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Abstract
Additive manufacturing enables industries with a new production typology. For the metal manufacturing industry, this new 
means of production extends the spectrum of achievable building parts that can be fabricated and integrated into architec-
tural designs. Consequently, this process is becoming increasingly relevant for construction industries. The application of 
additive manufacturing in metal fabrication industries requires high performance technology and extensive knowledge of 
material and process. Within this paper, we focus on the implementation of incremental point welding as a metal additive 
arc welding strategy. The goal is the realization and optimization of a manufacturing method which implements adaptive 
strategies in the control of this production process. In this research, incremental point welding is used for the production of 
branching structures. Incremental point welding is a type of metal arc additive manufacturing which deposits material by 
adding individual welding points rather than layering welding seams. This process is interesting for a number of reasons. 
The incremental application of individual metal drops simplifies the analysis and forecast of residual stress and temperature 
developments. Consistent arc initialization within point welding is hard to control and, therefore, requires further exploration. 
This led to the following research in developing an adaptive process. Furthermore, the potential of the process is increased 
by the possibility of tool-path adaptivity for a robotic system enabling the robot to produce welds at complex approach 
angles. This research developed a novel approach, able to manufacture complex branching structures while compensating 
for inaccuracies caused by the welding process using image processing and an adaptive strategy. First experiments showed 
the possibility to work at a range of overhang angle in addition to multiple approach angles up to 50°. This adaptive process 
increases the potential application of this technology for the extensions of existing structures as well as repair of metal 
structures through incremental point welding.

Keywords Digital fabrication · Robots · Welding · Incremental point welding · Additive manufacturing · Metal additive arc 
welding · Adaptive production · Adaptive process control

1 Introduction

Additive metal manufacturing and incremental point weld-
ing as well as brief overview about adaptive robot control 
in manufacturing are introduced in the following section.

1.1  Additive manufacturing in metal

Additive manufacturing in metal has attracted a large 
amount of interest in manufacturing industries over the last 
years. This process has the potential to offer lower produc-
tion costs for small lot sizes, to be more cost effective in 
producing work pieces which require high removal rates, 
and to provide more flexibility in producing challenging 
design geometries (Coykendall et al. 2014). This process 
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allows manufacturers to fabricate complex structures such 
as lightweight and structurally optimized parts that would 
be cost prohibitive to produce by traditional methods. This 
also enables the direct fabrication of assemblies which previ-
ously required a number of subcomponents (Cotteleer and 
Joyce 2014). To realize additive manufacturing in metal, a 
multitude of strategies and techniques has been developed. 
The main requirements of these techniques can be consid-
ered in reference to cost, efficiency, technical complexity, 
production speed, material, and structural performance of 
the result.

Existing additive manufacturing processes can in general 
be classified in seven major groups: binder jetting, directed 
energy depositing, powder bed fusion, material extrusion, 
material jetting, sheet lamination, and vat photo polymeri-
zation (Malladi 2017). Within metal fabrication, the most 
commonly used techniques are selective laser melting and 
electron beam melting, which both are powder bed fusion 
methods (Biffi and Tuissi 2017).

These techniques have a high resolution with layer heights 
of less than 50 µm, allowing for an extremely high precision 
of product to be realized. Furthermore, the differences in the 
workflows for variable materials are comparatively small. 
The main disadvantages are the high cost, the significant 
technical knowledge required, and the limited build volume 
contained within the machines enclosed space. These cur-
rent constraints make it challenging to create large-scale 
structures or fabricate directly onto existing metalwork. For 
architecture scale fabrication or onsite additive manufactur-
ing, a process is required that is robust, cost effective, and 
not constrained to small-scale production. For these reasons, 
metal additive arc welding is a process with high potential 
for application in the AEC industry.

1.2  Incremental welding as an additive 
manufacturing strategy: state of the art

Within metal fabrication, typically additive manufacturing 
systems can be generalized into three components: A power 
supply, a wire feed unit and a motion system. These compo-
nents are also provided by welding systems, a much more 
established method in metal fabrication. Typically welding 
is used for structural joining of steel components. The auto-
mation of welding using robotic systems has been widely 
established in the metal fabrication industry. This technique 
is now being developed for 3D-printing purposes. The use 
of an arc welder as a power source and welding wire as feed-
stock has been investigated since the 1990s. This process is 
called Wire Additive Arc Manufacturing (WAAM) (Acheson 
1990) a term coined by Williams et al. (2016).

The motion system can be either a robotic system or a 
computer numerical controlled gantry. However, the WAAM 
hardware uses mainly welding equipment, which allows for 

large-scale production, onsite fabrication, and comparatively 
low costs for wire material and setup. Gas metal arc weld-
ing (GMAW) has been established as a process for material 
deposition due to its comparable high deposition rates. In 
particular, controlled short circuiting processes such as cold 
metal transfer  (CMT®) from welding manufacturer Fronius, 
 Synchrofeed® from OTC, or  ColdArc® from EWM are often 
applied. These processes excel in controlled wire deposition 
with reduced heat input. The biggest advantages of WAAM 
are decreased limitations in part size and the relative low-
tech setup resulting in an open architecture and low capital 
costs. As has been noted, WAAM processes are best suited 
for the fabrication of medium- and large-scale components 
(Williams et al. 2016). One challenge of this approach is the 
residual stress associated with the shrinkage during cooling 
and the resulting impact on structural integrity (Ding et al. 
2011; Colegrove et al. 2014) as initially described by Wil-
liams et al. (2016). To use finite-element methods to model 
the resulting shrinkage and residual stress is especially dif-
ficult because of the geometric influences on the heat flow 
and the large amount of process parameters that affect the 
resulting structure.

1.3  Incremental point welding

Incremental point welding is a variation of the WAAM 
approach where instead of producing structures by continu-
ous welds, point welding is used to add material. The pro-
cess is similar to the WAAM approach in its use of GMAW 
welding as additive manufacturing method. Based on the 
point or single metal drop as base geometry, this process 
especially suites the needs for the fabrication of line and 
branch structures, where welding a continuous line is not 
possible. Such structures currently have to be manufactured 
from multiple subcomponents or cast making individual fab-
rication extremely expensive.

Incremental point welding is an interesting research topic 
due to two aspects of the process. First, it focuses on the 
beginning of the welding process. This moment where the 
arc is ignited is less explored than the welding of a continu-
ous seam and the point weld is often unstable. A greater 
understanding and control of this part of the welding process 
could be extended to other WAAM methods, thereby con-
tributing to the overall advancement of the field.

Second, the use of only point welds makes the analysis of 
the heat flow and the resulting residual stress easier, because 
a drop/sphere-shaped heat source model can be applied. Per-
taining to process control, incremental point welding offers 
an important simplification. Due to the consistent duration 
of the start and end of each welding point, the regulation of 
the welding process is easier than the regulation during a 
running weld seam.
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1.4  Adaptive robot control

Most industrial robotic processes utilize linear workflows. 
This process begins with a design and its representation in 
3D space. The robotic tool-path planning is derived from 
this digital product model, including the integration of addi-
tional tools such as welder power sources. The robotic path 
is translated into machine code which controls the execution 
of the robot process (Snooks and Jahn 2016).

These linear (non-recursive) workflows are the most com-
mon way of robotic control. However, the idea of integrating 
sensors and adaptation into process is nearly as old as the 
integration of the first robots in industry in the 1960s (Hong 
et al. 2014).

The concept of adaptive workflows is to advance from 
linear to recursive workflows, where processes are con-
stantly measured to dynamically inform following actions. 
This concept utilizes a robot to actuate, sensors to interpret 
processes and a computer to calculate the next appropriate 
robotic action.

For many years, sensing systems have been an indispen-
sable tool in steel automation, used to improve processes 
and ensure arc welding quality (Hong et al. 2014). While 
the robotic welding industry already utilizes adaptive sys-
tems, such as sensor driven seam tracking, and arc voltage 
monitoring, there are still many areas left for research. As 
processes grow more complex, it becomes necessary to 
advance the adaptive capabilities of robots beyond current 
industrially available solutions. This is necessary to deal 
with the growing demand for automation solutions capable 
of adapting dynamically to changing processes, materials, 
factory environments, and onsite conditions.

Within the field of adaptive robotics, there are a range of 
approaches from projects such as: towards visual feedback 
loops for robot-controlled additive manufacturing, where 
the robot programming reacts adaptively to unpredictable 
material and environment (Sutjipto et al. 2019) to more gen-
eral changes in the fabrication paradigm. The project: on the 
relationship of multi-agent algorithms and robotic fabrica-
tion is such an example, where the robot is used as a design 
agent more as just a tool (Snooks and Jahn 2016).

A key aspect of achieving adaptivity in these projects is 
the integration of sensors.

Visual sensors are often used in assembly to categorize 
non-prefabricated parts as shown in designing natural wood 
log structures with stochastic assembly and deep learning 
(Wu and Kilian 2019). However, visual sensors are not often 
used in additive manufacturing to react to non-predictable 
material behavior and environmental influences (Snooks and 
Jahn 2016; Sutjipto et al. 2019).

As the ability of robotic path planning systems has 
become more accessible the ability to integrate different 
sensing systems into an adaptive process becomes more 

powerful in its impact. This impact grows even more influ-
ential as the latest developments in image processing and 
convolutional neuronal networks allow computers to tackle 
ever more complex problems.

2  Experimental setup and method

2.1  General process

In the following passage, the setup and the methodology 
as well as the experiments are described from general to 
explicit on the one hand and in order of the most important 
steps of development on the other hand.

For the realization of incremental point welding, a basic 
setup was used consisting of a 6-axis, KUKA KR-16 robotic 
arm with a welding torch (Abicor Binzel) mounted as a 
robotic end effector for material application. The welding 
torch connected to the welding power source EWM alpha 
Q 551 pulse was mounted as end effector to the KR16 and 
controlled separately from the robot (Fig. 1).

As a material, a standard non-copper-clad steel wire 
G3Si1 was used and combined with an 8%  CO2 and 92% 
argon-shielding gas mix. To simplify the process and reduce 
the amount of parameters, the arc time was set to 500 ms and 
an approximated cooling time of 1.5 s was assumed.

The programming of the robot’s toolpath was devel-
oped in Grasshopper3d (a visual programming environ-
ment for Rhino3d CAD software by McNeel). To connect 

Fig. 1  General robotic setup: KR16 with welding torch as end effec-
tor
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the programming environment with the robot, KUKA|prc 
was used in combination with the KUKA MxAutomation 
Interface, an interface provided by KUKA to allow the 
transfer of programs to the controller via a Programmable 
Logic Controller (PLC). KUKA|prc is a Grasshopper3d 
plug-in created by Association for Robots in Architecture 
implementing parametric robot programming and accurate 
real-time simulation (Braumann and Brell-Cokcan 2012). It 
was further extended with a virtual PLC in order to directly 
connect with the MxAutomation Interface (Braumann and 
Brell-Cockan 2015).

Within the experimental setup, the welding power source 
is controlled separately using LabVIEW and not connected 
directly to the robot controller. This separate controller 
system was, therefore, connected through an UDP socket, 
establishing a connection between LabVIEW and Grasshop-
per. To synchronize between the robotic movement and the 
triggering of the welding torch a constant position checking 
between the actual robot position and the next welding posi-
tion was implemented. This was accomplished by analyzing 
the position feedback of MxAutomation within KUKA|prc. 
Although this added additional synchronization complexity 
to the process planning, it allowed for the differentiation 
between process and geometric parameters, as well as the 
overlay of both models. This in turn led to the following 
welding point workflow: If a matching position is detected, 
then a signal will be sent over LabVIEW to the welding 
control and the arc will be ignited with the set arc time of 
500 ms.

2.2  Phase 1: static process

2.2.1  Setup

The first approach was a static process (without adaptation) 
using the described basic setup. For the first experiment, the 
input was a simple curve geometry approximating a helix. 
The generation of the toolpath was realized using a division 
distance of 0.6 mm which was determined using empiric 
methods for an arc time of 500 ms (ms) and a wire speed 
of 2 mm/s.

2.2.2  Method

To convert the input into an executable toolpath, the curve 
geometry was divided by the determined division distance 
of 0.6 mm between each welding point. To determine the 
process angle, the curve normal at each welding point was 
taken to create the tool-path plane. The 6-axis system of 
the robot supports this approach, so that it is possible to 
have similar base conditions for each welding point. The 
micro-toolpath for each point consists of five major steps. 
An approach in normal direction of the plane, a 500 ms wait, 

while the arc is burning, the welding point itself, a 1500 ms 
wait after the welding process for cooling and a departure in 
normal direction. In between the welding points, the robot 
moves in a linear motion to avoid collisions with the printed 
structure. The analysis tool of KUKA|prc was used to check 
if it is possible to fabricate the geometry based on the robot’s 
kinematic constraints which moved the focus towards pro-
cess adaptivity. For the initial experiments, a pulsed GMAW 
process was employed with an average 18.0 V voltage and 
an average amperage of 67 A at a wire feeding rate of 1.8 m/
min. With the instant position, checking the welding process 
was ignited, whenever the robot reaches a welding position. 
After the cooling time, the robot moved to the next position. 
Due to the complexity of the welding process, the weld often 
failed making a high amount of observation and manual 
modification necessary. If the process ran into a problem, the 
robot was paused and the welding power source was toggled 
manually to add missed welds or close gaps in the structure.

2.2.3  Result

This leads to two main research focus areas for increasing 
efficiency; how to maximize accuracy, and how to increase 
process speed.

Inaccuracy in the process had a large influence on the 
efficiency as this required the operator to stop the robot and 
to manually adjust the structure or the process. To achieve an 
efficient speed also required the optimization of the cooling 
period between point welds. A cooling time of more than 2 s 
per point was determined to be an unacceptable amount of 
time when the high number of welding points for complex 
structures was taken into account. The simple helix experi-
ment (Fig. 2) with over 300 welding points took more than 
5 h which highlights the importance of fabrication efficiency 
in this process. In most welding-based additive manufactur-
ing methods, the cooling time is a key driver of the process 
efficiency (Mueller et al. 2014). The critical influence of the 
cooling period appears clearly with in the printing process 

Fig. 2  First experiments with static process and simple curve geom-
etry operating in normal direction
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of this single curve structure. Because it was printed drop 
by drop, the cooling had to be implemented as interruption 
of the process different from the regular WAAM approach, 
where cooling happens with in the continues process, while 
the actual layer is finished.

However, the process of printing point by point allows the 
printing of multi-curve structures to continue at another part of 
the structure while cooling the previous part thereby making 
the overall build-up process faster.

To speed up the process, the geometry had to be sliced layer 
by layer to decrease the mean time between fabrication steps.

Even more important was the influence of the inaccuracy 
caused by the fact that welding is a complex process depend-
ing on a high amount of different parameters with complex 
constraints. With a non-adaptive approach, this led to unpre-
dictable process results such as the non-uniform addition of 
material and the resulting inaccurate effect on the structures 
buildup.

The inaccuracy of inconsistent buildup was a problem 
as the distance between the welding torch and the structure 
was not consistent with the digital model. This caused the 
shielding gas coverage to be inadequate allowing environ-
mental contaminants into the weld and ruining the qual-
ity of the structure. The inaccurate distance between torch 
and structure also impacts the welding process due to the 
inconsistent voltage running through the filler metal. The 
inaccuracies accumulated with each welding step leading 
to a recursive error system and an unpredictable buildup 
of structure (Fig. 3). The unpredictable distance between 
welding torch and structure causes process instabilities, as 
this prevented the arc from igniting for the necessary amount 
of time to deposit the desired amount of metal to the struc-
ture. Atmosphere gas was reacting with the weld caused by 
a weak shielding gas cover and was leading to collapsing 
pores caused by nitrogen in the air and extended burn-off. 
The re-ignition was then interrupted by the oxide layer.

To continue the project, the accuracy had to be improved 
both to create useful and reliable results and to be able to 
manufacture more complex geometries. Two approaches 
were developed to achieve this: detailed parameter test-
ing and the implementation of adaptive strategies. The first 
generic approach involved detailed parameter testing to find 
a fitting set of parameters for a good working process. The 
disadvantage of this approach was mostly caused by the high 
amount and the complexity of parameters influencing the 
welding process. This is significant as the geometry also 
has a high influence which means that a detailed parameter 
testing for each new geometry would have been necessary. 
The second approach was the implementation of adaptive 
strategies for process control correcting the next weld based 
on the last one.

2.3  Phase 2: adaptive process

2.3.1  Setup

Consequently, and based on the results of the static process, 
the control of the distance between the welding torch and 
structure was determined to be the most important goal to 
achieve. To analyze this distance and the structures growth, 
image processing was used to determine the position of the 
welder relative to the last welding point.

For this, the camera setup developed by the group of pro-
cess controlling and monitoring at the ISF (Welding and 
Joining Institute at the RWTH Aachen University) was used. 
The Photonfocus HDR camera-type HD1-D1312-80G2 was 
chosen for monitoring and control of metal arc-welding 
processes. The basic setup consists of the HDR Camera 
mounted under the welding torch (Fig. 4) and connected to 
the interface computer by a gigabit Ethernet (GigE) Vision 
link. The GigE Vision protocol is also used to configure the 
camera before and during operation.

The computer vision based image processing was imple-
mented using the NI Vision Development Module offered 
by LabVIEW for industrial vision application. The collected 
data are passed to Grasshopper3d using a UDP socket. These 
image data were then utilized to inform the feedback loop. 
The adaptive process control was realized in Grasshop-
per3d. However, as Grasshopper3d was developed as an 

Fig. 3  Experiments investigated relationship between welding pro-
gress and distance between torch and structure. Logical structure of 
the resulting recursive error system
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algorithmic programming tool for parametric workflows, 
it caters only for a-cyclic graph structures. Data streams 
that loop are not inherently possible without further soft-
ware extensions (Tedeschi and Wirz 2014). This presented 
a problem for the MAAW adaptive process. To implement 
the adaptive feedback loop.

It was necessary to program the loop logic as an internal 
component whose recalculation was triggered by the contin-
uous feedback of MxAutomation. To control the fabrication 
out of this loop, the override speed of the robot was changed 
through the created internal component. This allowed for the 
temporary pausing of the robotic process to fire additional 
welds if necessary without canceling the program.

2.3.2  Method

A new slicing method was employed to speed up the fabri-
cation process. Instead of dividing the curve geometry by 
a specified distance, the geometry was divided by a set of 
generated planes with a specified distance oriented to the 
main build-surface. This allowed the robot to move to the 
next welding point, while the previous point cooled. Utiliz-
ing this method, the non-value added wait time of the robot 
was more efficiently used to create additional points.

As a next step in improving the incremental point weld-
ing, the adaptive process control logic of the feedback loop 
was implemented. The aim of the feedback loop was to 
determine if the amount of material added was enough to fill 
the digitally planned gap between welding positions (Fig. 4).

This in-process quality control method allowed for the 
constant monitoring of the distance between the end of the 
welding torch and the build-up structure. After the welding 
power source was triggered and the welding arc ignited, a 
picture was taken by the integrated camera and sent to Lab-
VIEW. The distance was analyzed using computer vision 
libraries and the interpreted data were fed back to the con-
trol loop. This led to the following process logic: if the dis-
tance was as hypothesized, then the process was continued 

as planned. However, if the distance was too large, the robot 
speed was set to 0, effectively stopping the robot. At this 
point, with the robot in the same position, the welding power 
source was triggered again.

This additional weld would slightly close the distance 
between torch and structure.

Since the welding arc was only ignited again at the same 
position, it is important that the robot was held in position 
and prevented from moving in the cooling time if the weld 
had failed. For this, the override speed of the system was 
set to zero by the algorithm if the returned pixel distance 
was larger than the maximum and set to the original value 
afterwards.

This in-process quality control method would be repeated 
until the proper distance was achieved. If the weld ended 
up too close to the torch, the cameras would detect this and 
the following points of the geometry were moved to by the 
robot, but the welder was not fired. These process logics 
allowed the robot cell to adapt to either condition (too much 
weld or too little) with appropriate actions to maintain the 
welds quality.

To get the distance from the computer vision process, 
two assumptions were elementary. First, it is certain that 
the position of the welding torch in the captured image is a 
constant distance from the camera. This constant allowed for 
the determination of the distance of the point weld from the 
camera using static pixel values. Second, the welding edge 
can be found by evaluating the brightest contour in a mono-
chromic picture. This edge can then be used to calculate 
the weld center point. To validate the second assumption, 
the timing of the photo was fundamental. If the picture was 
taken too early, then the bright light of the arc would disrupt 
the calculation of the correct result, while if the picture was 
taken too late, the heat and the brightness of the welding 
point were not adequate for the illumination of the picture.

The computer vision consisted of four major steps. Step 1 
applied a threshold which was used to convert the image into 
to a binary picture. Step 2 determined the largest contour 

Fig. 4  Logical workflow of adaptive process control
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of the weld. In step 3, the center of the weld was analyzed. 
In step 4, the distance between the torch and the centroid 
is calculated through the pixel value. This value could be 
converted to an absolute distance, but for the monitoring of 
the change, this was not necessary. In determining the accu-
racy of the weld buildup, the relative change between the 
current and the previous value was more important than the 
absolute distance. Furthermore, in a consistently used setup, 
the borders for a successful weld could be defined in pixel 
values without converting them into absolute distance. The 
borders for this pixel values were determined experimentally 
to consist of a minimum of 60 px and a maximum of 400 px. 
Such values were determined using the robot approach nor-
mal, the geometry to be constructed curve, and the described 
welding parameters.

For the implementation of the adaptive strategy, the in-
process quality control method and the new slicing approach 
were combined. This adaptive method was used to create a 
more automated process that required less manual monitor-
ing and intervention and produced more consistent results 
(Fig. 5). The enabled the research to proceed with develop-
ing an understanding of the impact geometries has on the 
robotic additive process.

First experiments included investigations of the over-
hanging behavior, the approach angle, and the behavior of 
branching and connecting. These were realized using the 
implemented in-process quality control method. Based on 
the small amount of test objects the evidence of the experi-
ments is more qualitative then quantitative.

To get an idea of the overhanging behavior of this pro-
cess, a small experiment testing angle between 0° and 45° 
was made. Three linear geometries with 30 mm length were 
weld in an angle of 0°, 30°, and 45° with no significant error 
showing based on the different overhanging angles.

In a second experiment, different approach angles were 
tested. The approach angle is derived relative to the normal 
of the curve. In this experiment 5, straight linear geometries 
with a height of 50 mm were fabricated. The first 20 mm 

were fabricated with a normal approach after this the struc-
ture was fabricated with an approach angle of 10°, 30°, 
50°, 70°, and 90° (Fig. 6). The fabrication of the three first 
approach angles was successful with no major problems, but 
the fabrication with an approach of 70° or 90° failed.

In a third experiment, the possibilities of dividing 
branches or connecting them were investigated. Therefore, 
a complex structure was fabricated integrating the division 
of one branch in 2 and 4 different branches and combining 
3 and 4 branches to one (Fig. 7).

2.3.3  Result

Throughout the experiments, each welding point was ana-
lyzed and executed through the implemented adaptive pro-
cess control. While the in-process quality control monitors 
the distance between the torch and the intended weld point, 
it should be noted that each correction point, being welded 
from the same robotic position, deviates slightly from the 
intended geometry. These deviations are minor, since the 
process monitors each weld and corrects with few additional 
welds. The adaptation monitors the distance while allowing 
adaptivity in a very local range to accomplish the fabrica-
tion task within a set tolerance. This is referred to as “local” 
adaptivity related to the constrained reach of its influence. 
The process adaptivity was simplified to the decision as to 
triggering or not triggering of the power source. The robot 
was only controlled adaptively using the override speed to 
stop the robot and let it stay in position while reigniting the 
welding arc. This is local adaptivity. In contrast, a global 
strategy would consist of modifying a larger scope of the 
process including, the toolpath, the welding positions, or 

Fig. 5  Adaptive Process with visualization of the algorithmic outputs: 
index of the actual welding point, calculated distance in px, decision 
making, state, and overall duration

Fig. 6  Diagrammatic illustration of end effector while testing differ-
ent approach angles relative to geometrical normal axis
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even the geometry of the finished structure. This larger adap-
tive capability is referred to as “global” adaptivity.

A first concept of the process constraints and relation-
ships was established by these first experiments. The over-
hanging behavior was different than expected in contrast to 
common 3D-printing and it was possible to print with a 90° 
overhang without any correction necessarily needed. Even 
though the effect was less intense than predicted, the gravity-
based effects were determined to be dependent on the angle 
and on the cooling time—the longer the cooling time the 
higher was the viscosity of the metal drop and the smaller 
was the effect.

The results of the second experiment exceeded expecta-
tions and showed that the structure was able to be fabricated 
even with an approach angle of up to 50°. The abrupt change 
of the approach angle showed the deviation of the actual 
height to the hypothesized height as a small offset in the 
linear structure (Fig. 8). The larger the approach angle gets 
the more material gets lost due to the reduced protection of 
the weld with the shielding gas, leading to porosity, burned 
metal, or dispersion/spray of liquid metal. This results 
in a need of more welding positions for parts with larger 
approach angles. Through such experiments, it was clear that 
the approach angle was an important process parameter that 
could be adjusted to obtain a quality structure.

The third experiment showed that the dividing as well 
as the connecting of branches is possible for the fabrica-
tion process and the adaptive process control (Fig. 9). A 
closer look to the input curve geometry showed that there 
are duplicate point and welding positions at the connect-
ing or branching points. Without adaptive monitoring of the 
process, this would have led to a faster buildup of the struc-
ture and a possible collision with the welding torch during 
robotic movement.

Apart from the process parameters and problems specific 
to incremental point welding, such as timing, interaction 
with the six-axis system, and the use as 3D-printing method, 
the process was interrupted by problems known in common 
welding applications. Challenges included silica forming 
on the weld surface inhibiting subsequent sparking of the 
welding process. At times, the process was interrupted by 
the wire getting stuck to the structure during the welding 
process. When this happened, the robot would move the base 
object out of its calibrated position or the robot would trig-
ger a safety stop.

The interruption of the process by silica forming was a 
problem that occurred with a high frequency. As the power 
source could not ignite the next arc, the power source was 
triggered again, but because of the silica forming, no arc 
could be ignited. This problem was mediated manually, but 
could in future work be detected by employing the welders 
integrated electrical sensor system to analyze if the welding 
circuit is closed to automate this quality control.

The second problem, where during the weld, the wire 
would end up stuck to the object was caused by a delayed 
ignition of the power source with the resulting arc very small 
and the wire was welded on the structure was important to 
manage not because while it happened infrequently, it would 
lead to not only interrupt, but cancel the whole fabrication 
process.

The detachment of the wire after welding, therefore, 
needed to be verified within the process control. This was 
achieved by triggering another current curve to detach 
the wire before continuing the process. This detachment 
detection can also be realized using the test current of 
the welder and, therefore, automated, though this was 

Fig. 7  Detail of the connection step of four branches to one branch in 
the branching experiment

Fig. 8  Experimental testing of different approach angles between 10° 
and 90° after a base with an approach in normal direction



57Construction Robotics (2020) 4:49–60 

1 3

not undertaken during the scope of this research. An 
effect of the adaptive process control was that the rela-
tionship between geometry, process parameters, and the 
fabrication results was difficult to discern when trying to 
understand cause of failure. Often, it was not possible to 
pinpoint which parameter was causing which problem. 

The investigation of the relationships between geometry 
and process parameters of incremental point welding was 
made more difficult without a means to visualize, capture, 
and communicate the actual adaptive fabrication process.

Consequently, further investigations into process cap-
ture were required, as discussed in the following section.

Fig. 9  Result of complex 
branching experiment testing 
different branching and joining 
cases from different points of 
view

Fig. 10  Evaluation of real-time captured process data as 3D representation of the manufactured structure showing the number of fired welds per 
point in different colors and giving the approximated manufacturing time against the real duration as graph
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2.4  Phase 3: real‑time process capture

2.4.1  Method

The ability to link causes to specific effects was enabled by 
capturing the in-process quality control method data. The 
controlling algorithm would, in real-time, export relevant 
data to both the adaptive process and to a log file for visuali-
zation and post-analysis (Fig. 10). Within the following sec-
tion, the timespan of 500 ms is considered as the real-time 
cycle of the in-process quality control method including one 
arc execution and interaction of the algorithm with the robot 
and the camera. This definition assumes that the relevant 
parts of the process to monitor are the welding point and 
the adaptive decision-making process. This time measure-
ment does not include the intermediate movements of the 
robot. After the process, it should be possible to create a 
three dimensional model of the structure and understand the 
decision making of the algorithm. The following information 
was logged for this purpose: 

• the index or rather the position of the point within the 
program

• the points target coordinates
• the number of times the arc was ignited or if it was 

skipped
• the progress of the structure
• the process duration until this point

Furthermore, the date, the number of points, and the 
approximated weld duration were written at the beginning 
of the file. With every iteration, these data were added to the 
file to complete the process capturing. The connection with 
the images and the welding points was further annotated 
with information regarding the welding point index, so that 
quality investigations could link decision data to image date 
to weld position in the structure. This inline documentation 
and reinforced model allow the user to investigate areas of 
the final structure, where deviations occurred to assess the 
structural result. These data could be used to also determine, 
where user maintenance was required to understand how 
much operator monitoring was required.

For instance, the process interruptions by silica forming 
were improved by the implementation of an automated paus-
ing of the process after a certain number of triggered welds 
at the same position failed to ignite an arc.

The silica forming was not prevented, but the process 
handling for the operator was improved exceedingly. The 
robot would wait until the operator could assist its operation 
by cleaning the weld surface and cutting the excess weld 
wire. Even though the individual process issues were not 
solved, the possibility for manual interaction was automati-
cally implemented allowing the process to attempt complex 

experiments without the need to physically monitor each 
robotic interaction for error. The quality of human interac-
tion required could be analyzed through the visualization of 
the robotic process. While the spheres in these images repre-
sent a weld point, the color represented the number of times 
the power source trigged in this position. Any red spheres 
would indicate operator maintenance or interaction. The 
connection between adaptive process and data visualization 
enables the development and optimization of incremental 
point welding processes in steel.

2.4.2  Result

Typical workflows in automation use digital geometry to 
derive robotic toolpaths and movements. This research goes 
further to re-inform the digital model with production pro-
cess information. This tool helped with an understanding of 
how to optimize parameters after each prototyping process.

Two major aspects were analyzed and optimized using 
the visualization of the real-time captured data. First, the 
chosen geometric parameters of the design such as the angle 
of the branches or position and design of the branches’ con-
nections could be evaluated by the use of the captured data. 
The real-time capturing restored the link between cause and 
effect of process results, design, and production parameters. 
Therefore, real-time capturing made the process setup with 
adaptive process control beneficial for parameter testing, too.

Second, the implicit feedback loop between design and 
production was used to optimize the slicing distance. A con-
tinuing repetition of skipped welds was an indicator in the 
captured data that a better division distance would be ideal. 
The fabrication process was continuously optimized based 
on the captured image data. Future research would look to 
further automate such global adaptivity into the adaptive 
incremental point welding process.

3  Conclusion

In this research incremental point, welding was implemented 
as an additive manufacturing strategy based on the WAAM 
approach and extend with adaptive process control and data 
visualization. The extension of the static process was nec-
essary due to an unacceptable level of accuracy and high 
level of user time and interaction required to maintain the 
process. These inefficiencies reduced the geometric reliabil-
ity of the result and the effectiveness of important welding 
parameters such as the distance between the welding torch 
and the structure.

This inaccuracy was largely caused by unpredictable 
material deposition, resulting in a self-reinforcing/recur-
sive error in the system until failure. To get better control, 
the adaptive process control was implemented instead of 
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extensive parameter testing. This approach was considered 
more effective in light of the high amount and complex 
interaction of the welding parameter space. This adaptive 
method also had more potential to transfer to other setups 
and systems in comparison with extensive parameter testing 
for each individual robotic cell.

To analyze the process and material deposition, image 
processing was used to determine the changing distance 
between welding torch and structure after each welding 
point. This allowed an adaptive control using the welding 
power source to adjust the material deposit by re-triggering 
the weld or skipping the next one. This local adaptivity does 
not directly change the toolpath, but adapts the robotic pro-
cess using the override speed to pause the robot in position 
while adapting the firing of the welding power source to 
compensate for inaccuracy.

In combination with a layer-based slicing and a real-time 
process data, capturing the print speed was improved and 
first experiments referring to the geometric-based process 
properties were made. The resulting additive process espe-
cially suites the fabrication of curve-based line and branched 
morphologies with complex geometry or knots combining 
multiple branches.

4  Outlook

4.1  Complex slicing

The results show the necessity for development in different 
parts of the process such as slicing, adaptivity, and robotic 
approach to develop incremental point welding into a more 
efficient additive manufacturing strategy.

Further research and the fabrication of more complex 
geometries will require a new slicing strategy. Neither the 
curve distance nor the layer slicing strategy will solve for 
curves which are near to parallel with the fabrication base 
plane. In this case, the curve distance-based slicing strategy 
will result in unnecessary long waiting times, while cooling 
and collisions and the layer slicing generate too few welding 
points. In the worst case scenario, if the curve is perfectly 
parallel, it is possible that the slicing strategy returns no 
welding points.

To avoid these problems, a slicing strategy based on the 
combination of both curve distance and distance from base 
would have to be implemented. This new slicing algorithm 
could contain three basic steps. The first step is to divide the 
input curve geometry with the given welding point distance. 
Then, based on the distance to the slicing planes, the points 
are sorted. Each generated point has three aspects of infor-
mation, the layer, the curve, and the index on the curve. In 
the last step,the point order is optimized to guarantee that 

the points will be welded in an appropriate sequence, layer 
by layer integrating the point with the smaller index of curve 
before the next index. This approach could also provide the 
chance to optimize the toolpath, so that no cooling time is 
needed, but the amount of robot movement is as small as 
possible.

4.2  “Global” adaptivity

The implemented adaptivity strategy was described as 
“local” adaptivity related to the reach of the influence and 
the fact every point is analyzed as an isolated process. This 
“local” adaptivity has a number of disadvantages making 
it necessary to think about an implementation of a more 
“global” adaptive strategy not only triggering the welding 
power source again, but modifying the toolpath and welding 
distances directly.

The major problems of the “local” adaptivity consist in 
the inefficient way of skipping welding points and the neces-
sity for the robot to wait in position if a welding point failed. 
This is a non-value added task which causes a longer fabri-
cation time than necessary.

In addition, the current implementation of MxAutomation 
within KUKA|prc does not allow for full modification of 
the program during execution. Furthermore, the integration 
of an adaptive strategy that allows the modification of the 
robotic movement would offer more possibilities for problem 
solving in difficult cases. This would for example allow to 
react to silica forming with an automated cleaning process 
initiated by the robot.

The challenges of this step will be to develop certain 
strategies for implementing a reliable collision checking 
process and automated detection of collisions and problems 
caused by the kinematic constraints such as reachability and 
singularities. It will be hard to react on the adaptive changes 
in the toolpath in real time, because the number of potential 
collisions grows with each fabrication step in additive manu-
facturing. That means that the environment and the robot 
have to be checked continuously, but the growing structure 
has to be simulated and checked as well.

Another aspect of a global adaptivity approach requir-
ing future development would integrate management of the 
geometric deviations caused by the adaptive process con-
trol. This deviation can be easily monitored by the real-time 
captured process data, but the key question will be how to 
react on deviations and how the decision-making process 
is designed.

4.3  Manufacturing complex approach angles

The potential of incremental point welding for onsite archi-
tectural fabrication would allow for the additive manufactur-
ing process to be deployed beyond a factory environment and 
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utilized directly onsite (e.g., for steel repair). The advantage 
is the relatively simple setup and easy accessibility to pro-
cess components. To use the process in existing structures 
to add and connect separate pieces of steel, it is necessary 
to be able to create structures between existing elements.

In this setting, it is difficult to manufacture the connecting 
structure in a normal approach angle, one where the welder 
is facing straight down. To interconnect elements with incre-
mental point welded structures, it is necessary to fabricate 
from both sides of the elements to be connected using a vari-
ety of approach angles to avoid collisions with the existing 
elements or the growing structure. This use case leverages 
the 6-axis system to realize the fabrication in more complex 
approach angles. For these angles, the computer vision has 
to be further adapted. As shown in the first experiments, the 
amount of added material as well as the parameters and the 
shielding gas cover will work slightly different depending 
on the angle of the weld.

The collision checking and questions of reachability will 
become more important and challenge the adaptive control 
on a number of different levels. Within this work, we dem-
onstrated a number of advantages for the adaptive process 
control and introduced a first implementation for the creation 
of complex branch structure through incremental point weld-
ing. This research will be a basis for further investigations 
into large-scale manufacturing in steel construction.
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