEW OF CURRENT TECHNOLOGY

Several projects are already working on realising robotised
AM, both with generic materials like plastic or cement, and
with metal. Most of these projects are initiated by private
businesses, but there are also a few universities working on
this kind of technology.

One way of creating large structures through AM methods
is by splitting the final product into smaller parts that can
be 3D-printed, and then assemble the pieces afterwards. This
has been done for example for the 3D Elephant Petition [2],
Total Kustom’s concrete castle [3], and to some extent the
Dragon Bench from Joris Laarman Lab [4].



Fig. 1. 3D Elephant Petition: The pieces that make up the 3D-printed
elephant sculpture were made by five traditional Ultimaker 3D-printers. Each
of these printers were given an extended degree of freedom by connecting
them to a rail that moved vertically, which made it possible to print pieces
that were up to 2.5 meters tall. Photo: www.rooiejoris.nl [2].

The 3D Elephant Petition, created by Joris van Tubergen
in 2014, took traditional 3D-printing one step further in the
process of 3D-printing large structures ”outside-the-box”. As
part of an art project, he created a life-scale 3D-printed
elephant sculpture over the course of two weeks. He did
this by combining five Ultimaker 3D printers with his own
add-on called Z-Unlimited [5]. This add-on allowed each
printer to move over 2.5 meters vertically while printing
horizontally. This extended degree of freedom enabled the
system to print structures that were over 2.5 meters tall. The
remaining dimensions for each piece were still limited to the
dimensions of the Ultimaker 3D-printer’s original workspace.
Even though the 3D-printed pieces were larger than what
what a standard Ultimaker 3D-printer can produce, the final
structure shown in figure 1 had to be assembled manually.

In 2006, two researchers from Cornell University devel-
oped and released an open-source, low-cost print-at-home
system called Fab@Home [6]. This was done in an effort
to make AM technology more available for developers, and
encourage the invention of new technology. This was a three-
axis gantry positioning system that used a syringe-based
extrusion tool to do material extrusion along a translation-
only path. The printer was designed so that it was possible
to use a great variety of materials, for instance RTV silicone
rubber, epoxy, and even chocolate. Model 2 was released
in 2009, with improvements like a more versatile material
extrusion system, as well as a price reduction due to changes
in the electronics and mechanics [7].

The company Total Kustom are working on large-scale
3D-printing of houses, as part of an effort to help the
construction of more affordable housing. They have 3D-
printed large structures of cement with their own 3D Con-
crete Printing Technology, like the concrete castle that was
built in 2014 [3], shown in figure 2. Their first construction
was printed piece by piece, and then assembled manually.
The castle was build using a cement mix, and the layers
were 10 mm in height and 30 mm in width [8]. The project

Fig. 2. Concrete Castle: This castle was built in cement in 2014 using
Total Kustom’s AM technology. This was their first large project, and the
structure was therefore built piece by piece, and then assembled afterward.
Photo: www.totalkustom.com [12].

Fig. 3. Apis Cor House: The robot manipulator used in their project is
similar to a tower crane, with a workspace in a circular area around its base.
Photo: www.totalkustom.com [14].

later 3D-printed an entire hotel suite, this time in one piece
[9]. According to their website, they are now going into
production of the first commercially available 3D Concrete
Printers [10]. The largest models will have a workspace of
approximately 150 m2, and build structures that are up to 12
m tall, with an average printing speed of 100 m2 in area and
3 m height in 48 hours [11].

Apis Cor company recently managed to 3D-print a com-
plete house in Moscow Region, using a self-developed
mobile system for AM. They used a concrete mixture as
building material, and built using a robot manipulator similar
to a tower crane, as shown in figure 3. Their printer weighs
around 2 tonns, has a maximum working area of 132m2 in
a circular area around the base, and can build structures that
are up to 3300 mm tall [13]. The printer uses the traditional
bottom-up approach, and deposits material layer by layer.
The printed house was 38 m2, and built in 24 hours of
machine printing time [14].

Large-scale AM with a cable-suspended robot has also
been tested, with promising results. In 2015, researchers from
the University of Laval in Canada used AM to build a life-
size foam statue of Sir Wilfrid Laurier, the seventh Prime
Minister of Canada [15]. They used a 6 degrees of freedom
(DOF) cable-suspended robot in the process, a type of robot
that is attached to a mobile platform or end effector by



multiple cables. The final statue was about 215×550×620
mm large, printed with material laid out in a path that was
10 mm tall and 12 mm wide. The whole print was done
with the end-effector pointing in the same direction, making
this a translation-only build. For traditional 3D-printers, this
type of print would be possible with only 3 DOFs, because
the end-effector’s orientation never changes. However, for
a cable-suspended robot, 6 DOFs are necessary to keep
the orientation of the end effector unchanged. This project
was inspired by the work done by researchers from Ohio
University in 2007, who created a cable-suspended contour
crafting system. Their motivation was that building large
structures with a gantry robot, a large overhanging system
covering the whole work area, is difficult because the robot
must be extremely large, heavy, and difficult to move around.
A cable-suspended system also has to be larger than the
structure it is building [16], but it is more mobile because
the cable frame is much lighter than a complete gantry robot
system. Still, a gantry robot-system is much more accurate
than a cable-system.

The Norwegian company Norsk Titanium (NTi) has de-
veloped a method for cost-efficient AM of titanium airplane
parts. Traditionally, titanium parts are created by subtracting
material from a large, wrought titanium block until the
desired shape is achieved using a 3 axis manipulator in a
confined box with inert gas. Components that require a lot
of machining becomes more costly and produces much more
waste compared to NTis method. By fusing titanium wire
together in an atmosphere of argon gas, NTi are able to
build up titanium parts layer by layer [17]. Even though this
process demands that the AM parts are machined afterwards,
this process saves both time and material. NTi’s system
currently has a workspace of 120×120×180 cm [18], which
is quite large compared to traditional 3D-printers.

One of the projects that has come furthest in combining
AM and robotics, is the work done by Joris Laarman Lab.
They have moved, step by step, from using AM as a
design tool and over to building structures directly with AM
methods. Early projects like the Bone Chair from 2006 [19]
used AM to create complex molds for design furniture that
were to be casted in one piece [20].

The MX3D Metal printer must be the most exciting thing
to come out of Joris Laarman Lab yet. This was a further
development of the Mataerial project from 2012 [21], where
a 6 DOF industrial robot manipulator was used to deposit ma-
terial along a pre-designed trajectory. The Mataerial project
was a collaboration between Joris Laarman Lab and the
Institute of Advanced Architecture of Catalonia (IAAC), and
resulted in a patented AM method for building fast-curing
thermoplastic in any direction: no longer limited to the top-
down or bottom-up approach. This made it possible to build
almost any kind of structure, with no need for support or
underlying layers, like shown in figure 4.

By combining the industrial robot manipulator as used in
the first Mataerial project with an advanced welding machine,
Joris Laarman Lab were able to build structures in metals
such as steel, aluminium, bronze, stainless steel, and copper.

Fig. 4. Mataerial project: Combining an industrial manipulator with a
fast-curing plastic makes it possible to ”print” double curved lines in mid-
air. Photo: www.mataerial.com [21].

Fig. 5. Butterfly Screen: This 2× 3 meter large double-curved bronze
screen is built by an industrial robot manipulator using the MX3D AM
technology. Photo: www.jorislaarman.com [23].

This robot is able to build double-curved lines in midair by
depositing small amounts of molten metal at a time. The
Dragon bench from 2014 was built piece by piece, and later
welded together manually [4]. The Butterfly Screen on the
other hand, shown in figure 5, is a 2×3 meter large double
curved bronze structure that was built as a whole using the
MX3D AM technology. Joris Laarman Lab are aiming to
create an AM system that can eventually print structures
directly from Computer Aided Design (CAD). MX3D have
announced that they plan to use their AM method to build
a one-piece, fully functional steel bridge sometime in 2017.
The structure will be built at a work-site near their offices
in Amsterdam, and will be placed across the Oudezijds
Achterburgwal Canal [22].

III. AM USING CMT BY 6 DOF ROBOT
MANIPULATOR

Our research plan on using a robot manipulator to do AM
in metal. More specifically, the aim is to use the welding



method Cold Metal Transfer (CMT) to deposit metal along
a given trajectory, building the final metal structure gradually
as the manipulator tracks this reference trajectory. CMT is a
metal inert gas (MIG) process which is modified so that the
motions of the wire is integrated in the welding process. The
need of an extra electromagnetic force is removed by using a
wire retraction motion to help the metal droplet detachment.
This means that both heat input and spatter can be decreased
compared to other MIG methods [24]. CMT was chosen over
other welding methods due to its high quality string, which
is expected to be a decisive factor in additive manufacturing
based on welding.

Mounting it on an industrial 6 DOF robot was a logical
choice to enable building large objects. Combining CMT
welding with robotised AM has the potential to build metal
structures from scratch, not just perform robotised welding.
However, this technology could also be useful in repair
work, for example when needing to close holes and tears
in large metal surfaces on ships or other large structures.
The usual argument against industrial robots for AM is their
limited precision, but metal welding is a comparatively rough
process, so robot precision is not expected to be the limiting
factor for product quality. AM by robot manipulator would
free us from having to build structures layer by layer, which
makes it possible to print more complex geometries. Being
able to print in any direction may also make it possible to
design more efficient path planning algorithms, which can
potentially save both time and money.

In order to create a system for CMT-focused robotised
AM, there are several problems that need to be solved. Path
planning algorithms must be designed, planning the path
the robot should follow while depositing material. These
should be designed so that they can be used for a number of
different building materials, as it will be useful to run tests
with materials that are easier to deposit than metal. Control
algorithms for the robot manipulator should be improved
to account for feedback from the build process and the
deposited material. The control algorithms will have to rely
upon the properties of the given material, the thickness of the
material line that is deposited, and on how fast the material
hardens. It is therefore necessary to consider the time aspect,
i.e. how fast it is possible to deposit the material, and how
long it will take to build the complete structure.

Methods for collision avoidance must also be included in
the system, something that might prove especially challeng-
ing if the system is to deviate from the standard bottom-
up or top-down building approach. Throughout the process,
it will be necessary to create experiment(s) with robot
manipulator and deposition of material in order to test the
control algorithms that are designed.

IV. PROOF OF CONCEPT EXPERIMENT

Building on our previous experience with robotic set
ups [25], a small-scale proof-of-concept experiment was
designed. After considering alternatives like a glue gun, or
even the print head of a traditional 3D-printer, a caulking
gun of the type Juniorfix from Würth was chosen to deposit

Fig. 6. Experiment set-up: A caulking gun driven by compressed air is
connected in parallel to the end effector of a UR-5 robot arm.

material.
This alternative was deemed the best choice for a small-

scale, initial experiment like this. In addition, the different
materials that were available for the caulking gun had
properties that made them better suited than for instance hot
glue. These materials were typically less liquid than hot glue,
and would behave in a more manageable way. The layers of
hot glue would for instance just blend into each other if the
layers were deposited too close together, and too quickly. The
idea of using the print head of a 3D-printer was discarded
partly because it would complicate the experimental set-up,
and partly because it was necessary to have the opportunity
to extrude more material at once than what one can expect
with a traditional 3D-printer. A 3D-printer would almost
certainly have been able to build a more accurate structure,
but the main requirement of this experiment was build-time
and simplicity, not accuracy.

The caulking gun was driven by compressed air, which
created a smooth and constant flow of material once the
pressure was turned on. The flow of compressed air was
controlled by a valve that had to be operated manually. The
material used was STP Quickfast from Würth, which is a
type of fast-hardening, viscous glue. The caulking gun was
fastened to the end of a UR-5 robot as shown in figure 6,
with the nozzle parallel to the end effector of the robot arm.
The trigger button of the caulking gun was strapped in place
so that the extrusion of material was controlled directly by
supplying compressed air. Because the nozzle was circular,
the extruded material also had a circular cross-section, and
the diameter was set by changing the diameter of the nozzle.



Fig. 7. Control structure of the system: The control algorithm is
implemented in the block for kinematic control. Figure from [25].

Fig. 8. UR5 Trajectory: Here we see a plot of the trajectory the robot’s
end effector should follow while depositing material along its path.

A. TRAJECTORY DESIGN

The goal of the experiment was to construct a small cup,
and the trajectory was designed such that the robot motion
was continuous also as the nozzle moved upwards while
printing the sides of the cup. This already deviates from
traditional AM methods, which as a norm build one layer at
a time and then move up (or down) a certain height before
printing the next layer. This added flexibility can potentially
allow for a more efficient building process in terms of both
time and energy.

Each point on the spiral trajectory is expressed in cylin-
drical coordinates θ , r, and z. We define h as the height
difference between each layer of the cup size, and r1 as the
horizontal distance between each layer of the bottom. H is
the desired final height of the structure, and R is the desired
radius of the final structure. All of these variables are given
in meters. r and z are defined as functions of θ :

r(θ) =

{ r1
2π θ θ ≤ R

r1
2π

R θ > R
r1

2π
(1)

z(θ) =

{
0 θ ≤ R

r1
2π

h
2π (θ − R

r1
2π) θ > R

r1
2π

(2)

Fig. 9. Translation error: Here we see the desired x-, y-, and
z-position plotted together with the actual position of the robot
manipulator’s end effector during one of the builds. The Cartesian
coordinates are given in the robot frame.

Fig. 10. Field-of-view error: The registered error between the actual
field-of-view and the desired field-of-view is less than 2 ×10−3.

Thus, the time-derivatives of r1 and z are given by:

ṙ(θ) =

{ r1
2π θ̇ θ ≤ R

r1
2π

0 θ > R
r1

2π
(3)

ż(θ) =

{
0 θ ≤ R

r1
2π

h
2π θ̇ θ > R

r1
2π

(4)

where θ̇ is defined as:

θ̇ =

{ 2πU
r1

√
θ 2+1

θ ≤ R
r1

2π

U√
R2+ h

2π
2

θ > R
r1

2π (5)

θ̇ is chosen such that the end effector velocity along the
trajectory is constant and equal to the desired velocity
U , which is necessary for even deposition of the printing



Fig. 11. UR 5 Manipulator: Here we see the coordinate frames assigned
to the robot’s joints, which is the foundation for the Denavit-Hartenberg
parameters presented in table I. Figure from [25].

TABLE I
DENAVIT-HARTENBERG PARAMETERS FOR UR5, FOUND IN [26].

Joint ai [m] α i [rad] di [m] θ i [rad]
1 0 π

2 0.089 q1
2 -0.425 0 0 q2
3 -0.392 0 0 q3
4 0 π

2 0.109 q4
5 0 − π

2 0.095 q5
6 0 0 0.082 q6

material.
Figure 8 shows the designed trajectory the robot’s end

effector should follow. In figure 9 we see the desired x-, y-,
and z-coordinates plotted together with the actual coordinates
from the robot, and in figure 10 we see the error of the field-
of-view σ f ov, defined in (14).

B. ROBOT CONTROL

In this experiment, a UR-5 robot with 6 DOFs was used.
Its configuration is given by q = [q1, q2, q3, q4, q5, q6]T , qi
being the joint variables. The Denavit-Hartenberg parameters
are shown in table I, and the coordinate frame can be seen
in figure 11. It was necessary to control the end effector
position to track the desired trajectory and the direction of
the end effector to deposit material at a constant orientation.
This can be formalised as a task variable σ ∈ Rn, which is
defined as:

σ(t) =




x
y
z

σ f ov


= f (q(t)) (6)

The variable σ f ov is the error in the field-of-view, the vector
pointing straight out of the end effector (z6-axis in figure 11).
The task variable differentiated with respect to time is given
by:

σ̇(t) =
δ f (q(t))

δq
q̇(t) = J(q(t))q̇(t) (7)

where J(q(t)) = δ f
δq is the Jacobian, and q̇(t) is the system

velocity. The desired behavior of the robot is defined by
σdes. However, the robot is controlled in joint space, so
an inverse kinematics approach is necessary to find the
corresponding movement in joint space. It is proven that
if the joint velocities track q̇des as defined below, the task
variable σ will converge asymptotically to σdes [27]:

q̇des = J†σ̇des = J†(σ̇des +Λσ̃) (8)

where σ̃ is the task error, defined as:

σ̃ = σdes−σ (9)

and Λ is a positive definite matrix of gains. J† is the
right psudoinverse of J, which is the matrix satisfying the
four Moore-Penrose conditions [28], J∗ being the complex
conjugate of J:

JJ†J = J (10)

J†JJ† = J† (11)

(JJ†)∗ = JJ† (12)

(J†J)∗ = J†J (13)

The desired geometric trajectory that the end effector
should follow, are given by the Cartesian coordinates that
make up the first part of (6): [xdes,ydes,zdes]

T .
For the last element of (6), σ f ov,des, we control the error

of the field-of-view, which is defined as:

σ f ov =
√
(ades−a)T (ades−a) (14)

where a is the current orientation of the end effector, which
corresponds to the vector z6 in figure 11, and ades is the
desired orientation. Because the field of view should be
straight downwards, a f ov,des is:

a f ov,des =




0
0
−1


 (15)

We wish for the error between the actual and the desired
orientation to be zero:

σ f ov,des ≡ 0

σ̇ f ov,des ≡ 0

To express the desired end effector position in Cartesian
coordinates, we rewrite the trajectory given in cylindrical
coordinates (1)-(2) through the following transformation:

xdes = r(θ)cosθ
ydes = r(θ)sinθ
zdes = z(θ)

(16)



Thus, the time derivatives are given as:

ẋdes = ṙ(θ)cosθ − r(θ)sinθθ̇(θ)
ẏdes = ṙ(θ)sinθ + r(θ)cosθθ̇(θ)
żdes = ż(θ)

(17)

where ṙ, ż, and θ̇ are defined in (3)-(5). Thus, the commanded
joint velocity is defined in (8) with σdes = [xdes,ydes,zdes,0]T

and σ̇des = [ẋdes, ẏdes, żdes,0]T . We find the desired joint
configuration qdes by numerically integrating q̇des, and send
this to the UR-5 dynamic controller via TCP-IP. This built-in
controller ensures that the reference is tracked.

C. Results

Material properties such as viscosity and density of the
material used in this initial experiment put a height constraint
on the structure to be built. In fact, the structure would
collapse in on itself if it was built much taller than a
critical height of a few centimetres. It was also necessary
to adjust the vertical velocity of the nozzle. By reducing
the height difference between layers, thereby making the
nozzle press each layer down slightly while moving along
the trajectory, the area of the contact surface between each
layer was increased. This made the structure more stable, and
less likely to collapse in on itself. This coincides with the
approach chosen by Total Kustom, who also built layers that
were three times wider than they were tall when printing
the Concrete Castle [8]. Even with this modification, it
was difficult to build steady structures that were taller than
approximately 4 cm with the material that was used in our
proof-of-concept experiment.

The beginning and end of the build was the most challeng-
ing part of the experiment. As mentioned, the extrusion of
material was controlled by supplying compressed air to the
caulking gun. Because the compressed air was controlled
by a valve that had to be turned manually, turning the air
on and off was a continuous process. The dynamics of this
process greatly influence the flow of material. When turning
the compressed air on, this meant that it was necessary to
begin turning the valve approximately 10 seconds before the
caulking gun would actually begin extruding material. In
addition, the extrusion of material would change gradually,
first extruding a small amount of material quite slowly,
and then extruding more material quite quickly, depending
on how much compressed air that was added. It seems
reasonable that this extrusion process could be modelled by
a time delay in series with a first or second order process.

When the build reached its end, it was also challenging to
stop the extrusion of material. Naturally, the stopping process
was also continuous, so it was necessary to time when to
start closing the valve. If the valve was turned too early, so
that the amount of material that was extruded was reduced
while the robot was still following the build trajectory, the
material would not adhere properly to the previous layer.
Instead, it would be dragged after the manipulators end
effector, pulling on the walls of the built structure, and this
way increase the chances of the structure collapsing. When

Fig. 12. Test results: The experimental work resulted in these small cups.
It is evident that the width of the printed material, along with the height
of the structure and the speed of the material deposition, are all important
elements for the final result.

the valve was turned later, the caulking gun would still
be depositing material when the end effector moved away
from the build. Still, this was considered the best approach.
The excess material was removed manually from the final
structure straight after the build was done.

In summary, there are a number of parameters that was
found to greatly influence the end result. Material properties
such as density, viscosity and adhesiveness are important,
but also the properties of the reference trajectory and the
dynamics of the actuator, in this case the pressure controlled
caulking gun, play a major role.

V. CONCLUDING REMARKS

The initial proof-of-concept experiment along with the
state-of-the-art review presented in this paper has shown that
large-scale AM by robot manipulator is indeed possible, and
has helped show some of the problem areas that need to
be addressed in future work. Increasing the contact surface
between each layer proved to be very helpful in order to in-
crease the stability of the structure, and this will be necessary
to include in later experiments. In the initial experiment, we
achieved a larger contact surface by decreasing the height
of each layer to make the nozzle press each layer down.
A larger contact surface can also be achieved by changing
the geometry of the nozzle, for example making it flat and
elliptic, or even rectangular. Which approach to go for should
be based on the material that is used, and on what kind of
structure one is trying to build.

The starting and stopping point of the build will be
challenging, especially when the extrusion of material is not
controlled by a simple on/off-mechanism. It should therefore
be a goal to create a better control mechanism for the flow
of material. Even if it is not possible to stop or start the
material flow momentarily, it might be possible to adjust the
movement of the robot manipulator so that it works better
with the material flow, for example making it slow down
when it is close to the end.

In future work, a complete, full-scale system for AM by
robot manipulator needs to have some way of monitoring the
process, and to give feedback on whether or not the build is



going as planned. What is expected to be a decisive aspect for
robotised AM using CMT is the ability to compensate in real
time for local welding defects such as local string collapse,
and geometrical deviations from the building plan. In order
to create an efficient system it will be necessary to design the
control algorithms so that the system is able to compensate
and correct weaknesses due to inaccuracies earlier in the
build process. This initial experiment had a translation-only
based trajectory, but in future experiment there should be
more focus on the fact that the orientation of the robot’s
end effector can be controlled. The UR5 robot has 6 DOFs,
which means that the manipulator can reach every point in
its workspace with arbitrary orientation.
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Abstract: Additive manufacturing (AM) is the umbrella term that covers a variety of techniques
that build up structures layer-by-layer as opposed to machining and other subtracting methods.
It keeps evolving as an important technology in prototyping and the development of new devices.
However, using AM on a larger scale is still challenging, as traditional methods require the AM
machines to be larger than the manufactured structure. The research presented in this paper
is a continuation of our work on assessing the possibility of large-scale robotic AM. The focus
in this paper is the feasibility of large-scale AM of metallic materials by arc welding. A series
of experiments with robotic arc welding using an ABB IRB2400/10 robot are presented and
discussed. These experiment will help map some of the challenges that need to be addressed in
future work.
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1. INTRODUCTION

Traditional methods for additive manufacturing (AM) re-
quire the AM apparatus to be larger than the component it
is producing. This puts great limitations on the volume of
the structures that can be built, as it is only practical to ex-
tend the size of the machine up to a point. These AM tech-
niques also mainly use a strictly layer by layer approach
in the building process, either top-down or bottom-up,
making it impossible to build overhangs without including
additional support structures that must later be removed.
Combining deposition of material with the flexibility of
a 6 degrees-of-freedom (DOF) robot manipulator could
drastically increase the workspace. If the material was fast-
curing, like that of the MX3D Resin project (Jorislaar-
man.com, 2015-2018), a 6 DOF robot manipulator could
deposit material in almost any direction. This would make
it possible to move away from the layer-wise approach,
and thereby remove the need for support structures when
building more complex shapes, which could potentially
help save both time and money.

The experiments presented in this paper build on our ear-
lier work with AM by robot manipulators (Evjemo et al.,
2017), where necessary algorithms and components for a
system combining AM methods and a robot manipulator
were outlined. Some initial experiments were done, using a
6 DOF UR-5 robot combined with an air-pressure driven
caulking gun and a relatively fast-curing adhesive. This
apparatus was used to build a simple cup-structure in

a spiralling trajectory, moving away from the layer-wise
approach. This work showed that AM by robot manipula-
tor is indeed possible, and mapped some of the challenges
that had to be addressed in future work. A state-of-the-
art review of large-scale AM was also presented in this
paper (Evjemo et al., 2017), showing the increased interest
in different forms of large-scale AM: Spanning from how
AM technology can be used to construct buildings (Apis-
cor.com, 2017) or bridges (Mx3d.com/”Bridge”, 2017), to
how the technology can be used creatively in art and
design.

AM of metallic materials by arc welding could be useful in
a variety of industries, and has the potential to not only
perform robotised welding but to build metal structures
from scratch. In this paper the focus is therefore on wire
arc additive manufacturing (WAAM), with a special focus
on the modified metal inert gas welding method cold
metal transfer (CMT). CMT is well-suited for WAAM
due to a more stable arc reducing metal splattering (so-
called ’fireworks’), and a reduced heat input refining the
deposited micro-structure and reducing residual stresses
and distortion (Cong et al., 2016). Two sets of experi-
ments are presented in this paper: Building a thin-walled,
quadratic box, and building a more complex box-shape
with challenges related to intersections within layers. An
important objective for the experiments was to make the
build as continuous as possible, as this could both save
time and make the structure less prone to deformations.
As with the experiment in (Evjemo et al., 2017), the robot
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Fig. 1. Experimental set-up: ABB IRB2400/10 robot
manipulator with welding equipment from Fronius.

path is based on translation-only motions, the orientation
of the welding gun staying fixed.

2. AM WELDING EXPERIMENTS BY 6 DOF
ROBOT MANIPULATOR

In collaboration with SINTEF Industry, experiments were
done using a 6 DOF IRB 2400/10 robot manipulator from
ABB Robotics (Abb.com, 2016-2018). Attached to the
robot’s end effector was a metal inert gas (MIG) weld gun
using the CMT technology developed by Fronius. This was
partially controlled by the program running on the robot,
though some settings had to be adjusted manually. The
experimental set-up is shown in fig. 1. The robot path
could be programmed manually with the robot control
pad, or using the programming language RAPID. Testing
was done in the simulation software RobotStudio from
ABB.

2.1 Experiment 1: Thin-walled, quadratic box

AM of larger components is traditionally very time con-
suming due to slow deposition of material relative to the
size of the final component. To make AM by robot as
efficient as possible, it was of interest to assess the effects of
a continuous build, and to avoid a strictly layer-wise build
with a wait time between each layer. The structure in the
initial welding experiment was geometrically very simple:
A 10 × 10 cm2 square-box built on a horizontal surface, as
shown to the left in fig. 2. The aim was initially to test how
a structure built by continuous welding would correspond
to the heat development during prolonged deposition, and
examine the visual appearance after deposition in terms
of irregularities and distortions. Arc initiation and termi-
nation create uneven material deposition during WAAM,
as reported by (Martina et al., 2012). Therefore, it was
desirable not to have breaks during the welding process.

Manual programming : The first welding experiments were
done by manually programming the path using the robot’s

Fig. 2. Square-box: Smoother layer transitions, blunter
corners and longer sides clearly improved the visual
appearance of the structure.

control pad. The structure was welded onto a metal
surface of AA6082 T6 rolled aluminium plate, from hereon
referred to as the base, and the welding material was the
aluminium-silicon alloy AA4047 in Ø1.2 mm wire form.
The path was created by manually jogging the robot to
each of the four corners of a square with the correct
dimensions and saving these corner positions. Using a
variation of the RAPID-function MoveL (ABB Robotics,
2004-2010), the robot was programmed to move linearly
between these corners.

The distance from the tip of the welding gun to the
base was approximately 12 mm. The estimated height
of each deposited welding bead, from hereon referred to
as the layer height, was set to 1.8 mm. The robot’s end
effector would move vertically one layer height at the
end of each layer. The amount of deposited material was
determined by the wire-feed speed, as well as the welding
gun’s travel speed along its path. The travel speed was set
to 9 mm/second, and this value was kept throughout the
experiments. The first square-box build was done welding
with a current of 62 A. The resulting structure is shown to
the left in fig. 2, where the corner closest to the camera is
the starting point, and the transition point between layers.

RobotStudio: In the second experiment, the path was
programmed using the programming language RAPID,
and simulated in RobotStudio. The square-box dimensions
were changed from 10 × 10 cm2 to 12 × 12 cm2, which
implied a longer deposition distance in each layer, yielding
a longer cooling time of the deposited material. This could
in turn reduce distorting and overheating in the built
components.

In the first experiment there was an issue with accumula-
tion of material in the point of the vertical height increase,
as can be seen in fig. 2. The transition between layers were
therefore modified: Instead for a vertical movement in a
single point, the height increase was spread over a slope
of two centimetres at the end of each layer, as shown in
fig. 3.

The square-box was designed with sharp corners. However,
the first experiment showed that this made the end effector
stay slightly longer in the corner points while changing
direction, which lead to unwanted material accumulation.
The corners were therefore made blunter in the following
experiments by changing the zone data variable in the code
so that the corner points worked as fly-by points instead of
stop points: The robot’s end effector would never actually
reach the corner point on its path, but instead start
changing directions when it was within a certain distance
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Fig. 3. Slope between layers: To avoid material accu-
mulation, a smoother transition between layers was
introduced, and the effect can be seen in fig. 2.

Fig. 4. Continuous build: Square-box structures with
rounded corners and a smooth transition between
layers.

of the corner point (ABB Robotics, 2004-2010). A value
of z1 meant that the tool centre point (TCP) could start
changing directions 1 mm away from the fly-by point, while
z5 meant that the TCP could start changing direction 5
mm away from the point, and so on (Robotstudio.com,
2016). In this experiment, the zone data was set to z5.
The initial build with these adjustments is shown to the
right in fig. 2, and later builds with the same dimensions
are shown in fig. 4.

2.2 Experiment 2: Flower-shape with opposing angles

One of the challenges that arise when building a thin-
walled structure in a layer-wise manner is how to deal with
intersections within the same layer (Ding et al., 2016).
Continuous material deposition is desired for efficiency,
but intersections in the robot’s path within the same
layer will then lead to deposition of material in the same
point twice. Starting and stopping the welding process at
each side of an existing bead is not considered to be a
good solution due to the mentioned challenges regarding
uneven material deposition at arc initiation and flame-
out (Martina et al., 2012).

One solution to this problem is to altogether avoid cross-
ings within the same layer. If the path within each layer
can be traversed without passing the same point twice,
it could be possible to design the path so that two op-
posite corner angles pass close enough together that they
remelt and merge together, thereby creating what looks
and works like an intersection. The method of opposite

Fig. 5. Opposite corners: To avoid crossings within the
same layer, the path was designed so that opposing
corners merged together to create intersections in the
final structure (Mehnen et al., 2011).

Fig. 6. Inconel 625: The flower structure built in Inconel
625 (4 layers to the left, 25 layers to the right). Fig. 10
shows the same structure after post processing.

angles described in (Mehnen et al., 2011) was tested for
the thin-walled ”flower”-shape, shown in the RobotStudio
simulation in fig. 5. The pattern was repeated continuously
for several layers. As with the box shown in fig. 2, the
height increase between layers were done gradually over a
slope of 2 cm at the end of each layer.

Three different materials were examined for the flower
geometry. Tests were first done with the aluminium-silicon
alloy AA4047 previously used to build the square-box.
Further, the nickel-based alloy Inconel 625 was utilised,
and some tests were done using another aluminium-silicon
alloy, AA4043. The results from the former experiments
were used to adjust the welding parameters in order to
improve the final build.

The nickel- and aluminium-based alloys were used to assess
the dependence of the physical properties of the welding
metal when building. Compared to aluminium, Inconel 625
possess a much higher melting point (1350 ◦C) and higher
thermal emissivity to air (Kobayashi et al., 1999). Welding
with Inconel 625 requires higher energy input. Therefore,
a pulsed MIG weld gun was preferred over CMT for this
build, and the base plate was changed to black carbon
steel. The as-deposited structure is shown in fig. 6, and
the welding parameters are listed in table 2.

Lastly, a set of experiments were done trying to build the
flower-shape in aluminium AA4043, using the experience
from the previous experiments to attempt a successful
build with a softer metal than the nickel-alloy. We wanted
to weld the first few layers with an even higher heat input
than before, so the last experiments with aluminium were
done with pulsed metal inert gas (MIG) welding. This will
be explained further in section 3. The welding parameters

2019 IFAC ICONS
Belfast, Northern Ireland, August 21-23, 2019

105



	 Linn Danielsen Evjemo  et al. / IFAC PapersOnLine 52-11 (2019) 103–109	 105

Fig. 3. Slope between layers: To avoid material accu-
mulation, a smoother transition between layers was
introduced, and the effect can be seen in fig. 2.

Fig. 4. Continuous build: Square-box structures with
rounded corners and a smooth transition between
layers.

of the corner point (ABB Robotics, 2004-2010). A value
of z1 meant that the tool centre point (TCP) could start
changing directions 1 mm away from the fly-by point, while
z5 meant that the TCP could start changing direction 5
mm away from the point, and so on (Robotstudio.com,
2016). In this experiment, the zone data was set to z5.
The initial build with these adjustments is shown to the
right in fig. 2, and later builds with the same dimensions
are shown in fig. 4.

2.2 Experiment 2: Flower-shape with opposing angles

One of the challenges that arise when building a thin-
walled structure in a layer-wise manner is how to deal with
intersections within the same layer (Ding et al., 2016).
Continuous material deposition is desired for efficiency,
but intersections in the robot’s path within the same
layer will then lead to deposition of material in the same
point twice. Starting and stopping the welding process at
each side of an existing bead is not considered to be a
good solution due to the mentioned challenges regarding
uneven material deposition at arc initiation and flame-
out (Martina et al., 2012).

One solution to this problem is to altogether avoid cross-
ings within the same layer. If the path within each layer
can be traversed without passing the same point twice,
it could be possible to design the path so that two op-
posite corner angles pass close enough together that they
remelt and merge together, thereby creating what looks
and works like an intersection. The method of opposite

Fig. 5. Opposite corners: To avoid crossings within the
same layer, the path was designed so that opposing
corners merged together to create intersections in the
final structure (Mehnen et al., 2011).

Fig. 6. Inconel 625: The flower structure built in Inconel
625 (4 layers to the left, 25 layers to the right). Fig. 10
shows the same structure after post processing.

angles described in (Mehnen et al., 2011) was tested for
the thin-walled ”flower”-shape, shown in the RobotStudio
simulation in fig. 5. The pattern was repeated continuously
for several layers. As with the box shown in fig. 2, the
height increase between layers were done gradually over a
slope of 2 cm at the end of each layer.

Three different materials were examined for the flower
geometry. Tests were first done with the aluminium-silicon
alloy AA4047 previously used to build the square-box.
Further, the nickel-based alloy Inconel 625 was utilised,
and some tests were done using another aluminium-silicon
alloy, AA4043. The results from the former experiments
were used to adjust the welding parameters in order to
improve the final build.

The nickel- and aluminium-based alloys were used to assess
the dependence of the physical properties of the welding
metal when building. Compared to aluminium, Inconel 625
possess a much higher melting point (1350 ◦C) and higher
thermal emissivity to air (Kobayashi et al., 1999). Welding
with Inconel 625 requires higher energy input. Therefore,
a pulsed MIG weld gun was preferred over CMT for this
build, and the base plate was changed to black carbon
steel. The as-deposited structure is shown in fig. 6, and
the welding parameters are listed in table 2.

Lastly, a set of experiments were done trying to build the
flower-shape in aluminium AA4043, using the experience
from the previous experiments to attempt a successful
build with a softer metal than the nickel-alloy. We wanted
to weld the first few layers with an even higher heat input
than before, so the last experiments with aluminium were
done with pulsed metal inert gas (MIG) welding. This will
be explained further in section 3. The welding parameters
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Fig. 7. Pulsed MIG: The final flower structure built in
aluminium AA4043. This build has 65 layers, and
some grinding were performed to reduce material
accumulation in the intersections.

are listed in table 3, and fig. 7 shows the most successful
attempt.

3. RESULTS

Throughout these experiments, the accumulated experi-
ence regarding heat input and path design was imple-
mented to help improve the following tests.

3.1 Experiment 1: Thin-walled square-box

Transitioning between layers by moving the welding gun
vertically in a single point led to some unwanted material
accumulation, as seen in fig. 2. As the aim was to see how
feasible it was to build a structure by continuous welding,
it was not an option to interrupt the welding procedure.
This would in any case have lead to additional challenges
related to the starting and stopping of the weld due to
the difference in material deposition at the beginning and
end of a welding bead (Mehnen et al., 2011). The gradual
height increase over a slope introduced in the second
square-box build, shown in the simulation in fig. 3, seemed
to work well and was kept for the following experiments.
Rounding off the corners seemed to solve the material
accumulation problem there as well, as can be seen by
comparing the corners of the structures in fig. 2.

The first, manual test with CMT with a current of 62 A
seemed to overheat the structure, making the metal so hot
and liquid that each layer became almost flat. The problem
increased over time, making the walls of the structure
uneven, as seen in fig. 2. Therefore, the heat input was
reduced for the next builds, and the length of the walls
was increased from 10 cm to 12 cm to allow for a longer
cool-down period, resulting in the structure to the right
in fig. 2. Fig. 4 shows additional builds of the square-box,
where the material deposition could go on continuously
until the structures were significantly taller than the first
attempts.

3.2 Experiment 2: Flower-shape with opposing angles

Several experiments were done in order to build the
structure shown in fig. 5, both in the aluminium alloys
AA4047 and AA4043, and the nickel-based alloy Inconel
625.

Fig. 8. Intersections: First attempts at merging opposite
corners together.

Opposing Angles : One challenge was to find an optimal
distance between the corners in the path that needed to
melt together, e.g. corner 3 and 7 in fig. 5. These corner
parts of the path had the same fly-by point, but used dif-
ferent zone data, as explained in section 2.1. By changing
how close to the fly-by point the end effector would move,
it was possible to control the distance between the corners.

Two different builds in aluminium AA4047 are shown in
fig. 8. The structure on the left had corners that ended
up too close together, i.e. were too sharp. The material
deposited in the opposing corners would slightly overlap,
and this would accumulate over time, resulting in a height
difference. The variation in the contact distance between
the welding gun and the deposited structure due to the
height difference in turn affected the material deposition,
and the result was that the inner walls of the structure
became slopes instead of straight walls. For the structure
shown to the right in fig. 8, the corners were too blunt
and far apart, so that the metal did not melt together as
intended.

The flower-shape built in Inconel 625 (fig. 6) did not
show the same issues related to the opposing corners as
the aluminium structures in fig. 8. The material did not
accumulate in the same way, and there were no clear signs
of surface artefacts as the structure got hotter, and the
build could go on continuously for 25 layers. The build
was interrupted because the layer-height had been over-
estimated in the program. This meant that the distance
between the welding gun and the welding surface increased
for every layer. Thus, the Inconel 625 build was stopped
after 25 layers when welding fireworks indicated that there
were too long contact distance between the welding gun
and the surface.

Three structures were built in the last experiment with
aluminium AA4043. Height regulation was included in the
program for the last test (3rd test table 3), so that the
build could go on for much longer than any of the other
tests. This last structure is shown in fig. 7.

Welding current and temperature: To make the weld ad-
here properly to the base, the first few layers of every
structure had to be welded with a relatively high heat
input. If not, the deposited material would just clump
together in droplets, as shown in fig. 9, as the temperature
was too low for the base metal and the deposited metal
to properly melt together. To avoid deterioration of the
structure due to excessive heat build-up, the heat input
was reduced after the first few layers.
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Fig. 7. Pulsed MIG: The final flower structure built in
aluminium AA4043. This build has 65 layers, and
some grinding were performed to reduce material
accumulation in the intersections.

are listed in table 3, and fig. 7 shows the most successful
attempt.

3. RESULTS

Throughout these experiments, the accumulated experi-
ence regarding heat input and path design was imple-
mented to help improve the following tests.

3.1 Experiment 1: Thin-walled square-box

Transitioning between layers by moving the welding gun
vertically in a single point led to some unwanted material
accumulation, as seen in fig. 2. As the aim was to see how
feasible it was to build a structure by continuous welding,
it was not an option to interrupt the welding procedure.
This would in any case have lead to additional challenges
related to the starting and stopping of the weld due to
the difference in material deposition at the beginning and
end of a welding bead (Mehnen et al., 2011). The gradual
height increase over a slope introduced in the second
square-box build, shown in the simulation in fig. 3, seemed
to work well and was kept for the following experiments.
Rounding off the corners seemed to solve the material
accumulation problem there as well, as can be seen by
comparing the corners of the structures in fig. 2.

The first, manual test with CMT with a current of 62 A
seemed to overheat the structure, making the metal so hot
and liquid that each layer became almost flat. The problem
increased over time, making the walls of the structure
uneven, as seen in fig. 2. Therefore, the heat input was
reduced for the next builds, and the length of the walls
was increased from 10 cm to 12 cm to allow for a longer
cool-down period, resulting in the structure to the right
in fig. 2. Fig. 4 shows additional builds of the square-box,
where the material deposition could go on continuously
until the structures were significantly taller than the first
attempts.

3.2 Experiment 2: Flower-shape with opposing angles

Several experiments were done in order to build the
structure shown in fig. 5, both in the aluminium alloys
AA4047 and AA4043, and the nickel-based alloy Inconel
625.

Fig. 8. Intersections: First attempts at merging opposite
corners together.

Opposing Angles : One challenge was to find an optimal
distance between the corners in the path that needed to
melt together, e.g. corner 3 and 7 in fig. 5. These corner
parts of the path had the same fly-by point, but used dif-
ferent zone data, as explained in section 2.1. By changing
how close to the fly-by point the end effector would move,
it was possible to control the distance between the corners.

Two different builds in aluminium AA4047 are shown in
fig. 8. The structure on the left had corners that ended
up too close together, i.e. were too sharp. The material
deposited in the opposing corners would slightly overlap,
and this would accumulate over time, resulting in a height
difference. The variation in the contact distance between
the welding gun and the deposited structure due to the
height difference in turn affected the material deposition,
and the result was that the inner walls of the structure
became slopes instead of straight walls. For the structure
shown to the right in fig. 8, the corners were too blunt
and far apart, so that the metal did not melt together as
intended.

The flower-shape built in Inconel 625 (fig. 6) did not
show the same issues related to the opposing corners as
the aluminium structures in fig. 8. The material did not
accumulate in the same way, and there were no clear signs
of surface artefacts as the structure got hotter, and the
build could go on continuously for 25 layers. The build
was interrupted because the layer-height had been over-
estimated in the program. This meant that the distance
between the welding gun and the welding surface increased
for every layer. Thus, the Inconel 625 build was stopped
after 25 layers when welding fireworks indicated that there
were too long contact distance between the welding gun
and the surface.

Three structures were built in the last experiment with
aluminium AA4043. Height regulation was included in the
program for the last test (3rd test table 3), so that the
build could go on for much longer than any of the other
tests. This last structure is shown in fig. 7.

Welding current and temperature: To make the weld ad-
here properly to the base, the first few layers of every
structure had to be welded with a relatively high heat
input. If not, the deposited material would just clump
together in droplets, as shown in fig. 9, as the temperature
was too low for the base metal and the deposited metal
to properly melt together. To avoid deterioration of the
structure due to excessive heat build-up, the heat input
was reduced after the first few layers.
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Fig. 9. Low heat input: Welding the first layers with
a heat input that was too low made the deposited
material clump together and not adhere properly to
the base.

The welding parameters for the flower-shape experiments
are listed in tables 1, 2 and 3. The changes in currents were
done manually on the welding apparatus, not as part of
the program running on the robot manipulator. To change
the current, the program was interrupted by releasing the
hold-to-run control, and then started again where it left
off. This meant that there was a short break of 30-45
seconds between each layer with different currents.

Table 1. Welding param. for the tests building
the flower-shape in aluminium AA4047.

Aluminium flower-shape (CMT welding)
Layer Current Wire feed sp. Voltage Layer h.

1st test (approx. 12 × 12 cm)

1-2 90 A 4.1 m/min 16.6 V 2 mm

2nd test (approx 16 × 16 cm)

1-2 160 A 7.0 m/min 19.2 V 2 mm

3+ 80 3.7 m/min 16.4 V 2 mm

3rd test (approx 16 × 16 cm)

1-2 90 A 4.1 m/min 16.6 V 2 mm

3-10 60 A 2.9 m/min 16.1 V 2 mm

4th test (approx 16 × 16 cm)

1-2 150 A 6.6 m/min 18.7 V 2 mm

3 100 A 4.5 m/min 16.9 V 2 mm

4-10 75 A 3.5 m/min 16.3 V 2 mm

8 100 A 4.5 m/min 16.9 V 2 mm

9-20 75 A 3.5 m/min 16.3 V 2 mm

4. DISCUSSION

Manually programming the welding process worked well
enough for the simple square-box structure. However, it
was inaccurate in the sense that the placement of the
corners of the path was decided by how well the operator
was able to aim manually. Editing existing scripts was
tedious with this manual approach, e.g. moving the struc-
ture to another part of the base meant reprogramming

Table 2. Welding param. for the flower-shape
build with Inconel 625.

Inconel 625 flower-shape (fig. 6 and 10)
Layer Current Wire feed sp. Voltage Layer h.

1 185 A 7.9 m/min 15.3 V 2 mm

2 130 A 5.0 m/min 12.9 V 2 mm

3-4 120 A 4.4 m/min 12.6 V 2 mm

5-25 105 A 3.6 m/min 12.1 V 2 mm

Table 3. Welding param. for the tests building
the flower-shape in aluminium AA4043.

Aluminium flower-shape (MIG pulsed welding)
Layer Current Wire feed sp. Voltage Layer h.

1st test (approx. 16 × 16 cm)

1-3 205 A 9.6 m/min 24.0 V 1.8 mm

4 149 A 6.8 m/min 20.7 V 1.8 mm

5 102 A 4.7 m/min 19.1 V 1.8 mm

6-25 72 A 3.5 m/min 18.4 V 1.8 mm

2nd test (approx. 20 × 20 cm)

1 211 A 9.9 m/min 23.9 V 1.65 mm

2 151 A 6.9 m/min 20.9 V 1.65 mm

3 102 A 4.7 m/min 19.1 V 1.65 mm

4-30 72 A 3.5 m/min 18.4 V 1.65 mm

3rd test (With height reduction, approx. 20 × 20 cm)

1 211 A 9.9 m/min 23.8 V 1.2 mm

2 151 A 6.9 m/min 20.9 V 1.2 mm

3 102 A 4.7 m/min 19.1 V 1.2 mm

4-65 72 A 3.5 m/min 18.4 V 1.2 mm

the entire path. It was therefore necessary to change to
the more flexible way of programming the robot path in
RAPID, which also made it simpler to create paths for
more complicated structures. Furthermore, this made it
possible to simulate and test the paths in RobotStudio.

Spreading the height increase between layers out over a
short slope of a few centimetres seems like a good solution
when working with a layer-by-layer approach. Because
there is some slack in the optimal distance between the
structure and the tip of the welding gun, this should work
for any layer-wise structure as long as the layer height is
relatively small compared to the length of the slope.

The solution for intersections used in these experiments,
based on the work of (Mehnen et al., 2011), would of
course demand that it is possible to traverse the entire
path of one layer without the need for actual crossings.
The flower-shape is so simple that one can see this path
quite easily. More complex shapes would demand that we
have an algorithm to help calculate the tool-path, e.g. the
Medial Axis Transformation algorithm proposed by (Ding
et al., 2014).

WAAM with aluminium AA4047 was challenging. The
alloy’s low melting temperature of 577 ◦C and high melt
fluidity makes it vulnerable to overheating with prolonged
deposition. The temperature vulnerability of building with
aluminium proved more significant for smaller structures,
which is to be expected as a larger area enable more
heat dissipation to the base plate. In addition, a larger
structure means that there is a longer cool-down period
between each time material is deposited in the same point.
Aluminium’s inherent properties imply heat dissipation
almost solely through conduction, and very low heat emis-
sion to air (Geng et al., 2017). In thin-wall building with an
increasing number of layers, the heat dissipation gradually
decreases due to longer conduction distance and decreas-
ing temperature gradient through the thickness. Conse-
quently, aluminium is especially vulnerable to overheating
during prolonged deposition.

For the simple square-box structure with a large enough
base area, continuous material deposition was possible for
many layers without deterioration of the structure due to
excessive heat build-up, as can be seen in fig. 4. It was
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Fig. 10. Post processing: The Inconel 625 structure
shown in fig. 6 after post processing. The opposing
corners within each layer have merged together.

more challenging to build the flower-shape. As explained in
section 3.2, the inner walls of the flower structure became
slopes instead of straight walls when welding with an
aluminium-alloy. The inner walls are surrounded by heat,
hampering heat dissipation. In addition, due to the high
thermal conduction of aluminium, intersections become
areas of heat accumulation. When a new layer is deposited
in this high-temperature area, the cooling rate of the
deposited metal goes down (i.e. solidification takes longer).
Gravitational forces will flatten the liquid metal creating a
wide, flat layer upon solidification. Further away from the
intersection, deposited metal will solidify faster, creating
a higher layer height. The discrepancy in layer height will
accumulate over several layers, creating the slope seen in
the flower component in fig. 7.

To avoid the poor surface appearance of the flower profile,
a change of welding material from aluminium to Inconel
625 was performed. The nickel material had both higher
melting point and thermal emissivity (Kobayashi et al.,
1999). Consequently, more heat was dissipated to air
creating a stable inter-pass temperature of the deposit.
Without inter-sectional heat accumulation as with alu-
minium, the sloped wall phenomenon was avoided. Post
processing shows that the corners did indeed melt together
well enough to function as crossings within each layer, see
fig. 10.

Different solutions were tested in order to successfully
build the flower-shape without too much unwanted ma-
terial accumulation in the opposite corners. There seemed
to be a very fine balance between building the opposite
corners too close together and too far apart, especially
when working aluminium. Even the slightest accumulation
of material in these intersection points had a large impact
on the final result. In the test shown in fig. 7, some grinding
was done to try and even this out, but the inner walls
would still slope slightly.

With more experiments, it should be possible to optimise
the distance between these kinds of opposite corners based
on the structure’s shape, size and material. The optimal
distance varies a lot with the material and the welding
parameters, because they determine the dimensions of the
welding bead, which again determines how close together
the opposite corners must be placed for them to merge.
What worked best was a combination of rounded and
sharp corners: Corner 5-8 in fig. 5 had zone data set to
z5, while corner 2-4 had zone data set to z1. The merge
between corner 1 and 5 was particularly challenging due to

Fig. 11. Grinding: In the last test with aluminium
AA4043 (fig. 7) some grinding was done every 10 lay-
ers or so in an attempt to avoid material accumulation
in the intersection points.

how the path was designed: The robot would stay longer
in the same area, depositing more material, so the zone
data in corner 1 was increased from z1 to z5.

In the last aluminium build of the flower-shape, done with
pulsed MIG welding, the path was altered so that the inner
walls were built before the outer walls. The idea was that
this should allow the heat to dissipate more quickly, as the
inner walls would have time to cool down slightly before
being enclosed by the heat from the outer walls. This
might have had some effect on the first few layers, but
as the structure grew taller, the height difference became
negligible when considering heat flow.

The layer height for the Inconel 625 build was initially set
to 2.0 mm, but as explained in section 3.2, this was too big,
and the experiment had to be interrupted. The layer height
should have been closer to 1.7 mm or thereabout. The
program was adjusted so that the welding gun could be
lowered during the last aluminium build, compensating for
inaccuracies in assumed layer height. For the aluminium
AA4043 build, the welding gun was lowered 21 mm over
65 layers, which is about 0.3 mm per layer. This implies
that the layer height should be set to 0.9-1.0 mm instead
of 1.2 mm for future experiments with pulsed MIG welding
in aluminium for the given experimental setup.

5. CONCLUDING REMARKS

The work presented in this paper has shown that contin-
uous WAAM shows promise when trying to build struc-
tures in this scale, though the results greatly depend on
the building material. A smooth and gradual transition
between layers works well to avoid deformations, and this
solution could be kept for future experiments. Even so,
building with a continuous height increase throughout the
path should be considered, like what was done in the
initial experiments described in (Evjemo et al., 2017).
This would mean moving away from the layer-by-layer
approach, avoiding the need for support structures.

If a layer can be built without actual crossings within the
robot’s path, intersections can be created through opposite
corners (Mehnen et al., 2011), though it is clear that this is
more challenging for aluminium than for harder materials
such as Inconel 625. More research needs to be done to see
how material properties can be used to calculate how close
together such opposite corners should be placed, as this is
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related to the dimensions of the welding bead at a given
heat input, and the metal’s melt fluidity and cooling rate.

As with the experiments presented in earlier work (Evjemo
et al., 2017), these latest tests have all been done using
translation-only robot paths with the welding gun placed
perpendicular to a horizontal surface. Because each layer
has to be vertically attached to the previous layer, these
methods are limited when it comes to building structures
with overhang, which will depend on support structures.
The ABB IRB2400/10 robot manipulator has 6 DOFs,
and can thereby reach every point in its workspace in an
arbitrary orientation, so one of the next steps should be
to use this flexibility to build more complex structures.

One way of doing this could be to change the orienta-
tion of the welded structure by rotating and tilting the
welding surface, as shown in the work of (Panchagnula
and Simhambhatla, 2018). The overlying objective of our
research is to find methods that can be used to build larger
structures, or to modify existing structures in industry.
In such cases, having to change the orientation of the
structure itself could be very limiting, so future work
will therefore focus on controlling the orientation of the
welding gun itself. When the welding gun is not placed
vertically on the surface, it will be necessary to address
challenges related to gravitational effects on the welding
bead.

Monitoring the building process and designing control
algorithms to correct for geometrical deviations in the
structure should also be addressed in future work.
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Abstract: Additive manufacturing (AM) is a term that covers a variety of techniques for
building custom-made, three dimensional structures. Such methods have moved from initially
being used for creating simplified models to enable visualising of a product in a developing
process, to creating structures that are suitable as end-products (Gibson et al., 2010). This has
made prototyping and the production of custom made parts more accessible to small companies
and developers, and AM technologies are still gaining momentum. However, traditional methods
for AM are limited to building structures that are smaller than the AM apparatus itself, and
bound to building structures layer by layer. The motivation for combining AM with a robot
manipulator is to increase the workspace of the build, making it possible to build much larger
structures, and to deposit material in any direction. The focus of this research is large-scale AM
in metal, so the work presented in this paper focuses on a set-based control method for wire-arc
additive manufacturing (WAAM) of a cylindrical, thin-walled structure. The set-based control
method used to control the robot manipulator allows for some freedom in the orientation of
the tool, so that the material is not necessarily deposited strictly vertically. Evaluating how
this impacts the structure helps map how feasible this solution is for building more complex
structures in future work.
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1. INTRODUCTION

Additive manufacturing (AM) is more commonly spoken
of as 3D-printing, rapid prototyping (RP), or free-form
fabrication. Most well-established methods for AM have
strict limitations on size and geometry of the structures
that is produced. Motivated by an aim to circumvent
the main limitations that traditional AM methods face
today, our research combine wire arc additive manufac-
turing (WAAM) with a 6 degrees-of-freedom (DOF) robot
manipulator, and a set-based control method that allows
for some freedom in the orientation of the welding gun.
This freedom means that throughout the build, material
is deposited in a mostly non-vertical manner, which differ
strongly from traditional methods. Combining metal AM
with freedom in orientation of the material deposition,
and a non-layer-by-layer approach to the building process
itself, makes this a novel idea.

1.1 Robotised WAAM

For traditional AM methods, the building process is in
most cases done in-box, enclosed in an AM machine that
must be larger than the structure it is building. It is
only practical to expand the size of such an apparatus

up to a certain point, which greatly limits the size of any
structure that can be produced. Furthermore, traditional
methods for AM methods primarily use a layer-by-layer
approach, either building the structure strictly bottom-
up or top-down. Since each layer has to be vertically
attached to either the previous layer or some other means
of support, the production of structures with overhangs
depend upon additional support structures being built,
which must again be removed post-build. A 6 DOF robot
manipulator can move a tool attached to its end effector,
e.g. a welding gun, to any point in its workspace with an
arbitrary orientation, making it possible to deposit fast
solidifying material in any direction. Moving away from
the layer-wise approach could thereby remove the need for
support structures, saving both time and material.

A focus of this research is to build metal structures using
WAAM. The modified metal inert gas welding method cold
metal transfer (CMT) is well suited for WAAM because
is has a more stable arc which reduces metal splatter-
ing, and has a reduced heat-input which reduces residual
stresses and distortions by refining the deposited micro-
structure (Cong et al., 2016). There is therefore an extra
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is has a more stable arc which reduces metal splatter-
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Fig. 1. Proof-of-concept: Structure built with helix-
path, but with a strictly vertical orientation of the
tool (Evjemo et al., 2017).

focus on CMT in our research.

Building large components can be quite time consuming,
with or without a strictly layer-wise approach: The height
of each deposited welding bead affects the roughness of
the finished surface, as well as the accuracy of the build
compared to the model. If the surface is to be post-
processed, and the level of detail in the build is therefore
less important, one can increase how much material is
deposited at a time, thereby making it possible to build
quicker and bigger. It is still necessary to make such
a build as effective as possible, so an objective for our
research is to build continuously, both to save time and
to make the structure less vulnerable to deformations due
to flame-out and arc initiation when pausing the welding
process (Evjemo et al., 2019).

1.2 Orientation of welding gun

The structures manufactured in the experiments presented
here are built in aluminium, which has very low heat-
emission to air and dissipates heat almost solely through
conduction (Geng et al., 2017). Earlier tests have shown
that accumulation of heat in structures built in materials
as soft as aluminium will more easily lead to deformations
compared to structures build in harder metals such as
nickel (Evjemo et al., 2019). All the experiments presented
in (Evjemo et al., 2017) and (Evjemo et al., 2019) were
conducted with a fixed, vertical orientation of the welding
gun on a horizontal surface. If the flexibility of the robot
manipulator can be used in such a way that it is no longer
necessary to keep a strictly vertical orientation of the weld-
ing gun, it might be possible to gain more flexibility in the
building process. This could allow for a longer cool-down
period in parts of the structure that require it, without
the need to pause the build.

This paper presents how a thoroughly tested method for
set-based control was used to program the robot’s path,
including some freedom in the orientation of the tool,
thereby increasing the flexibility of the build. Others have
worked on making AM more flexible by building on a
tilting surface, with a fixed point of material deposition.

This has been performed both in plastic using a 6 DOF
robot manipulator (Dai et al., 2018), and in metal (Pan-
chagnula and Simhambhatla, 2018). However, the focus
of our research is to see how a robot manipulator can
deposit material on a fixed surface with a not strictly
vertical orientation of the tool. Joris Laarbman Lab have
produced very promising results on similar work, using
both a fast-curing polymer (Laarman et al., 2014) and
stainless steel (Jorislaarman.com, 2015-2019), but none of
their algorithms or methods have been made public.

The aim was to build a cup structure similar to the one
built in viscous glue in the proof-of-concept experiments
from 2017 (Evjemo et al., 2017), seen in Figure 1. As a
consequence of using a soft building material, the original
glue cup was built very small, with a radius of 2 cm. These
new structures in aluminium are built much larger: The
radius was set to 8 cm, in the hopes that heat would
dissipate quickly enough to enable a continuous build.
The method for set-based control, presented in Section 2,
allowed for additional freedom in the orientation of the
welding gun. The aim of these experiments was to show
how robotised WAAM can better take advantage of the
flexibility of a 6 DOF robot manipulator. An objective
was also to investigate how additional freedom in the
orientation of the welding gun will affected the build, and
if this is a promising method going forward.

The rest of this paper is organized as follows: In Section 2,
the theory behind the set-based control method used in
these experiments is explained. The results and data from
the experiments are presented in Section 3. The results are
then evaluated and discussed in Section 4. Finally, some
concluding remarks are discussed in Section 5.

2. THEORY: SET-BASED CONTROL

The aim of the experiment was to construct a large, cylin-
drical shape built with the same path as the cup from the
initial experiments presented in (Evjemo et al., 2017). This
path already deviates from traditional AM methods in the
sense that the structure is not built layer-wise, but with a
continuous vertical motion creating a helix, see Figure 2.
As with the glue cup shown in Figure 1, a bottom layer
was included by depositing material in an outwards spiral.

To allow some freedom in the orientation of the welding
gun, a set-based framework was used to control the joints
of the robot manipulator. This framework is particularly
suited for robotic systems with a large number of DOFs
and several tasks to solve. Furthermore, it allows for set-
based tasks defined by a valid interval (such as collision
avoidance) in addition to equality tasks defined by an
exact desired value (e.g. position control). For an extensive
description of the framework and its properties, the inter-
ested reader is referred to (Moe et al., 2016; Moe et al.,
2018).

Typically, the desired behaviour of a robot is described
in task space, whereas the robot is actually controlled in
the joint space. Set-based control is a kinematic control
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framework which calculates reference states based on the
desired behaviour and the current state of the system.

A general robotic system has n DOFs and its configuration
is given by the joint values q = [q1, q2, . . . , qn]T . The
system tasks and task velocities are described through
forward kinematics and the Jacobian matrix. For instance,
a task σ(t)∈Rm can be expressed as

σ(t) = f(q(t)), (1)

where f(q(t)) is the forward kinematics, which can be de-
rived for instance through the Denavit-Hartenberg conven-
tion (Spong and Hutchinson, 2005). The time-derivative of
the task is given as

σ̇(t) =
∂f(q(t))

∂q
q̇(t) = J(q(t))q̇(t), (2)

where J(q(t))∈Rm×n is the Jacobian matrix and q̇(t)∈
Rn is the system velocity. For compactness, the argument
q of tasks and Jacobians are omitted from the equations
for the remainder of this section.

Consider a single m-dimensional equality task with a de-
fined desired trajectory σdes(t)∈Rm. The corresponding
joint references qdes(t)∈Rn may be computed by integrat-
ing

q̇des = J†
(
σ̇des + Λσ̃

)
, (3)

where J† is the pseudoinverse of J , σ̃ = σdes − σ is the
task error and Λ ∈ Rm×m is a positive-definite matrix of
gains.

In these experiments, we consider two tasks to achieve
welding: Position control σpos(q) ∈ R3 of the end effector
to follow the defined welding trajectory and field of view
(FOV) σFOV ∈ R. The latter is defined as the angle
between the outgoing unit vector of the end effector, i.e.
the direction it is pointing when depositing material, and
a vertical vector. In traditional welding and in previous
experiments conducted by the authors, σFOV is defined
as en equality task with σFOV, des = 0◦, corresponding
to maintaining a constant orientation of the end effector
normally to the welding surface. However, to allow some
freedom in the orientation when depositing materials,
σFOV is considered a set-based task in these experiments.
This approach has shown promising results in similar ap-
plications such as spray painting (Moe et al., 2018).

For a set-based task σ ∈ R, the desired behaviour is not
defined by an explicit σdes, but σ ∈ [σmin, σmax] ∀ t ≥ t0.
The set-based control framework handles a set-based task
by ignoring them and letting the motion be controlled only
by the equality tasks until such a time this would result in
the set-based task leaving its valid set. This is considered
mode 1 of the system. However, should mode 1 result in the
set-based task leaving its valid set, it is actively inserted
into the kinematic controller with the goal of keeping it on
the limit of the valid set. This is mode 2 of the system,
which is active until such a time that controlling only
the equality tasks will naturally bring the set-based task
into the valid set. Since the set-based task σFOV in these
experiments is defined as the angle between the FOV of the
end effector and a vertical vector, the valid set is defined
as CFOV =

[
0◦, σ◦

FOV, max

]
. In mode 1, σFOV is ignored

and the desired motion of the robot is determined based
on position control and the desired welding trajectory. In
mode 2, σFOV is actively controlled to its maximum limit

to prevent the task from being violated. Thus, the two
modes are defined as

q̇1,des = J†
pos

(
σ̇pos, des +Λ1σ̃pos

)
,

q̇2,des =

[
Jpos

JFOV

]† ([
σ̇pos, des

0

]
+Λ2

[
σpos, des − σpos

σFOV, max − σFOV

])
.

(4)

The switching between modes is determined in Algo-
rithm 2 using the tangent cone (Algorithm 1). In general,
the tangent cone algorithm returns True 1) if the task is in
its valid interval or 2) if it is outside the valid interval but
moving towards it. Algorithm 2 evaluates whether or not
this is the case for σFOV given Mode 1, i.e. if controlling
the joints based only on the position task (q̇1,des) will lead
σFOV out of its valid interval. For further details, see (Moe
et al., 2016; Moe et al., 2018).

Algorithm 1 The boolean function in T C.

Input: σ, σ̇, σmin, σmax

if σmin < σ < σmax then
return True

else if σ ≤ σmin and σ̇ ≥ 0 OR σ ≥ σmax and σ̇ ≤ 0
then

return True
else

return False
end

Algorithm 2 Activation of modes.

a = in T C(σFOV,JFOVq̇1,des,0,σFOV,max)
if a is True then

q̇des = q̇1,des
else

q̇des = q̇2,des
end

The trajectory consists of an outwards spiralling bottom
which moves over to an upwards helix when the desired
radius for the bottom is reached, shown in Figure 2. As
in (Evjemo et al., 2017), each point on the spiral trajectory
is expressed in cylindrical coordinates θ, r, and z. We
define h as the height difference between each bead or layer
in the wall, and r1 as the horizontal distance between each
bead in the bottom. H is the desired final height of the
structure, and R is the desired radius. All of these variables
are given in meters. r and z are defined as functions of θ:

r(θ) =

{
r1
2π θ θ ≤ R

r1
2π

R θ > R
r1

2π
(5)

z(θ) =

{
0 θ ≤ R

r1
2π

h
2π (θ − R

r1
2π) θ > R

r1
2π

(6)

Thus, the time-derivatives of r and z are given by:

ṙ(θ) =

{
r1
2π θ̇ θ ≤ R

r1
2π

0 θ > R
r1

2π
(7)
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Fig. 2. Helix path: The dimensions in this plot is exag-
gerated in order to more easily illustrate the path.

ż(θ) =

{
0 θ ≤ R

r1
2π

h
2π θ̇ θ > R

r1
2π

(8)

where θ̇ is defined as:

θ̇ =

{ 2πU
r1

√
θ2+1

θ ≤ R
r1

2π

U√
R2+ h

2π
2

θ > R
r1

2π
(9)

θ̇ is chosen such that the end effector velocity along the
trajectory is constant and equal to the desired velocity U ,
which is necessary for even deposition of metal.

To express the desired end effector position in Cartesian
coordinates, we rewrite the trajectory given in cylindrical
coordinates (5)-(6) through the following transformation:

xdes = r(θ) cos θ

ydes = r(θ) sin θ

zdes = z(θ)

(10)

Thus, the time derivatives are given as:

ẋdes = ṙ(θ) cos θ − r(θ) sin θθ̇(θ)

ẏdes = ṙ(θ) sin θ + r(θ) cos θθ̇(θ)

żdes = ż(θ)

(11)

where ṙ, ż, and θ̇ are defined in (7)-(9). Thus, the
commanded joint velocity is defined in (3) with σpos =
[xdes, ydes, zdes]

T and σ̇pos = [ẋdes, ẏdes, żdes]
T .

In the experiments presented in this paper, the following
numeric values are used:

• U is 0.10 m/s, based on tests in (Evjemo et al., 2019).
• R is 0.08 m
• r1 is between 4.0 mm and 4.5 mm, see Tables 1-4
• h is between 12 mm and 14 mm, see Tables 1-4

Fig. 3. Experimental set-up: 6 DOF ABB IRB2400/10
robot manipulator with welding equipment from Fro-
nius.

• The freedom in orientation σ◦
FOV, max is between 0

and 10

3. EXPERIMENTAL RESULTS

These experiments were performed in collaboration with
SINTEF Industry using a 6 DOF IRB 2400/10 robot
manipulator from ABB Robotics (Abb.com, 2016-2018)
with an attached metal inert gas (MIG) welding gun with
CMT technology developed by Fronius, see Figure 3. The
metal cylinder structure shown in Figure 4 was built in
order to have some grounds of comparison between a build
done with and without deviations in the orientation of the
welding gun. It was built using the RAPID programming
language from ABB, just as the structures referenced
in (Evjemo et al., 2019). The vertical position of the
welding gun was increased continuously throughout the
build, creating a helix path, thereby avoiding traditional
layers.

The base plate for all the builds presented here was made
of the aluminium alloy 6082-T6, and was approx. 15
mm thick. The welding wire was of the aluminium alloy
AlMg4.5Mn. For the purpose of documenting the exper-
iments presented in this paper, the welding parameters
are given for each approximate layer in Table 1 to 4. This
should be interpreted as that the current etc. was adjusted
after approx. this number of full rotations in the upwards
helix path from Figure 2.

3.1 Test 1: Pulsed MIG, fixed orientation of welding gun

Because of the before-mentioned benefits of using CMT,
such as reduced metal splattering and less residual stresses,
the aim was to use this method for as much of the building
process as possible. On the other hand, work presented
in (Evjemo et al., 2017) and (Evjemo et al., 2019) show
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Fig. 4. Vertical welding gun: Cylindrical structure built
with fixed, vertical orientation of the welding gun,
with continuous height increase like that shown in
Figure 2.

that there are significant benefits to building as continu-
ously as possible, ideally avoiding breaks in the welding
process altogether. The metal plate used as base in these
experiments was thicker than the base used in earlier tests,
which meant that the distortions of the base plate due
to the heating and cooling of the metal should be less
prominent. However, this also meant that the first part
of the build, the spiralling bottom, had to be welded
with a higher heat-input than the rest of the structure in
order for the weld to adhere properly to the base (Evjemo
et al., 2019). The heat-input available when using CMT
technology was not sufficient, so the bottom part of the cup
instead had to be welded using pulsed MIG welding, which
allows for a scientifically higher heat-input than CMT.

In our experimental set-up, it was not possible to change
welding methods without pausing the welding process.
This was not ideal, and made it necessary to make the
choice between an uninterrupted build and the very con-
trolled welding process that CMT could provide. Focusing
on doing a continuous build, test 1 was done without
interruption using only pulsed MIG welding. Based on
experience from earlier experiments presented in (Evjemo
et al., 2019), the layer height was set to 1.2 mm, and
the radius of the cylinder was set to 60 mm. As the
thickness of the thin-walled structure shown in Figure 4
was approx. 4 mm, the horizontal distance between layers
in the spiralling bottom layer was also set to 4 mm.

Test 1 stopped after 4-5 layers after with the error message
”Wire buffer full” on the welding equipment. This was due
to over heating of the soft aluminium wire when using
Pulsed MIG over time, a problem that had not been en-
countered when working with harder metals with a higher
melting point such as the nickel alloy Inconel625 (Evjemo
et al., 2019). The build from test 1 is shown to the top left
of Figure 5.

Table 1. Welding param. for test 1: Pulsed
MIG welding and fixed orientation of welding

gun.

Test 1: Pulsed MIG
Layer
number

Current
(A)

Wire feed sp.
(m/min)

Voltage
(V)

Bead w.
(mm)

bottom 180 10.5 22.0 4.0

bottom 165 9.5 21.5 4.0

≈ 1 120 7.0 18.7 1.2

≈ 2 100 5.9 17.9 1.2

≈ 3 85 5.0 17.2 1.2

≈ 4-5 71 4.3 16.4 1.2

Fig. 5. Set-based control: The structures built in the
first three tests, and close-up of the bottom.

3.2 Test 2: Pulsed MIG + CMT, fixed orientation of
welding gun

As test 1 was interrupted, the second test was also done
with a fixed orientation of the welding gun. The estimated
bead width in the spiralling bottom was increased from
4.0 mm to 4.5 mm, as the overlap between the beads in
the spiral was slightly too large. In order to avoid the
wire feed issue from test 1, which seemed to be caused
by overheating, the second test was performed using CMT
welding. The thick metal base still made it necessary to
weld the bottom with a higher heat-input, and the welding
parameters from test 1 had seemingly worked well for this
part of the build. The combination of pulsed MIG and
CMT welding was introduced: When the robot moved from
the part of the path that was the spiralling bottom layer
on to the helix walls, the process was manually interrupted
and paused. The settings for welding method was changed
manually from pulsed MIG to CMT, before the welding
process continued.

The welding parameters for this test are listed in Table 2.
Test 2 was interrupted after completing the bottom and
building approx. 14 rotations of wall because the tip
of the welding gun ended up too close to the surface.
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Fig. 4. Vertical welding gun: Cylindrical structure built
with fixed, vertical orientation of the welding gun,
with continuous height increase like that shown in
Figure 2.

that there are significant benefits to building as continu-
ously as possible, ideally avoiding breaks in the welding
process altogether. The metal plate used as base in these
experiments was thicker than the base used in earlier tests,
which meant that the distortions of the base plate due
to the heating and cooling of the metal should be less
prominent. However, this also meant that the first part
of the build, the spiralling bottom, had to be welded
with a higher heat-input than the rest of the structure in
order for the weld to adhere properly to the base (Evjemo
et al., 2019). The heat-input available when using CMT
technology was not sufficient, so the bottom part of the cup
instead had to be welded using pulsed MIG welding, which
allows for a scientifically higher heat-input than CMT.

In our experimental set-up, it was not possible to change
welding methods without pausing the welding process.
This was not ideal, and made it necessary to make the
choice between an uninterrupted build and the very con-
trolled welding process that CMT could provide. Focusing
on doing a continuous build, test 1 was done without
interruption using only pulsed MIG welding. Based on
experience from earlier experiments presented in (Evjemo
et al., 2019), the layer height was set to 1.2 mm, and
the radius of the cylinder was set to 60 mm. As the
thickness of the thin-walled structure shown in Figure 4
was approx. 4 mm, the horizontal distance between layers
in the spiralling bottom layer was also set to 4 mm.

Test 1 stopped after 4-5 layers after with the error message
”Wire buffer full” on the welding equipment. This was due
to over heating of the soft aluminium wire when using
Pulsed MIG over time, a problem that had not been en-
countered when working with harder metals with a higher
melting point such as the nickel alloy Inconel625 (Evjemo
et al., 2019). The build from test 1 is shown to the top left
of Figure 5.

Table 1. Welding param. for test 1: Pulsed
MIG welding and fixed orientation of welding

gun.

Test 1: Pulsed MIG
Layer
number

Current
(A)

Wire feed sp.
(m/min)

Voltage
(V)

Bead w.
(mm)

bottom 180 10.5 22.0 4.0

bottom 165 9.5 21.5 4.0

≈ 1 120 7.0 18.7 1.2

≈ 2 100 5.9 17.9 1.2

≈ 3 85 5.0 17.2 1.2

≈ 4-5 71 4.3 16.4 1.2

Fig. 5. Set-based control: The structures built in the
first three tests, and close-up of the bottom.

3.2 Test 2: Pulsed MIG + CMT, fixed orientation of
welding gun

As test 1 was interrupted, the second test was also done
with a fixed orientation of the welding gun. The estimated
bead width in the spiralling bottom was increased from
4.0 mm to 4.5 mm, as the overlap between the beads in
the spiral was slightly too large. In order to avoid the
wire feed issue from test 1, which seemed to be caused
by overheating, the second test was performed using CMT
welding. The thick metal base still made it necessary to
weld the bottom with a higher heat-input, and the welding
parameters from test 1 had seemingly worked well for this
part of the build. The combination of pulsed MIG and
CMT welding was introduced: When the robot moved from
the part of the path that was the spiralling bottom layer
on to the helix walls, the process was manually interrupted
and paused. The settings for welding method was changed
manually from pulsed MIG to CMT, before the welding
process continued.

The welding parameters for this test are listed in Table 2.
Test 2 was interrupted after completing the bottom and
building approx. 14 rotations of wall because the tip
of the welding gun ended up too close to the surface.

Table 2. Welding param. for test 2: Pulsed
MIG + CMT welding and fixed orientation of

welding gun.

Test 2: Pulsed MIG + CMT
Pulsed MIG on bottom layer

Layer
number

Current
(A)

Wire feed sp.
(m/min)

Voltage
(V)

Bead w.
(mm)

bottom 180 10.5 22.0 4.5

bottom 160 9.2 21.3 4.5

Beginning of walls, changed to CMT

≈ 1 135 9.0 15.0 1.2

≈ 2 115 8.2 14.3 1.2

≈ 3-4 80 5.2 11.8 1.2

≈ 5-14 75 4.8 11.7 1.2

The estimated height of each layer of deposited material
was set to 1.2 mm based on previous builds, but the
decreasing distance between the structure and the welding
gun indicated that this should be increased for the next
tests. In addition, the metal base contracted more than
anticipated, so the welding gun was placed slightly higher
above the base at the beginning of the welding process to
counteract this.

3.3 Test 3: Pulsed MIG + CMT, set-based control of
welding gun orientation

Because tests 1 and 2 had shown how much the metal base
would bend and contract when heating up, the welding gun
was placed approx. 16mm above the base, as opposed to
approx 11mm for tests 1 and 2. In addition, the estimated
height of each layer of deposited material was increased
from 1.2 mm to 1.4 mm. The estimated width of the weld-
ing bead was kept to 4.5 mm, as the bottom layer from
test 2 was smoother than that from test 1. Freedom for
the orientation of the welding gun was included, which
allowed for up to 10◦ deviation in angle relative to a
vertical orientation.

The large heat-input from the pulsed MIG welding used
when building the bottom lead the whole structure to heat
up in a way that seemed to make the ensuing deposition
of material uneven. As can be seen to the top right of
Figure 5, the walls became quite uneven compared to
earlier experiments (Evjemo et al., 2019) or the reference
structure shown in Figure 4. Therefore, some active cooling
was added to the process: When the welding was paused
in order to change from pulsed MIG to CMT, cool air was
blown onto the structure for approx. 30 seconds in order
for it to cool down.

This build was only programmed to be 4 cm tall, and
completed without complications. The result can be seen
to the bottom left of Figure 5.

3.4 Test 4: Pulsed MIG + CMT, set-based control of
welding gun orientation

Test 3 was overall successful, but the complete structure
was only 4 cm tall. The aim of test 4 was therefore to
keep most of the parameters from test 3, including the
manual interruption in order to change welding methods,
and build a taller structure. The estimated bead width in

Table 3. Welding param. for test 3: Pulsed
MIG + CMT welding and set-based control of

orientation of welding gun.

Test 3: Pulsed MIG + CMT
Pulsed MIG on bottom layer

Layer
number

Current
(A)

Wire feed sp.
(m/min)

Voltage
(V)

Bead w.
(mm)

bottom 180 10.5 22.0 4.5

bottom 168 9.7 21.6 4.5

Beginning of walls, changed to CMT. Some active cooling.

≈ 1 135 9.0 15.0 1.4

≈ 2 116 8.9 14.3 1.4

≈ 3 100 7.0 13.8 1.4

≈ 4-5 85 5.5 11.9 1.4

≈ 6-7 80 5.2 11.8 1.4

≈ 8-28 75 4.8 11.7 1.4

Table 4. Welding param. for test 4: Pulsed
MIG + CMT welding and set-based control of

orientation of welding gun.

Test 4: Pulsed MIG + CMT
Pulsed MIG on bottom layer

Layer
number

Current
(A)

Wire feed sp.
(m/min)

Voltage
(V)

Bead w.
(mm)

bottom 180 10.5 22.0 4.5 mm

bottom 168 9.7 21.6 4.5

Beginning of walls, changed to CMT. Some active cooling.

≈ 1 135 9.0 15.0 1.4

≈ 2 116 8.9 14.3 1.4

≈ 3 100 7.0 13.8 1.4

≈ 4-5 85 5.5 11.9 1.4

≈ 6-105 80 5.2 11.8 1.4

Fig. 6. Set-based: The tallest cylinder structure.

the bottom layer was kept at 4.5 mm, and the estimated
height of each layer of deposited material was kept at
1.4 mm. The freedom in orientation angle was set to 6◦.
The build completed without complications. The welding
parameters are listed in Table 4, and the final structure
is shown in Figure 6. The active cooling when swapping
from pulsed MIG to CMT was also included for this build.

4. DISCUSSION

The spiral making out the bottom of the cup was very
smooth, with few deformations, as shown to the bot-
tom right in Figure 5. This was somewhat surprising,
as earlier welding experiments had shown that the arc
initiation could easily be a source for distortions in the
structure (Evjemo et al., 2019). Building the same shape
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Fig. 7. Orientation: This is the σ◦
FOV along the 4th build.

It ends up going back and forth from approx. 1◦ and
6◦.

in a smaller version made out of viscous glue had also
shown that material would easily heap up in the centre
of the spiral, due to continuous material deposition in a
very small area (Evjemo et al., 2017). The reason why this
worked much better in these latest builds is likely that
the high heat-input provided by the use of pulsed MIG
welding meant that the metal was hot enough to properly
melt together with the metal base, and subsequently the
already deposited metal bead.

The method for set-based control is meant to simplify the
movements of the robot by defining the position control of
the end effector a set to stay within rather than a strict
value to follow, as explained in Section 2. As can be seen in
Figure 6, the tallest build ended up having a slight saddle
form, even though the robot’s path was meant to result
in a cylinder with a flat top. This is likely due to the
difference in orientation of the welding gun on the right
side of the build compared to the left side. The build was
done on a base that was not placed directly in front of
the robot’s base, but about 20 cm to the left. The result
was therefore that the welding gun was more orthogonal
to the surface on the side of the structure closest to the
central axis of the robot, and had more of an angle on
the side of the structure furthest away from the base. The
deviation from a vertical orientation of the welding gun
during the 4th test is plotted in Figure 7: On one side of
the structure, the limit of 6◦ is reached but not broken.
On the other side, the deviation reaches a maximum of 2◦,
before slowly decreasing, almost coming back to 1◦ at the
end of the build.

The difference in orientation of the welding gun was
decided by the metal base’s placement relative to the
robot. The orientation of the welding gun determines how
the material is deposited, and how the metal spreads out
on the existing build, as gravity works on the liquid metal
during deposition (Xiong et al., 2017). If the difference
in the orientation of the welding gun could be more
evenly distributed around some kind of centre point of
the structure, so that the additional gravitational pull
on the liquid metal would be evenly spread out over the

circular path, it seems likely that the result would be
more even. It should therefore be considered if the set-
based control method can somehow be manipulated to
prioritise a condition of moving around a centre point for
the orientation over the freedom of the robot’s movements.

The program used for controlling the robot in these exper-
iments did not itself separate between building the bottom
and the walls. The robot was given a list of joint angles
generated by the set-based control system presented in
Section 2, and moved between these configurations with
a provided speed. Because the welding method had to
be changed between the bottom and the walls in tests
2 to 4, the process had to be paused manually by the
human operator when the bottom was built. It was some-
what challenging to evaluate in real-time when the bottom
was completed by looking at the welding process while
wearing a protective welding helmet. In one of the tests,
the program was in fact paused too early, changing the
welding method to CMT before the two final beads of
the bottom layer was deposited. This did not change the
resulting build dramatically, as the structure was already
hot enough for the deposited metal to adhere properly to
the base even when using CMT and a lower current.

During test 2 (Section 3.2), the build had to be interrupted
due to an increasing distance between the welding gun and
the surface. The height of each welding bead is determined
by both the welding current, the temperature of the
existing structure, and the gravitational pull when welding
with a non-vertical orientation of the welding gun. This
makes it difficult to accurately anticipate what the height
difference h each bead in the walls should be, even with
experience from previous builds. Actively adjusting this
value during the build could help solve this, and keep the
building process going. This was done in (Evjemo et al.,
2019), but that solution meant that the welding process
had to be paused shortly while the adjustments were made.
Even though the manual changing of welding methods in
the most recent experiments also required a short pause
in the welding process during the build, continuity was an
important objective. Adjusting h this way was therefore
not considered a viable solution, and not used in the latest
tests.

5. CONCLUDING REMARKS

The work presented in this paper has shown that con-
tinuous WAAM with some freedom in the orientation of
the welding gun is possible, but that the deviation in
orientation should to some extend be evenly distributed
over the structure. If not, gravity can lead to unexpected
deviations, such as the saddle form in the structure built
in test 4 (Figure 6). If the set-based control method could
be manipulated to distribute the deviation in orientation
around a structural centre point, that might help solve this
issue. However, this is not necessarily straight forward,
as the main motivation of the set-based method is to
prioritise the ease of the joint configurations.

The structures built in these experiments have taken ad-
vantage of the robot’s manipulator’s freedom in orien-
tation as well as in position, unlike the work presented
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Fig. 7. Orientation: This is the σ◦
FOV along the 4th build.

It ends up going back and forth from approx. 1◦ and
6◦.

in a smaller version made out of viscous glue had also
shown that material would easily heap up in the centre
of the spiral, due to continuous material deposition in a
very small area (Evjemo et al., 2017). The reason why this
worked much better in these latest builds is likely that
the high heat-input provided by the use of pulsed MIG
welding meant that the metal was hot enough to properly
melt together with the metal base, and subsequently the
already deposited metal bead.

The method for set-based control is meant to simplify the
movements of the robot by defining the position control of
the end effector a set to stay within rather than a strict
value to follow, as explained in Section 2. As can be seen in
Figure 6, the tallest build ended up having a slight saddle
form, even though the robot’s path was meant to result
in a cylinder with a flat top. This is likely due to the
difference in orientation of the welding gun on the right
side of the build compared to the left side. The build was
done on a base that was not placed directly in front of
the robot’s base, but about 20 cm to the left. The result
was therefore that the welding gun was more orthogonal
to the surface on the side of the structure closest to the
central axis of the robot, and had more of an angle on
the side of the structure furthest away from the base. The
deviation from a vertical orientation of the welding gun
during the 4th test is plotted in Figure 7: On one side of
the structure, the limit of 6◦ is reached but not broken.
On the other side, the deviation reaches a maximum of 2◦,
before slowly decreasing, almost coming back to 1◦ at the
end of the build.

The difference in orientation of the welding gun was
decided by the metal base’s placement relative to the
robot. The orientation of the welding gun determines how
the material is deposited, and how the metal spreads out
on the existing build, as gravity works on the liquid metal
during deposition (Xiong et al., 2017). If the difference
in the orientation of the welding gun could be more
evenly distributed around some kind of centre point of
the structure, so that the additional gravitational pull
on the liquid metal would be evenly spread out over the

circular path, it seems likely that the result would be
more even. It should therefore be considered if the set-
based control method can somehow be manipulated to
prioritise a condition of moving around a centre point for
the orientation over the freedom of the robot’s movements.

The program used for controlling the robot in these exper-
iments did not itself separate between building the bottom
and the walls. The robot was given a list of joint angles
generated by the set-based control system presented in
Section 2, and moved between these configurations with
a provided speed. Because the welding method had to
be changed between the bottom and the walls in tests
2 to 4, the process had to be paused manually by the
human operator when the bottom was built. It was some-
what challenging to evaluate in real-time when the bottom
was completed by looking at the welding process while
wearing a protective welding helmet. In one of the tests,
the program was in fact paused too early, changing the
welding method to CMT before the two final beads of
the bottom layer was deposited. This did not change the
resulting build dramatically, as the structure was already
hot enough for the deposited metal to adhere properly to
the base even when using CMT and a lower current.

During test 2 (Section 3.2), the build had to be interrupted
due to an increasing distance between the welding gun and
the surface. The height of each welding bead is determined
by both the welding current, the temperature of the
existing structure, and the gravitational pull when welding
with a non-vertical orientation of the welding gun. This
makes it difficult to accurately anticipate what the height
difference h each bead in the walls should be, even with
experience from previous builds. Actively adjusting this
value during the build could help solve this, and keep the
building process going. This was done in (Evjemo et al.,
2019), but that solution meant that the welding process
had to be paused shortly while the adjustments were made.
Even though the manual changing of welding methods in
the most recent experiments also required a short pause
in the welding process during the build, continuity was an
important objective. Adjusting h this way was therefore
not considered a viable solution, and not used in the latest
tests.

5. CONCLUDING REMARKS

The work presented in this paper has shown that con-
tinuous WAAM with some freedom in the orientation of
the welding gun is possible, but that the deviation in
orientation should to some extend be evenly distributed
over the structure. If not, gravity can lead to unexpected
deviations, such as the saddle form in the structure built
in test 4 (Figure 6). If the set-based control method could
be manipulated to distribute the deviation in orientation
around a structural centre point, that might help solve this
issue. However, this is not necessarily straight forward,
as the main motivation of the set-based method is to
prioritise the ease of the joint configurations.

The structures built in these experiments have taken ad-
vantage of the robot’s manipulator’s freedom in orien-
tation as well as in position, unlike the work presented

in (Evjemo et al., 2017) and (Evjemo et al., 2019). Not
relying on a strictly fixed orientation of the welding gun
expands the available workspace for the build when per-
forming WAAM by robot. If the build is done near the
limits of the robot’s workspace, introducing some freedom
in orientation could help make a path feasible. Considering
a lab or factory situation, a non-vertical orientation of
the tool could make it possible to build around obstacles,
either external ones or existing parts of the build. The next
step of this research should be to build a more complex
structure with overhang, which traditional AM methods
cannot construct without adding additional support struc-
tures that must be removed in post-processing.

Manually pausing the build to change welding methods
when necessary was challenging, because it was difficult
to accurately determine when the bottom was finished
just by observing the welding process thorough a welding
mask. Even though pausing the program a bit early did
not change the resulting build dramatically, the manual
changing of welding methods was something that made
it difficult to accurately re-produce an experiment. An
important part of future work would be to remove the need
for manually interrupting the welding process in order
to change welding method. It might still be necessary
to pause the welding process in order for the metal to
cool down after the intense heat input provided by pulsed
MIG welding, either naturally or through active cooling. If
this could be included in the programming, it would still
remove some of the inconsistencies that might arise when
a human operator tries to manually pause the process at a
given point, and thereby help create a build that is easier
to re-produce.

Some way of monitoring the build should also be addressed
in future work. This could either be external monitoring,
such as cameras, or monitoring of the welding process itself
by monitoring the currents and other welding parameters.
A change in distance between the wire in the welding gun
and the surface of the structure will impact the current,
so monitoring this can help tell a lot about how smooth
the structure is, if the distance between the welding gun
and surface is increasing or decreasing, etc. Future work
should also include designing and/or implementing control
algorithms to help adjust the robot’s path in order to
correct for geometrical deviations based on the monitoring
data. Implementing a way to actively adjust the height
increase h between each bead in the walls should be
included in this work, to help keep the build going even if
the estimated h deviates from how the physical result.

ACKNOWLEDGEMENTS

The work reported in this paper was based on activities
within centre for research based innovation SFI Manufac-
turing in Norway, and is partially funded by the Research
Council of Norway under contract number 237900. Mr.
Morten H. Danielsen is acknowledged for his experimental
guidance related to arc welding.

REFERENCES

Abb.com (2016-2018). IRB 2400. URL
https://new.abb.com/products/robotics/
industrial-robots/irb-2400. Accessed 2018-10-
22.

Cong, B., Ouyang, R., Qi, B., and Ding, J. (2016). Influ-
ence of cold metal transfer process and its heat input on
weld bead geometry and porosity of aluminum-copper
alloy welds. Rare Metal Mat. Eng., 45(3), 606–611.

Dai, C., Wang, C.C., Wu, C., Lefebvre, S., Fang, G., and
Liu, Y.J. (2018). Support-free volume printing by multi-
axis motion. ACM Transactions on Graphics (TOG),
37(4), 134.

Evjemo, L.D., Langelandsvik, G., and Gravdahl, J.T.
(2019). Wire arc additive manufacturing by robot
manipulator: Towards creating complex geometries. In
5th IFAC ICONS, Belfast, 103–109. Elsevier.

Evjemo, L.D., Moe, S., Gravdahl, J.T., Roulet-Dubonnet,
O., Gellein, L.T., and Brøtan, V. (2017). Additive
manufacturing by robot manipulator: An overview of
the state-of-the-art and proof-of-concept results. In
22nd IEEE ETFA, Cyprus, 1–8.

Geng, H., Li, J., Xiong, J., and Lin, X. (2017). Optimi-
sation of interpass temperature and heat input for wire
and arc additive manufacturing 5A06 aluminium alloy.
Sci. Technol. Weld. Joi., 22(6), 472–483.

Gibson, I., Rosen, D.W., and Stucker, B. (2010). Additive
manufacturing technologies, volume 238. Springer.

Jorislaarman.com (2015-2019). MX3D bridge. URL
https://www.jorislaarman.com/work/mx3d-bridge/.
Accessed 2019-11-11.

Laarman, J., Jokic, S., Novikov, P., Fraguada, L.E., and
Markopoulou, A. (2014). Anti-gravity additive manufac-
turing. Fabricate: Negotiating Design & Making, 192–
197.

Moe, S., Antonelli, G., Teel, A.R., Pettersen, K.Y.,
and Schrimpf, J. (2016). Set-Based Tasks within the
Singularity-Robust Multiple Task-Priority Inverse
Kinematics Framework: General Formulation,
Stability Analysis, and Experimental Results.
Frontiers in Robotics and AI, 3(April), 1–18.
URL http://journal.frontiersin.org/article/
10.3389/frobt.2016.00016.

Moe, S., Gravdahl, J.T., and Pettersen, K.Y. (2018). Set-
based control for autonomous spray painting. IEEE
Transactions on Automation Science and Engineering,
15(4), 1785–1796. doi:10.1109/TASE.2018.2801382.

Panchagnula, J.S. and Simhambhatla, S. (2018). Man-
ufacture of complex thin-walled metallic objects using
weld-deposition based additive manufacturing. Robot.
Com.-Int. Manuf., 49, 194–203.

Spong, M.W. and Hutchinson, S. (2005). Robot Modeling
and Control. Wiley.

Xiong, J., Lei, Y., Chen, H., and Zhang, G. (2017).
Fabrication of inclined thin-walled parts in multi-layer
single-pass gmaw-based additive manufacturing with
flat position deposition. Journal of Materials Processing
Technology, 240, 397–403.



Wire-arc additive
manufacturing of structures
with overhang: Experimental
results depositing material
onto fixed substrate

L. D. Evjemo, G. Langelandsvik, S. Moe, M. H. Danielsen, and J. T. Grav-
dahl. Wire-arc additive manufacturing of structures with overhang: Exper-
imental results depositing material onto fixed substrate. CIRP Journal of
Manufacturing Science and Technology, 38, 186-203 (2022).

117



Wire-arc additive manufacturing of structures with overhang:
Experimental results depositing material onto fixed substrate

118



Contents lists available at ScienceDirect 

CIRP Journal of Manufacturing Science and Technology 

journal homepage: www.elsevier.com/locate/cirpj 

Wire-arc additive manufacturing of structures with overhang: 
Experimental results depositing material onto fixed substrate 

Linn Danielsen Evjemoa,⁎, Geir Langelandsvikb, Signe Moec, Morten Høgseth Danielsenb,  
Jan Tommy Gravdahla 

a Norwegian University of Science and Technology, O. S. Bragstads plass 2D, Gløshaugen, Trondheim, Norway 
b Department of Materials and Nanotechnology, SINTEF Industry, Trondheim, Norway 
c SINTEF Digital/Sopra Steria, Oslo, Norway  

a r t i c l e  i n f o   

Available online xxxx  

Keywords: 
Additive manufacturing 
Wire arc additive manufacturing 
Cold metal transfer 
Arc Welding 
Robotics 

a b s t r a c t   

As additive manufacturing (AM) technology grows both more advanced and more available, the challenges 
and limitations are also made more evident. Most existing solutions for AM build structures layer by layer 
using strictly vertical material deposition. As each layer must vertically adhere to the previous layer, support 
structures must be added if there are to be any kinds of overhangs. For methods requiring the build to be 
performed within a chamber, the size of the structure is also very limited. The research presented in this 
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By non-vertical material deposition using an industrial robot manipulator, metal structures with overhangs 
are built onto a fixed, horizontal surface without any support structures. Cross sections of two different 
structures are examined by optical microscopy and hardness measurements to reveal potential differences 
between the areas with and without intersections or overhang. 

© 2022 The Author(s). 
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Introduction 

Over the last decades, additive manufacturing (AM) has become 
increasingly important for low-cost prototyping and customisation. 
AM is the umbrella term that covers many different techniques for 
building up a 3D structure, such as 3D-printing, rapid prototyping 
(RP) and free-form fabrication [1]. Out of these, 3D printing is per
haps the most available method, as desktop 3D-printers have be
come both affordable and easier to use for both professionals and 
enthusiasts. Even if AM technology has made prototyping and 
modelling easier, there are still some major limitations for most 
traditional methods of AM. Depending on the AM method, the 
challenges can vary from issues such as long build time or high cost  
[2] to issues related to structural challenges such as residual stresses 
or porosity within the final structure [3]. This research aims to ad
dress how to get around two of the most pronounced challenges: 
limitations on geometrical design and size. 

Many widely used methods for AM require the AM process to be 
done ’in-box’, such as powder bed fusion (PBF) or vat polymerisation 
(VP). In other words, the build must be conducted inside a chamber 
filled with powder or liquid material that is hardened layer by layer, 
gradually building up the structure [1]. Other methods use localised 
material feeding in some form, such as powder based direct energy 
deposition (DED) or material jetting (MJT), but are still limited by the 
size of the AM apparatus because the material extrusion happens 
strictly vertically in a 3 DOF gantry-like machine. This means that for 
AM techniques that require a build chamber or a basin, the AM 
machine must be larger than the structure being constructed, which 
greatly limits the build volume. This is generally not the case with 
some methods for DED such as AM done by arc welding, where 
material deposition is made without the limitations of an enclosed 
space. In addition, some projects have over the last years scaled up 
extrusion based AM systems in order to build full-size houses [4,5]. 
These set-ups prove useful in construction, but they are tailored for 
this purpose, and deposit material faster and with lower accuracy 
compared to smaller 3D printers. They are therefore not suited for 
producing metal parts at a low scale, etc. 

Even though commercial 3D-printers more suited for building 
prototypes or end-products are growing in scale, a large 3D-printer 
is still in most cases limited to a chamber of less than one-by-one 
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metre. This is why AM has mostly been used for creating relatively 
small end products, or smaller parts for larger products. With AM by 
material deposition, there is no excess material that needs to be 
contained, so it is not necessary to do the build in-box. If material 
deposition can be combined with for example an industrial robot 
manipulator, the work-space will increase dramatically. Attaching 
the robot manipulator to an actuator rail can increase the work- 
space even further. 

AM methods based on vertical material deposition and a layer- 
by-layer building process are also somewhat limited with respects to 
the obtainable geometry of the structure. Most AM methods execute 
the build strictly layer by layer, either bottom-up or top-down, and 
the material is deposited or set using a tool which is limited to 
Cartesian movements. Though many path planning strategies exist, 
layers are generally applied directly on top of each other, as all 
material must be vertically attached to the previous layer [6]. 
Building any kind of overhang may therefore require additional 
support structures to be included in the build, which means more 
materials and a longer build time [7]. If the cavities or overhangs are 
significant for the final product, the support structures must be re
moved in post-processing. Different AM technologies demand dif
ferent kinds of support structures with their own advantages and 
disadvantages, and minimising side effects such as extended build 
time or additional material cost is important as AM technology be
comes more commonly used in industry [7]. Some AM methods with 
a relatively low building rate due to thin layer heights, such as PBF or 
VP, allow for overhangs because the otherwise unsupported parts of 
the structure can rest on underlying excess material, such as a 
powder bed. Still, if overhangs could be built without the need for 
such support structures or other kinds of additional support for 
methods with a higher material deposition rate, such as DED or 
material extrusion, this could save both time and materials. 

A 6 degrees-of-freedom (DOF) robot manipulator can move its 
end effector with an attached tool to any point within its workspace 
and with an arbitrary orientation. If fast-curing material was de
posited using such a 6 DOF robot arm, material could be deposited 
non-vertically, removing the need for support structures. The 
building material would still have to be attached to previously de
posited material, but if this could be done at an angle, support 
structures might be superfluous. 

The research presented here will focus on depositing material 
onto a fixed surface using a 6 DOF robot arm. Similar work have been 
done on AM processes with a moving building surface about a fixed 
point of material deposition, both using plastics [8] and metals  
[9,10]. The aim of the research presented in this paper is to see how 
feasible the former approach is. Though an approach with a fixed 
point of material deposition shows promise, a mobile point of ma
terial deposition could make AM more applicable to a factory setting, 
repair work on-site etc., as it is more flexible. Joris Laarman Lab has 
done some work using this approach, with very promising results. 
They have used both stainless steel [11] and a fast-curing polymer  
[12] in their builds, but none of their algorithms or control methods 
have been made public. 

AM methods such as VP or powder based DED often build with a 
high accuracy and resolution, and would consequentially be quite 
time-consuming for larger components, depending on the applica
tion. The build time of a component is generally decided by the part 
size, layer thickness, printing speed and build orientation: When 
high accuracy is necessary, the layers are often very thin. As building 
in the z-direction is then quite time consuming, time could be saved 
by orienting the structure so that the build height is kept at a 
minimum [2]. However, for structures that will in any case need 
some post-processing or machining, the resolution and layer height 
can be reduced in order to make the build more efficient. This could 
for example be the case when working with AM in metal, or more 

specifically wire-arc additive manufacturing (WAAM), which also 
falls under DED type AM methods [13,14]. 

This paper presents how it was possible to build structures with 
overhang on a horizontal surface with no need for additional support 
structures, and with continuous material deposition. Using welding 
equipment attached to a 6 DOF robot manipulator, material could be 
deposited using a non-vertical orientation of the welding tool. In 
addition, the constraints on the size of the build was greatly reduced 
compared to many in-box methods, as the size of the structure was 
only limited by the workspace of the robot. Preliminary results were 
presented in [15–17], and in this paper these results will be extended 
by experiments building structures with overhangs. Experiments 
with overhang were performed both with a fixed and an adjustable 
orientation of the tool. 

In Preliminary tests with viscous material some preliminary ex
periments for a none-layer wise build using viscous glue and set- 
based control, are presented. Working with metals: WAAM and CMT 
explains the shift to building in metals, and the principles behind 
WAAM and the arc welding method cold metal transfer (CMT). 
Continuous build of thin-walled structures explores building thin- 
walled structured continuously using WAAM, as continuous material 
deposition is desirable to keep the building time low. If the structure 
is more complex, some challenges related to intersections and cor
ners may arise, and this is the focus of Avoiding double material de
position in intersections. Set-based control for flexibility in orientation 
of tool presents how the set-based method used for the preliminary 
experiments from Preliminary tests with viscous material was also 
used on metal structures. Finally, Structures with overhang focuses on 
structures with overhangs, and how the workspace and flexibility of 
a 6 DOF robot manipulator makes it possible to deposit material 
with a non-vertical orientation of the tool onto a fixed substrate. 
Material analyses of one of the structures with intersections in ad
dition to one of the structures with overhangs are presented in 
Material analysis, considering the differences in parts of the struc
tures with and without intersections or overhangs. 

Preliminary tests with viscous material 

In order to outline the direction of this work, a review of the 
current status of large-scale AM was conducted, presented in [15]. A 
small-scale proof-of-concept experiment was designed to map how 
a viscous material with dynamic viscosity of 3.200.000 mpa s at 
25 ∘C [18] could be used to build a cylindrical cup-structure in a 
continuous, non-layer-wise movement. The height increase was 
continuous, taking a step away from the strictly layer-wise approach 
in traditional AM methods. Several tests were carried out using a air- 
pressure driven caulking gun attached to a 6 DOF UR-5 robot ma
nipulator. Using the print head of a 3D printer attached to the robot’s 
end effector was considered, but discarded as it was preferable to 
deposit material more quickly (Fig. 1). 

One of the resulting structures from the caulking gun experi
ments is shown in Fig. 2. These tests indicated that AM by robot 
manipulator was possible, and illustrated some of the main chal
lenges related to continuous material deposition that had to be ad
dressed in later work. Starting and stopping the flow of material 
proved especially challenging, and greatly factors into why the aim is 
continuous material deposition. The control method used in these 
experiments were later used to test how a non-vertical orientation 
of the tool impacts the build in a WAAM process, presented in Set- 
based control for flexibility in orientation of tool. More details re
garding the control methods and approach from the preliminary 
experiments, as well as the state-of-the-art review, can be found in  
[15]. Full details on the set-based control method can be found 
in [19,20]. 
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Working with metals: WAAM and CMT 

Building structures in metal using AM could be useful in many 
different industries. Post-processing of structures in metal is often 
required, even for relatively quick procedures such as metal casting. 
This reduces the necessary resolution of the build, which makes it 
more feasible to get the production time down compared to tradi
tional AM methods. AM in metals could be applied in repair work, 
for example on ships or other structures that would benefit from 
having repairs done on-site, as well as in building custom-designed 
metallic parts or end-products. 

The work presented here will focus on WAAM, a method where 
welding equipment is generally attached to the end effector of an 
industrial robot manipulator. Gas metal arc welding (GMAW), often 
referred to as metal inert gas welding (MIG), is preferred as a 
method for robotised WAAM as it is generally easier to implement. 
While for example gas tungsten arc welding (GTAW), also known as 
tungsten inert gas welding (TIG), has external feeding of the welding 
material, the welding material in MIG is fed through the nozzle of 
the welding gun, thereby acting as the electrode [21]. This means 
that there is only the nozzle of the welding gun to consider when 
designing the path for the robot’s end effector, as opposed to the 
additional external obstacle that the wire feed in a TIG process 
would introduce. 

The modified metal inert gas welding method cold metal transfer 
(CMT) has a more stable arc than traditional GMAW, which reduces 
metal spattering or ’welding sparks’. It also has a reduced heat input, 
which reduces residual stresses and distortions [22]. These proper
ties make CMT well suited for WAAM, and the objective was con
sequently to focus on CMT in this research. A series of different 
experiments were done in collaboration with SINTEF Industry using 
a 6 DOF IRB 2400/10 robot manipulator from ABB robotics [23], 
shown in Fig. 3, equiped with Fronius TPS 400i CMT welding 
equipment [24]. For some of the experiments, the heat-input pro
vided by CMT was not sufficient for the deposited material to 
properly adhere to the substrate. For these instances, pulsed-MIG 
welding was used for either the first few layers or the entire build. 
Pulsed-MIG is a modified GMAW welding method with a higher heat 
input than for CMT, but where the current alternates between a high 
and a low current level [25]. This makes it possible to transfer ma
terial with a lower heat input than for standard spray arc GMAW 
welding, as the melt bath does not have time to solidify between 
pulses, and the welding method is less vulnerable to spatter [21]. 

Fig. 1. Robot cell used in preliminary experiments presented in Preliminary tests with 
viscous material: 6 DOF UR-5 robot manipulator with air-pressure driven 
caulking gun. 

Fig. 2. Cylindrical cup-structure built in preliminary experiments described in 
Preliminary tests with viscous material. Approx. 4 cm tall, built using a viscous glue. 

Fig. 3. Lab set-up: Robot cell used in WAAM experiments. 6 DOF ABB IRB2400 robot 
manipulator with CMT welding equipment from Fronius. This set-up was used in all 
the experiments presented here. 
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Continuous build of thin-walled structures 

Though WAAM in many ways differs greatly from deposition of 
glue through a caulking gun, the challenges related to beginning and 
ending the material deposition are quite similar. Just as the varia
tions in the material flow created imprecisions in the viscous glue 
build, arc initiation and flame-out will generally create irregularities 
due to uneven material deposition for WAAM [26]. Achieving a 
building process that is as continuous as possible can help remove 
some of the challenges related to starting and stopping the material 
deposition revealed through the preliminary experiments [15]. A 
continuous building process can also make the build less time- 
consuming, which in an industrial setting is important in order to 
make production cost-effective. 

In order to investigate how the heat development of prolonged 
deposition would impact the structure on a superficial level, the first 
tests focused on constructing a square, thin-walled box by con
tinuous material deposition and CMT welding. The building material 
was aluminium, and the alloys AA4043 and AA4047 were used. For 
details related to the welding parameters, see [16]. 

The robot path was programmed using linear arc welding func
tions in the programming language Rapid, developed by ABB. Unlike 
the structure build in the preliminary glue experiments, this square 
structure did not have a continuous height increase, but was con
structed in a semi-layer-wise manner. The height increase necessary 
to begin building the next layer was carried out evenly over the last 
few centimetres of each layer, which resulted in a smooth build with 
no visible irregularities. The difference between increasing the 
height of the welding gun in a single point vs. over a few centimetres 
can be seen in Fig. 4. Seemingly, increasing the height in a single 
point lead to a heap-up of material, while a gradual height increase 
resulted in a smooth transition between layers. This method was 
kept for further experiments with a semi-layer-wise design, and 
later adjusted to a completely continuous movement in the z-di
rection. However, for simple structures the difference between a 
fully continuous height increase and an increase over a few centi
metres for each layer seemed negligible. 

The results of the two first tests are shown in Fig. 4. The ex
perience from these tests made it possible to later build much taller, 
similar structures with continuous material deposition. Some of 
these are shown in Fig. 5 and Fig. 19. Heat accumulation did not 
seem to impact the shape of the structures in any significant way, so 
these builds could have gone on for much longer without any 

difficulty. The latter is built using the Ni-Cr-Mo alloy UTP 759 instead 
of an aluminium alloy, which seemed to make the heat accumulation 
quite insignificant even for a more complex structure, see Avoiding 
double material deposition in intersections. 

Avoiding double material deposition in intersections 

The box builds presented in Continuous build of thin-walled 
structures are relatively simple geometrical structures. For more 
complex shapes built in a semi-layer-wise manner, issues related to 
intersections might appear. When deposing material continuously, 
which is desired for efficiency, intersections within the same layer 
will potentially lead to double deposition of material in the point of 
the intersection. Starting and stopping the welding process before 
and after crossing a welding bead is not considered to be a good 
solution, as arc initiation and arc flame-out leads to uneven material 
deposition [26]. 

One solution to this challenge was examined: avoiding actual 
intersections by designing non-crossing paths within each layer, as 

Fig. 4. Square-box: Adjusting the structure to have smoother layer transitions, blunter corners and longer sides clearly improved the visual appearance of the structure.  

Fig. 5. Taller builds: After initial tests with square structures in aluminium, it was 
possible to build guide tall structures using material deposition. 
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shown in Fig. 6. This method, where intersections are created by 
opposing corners, is described in [27]. Experiments were done using 
this method to build what will from here-on be described as flower 
structures, as shown in Fig. 6 and 7. The building material was 
aluminium AA4043 and AA4047, as well as the nickel-based alloy 
Inconel 625 and the Ni-Cr-Mo alloy UTP 759. Building in different 
materials helped assess the effect of the physical properties of the 
welding material, as the aluminium alloys had a much lower melting 
point than the nickel alloys. The aluminium builds were done using 
CMT and pulsed-MIG welding. The builds in nickel-based alloys were 
done using only pulsed-MIG, as this material requires a higher heat 
input that available when using CMT. 

The non-crossing paths strategy used in these tests seemed to 
work well when building with relatively hard materials with a 
higher melting point, such as Inconel 625. When building with 
aluminium, the inner walls of the flower structure began to slope. 
The heat dissipation was hampered by the surrounding walls, closing 
the heat in, and leaving the deposited material liquid for a longer 
time period. The material would therefor spread out over a larger 
area before solidifying, resulting in considerable differences in the 
height of the deposited welding bead within each layer. In addition, 
the intersections became points of heat accumulation, with even 
more severe contortions. The inaccuracies caused by the uneven 
cooling and deposition of material would accumulate over time, 
introducing a need to periodically pause the continuous process to 
manually grind the structure down to an even height. It was possible 
to improve the aluminium structures by tuning the heat input and 
other welding parameters, as shown in Fig. 7. However, it was much 
easier to build this structure using a metal with a higher melting 
point, because this material would solidify faster, and thereby make 
the structure less vulnerable to contortions caused by accumulated 
heat as the build progressed. The structure built in Inconel 625 was 
cut from the base plate and polished, and after post processing it was 
possible to determine that the path had in fact welded together 
adequately in the intersection points, as shown in Fig. 6. Further 
details on this experiment can be found [16]. 

Set-based control for flexibility in orientation of tool 

One of the main advantages of depositing material using a 6 DOF 
robot arm is the ability to orient the tool so that material can be 
deposited in any direction, not just strictly vertically. Therefore, the 
next step after building simple, thin-walled structures using con
tinuous material deposition was to vary the orientation of the tool. 
An overhang is a part of the structure that sticks out over a lower 
part of the structure without being supported by an preceding layer 
in a directly vertical direction. AM using non-vertical material de
position makes it possible to build structures with overhangs 
without additional support structures, and geometries that might 
not be available when using methods such as PBF or VP. 

The method for set-based control used in the preliminary ex
periments in Preliminary tests with viscous material can also be ap
plied to WAAM with a non-vertical deposition of material. This 
framework works well for robotic systems with a large number of 
DOFs and several tasks to solve. It combines set-based tasks defined 
by a valid interval, for example collision avoidance, with equality 
tasks defined by a desired value, such as position control for the end 
effector [19]. While the desired behaviour of the robot can often be 
described in such a task space, the robot control is actually done in 
the joint space, i.e. feeding the controller a specific set of desired 
joint values. Set-based control is a kinematic control framework 
which calculates reference states based on the desired behaviour 
and the current state of the system. For a detailed description of this 
framework, please refer to [19,20]. 

For experiments with material deposition by robot manipulator, 
there are two tasks that need to be handled: Position control to 
make sure the end effector follow the desired welding trajectory, and 
orientation control of the end effector. Position control can be de
fined with an equality task that must be met at all times. This en
sures that the position of the nozzle is accurate and predictable, 
which is increasingly important when deposition material in a re
latively narrow bead. If more material is deposited at a time, re
sulting in a wider building surface, the position of the tool can 

Fig. 6. Path design: Intersections are avoided altogether by instead designing a path consisting of closely placed opposite corners. After post processing on the Inconel 625 
structure shown in Fig. 7, it was evident that the structure had welded together adequately. (a) and (b) have the same scale. 
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potentially be allowed to deviate more than the guaranteed position 
control accuracy of under 1 mm for the IRB2400/10 [23]. For the 
preliminary experiments presented in Preliminary tests with viscous 
material, the orientation control can also be considered an equality 
task, as the tool has to stay perpendicular to the welding surface. 
However, changing the control of the orientation of the tool to in
stead be considered a set-based task can add freedom in the or
ientation of the tool. This allows the orientation of the tool to deviate 
with a few degrees from a set orientation, while keeping control of 
how large such a deviation can become by adjusting the size of the 
valid set. Such an approach shows promise in other applications 
such as spray painting [20]. 

Using set-based control method that give us some deviation in 
the orientation of the tool will make the movements smoother and 
less demanding for the robot compared to a strictly vertical or
ientation, as one less constraint has to be considered while the or
ientation stays within the defined set. Keeping a constant speed for 
the movement of the tool, especially at a relatively high speed, is 
demanding for the robotic system due to the large torques that are 
needed. The set-based method designed by Moe et al. may reduce 
the required torques, as the freedom in orientation helps enable a 
smoother trajectory for the tool [20]. This also expands the robot’s 

work-space, and can allow for movements that would not be feasible 
using a constant orientation of the welding gun. 

The WAAM experiment using the set-based control framework 
was designed to build a structure with the same kind of path as for 
the initial experiments using glue [15], which resulted in the 
structure in Fig. 2. The orientation control was designed so that the 
orientation of the tool had to stay within the interval of a few de
grees defined by the set-based task, e.g. 10∘. As long as this set-based 
task was met, the motion was controlled only by the equality task 
defining the path. A bottom layer was built in an outwards spiralling 
path, as shown in Fig. 8, which then continued on in a helix-path 
with steady height increase. 

It was desired to build these structures using CMT welding, as 
this had worked well for the simple geometrical shapes described in 
Continuous build of thin-walled structures. Using CMT had resulted in 
smooth surfaces and builds that seemed to could continue for a long 
time without excessive heat build-up and bead overflow [16]. 
However, the base plates available for use in the set-based experi
ments were thicker than those using in previous experiments. This 
required a higher heat input in order for the first few welding beads 
to adhere sufficiently to the substrate. As this helix structure also 
included a bottom layer, the heat input had to be high enough for the 

Fig. 7. Varying results: The resulting thin-walled structures based on the pattern in Fig. 6, built using four different welding materials. The scale of these structures matches that 
of the sketch in Fig. 6a, i.e. the sides of the inner square are 80 mm long. 
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spiral to melt together to create a smooth surface. Therefore, the 
spiralling bottom layer was built using pulsed-MIG, while CMT, with 
a lower heat input, was used for the rest of the build. 

Structures with overhang 

One of the main motivations for depositing material with a 6 DOF 
robot manipulator is to be able to build structures with overhangs. 
Due to strictly vertical deposition of material, overhangs can tradi
tionally not be build using extrusion based AM methods without 
adding support structures that must be removed in post-processing. 
Depositing material non-vertically can remove the need for support 
structures, which simplifies the building process, and helps save 
time and materials. It can also allow for a non-layer-wise approach 
to the AM process, as demonstrated by Laarman Lab and their ar
tistic builds done in a fast-curing polymer [12,15]. 

Two different methods for creating overhangs were examined: 
First, testing how overhangs can be “forced" by depositing material 
vertically onto a lower part of the structure which only partially 
overlaps with the current path. Material analyses were performed to 
examine the quality of two the final structures, i. e. optical micro
scopy and hardness measurements. This will be examined further in 
Material analysis. Then, two different structures with more promi
nent overhangs were constructed by modifying the orientation of 
the tool’s nozzle to follow the incline of the overhang (Fig. 9). 

Fixed orientation of tool: Twisting hexagon 

Using the same robot cell as for the former welding experiments 
(ABB IRB2400/10 6DOF robot manipulator and Fronius TPS 400i 
GMAW welding equipment with CMT) a thin-walled structure si
milar to those described in Continuous build of thin-walled structures 
was constructed. The geometric shape making out the foundation for 
the build was changed to a regular hexagon instead of a square. The 
linear movement functions in the Rapid programming language 
were used to build the structure, which made it necessary to define 
the path using Cartesian coordinates relative to a start point pc. A 
regular hexagon as shown in Fig. 10 has 6 equal angles and six equal 
sides, and the distance from the centre point pc to each vertex equals 
the radius r of the circumscribed circle. The apothem, i.e. the 
shortest distance l from the centre point pc to each side, equals the 
radius of the inscribed circle, and =l r3

2
[28]. The points describing 

the position of the six vertices in Fig. 10, relative to the Cartesian 
centre point pc = [x, y, z] of the hexagon were found using these 
geometrical relations: 

= +p p r[ , 0, 0]c1 (1)  

= +p p r r
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2

,
3

2
, 0c2
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Fig. 8. Set-based: The structure was a cylindrical shape. The bottom layer was constructed in a outwards spiral, while the path for the wall was an upwards helix with a constant 
radius and a constant height increase. 
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The base layer was approx. 14 cm wide, as the length r in Fig. 10 
was set to be 7 cm. In order to generate an overhang, this hexagonal 
shape was rotated slightly for each layer. The orientation of the 
welding gun was fixed, keeping it orthogonal on the base plate. The 
height increase between layers were spread out over the sixth side 
of the hexagon, between point p6 and p1. For each layer, the hexagon 
was rotated with an angle θ = 1. 2∘ about the centre, leading the 
structure to twist as the build grew taller. 

How this creates an overhang can be understood studying Fig. 10: 
The distance r from the centre of the hexagon to the vertex p5 cor
responds to the hypotenuse of a right-angled triangle. As vertex p5 

rotates about the centre with an angle θ, this distance remains the 
same. As the hypotenuse of a right-angled triangle is longer than its 
legs, the vertex p5 will end up outside the side p5p6 of the first layer. 
With no support structures added, this creates a small overhang as 
the build continues. 

The structure was built using CMT welding, except from the first 
two layers: As for the structure described in Set-based control for flex
ibility in orientation of tool, these had do be welded using pulsed-MIG for 

the heat-input to be high enough for the deposited metal to adhere 
sufficiently to the substrate. The welding wire was made of the Ni-Cr- 
Mo alloy UTP 759, and the substrate was made of carbon steel S355G10. 
The parameters for the welding process are listed in Table 1. This build 
went on for approx. 45 layers, which meant that each corner of the 
hexagon had rotated about 53∘ away from its starting point. 

As the aim of this experiment was to study the overhang, a ro
tation close to 60∘ was enough, as vertex p5 in Fig. 10 at this point of 
the build would have rotated all the way to overlap with vertex p6. 
After only 25 layers each of the vertices would have rotated 30°, and 
be at the point where the overhang was largest relative to the first 
layer. When studying Fig. 10, the orange line r for the current layer 
would then overlap with the original green line making out the 
longest leg of a right-angled triangle with hypotenuse r. The size of 
the overhang would be equal to the difference between r and l, 
which meant that the overhang protruded 

= = =r l r r
3

2
70

3
2

70 9.38

millimetres over the base layer of the structure. As the welding bead 
was approx. 4 mm wide, this equals more than twice the width of 
the welding bead (Fig. 11). 

Non-vertical material deposition: Vase 

Next, a structure with a significant structure was constructed by 
depositing material non-vertically. This design was a variation of the 
cylindrical structures from the experiments presented in Preliminary 
tests with viscous material and Set-based control for flexibility in or
ientation of tool. The difference is to have a varying radius, which in 

Fig. 9. Build using set-based control, with deviation for vertical orientation of 
welding too. 

Fig. 10. Hexagon: As corner A rotates with an angle θ about the centre in an arc with 
radius r, it creates an overhang, as marked with a red circle. 

Table 1 
Welding parameters for twisting hexagon structure: Fixed orientation of tool mainly 
using CMT welding.         

Hexagonal structure shown in Fig. 11 

CMT, fixed orientation of tool 

Method Layer Current  
(A) 

Wire-feed 
speed 

(m/min) 

Voltage 
(V) 

Bead 
height 
(mm) 

Rotation 
(degrees)  

P-MIG ≈ 1 182 7.1 25.5 1.5 0.0 
P-MIG ≈ 2 154 7.1 25.1 1.5 1.2 
CMT ≈ 3 130 3.8 20.9 1.5 2.4 
CMT ≈ 4 108 3.8 15.4 1.5 3.6 
CMT ≈ 5–44 95 3.8 15.9 1.5 4.8 + =1.2 
CMT ≈ 45 95 3.8 15.9 1.5 52.8 
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turn creates an outwards or inwards overhang. A simulation of this 
path is shown in Fig. 12, and the design will from here-on be referred 
to as a vase shape. 

As explained in Set-based control for flexibility in orientation of 
tool, the set-based method described in [19,20] prioritises the ease of 
the robot movements in order to create a smooth trajectory. How
ever, the deviation in the orientation of the tool is not necessarily 
distributed symmetrically. For a traditional cylindrical shape, this 
imbalance in the change in the orientation resulted in the tool being 
almost vertical on the part of the build closest to the robot manip
ulator, and tilted slightly outwards on the opposite side. This in turn 
resulted in a saddle form at the top of the constructed cylinder, as 
shown in Fig. 9 [16]. The method was still tested on the vase shape in 
order to see how this would impact a structure with overhang. The 
build was done using UTP759, the same Ni-Cr-Mo alloy used for the 
hexagonal structure in Fig. 11. 

The experiment using set-based control to build a vase structure 
was terminated after just a few layers. The non-symmetrical change 
in the orientation of the tool followed the pattern of the cylinder 
structure from Fig. 9, with the welding gun being almost vertical on 
one side of the build. This showed the significance of the orientation 
of the welding gun: On the side where the tool remained almost 
vertical, the deposited material did not adhere evenly with the 
previous layer, as the overlap with the previous layer was not large 
enough. This resulted in cladding of material, which only grew worse 
from one layer to the next. Welding parameters etc. for this inter
rupted experiment were not included in this paper, as a close ana
lysis of this test was deemed not relevant. 

However, on the opposite side of the structure, the orientation of 
the tool was almost aligned with the tilt of the overhang, as the 
welding gun tilted outwards while the radius of the structure was 
increasing. On this side, the constructed wall was smooth and 
without obvious deformation. This indicated that building such a 
structure while forcing the orientation of the welding gun to match 
the angle of the tilt of the wall would likely be more successful. 

For the ensuing experiment, the path was programmed directly 
using the linear functions in the RAPID programming language [29], 

with set values for the orientation of the welding gun. The or
ientation of the welding gun was adjusted to being close to parallel 
with the direction of the tilt of the wall creating the overhang. This 
can be better understood by studying Fig. 12, which shows a simu
lation of the welding process performed in ABB's simulation soft
ware Robot Studio: As long as the radius is increasing, the welding 
gun will be oriented slightly outwards, and vice-versa. As the nozzle 
is symmetrical, no rotations about the global z-axis are needed, i.e. 
the axis perpendicular to the substrate, pointing out of the page 
when studying Fig. 13. The structure is designed to first have a 
section with an increasing radius, then a section with a constant 
radius, and lastly a section with a decreasing radius. The shift in 
orientation is introduced gradually over a few layers in between 
these sections, as listed in table 2. 

The RAPID functions used to control the robot during these ex
periments requires the desired orientation of the end effector to be 
presented in quaternions q, defined as [30]: 

= + + +q i j kq q q qx y z (7)  

In order to control the rotation of the tool relative to the world 
frame, which is parallel with the build, rotation matrices are used. 
Given a set of quaternions, the corresponding rotation matrix R0 can 
be derived. The desired rotations about the world x- and y-axes can 
then be performed on this rotation matrix, which will result in a new 
rotation matrix RN corresponding with the final orientation of the 
end effector. The corresponding quaternions for the new orientation, 
qN, can be found from the rotation matrix RN, and used as input for 
the built-in RAPID functions that control the robot arm [29]. 

When reading the quaternions q representing the orientation of 
the tool when placed in a vertical position, the rotation matrix R0 

for the orientation of the tool was found using the following 
equation [31]: 

=

+

+

+

R

q q q q q q q q q q

q q q q q q q q q

q q q q q q q q q q

1 2 2 2 2 2 2

2 2 2 1 2 2 2 2

2 2 2 2 1 2 2

y z x y z x z y

x y z x z y z x

x z y y z x x y

0

2 2

2 2

2 2
(8)  

Fig. 11. Using a fixed vertical orientation of the welding gun, it was possible to construct a structure with a slight overhang. Spiralling hexagon, built in UTP 759.  
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As can be seen from Fig. 12, the tool was tilted outwards in a 
given angle ϕ while the wall of the vase was tilting outwards, and 

vice versa. This was controlled by rotating the original rotation 
matrix relative to the global x- and y-axes shown in Fig. 13. The 
rotation matrices Rx and Ry are defined as [30]: 

=R
1 0 0
0 cos sin
0 sin cos

x

(9) 

and 

=R
cos 0 sin

0 1 0
sin 0 cos

.y

(10)  

The rotation angle ϕ for each layer can be read from table 2, and 
the rotations are given relative to the axes and points shown in  
Fig. 13. For the first part of the build, while the radius is increasing, 
the rotation angle ϕ is positive about the x- and y-axes for point p2 

and p3, and negative for p1 and p4. For the last part of the build, while 
the radius is decreasing, the rotation angle ϕ is negative about the x- 
and y-axes for point p2 and p3, and positive for p1 and p4. The ro
tation matrix for the resulting rotation RN at a given time is: 

=R R R .N xR y0 (11)  

Fig. 12. Building more prominent overhangs proved successful when orienting the tool relative to the building direction.  

Fig. 13. Base with axes: This circle is the base for the vase structure in Fig. 12, and the 
axes show the global x- and y-axes that the welding gun is oriented relative to. 
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The rotation is given relative to the axes in Fig. 13. The orientation 
only has to be defined for each of the four points p1-p4 in Fig. 13, as 
the linear RAPID functions MoveC/ArcC will distribute the change in 
orientation evenly over the arc between two points [29]. As the 
rotation angle ϕ at any of the four points will only be non-zero about 
either the x- or the y-axis, not both of them, the rotation matrix for 
the non-active axis will be equal to the identity matrix I. In other 
words: Using equations 9-10, for each of the four points in  
Fig. 13α = ϕ and β = 0, or vice versa. 

The quaternions qN for this new orientation of the tool can then 
be found from the rotation matrix RN using the approach presented 
in [32]. This approach avoids both dividing by zero and dividing by 
negative numbers. The rotation matrix RN can be written as: 

=R
r r r
r r r
r r r

.N

11 12 13

21 22 23

31 32 33 (12)  

Based on this, the following algorithm was used to find the 
quaternions [32]:  

?. 

This method follows what is described in chapter 6 of [30], based 
on [33]. First, the trace of the rotation matrix RN is found, i.e. the sum 
of the diagonal terms: 

= + + =T r r r r .11 22 33 00 (13) 

If defining z = 2q, this gives us the set of equations [30]: 

= +z r T1 20
2

00 (14)  

= +z r T1 21
2

11 (15)  

= +z r T1 22
2

22 (16)  

= +z r T1 2 ,3
2

33 (17) 

and 

= = +z z r r z z r r0 1 32 23 2 3 32 23 (18)  

= = +z z r r z z r r0 2 13 31 3 1 13 31 (19)  

= = +z z r r z z r r .0 3 21 12 1 2 21 12 (20)  

Using the ten expressions from equations 14-20, the four un
knowns z0-z3 can be found using many different approaches, as the 
variables r00−33 are known [33]. The quaternions qN describing the 
new rotation can then be found, as 

=z q2 .N (21)  

The radius of each approx. layer of the vase, which determines 
how much each layer shifted relative to the previous layer, are listed 
in table 2. This shift, and the angle of the tilt of the wall of the vase, 
impacted on how much the deposited material would spread out 
before cooling down and solidifying, as explored in [34]. This implies 
that the estimated layer height became lower the steeper the 
building angle. This was accounted for during the build by setting 
the layer height to be a function of the change in angle, and the 
different layer heights are listed in Table 2. The correlation between 
layer height, tilt angle and change in radius, was linear, and set based 
on trial and error until finding a tilt angle for the welding gun that 
followed the tilt of the wall to some extent, though not accurately. A 
large angle would give a significant reduction in layer height and a 
large change in radius. The values used for the height increase, and 
how the angle of the tool was adjusted relative to the inclination of 
the wall, is based on experience from the experiments presented in 
Continuous build of thin-walled structures–Fixed orientation of tool: 
Twisting hexagon. 

The build continued for approx. 100 layers, and was stopped 
because the welding material ran out. The final layer was shifted 
several centimetres relative to the vertical part of the structure, 
which shows that it was possible to build a significant overhang 
using non-vertical material deposition. 

Table 2 
Welding parameters for vase structure: Dynamic orientation of tool and predominantly using CMT welding.          

Welding parameters for the vase structure shown in Fig. 12 

CMT, varying orientation of tool 

Method Layer Current(A) Wire-feed sp.(m/min) Voltage(V) Radius(mm) Bead height(mm) Angle (ϕ)(degrees)  

P-MIG ≈ 1 182 7.1 25.5 60.0 1.22 20.0 
P-MIG ≈ 2 165 7.1 25.4 60.8 1.22 20.0 
CMT ≈ 3–25 108 4.0 15.4 61.6 + = 0.8 1.22 20.0 
CMT ≈ 26–29 95 3.8 15.9 80.0 1.46 20.0 -= 5.0 
CMT ≈ 30–39 95 3.8 15.9 80.0 1.70 0.0 
CMT ≈ 40–44 95 3.8 15.9 80 -= 0.64 1.54 0.0 -= 5.0 
CMT ≈ 45–100 95 3.8 15.9 76.8 -= 0.64 1.38 -25.0    
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Non-vertical material deposition: Bowl 

After the build described in Non-vertical material deposition: Vase, 
a structure with a more significant overhang was constructed using 
non-vertical material deposition. Another variation of the cylinder 
structures presented in Continuous build of thin-walled structures and 
Set-based control for flexibility in orientation of tool was chosen, the 
alteration this time being a constantly increasing radius. This would 
result in a kind of bowl, in parts similar to the bottom part of the 
vase structure in Fig. 12, described in Non-vertical material deposi
tion: Vase. The aim was to see how successful a continuous build of a 
structure with an increasing overhang would be, and if a overhang of 
more than 25∘ would prove challenging considering the material 
deposition when building in a similar material. The build was done 
using the nickel alloy Inconel 625, which is the same material used 
to build the flower structure shown in Fig. 6b. The substrate was 
made of carbon steel S355G10. 

As in earlier builds, the increase in height of the welding gun 
accounting for each added layer was distributed over the last 
quadrant of each circular layer, thereby avoiding the issues that 
came with a height increase in a single point shown in Fig. 4. The 
initial layer height was slightly lowered compared to the vase build: 
from 1.7 mm to 1.3 mm in the part where the welding gun had a 
strictly vertical orientation. The radius and layer height was kept 
constant for the first 5 layers of the build, and the orientation of the 
tool was kept strictly vertical. This to get a good foundation for the 
rest of the build. As with all previous builds, the first few layers 
demanded a higher heat input than the rest of the build in order for 
the material to adhere properly to the substrate. The first two layers 
of the bowl structure were welded using pulsed MIG, as with the 
vase structure. The welding procedure was then paused momenta
rily to switch to CMT welding. The welding parameters for the 
complete build were based on parameters of the vase build in Non- 
vertical material deposition: Vase, and are described in detail in  
Table 3. 

After the 5 first layers, the orientation of the tool was adjusted to 
increase by 1∘ per layer. The orientation of the welding gun was 
controlled as described in Non-vertical material deposition: Vase, al
ways tilting inwards as shown in Fig. 12a. As explained in Non-ver
tical material deposition: Vase, the symmetry of the nozzle meant that 
the rotations only had to be performed relative to the global x- and 
y-axis. Because the angle would only increase relative to a vertical 
position, the bowl build was similar to the bottom-most part of the 
vase build, only with an increasing rather than decreasing overhang. 
While the angle increased, the radius would also increase slightly, 
creating a wall with a stronger tilt. As these changes were made in 
parallel, the angle of the welding gun would follow the building 
direction of the wall. 

The larger the angle of the welding gun became, the more the 
radius would increase per layer. This made sense considering that a 
larger angle meant that the gravity to a larger extent could pull on 
the deposited, melted material so that it would spread out more 
before becoming solid. As the liquid material would spread out more 

horizontally, the layer height would simultaneously decrease. For 
the vase structure, these values were adjusted in a similar fashion, 
but there was no exact correlation between the angle of the welding 
gun and the tilt of the wall: the values were set more based on trial- 
and-error. For the bowl structure, the angle ϕ was increased by 1∘ per 
layer, and the initial layer height was set to 1.3 mm, based on the 
results from the vase structure. For this experiment, we wished to 
see how the build would progress when the increase in radius rinc 

and the current layer height lhc were set according to the geometrical 
correlation between these values as seen in a right triangle shown in  
Fig. 14. Following basic trigonometry, the layer height was set as 

=l l sin ,hc h (22) 

and the increase in radius for each layer was set as 

=r l cos .inc h (23)  

For the first layers, while the angle ϕ was kept at zero, the in
crease in radius was also equal to zero, and the layer height was 
fixed at the set value 1.3 mm. Then, as the angle ϕ increased by 1∘ per 
layer, the radius would increase and the layer height would decrease. 
Using the simulation software Robot Studio from ABB, the designed 
path for this structure was simulated, as shown in Fig. 15a. During 
these simulations, the 6 DOF robot manipulator would face issues 
with singularities or joints being out of bounds when the angle ϕ got 
close to 50∘, depending on the start position of the tool. To avoid this 
issue when performing the build, a maximum angle ϕmax was set to 
43∘. As the aim of this build was to build a structure with a sig
nificantly larger overhang than that of the 20–25∘ overhang of the 
vase presented in Non-vertical material deposition: Vase, this was 
considered sufficient. When reaching this maximum angle ϕmax, the 
build would continue on with this angle until stopped, resulting in 
the structure shown in Fig. 12c and d. For this final part of the build, 
the layer height would stay fixed at a value given by Eq. 22, and there 
would be an increase in the radius rinc per additional layer given by 
Eq. 23, both with ϕ = ϕmax. 

Table 3 
Welding parameters for bowl structure: Dynamic orientation of tool and predominantly using CMT welding.          

Welding parameters for bowl structure shown in Fig. 15 

CMT, varying orientation of tool 

Method Layer Current(A) Wire-feed sp.(m/min) Voltage(V) Radius(mm) Bead height(mm) Angle (ϕ)(degrees)  

P-MIG ≈ 1 180 7.1 25.9 40.0 1.30 0.0 
P-MIG ≈ 2 156 7.1 25.2 40.0 1.30 0.0 
CMT ≈ 3 140 6.6 18.8 40.0 1.30 0.0 
CMT ≈ 4 108 3.9 15.8 40.0 1.30 0.0 
CMT ≈ 5 108 3.9 15.8 40.0 1.30 0.0 
CMT ≈ 6–48 96 3.5 14.0 40.0 + = 1.30 sin 1.30 cos 1.0 + = 1.0 
CMT ≈ 49–96 96 3.5 14.0 55.7 + = 0.89 0.95 43.0 

Fig. 14. Angle variation: As shown here, the layer height has a fixed value while the 
welding gun is strictly vertical. As the angle ϕ grows, this initial layer height becomes 
the hypotenuse in a right triangle. The layer height lhc for the new layer, displayed in 
red, is described by equation 22. The increase in radius rinc, displayed in blue, is de
scribed by equation 23. 
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Material analysis 

The conditions for heat accumulation and heat dissipation are 
altered when building with overhangs and intersections. As a con
sequence, the cooling rate and thermal gradient during solidification 
of the material is different along the trajectory. The different thermal 
history may lead to promotion of other phases and microstructures, 
which in turn may influence the mechanical properties and service 
performance. To better understand the effect of non-steady state 
deposition, the hexagonal structure in Fig. 11 and the flower shape in 
Fig. 7 were examined. Transverse sections of stable mid-wall posi
tions, overhang corners, and intersection were examined by optical 
microscopy and hardness measurements to reveal any process de
fects or fluctuations. Both materials were manufactured with the Ni- 
Cr-Mo alloy UTP 759. 

The hexagonal structure is shown in Fig. 16. The mid-wall posi
tion, i.e., with no overhang shows a mixed structure of columnar and 
equiaxed dendrites. The dendrites were nearly vertically oriented, 
i.e. parallel to the building direction. This structure was developed 
due to the strong heat sink of the already built structure by thermal 
conduction. The columnar dendrites grew over several layers, due to 
epitaxial nucleation upon remelting and solidification of a new layer. 
Columnar dendrites ranging over several layers are commonly seen 
in WAAM of nickel-based alloys like Hastelloy C276 and Inconel 625
[35–37]. A portion of equiaxed ’star-shaped’ dendrites can also be 

seen in Fig. 16a. This morphology is uncommon in lean alloys like 
Hastelloy C276 and Inconel 625 processed by WAAM. However, UTP 
759 has a higher alloying content, so the constitutional undercooled 
zone was larger during solidification compared to Hastelloy C276 
and Inconel 625. This effect increased the probability of nucleation 
ahead of the columnar growth front and created the equiaxed den
drites. 

The microstructure at the overhang position is shown in Fig.  
16b. The structure was solely occupied by fine equiaxed dendrites. 
As the chemical composition is similar irrespective of position, the 
altered thermal characteristics are responsible for this micro
structural change compared to the mid-wall position with no 
overhang. When the material is deposited with overhangs, a lower 
portion of the liquid weld bead is in direct contact with the former 
layer. Consequently, the downward thermal gradient due to con
duction is decreased compared to a structure with no overhang. 
With a lower thermal gradient, the driving force for columnar 
growth is decreased and the constitutional undercooling increases. 
Such conditions are facilitating the nucleation of equiaxed den
drites. Overhangs can therefore influence the microstructure and 
the related properties of WAAM structures. Small process defects 
were occasionally observed at the bead interface when building 
with overhangs, such as the black lack-of-fusion defects depicted 
in Fig. 16b. Further process parameter optimisation is required to 
eliminate such defects. 

Fig. 15. The structure had a gradually increasing overhang, moving from a tilt of 0∘ to 43∘, relative to a vertical orientation of the welding gun.
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The microstructure of the flower shaped structure is shown in  
Fig. 17. This design has no overhangs, but two touching corners to 
create a continuous intersection. The intersection involves an extra 
remelting step of the structure, and two bead junctions can be ob
served in Fig. 17b. This effect has a minor influence on the final 
microstructure. The material exhibits a relatively homogeneous 
structure of equi-axed dendrites regardless of position. The only 
exception to this statement is some scattered columnar dendrites in 
vicinity of remelted layers at intersections, Fig. 17b. There was not 
observed any process defects as cracks, pores or lack of fusion in the 
structure. 

It is evident that the microstructure during ’normal’ deposition 
(i.e., no overhang or intersections) is different for the hexagonal 
structure and the flower structure. This difference is related to the 
increased heat input when under deposition of the flower shape. A 
higher heat input was necessary to ensure fusion at the intersection 
zone of the flower. The increased heat input lowers the temperature 
gradient in the molten weld pool, which in turn suppress the co
lumnar dendritic growth. The effect of heat input and microstructure 
was evaluated by Vickers hardness testing, see Fig. 18. The hexagon 
geometry with no overhang possessed a mixture of columnar and 
equiaxed dendrites. The anisotropic properties of the columnar 
structure resulted in lower hardness values, and increased the result 
scatter. Further, the flower shape showed similar to somewhat 

higher hardness compared to the hexagon structure. Refined 
equiaxed dendrites accounted for the observed increase in hardness. 
In-depth assessments of mechanical performance, e.g. tensile 
strength, impact toughness, fatigue- and creep resistance was out of 
scope of this work, but should be assessed in further work. 

Discussion 

The experiments presented in this paper all take a step away 
from in-box, strictly layer-based AM methods. For the preliminary 
experiments, the trajectory for the walls resembles an upwards 
spiralling helix. This differs from the strictly layer-by-layer approach 
that you find in AM methods such as VP or PBF. After the preliminary 
experiments using a form of viscous glue, the focus of this research 
turned to metals and the DED method WAAM. Performing the builds 
as continuously as possible was still a priority, as the initiation or 
termination of the material deposition often brings with it some 
deformations and inaccuracies in the material deposition. In 
Continuous build of thin-walled structures it is also examined how, 
when deposition material continuously, a gradual transition be
tween layers can give fewer distortions for WAAM than an height 
increase in a single point, as is common for many AM methods. 

WAAM using CMT and pulsed-MIG gave results with few dis
tortions when building thin-walled structures. For simple 

Fig. 16. Microstructure of Ni-Co-Mo alloy UTP 759 hexagon structure in transverse section.  
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geometrical structures such as a cylinder, both metals with a low and 
a high melting point resulted in structures with few deformations. 
These builds could have continued for a long time due to an equi
librium between heat accumulation and dissipation. For slightly 
more complex structures with intersections, described in Avoiding 
double material deposition in intersections, it proved easier to get a 
result with few deformations when using metals with a higher 
melting point. This is to be expected: The lower the melting point, 
the higher the risk of the accumulated heat impacting how long the 
deposited material takes to solidify, resulting in an uneven dis
tribution of the deposited material. To cross-check the results from 
the experiments presented here, additional structures based on the 
principle described in Continuous build of thin-walled structures and 5 
were built using the Ni-Cr-Mo alloy UTP 759. As can be seen by 
comparing Fig. 19 with Fig. 5 and 7, a harder material with a higher 
melting point helped make the surface of the structures smoother 
and with less superficial deformations compared to similar struc
tures built in aluminium alloys. 

The hexagonal structure presented in Fixed orientation of tool: 
Twisting hexagon shows that if the material solidifies quickly enough, it 
is possible to build overhangs even when depositing material from a 
nozzle with a vertical orientation. Future work should look into how 
the same structure will turn out when building in a softer material 
with a lower melting point, such as the aluminium-alloys used in 
other builds described in this paper. It would also be interesting to 

examine how a structure in the same material would behave with a 
larger rotation angle, which would lead to less overlap between two 
consecutive layers. The optical microscopy and hardness 

Fig. 17. Microstructure of Ni-Co-Mo alloy UTP 759 flower structure in transverse section.  

Fig. 18. Vickers hardness of Ni-Cr-Mo alloy UTP 759.  

L.D. Evjemo, G. Langelandsvik, S. Moe et al. CIRP Journal of Manufacturing Science and Technology 38 (2022) 186–203 

200 



measurements presented in Material analysis showed that such an 
approach will influence the micro structure of the component, but it 
did not seem to have significant impact on the hardness, as shown in  
Fig. 18. 

The set-based approach used in [17] could be used for the simple 
thin-walled structure without overhang described in Set-based con
trol for flexibility in orientation of tool. The additional freedom in 
orientation of the tool given by the set-based control method could 
potentially save energy while performing the build in the same 
amount of time, as shown in [20]. The method also required less 
torques in the turns, as the tool did not have to keep one strict or
ientation, which made it possible to perform sharp turns and sharp 
changes in the direction of the path faster and smoother. This was 
useful, as the earliest welding tests with the box-shape described in 
Continuous build of thin-walled structures showed that if the corners 
were too sharp, material would accumulate because the welding gun 
stayed in the same spot too long while the robot re-configured itself 
for the change in direction [16]. However, this structure did show 
some prominent deformations compared with similar structures in  
Fig. 5 and 19. The saddle form at the top of the finished structure was 
likely caused by the non-symmetric deviation in the orientation of 
the welding gun. This unpredictable imprecision can make the 
method unsuitable depending on the specifications for the built 
structure. 

When building the vase-structure with very prominent over
hangs it quickly became evident that when building a significant 
overhang with less vertical alignment between two consecutive 
layers, the orientation of the tool needed to be controlled much 
more closely. The freedom given by the set-based control method 
did not distribute the change in the orientation of the tool sym
metrically, which made the method unsuited for the task. The ex
periment described in the first part of Non-vertical material 
deposition: Vase showed that the results could be quite un
predictable. A vertical orientation of the tool while deposition ma
terial on a wall that tilted gave a poor result, as the overlap with the 
previous layer was not large enough. 

When constructing a vase shape with the nozzle of the welding 
gun following the tilt of the wall of the structure, the results were 
more promising. The angle of the tilt for the first part of the build 
showed that the build could be affected as the heat built up early in 
the build. In Fig. 12 it is possible to see that even though the angle of 
the bottom part of the vase was constant for this part of the build, 
the tilt of the wall seemed to decrease slightly after a few centi
metres. This was caused by the accumulated heat in the structure: 
As the structure heated up, it took slightly longer for the deposited 
material to solidify, making the welding bead flatter and wider. As 
the angle of the top part of the vase, above the vertical part of the 

wall, did not have any such irregularities, it can be concluded that at 
this point the accumulated heat and the heat dissipation had 
reached equilibrium, making the welded wall smoother. The bowl 
structure presented in Non-vertical material deposition: Bowl did not 
have this same slope in angle. This might be because the first few 
layers were built straight up, with a vertical orientation of the 
welding gun. By the time the overhang became prominent enough 
for such drooping to take place, the heat dissipation had already 
reached equilibrium, so that the build was smooth from thereon. 

The distance between the tool and surface to be welded grew too 
large during the vase build. If the distance between the nozzle and 
the surface grows too large, this can make the arc unstable and lead 
to deformations, as well as reduce the protective effects of the 
shielding gas [38]. An inaccurate estimate of the layer height was 
also an issue in earlier builds, most-times solved by interrupting the 
build to adjust the distance between the nozzle and the structure  
[16]. Based on the results from the vase build, the initial layer height 
was reduced for the bowl build, from 1.7 mm to 1.3 mm when the 
welding tool was vertical. In addition, the layer height for the build 
was set as a trigonometrical function of the angle of the welding gun 
relative to a vertical orientation. This seemed to be a good proximate 
for how the bead height and width developed as the build went on. 
Unlike for the vase build, the distance between the tool and the 
surface did not grow too large during the bowl build, and the build 
could have continued for longer if desired. 

For future experiments, layer heights throughout the build re
lative to the angle of the tilt of an overhang should be adjusted more 
accurately. For the vase structure in Non-vertical material deposition: 
Vase, all values were estimated based on the experience from the 
experiments presented in Continuous build of thin-walled structures  
[16] and Set-based control for flexibility in orientation of tool [17]. 
More accurate estimates could be made, for example based on the 
results from [34] or [39]. If these values were optimised, it might be 
possible to build similar overhangs in other metals with a lower 
melting point, such as aluminium. The issue could also be solved 
either by adjusting the vertical position of the nozzle during the 
build, or by ensuring a more stable layer height [38]. 

Building structures with even larger overhangs can also be con
sidered future work. As explained in Non-vertical material deposition: 
Bowl, the 6 DOF robot manipulator met challenges such as joint out 
of bounds or singularities when the angle of the bowl grew larger 
than the set maximum angle of 43∘. Avoiding these issues would 
perhaps require an alternative control method altogether than that 
of the built-in functions of the RAPID programming language. At 
least it would have required more time adjusting the set-up of the 
robot cell, and the start point and orientation of the end effector. 
Building a basic, tilted wall would have been possible without the 
robot reaching singularities. Such thin-walls have been investigated 
by others, for example in [39]. As the main goal was to show that the 
construction of a prominent overhang with continuous, non-vertical 
material deposition was possible, a 43∘ angle was considered suffi
cient, and further adjustments are considered out of scope for the 
work presented here. 

Concluding remarks 

Building using WAAM is a relatively easily accessible way to 
enable non-vertical-deposition of material, as welding equipment 
combined with an industrial robot manipulator can be found in 
many labs and factories. Other projects have gotten very interesting 
results using other materials than metals and WAAM, such as fast- 
curing polymers [12]. This should be explored in future work. 

Throughout the welding experiments presented in this paper, the 
distance between the nozzle of the welding gun and the surface to 
be welded was adjusted manually by the welding operator during 
several of these builds. A more solid solution could be to include 

Fig. 19. Additional structures were constructed in the Ni-Cr-Mo alloy UTP 759.  
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feedback in the process. The welding parameters, i.e. current and 
voltage, are impacted by this distance. If these values were mon
itored during the build, it could be possible to detect if this distance 
grew too large or too small, and the controller could then modify the 
path accordingly. Ideally, these adjustments could also be included 
in a feed-back loop and done automatically, enabling the process do 
correct itself during the build. This kind of feedback could potentially 
also be used to find an optimal orientation of the tool relative to the 
overhang, as the size of the contact surface is largest when the tool is 
orthogonal to the direction of the construction [39]. This should 
explored in future work. 

The set-based control method designed by Moe et al. [19] was 
not well suited for building structures with overhangs, as the de
viation in orientation was unpredictable an non-symmetrical. The 
method might work better if it was possible to restrict the set of 
valid angles for the tool further, but this would somewhat contradict 
the main benefits of the control method. In future work, it could be 
examined if this method can be modified to distribute the orienta
tion evenly about a fixed point. 

Several of the experiments showed that it is important to adjust 
the heat-input so that the structure does not grown too hot due to 
accumulated heat. This could be seen very clearly on the final vase- 
shape, where accumulated heat due to a large heat input early in the 
build made the walls of the structure slope more than estimated. 
Controlling that the heat input and heat dissipation is as close as 
possible to an equilibrium can for example be done by monitoring 
the accumulated heat in the structure during the build. The bowl 
build with an overhang of 43∘ shows that it is possible to construct 
thin-walled structures with prominent overhangs using continuous, 
non-vertical material deposition. Future work should examine how 
steep and large such an overhang could be before the structure 
showing significant deformations, preferably for different materials. 
A more thorough material analysis of structures with overhangs, 
including in-depth assessment of the tensile strength, impact 
toughness, fatigue- and creep resistance should also be examined in 
future work, but was out of scope for this work. 
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