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Abstract
Wire arc additive manufacturing (WAAM) is one of the most productive metal additive manufacturing methods. One of 
its most promising applications holds in the manufacturing of difficult-to-cut materials where production costs can be 
reduced with minimizing the time of machining and total tool costs. To develop a correct WAAM, technological processes 
for manufacturing complex-shaped components welding torch path corrections and welding power corrections have to 
be made especially in critical sections such as corners and sharp edges. A predictive mathematical model of the material 
cladding during the WAAM process has been developed for the purposes of generating an optimal toolpath of the WAAM 
clads. This predictive mathematical model is simplified to reflect the important physical phenomena in the weld pool but 
also to optimize computing time. In this paper, the principle of the mathematical model is described, and its functionality 
is verified by the welding experiments with five different welding power settings. For the initial calibration of the model 
parameters single straight-line weld clads with 5 different welding power settings (wire feeds) ranging from 5.0 to 8.6 m/
min were investigated. 3D scans of these welded samples are used for the verification. With the calibrated simulation model, 
it was possible to predict the precise shape with a maximum deviation circa 0.20 mm. The start portions of the weld clads 
seem more complex having the deviation circa 0.30 mm. These are valuable results as the WAAM technology is generally 
considered to be reasonably rough.
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1 Introduction

A subtype of metal additive manufacturing (AM) which 
combines wire as a feedstock and electric arc as a heat 
source is called wire arc additive manufacturing (WAAM) 
[1, 2]. High deposition rates and low equipment costs are 
the main advantages of WAAM over other metal AM meth-
ods such as laser metal deposition (LMD) and selective 
laser melting (SLM) [2]. However precision and possible 
geometrical complexity of manufactured parts are higher 

when using LMD or SLM [3]. Manufacturing complex 
shapes that are not possible to be machined in a conven-
tional way is a suitable application for WAAM, especially 
when WAAM is combined with milling. Inter-operational 
milling during the WAAM process greatly increases the pre-
cision which otherwise might not be sufficient when using 
WAAM. So far, our experience shows that manufacturing 
inner cooling channels in thermally stressed components 
is the application in which the industrial companies are 
greatly interested. This type of geometry can be manufac-
tured using hybrid WAAM as it is shown in the paper [4].

Techniques used for WAAM can be further categorized 
by the type of arc welding process. Three basic techniques 
are gas tungsten arc welding (GTAW), gas metal arc welding 
(GMAW), and plasma arc welding (PAW) [5]. According to 
the current state of the art discussed also in [5, 6], a GMAW 
modification, known as cold metal transfer (CMT), should 
be the most effective and suitable method for 5-axis WAAM. 
Nevertheless, different approaches to the WAAM where only 
3-axis motions are used suggest PAW as the optimal method 
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[2]. The disadvantages of PAW are most significant when 
manufacturing complex shapes which is the main reason this 
research relies on GMAW CMT.

Numerous research papers deal with the simulation of the 
WAAM process with the majority of them focusing on ther-
mal phenomena (for example [7–9]). However, there are not 
many published papers about weld clad position error during 
WAAM. An approach to the weld clad position simulation 
using the machine learning principle is presented in [10]. 
Weld clad shape cross-section prediction is presented in [11] 
where the authors are utilizing neural network algorithms for 
very precise prediction. However, the study does not deal 
with the 3D shape of the weld clad including the start and 
end sections. It is usual that WAAM produces blanks that are 
further machined [2]. However, increasing the precision of 
WAAM can save costs spent on further machining and allow 
the possibility of manufacturing more complex geometrical 
shapes like the ones mentioned in [12] where the influence 
of precision of the CAD model on the finish milling process 
is investigated.

The author’s main aim is to improve weld clad position 
accuracy and predict the shape errors of the clads (particu-
larly the start and the end portions of the weld clads). To 
increase the position accuracy of the weld clads, it is neces-
sary to study the physical phenomena in the weld pool like 
metal transfer and forces acting on the metal droplet. From 
this knowledge, a rather simplified mathematical model of 
weld cladding was developed because using a full-scale 
FEM simulation is very demanding on a computing power 
and also very complex to use [13] where the 6 s of CMT 
welding process took days of computing time. The simpli-
fied mathematical model is designed to predict a portion of 
weld clad position error. The position error prediction may 
be further used to generate a corrected WAAM toolpath.

1.1  Analysis of the main physical phenomena 
affecting the weld clad position

In the CMT welding process, the metal droplet is transferred 
in the modified (controlled wire retraction movement) short-
circuit transfer mode [14, 15]. In addition, welding param-
eters used in the study (127–176 A, 15,4–17,4 V) corre-
spond to the short-circuit transfer mode as shown in Fig. 1 
[16]. During the short-circuit metal transfer, various forces 
affect the liquid metal droplet [17]. These forces are shown 
in Fig. 2 [17].

The study [18] shows the shape of the weld pool during 
WAAM. In Fig. 3, it is clearly visible that the liquid metal 
solidifies at the distance “behind” the axis of the welding 
torch. This distance depends on the welding method and 
welding parameters [18, 19].

2  Design of a mathematical model 
for predicting weld clad position error

In Fig. 4, the scheme explains the difference between the 
full-scale FEM simulation [20] and the simplified math-
ematical model used in this study.

For the simplified mathematical model of WAAM clad-
ding, it is assumed that the welding torch is always normal 
to the substrate. During welding, the torch is moving only 
in the plane parallel to the substrate (xy). A preview is 
shown in Fig. 5. This simplification eliminates most of the 
forces affecting the liquid metal droplet shown in Fig. 2 as 
their acting vector is normal to the substrate leaving the 
surface tension force the only one which affects the XY 
position. The next phenomenon affecting the XY position 
of the weld clad is the weld pool length which causes the 
metal to solidify in a distance “behind” the axis of the 
welding torch. This can also be seen in Fig. 3.

Fig. 1  Metal transfer mode. a — short circuit, b — globular, c — 
spray, d — streaming, e — streaming rotating [16]

Fig. 2  Forces on the metal droplet during the welding process [17]
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According to the authors, two phenomena, which are 
the surface tension force acting on the liquid metal droplet 
and the weld pool length, are considered to have the main 
effect on the weld clad position error. These phenomena 
were incorporated into the simplified mathematical model 
of weld cladding.

The basic interface of the simplified mathematical model 
of weld cladding was designed in Matlab software. The sub-
strate is defined by the two-dimensional matrix M (Fig. 6 
— left). The two dimensions of matrix M represent the X 
and Y dimensions in the workspace. Matrix values represent 
the Z dimension. The shape of the substrate is obtained by 
creating a surface chart of the M matrix. The 110 × 110 mm 
substrate is represented by 1100 × 1100 matrix meaning the 
smallest distinguishable element is 0.1 × 0.1 mm.

In the simulation, the weld clad is created by adding 
a “droplet element” (Fig. 6 — right) along the defined 
trajectory. The droplet element is also a two-dimensional 
matrix, the size of this matrix corresponds to the welding 
parameters (circa 6 × 6 mm). The “droplet element” matrix 
is added to substrate matrix M in every step (0.01 s) of the 
simulation along the defined trajectory. The result of the 
successive addition is a final matrix describing a weld clad 
on the substrate. The final shape is obtained by creating a 
surface chart of the final matrix (Fig. 6 — bottom).

The size and shape of the “droplet element” has to be 
obtained from the shape of the real weld seam and it is 
also inspired by the shape of the heat source model for 
welding [21]. Values of the “droplet element matrix” were 

Fig. 3  Weld pool length: left 
— high welding power, right — 
low welding power [18]

Fig. 4  Scheme of the simplified 
mathematical model for predict-
ing weld clad position
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defined in a way that simulated weld seam shape match the 
experimental weld seam shape.

The deposition process in the simulation is split in two 
different steps. In the first step, 35% of the volume is clad-
ded exactly along the NC code toolpath. In the second step, 
65% of the volume is cladded according to the phenomena 
known from the physical behavior of the melt pool — these 
are (i) the effect of the weld pool length and (ii) the surface 
tension force acting on the liquid metal droplet. This split in 
the simulated cladding process allows to create weld clads 
that have almost equal shape as the real weld clads and also 
as the shape described in [22] where the first step of cladding 
represents the partial melting of the substrate.

To create a weld clad shape (also used in [23]), shown 
in Fig. 7, basic parameters for setting the size of the droplet 
element and simulated cladding are needed to be set in the 
simulation — see Table 1. The torch speed is not involved by 
these parameters because it would be redundant for the simu-
lation which works in step-by-step manner. It is assumed that 
the welding process with a wire feed/power of 6 m/min and 
torch speed of 0.6 m/min will behave the same as the weld-
ing process with a wire feed/power of 10 m/min and torch 
speed of 1 m/min as the calculated volume of the droplet ele-
ments are equal (the equation of continuity applies). How-
ever, the width and height of the weld clads will be different.

2.1  Effect of the weld pool length

As shown in Fig. 3, according to the study [16], the length 
of the weld pool depends on the welding parameters and it is 
clear that this phenomenon is present in the WAAM process. 

It was decided that this phenomenon would be incorporated 
in the mathematical model using a simplification inspired by 
a “ball pulled on a string.” The principle is shown in Fig. 8.

As the weld pool length could not be calculated precisely 
because it depends on many variables, it is necessary to 
determine the weld pool length experimentally.

2.2  Surface tension force acting on the liquid metal 
droplet

Assuming that during welding a substrate is partially melted 
and a part of metal droplets do not solidify until an emission 
of the next liquid metal droplet from the electrode happens 
— this means that the position of the depositing liquid metal 
droplet is affected by the recently deposited material and the 
substrate shape. According to these assumptions, a function 
which scans a close surroundings of an actual droplet depo-
sition was designed. In this area, an XY position of the mass 
center is calculated. The deposited droplet is then translated 
in the direction of this mass center vector multiplied by the 
sF parameter. This simplification is a compensation of a sur-
face tension force acting on the liquid metal droplet effect 
and it is also explained in Fig. 9.

A simplified mathematical model of the weld cladding 
contains parameters which are dependent on the welding 
parameters and materials used but their values are unknown. 
To calibrate this simplified mathematical model, an experi-
mental weld clads should be made. From the comparison 
of the experimental and the simulated weld clads positions 
above mentioned mathematical model parameters can be 
obtained. An overview of weld pool parameters used in the 
simplified mathematical model of weld cladding is shown in 
Table 2. The scheme of an experimental calibration process 
is shown in Fig. 10.

3  Experimental setup

The experimental welds were manufactured on the 5-axis 
welding machine equipped with Fronius TPS 320i welding 
source. For the experiments, only 3-axis operations were 
used. Toolpath deviations (because of the actuators and 
interpolation control) could be significant when using serial 
kinematics (e.g., industrial robot) [24]. However, when using 
standard CNC kinematics and actuators, and if the toolpath 
is trivial, these deviations are much smaller. Complete weld-
ing equipment is shown in Fig. 11. Substrate material for 
welding was S235JRG1 (EN10025) 110 × 110 × 40 mm 
plates. As a welding wire, Voestalpine Böhler X70-IG Ø 
1 mm was used together with a shielding gas mixture from 
Messer — 18%  CO2 in argon. For the 1st set of experiments, 
five different settings of welding power were used to prove 

Fig. 5  Considered weld cladding situation
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that the model is functional for different welding parameters. 
Welding parameters are shown in Table 3.

For 3D scanning (which was also used in [25]) of 
experimental welds, an optical 3D scanner Atos Cap-
sule by GOM was used (shown in Fig. 12). The output 
from the GOM software is an STL file. This STL file 
is loaded into the mathematical model using a Matlab 
function called “stlread.” When the origin and the scale 

are set correctly, it is possible to project both simulated 
(Fig. 13) and experimental welds in one surface chart 
to detect the deviation between them. For easier evalua-
tion of the deviation between simulated and experimental 
weld, a Rhinoceros software was used. Rhinoceros has a 
function to calculate the chart of deviation between two 
surfaces, so it is not necessary to program this function 
as a script in Matlab.

Fig. 6  Interface of the mathematical model shown in Matlab representing one weld clad on the substrate plate

Fig. 7  The split of the cladding 
process into two steps
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The purpose of this set of 3 experimental samples is to 
obtain the basic parameters to create a simple line weld clad. 
Different welding power settings were used in a way that for 
each weld clad, it is possible to find the optimal size of the 
droplet element. For optimal settings of the D, sF, and So, 
sH further experiments have to be conducted. It was neces-
sary to add features for establishing correct zero points of the 
coordinate systems, otherwise, the measurement accuracy 

would be unsatisfying. Also, the substrate plates have to be a 
minimum of 20 mm thick otherwise the plate would be heat 
deformed which disrupts measurement accuracy.

A set of three experimental samples were manufactured. 
Each sample contains 5 weld clads with the same welding 
strategy but different welding power — Fig. 14. The samples 
were sanded after welding which made them suitable for 3D 
scanning.

Table 1  Basic parameters of the simplified mathematical model of weld cladding

Parameter name Explanation

Dw [mm] Feedstock wire diameter used in the welding process
s [m/min] Wire feed speed which corresponds to the welding power. This is internally measured by Fronius unit. Real wire feed speed 

differs from the set value
rw [mm] The width of the weld clad has to be obtained experimentally. The height of the weld clad is then calculated from the total 

wire feedstock input (Dw and s)
H [vector] Torch toolpath vector. This can be obtained from the NC code
Ws [%] Volume increases in the first second of the welding process caused by cladded material before the torch starts moving. Weld 

initiation process. This has to be obtained experimentally
Wf [-] Number of droplet elements missing in the end of the weld clad when the torch finishes the movement. Weld termination 

process. This has to be obtained experimentally

Fig. 8  Model for simulating the 
weld pool length phenomenon

Fig. 9  Model for simulating 
surface tension force acting on 
a liquid metal droplet in the 
weld pool
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Two 6 mm holes for center pins were used as an estab-
lishment of the XY of the coordinate system. The top and 
bottom surfaces were face-milled. The top surface works 
as Z level establishment of the coordinate system. The side 
walls of the substrate plate were not machined and neither 
involved in the 3D scan because their geometry is not accu-
rate — Fig. 15.

4  Results and discussion

4.1  Calibration procedure

After 3 samples were 3D scanned and converted to the STL 
file format, it was possible to start the calibration of the basic 
model parameters of the simplified model of weld clad-
ding in Matlab. To correctly specify the deviation between 
simulated and real/3D scanned weld clad, Rhinoceros 7 
software function called surface deviation was used. Basic 

Table 2  Weld pool parameters of the simplified mathematical model of weld cladding

Parameter The meaning in the mathematical model The meaning in the real welding process

D [mm] The length of the “string” guide between torch centerpoint and 
weld cladding centerpoint

The distance between torch centerpoint and the spot where 
liquid metal solidifies

sF [-] Correction factor which is used to calculate translation of depos-
ited droplet along the vector directed to the center of mass of the 
scanned area

Defines the total effect of surface tension force acting on the 
deposited droplet

So a sH [mm] Define a size of the scanned area in which an actual center of 
mass is calculated

Defines a size of the area where the substrate and deposited 
material are partially melted thus surface tension force is in 
effect

Fig. 10  The scheme of the 
calibration process

Fig. 11  Experimental WAAM machine setup

Table 3  Welding parameters for experimental clads

Welding strategy MIG CMT

Wire feed [m/min] 5.0 – 5.9 – 6.8 – 7.7 – 8.6
Torch travel speed [m/min] 0.6
Current [A] 127 – 146 – 155 – 162 – 176
Voltage [V] 15.4 – 16.4 – 16.8 – 17.1 – 17.4
Shielding gas flow [l/min] 15
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Fig. 12  Complete diagram of 
the model functionality

Fig. 13   Atos Capsule by GOM 
(left) is able to create an STL 
model (right) of the experimen-
tal sample

Fig. 14  Experimental weld 
clads samples — sanded for 3D 
scanning
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model parameters were obtained/calibrated by the following 
procedure.

4.1.1  Dw

Voestalpine Böhler X70-IG Ø 1 mm was used.

4.1.2  s

Real wire feed internally measured by Fronius welding 
unit. The measured wire feed differs from the set wire feed. 
It is necessary to use the measured average values rather 
than the set ones so the simulation fits the experiment — 
Table 4. The measured wire feed values are noisy, so the 

standard deviation for each weld clad measured values 
from all 3 samples are also included in Table 4.

4.1.3  rw

The width of the weld clads has been measured from the 
STL files using Rhinoceros 7 software.

4.1.4  Ws and Wf

Both of these parameters have been obtained by manual cali-
bration using the Rhinoceros 7 software. The goal was so the 
simulated weld clad shape to be fitted to overlay with the 3D 
scanned weld clad shape as ideally as possible.

5  Calibration results

Using the experiments, it was possible to calibrate the sim-
plified model of weld cladding for 5 different welding pow-
ers. To calibrate the simplified model for different materials 
or welding strategies, more experiments would have to be 
conducted. The results are summed up in Table 5 and are 
valid for weld clads made using:

 (i) Voestalpine Böhler X70-IG Ø 1 mm wire
 (ii) 18% CO2 in Argon shielding gas with a flow of 15 l/

min
 (iii) MIG CMT welding strategy
 (iv) Torch travel speed of 0.6 m/min

Fig. 15  Coordinate system of the samples STL file obtained from 3D 
scanning

Table 4  Wire feed measured 
internally by Fronius Set wire feed [m/min] 5.0 5.9 6.8 7.7 8.6

Measured average wire feed [m/min] 5.6 6.6 7.4 7.9 8.5
Standard deviation [m/min] 0.3 0.4 0.3 0.3 0.3

Table 5  Calibration results of basic parameters of the simplified model of the weld cladding

Weld clad [-] welding 
power 1

welding 
power 2

welding 
power 3

welding 
power 4

welding 
power 5

Set wire feed [m/min] 5,0 5,9 6,8 7,7 8,6
Set current [A] 127 146 155 162 176
Set voltage [V] 15,4 16,4 16,8 17,1 17,4

Dw [mm] 1 1 1 1 1
s [m/min] 5,6 6,6 7,4 7,9 8,5
rw [mm] 5,8 6,1 6,4 6,8 7,1
Ws [%] 125 126 130 132 135
Wf [-] 65 75 85 85 90
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With these calibrated parameters, the simplified math-
ematical model of weld cladding could simulate weld clad 
that differs circa 0.20 mm and at the starting segments 
circa 0.30 mm from the real 3D scanned weld clads — see 
Figs. 16, 17, and 18. Coordinate systems synchronization 
was done as explained in Fig. 15. The side walls of the sub-
strate plate were not machined so they are not fitting the 
ideal shape of the substrate from the simulation.

6  Conclusions

The aim of this study was to develop a simplified mathemati-
cal model of weld cladding which could predict weld clad 
position error. The simplified mathematical model of weld 
cladding was designed according to the physical phenomena 
affecting the weld clad position. Matlab software was used 
to create an interface for the simulation.

The simplified mathematical model contains variables 
describing the weld cladding behavior. In the study, values 
of these variables have been determined by an experimental 
calibration process where welded samples were 3D scanned 
and compared with the simulated weld clads.

For further calibration, weld pool parameters of the simpli-
fied model of weld cladding have to be investigated. For that 

Fig. 16  Surface deviation between sample 1 and simulation

Fig. 17  Surface deviation between sample 2 and simulation

Fig. 18  Surface deviation between sample 3 and simulation
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kind of calibration, experimental samples with curvaceous weld 
clads and substrates with geometrical elements will be neces-
sary. These experiments will be the subject of further work.

In the current state, the simulation is able to predict the 
precise shape with a maximum deviation of circa 0.20 mm. 
The starts of weld clads is a more complex problem where 
the deviation is circa 0.30 mm. These are valuable results 
as the WAAM technology is generally considered to be rea-
sonably rough. The simplified model is a promising method 
to predict position and shape errors of the WAAM weld 
clads. Further experiments with more complex toolpaths 
and substrate geometry will show if the simplification of 
the weld cladding was sufficiently accurate.

The simplified simulation model of the weld cladding will be 
extended with the function to recalculate the welding torch NC 
code toolpath based on the simulation results. These corrections 
will improve the weld clad position for some cases of the curved 
path weld clads. This function will also be the subject of further 
work and it is planned to validate it experimentally as well.

In this study, the knowledge of the WAAM process was 
improved in the field of weld pool and weld clad position 
by the simplified mathematical model of weld cladding that 
was developed and calibrated.
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