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Abstract
To ensure the geometric accuracy of wire arc additive manufacturing (WAAM) components, it is essential to analyze how 
process parameters influence the weld bead dimensions and shape. This paper presents a formal and repeatable procedure 
to entirely characterize the geometry of beads by enhanced full-coverage optical scanning with focus on multi-layered thin-
walled closed specimens realized by the cold metal transfer (CMT) welding process. A series of circular specimens have been 
manufactured according to a DOE plan of process parameters, scanned with a GOM fringe projection 3D optical scanner, 
geometrically processed in the Rhinoceros 3D CAD environment, and analyzed by statistical indices according to the ANOVA 
approach. Average dimensions, lateral surface waviness, interaction between successive layers, and the torch switch-on/off 
zone of closed layer paths have been assessed. Numerical correlations between bead sizes and deposition parameters have 
been established. The obtained results also reveal shape and dimensional variability, highlighting the challenges in control-
ling geometry accuracy. Finally, process planning guidelines are formulated based on such results.

Keywords  Wire arc additive manufacturing · Bead geometry analysis · 3D optical scanning · Geometry processing 
algorithm · Cold metal transfer · Design methods

1  Introduction

Wire arc additive manufacturing (WAAM) is gaining wide 
interest from academia and the industry [1]. WAAM belongs 
to the category of directed energy deposition [2] and it con-
sists of an automized welding process where a torch is com-
bined with a robotic solution [3, 4]. Manipulators with five 
or six DoFs [5], combined to working tables with one or 
two DoFs [6], are often implemented in WAAM cells. Three 
different types of welding processes are adopted for WAAM 
applications [7], namely gas metal arc welding (GMAW) 

[8], gas tungsten arc welding (GTAW) [9], and plasma arc 
welding (PAW) [10]. WAAM allows large metal parts to be 
realized faster than other AM technologies as the deposition 
rate reaches 5–8 kg/h [5, 11]. Also, multiaxial deposition 
strategies are permitted thanks to the dexterity of the robot 
[12], i.e., not constant layer thickness are realized leverag-
ing non-uniform and non-planar slicing approaches [13–15].

In this work, the cold metal transfer (CMT) GMAW is 
considered being one of the most implemented and effi-
cient technologies for the following reasons. The process, 
invented by Fronius, is based on a short-circuit welding tech-
nique, which reduces spatter and heat input compared to 
other welding techniques [16, 17]. Fronius welding genera-
tors exhibit good capabilities in the modulation of the depo-
sition both in continuous (CMT Continuous, Fig. 1a) and 
intermittent form (CMT Cycle Step, Fig. 1b) [18, 19]. The 
CMT Cycle Step can be used in continuous paths to form 
beads composed of successively deposited drops (Fig. 1b2). 
Ultimately, this technical choice strongly reduces residual 
stress and distortions.

Table 1 summarizes the parameters that affect the WAAM 
deposition, providing a picture on the overall complexity 
[20]. Some of them are controllable by the user, such as 
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the wire feed rate (WFR), the current level, polarity, the 
material, the shielding gas type, and flow [21–23]. Other 
parameters are internally adjusted by the welding source 
according to mechanisms predefined by the manufacturers. 
In particular, the heat input modulating voltage and intensity 

are varied in predefined ranges according to arc formation 
conditions. Also, Fronius welding sources allow for addi-
tional adjustments of these parameters during the start/end 
welding phases, as these are the most critical intervals of 
the process [24].

Fig. 1   CMT process parameters 
in case of a continuous and b 
Cycle Step deposition

Fig. 2   Printing failure and silicates formation registered in some experiments with low WFR and coincident starting positions of successive lay-
ers

Table 1   List of the parameters which affect a WAAM process

*Specific for CMT Cycle Step

Welder parameters Motion parameters Material and gas parameters

Current [A]
Voltage [V]
Wire feed rate [m/min]
Arc length correction factor
Impulse/dynamic correction factor
Gas flow rate [l/min]
Current ramp [A]
Number of cycle*
Cycle interval number*
Pause interval [s]*
Polarity
Start/end parameters

Travel speed [mm/s]
Type of motion (linear, joint, circular)
Transition function points [mm]
Stick out [mm]
Tool angle respect to the gravity direction [°]
Tool angle respect to the part surface [°]
Reachability
Singularities
Collisions

Material composition
Wire diameter [mm]
Shielding gas type
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Establishing a clear relationship between welding param-
eters, heat transfer, and consequent metal transfer [18, 25, 26] 
is challenging. Furthermore, the motion parameters deter-
mine the bead dimensions, namely the Travel Speed (TS) 
and the accelerations imposed on the welding head. They are 
affected by intrinsic limits of the anthropomorphic robotic 
system, which include the actual ability to maintain imposed 
trajectories and speeds [27], reachability, the presence of kin-
ematic singularities, and collision zones. The type of material 
and the choice of shielding gas further influence the deposi-
tion conditions, such as weld bead shape, penetration, and 
overall quality, further impacting the outcome of the welding 
process [28]. Heat dissipation is another major factor that 
influences the geometry assumed by the bead from its transi-
tion from liquid to solid, its microstructural properties, and 
the deformations of the final part. Finally, the geometrical 
setup, i.e., the distance between the end of the nozzle and 
the melted substrate, known as stick-out, as well as the tool 
orientation with respect to the direction of gravity and the 
slope of the underlying substrate need also to be considered 
influencing parameters of the obtained bead shape [29].

The control of the process parameters highly determine 
the shape of the bead and is crucial for a successful material 
deposition, especially when implementing non-uniform slic-
ing strategies which require the realization of variable bead 
sizes [14, 28, 30]. Previous works listed in Appendix A (see 
Table 13) have been done for the geometric characterization 
of beads as a function of process parameters [31, 32]. They 
mostly involve single linear beads to evaluate cross-sectional 
dimensions, i.e., height (h) and width (w), thus attempting the 
development of predictive models as a function of the stud-
ied parameters [33, 34]. In the last years, closed-loop control 
systems, based on profile measuring systems and temperature 
sensors, have also been devised to correct the sizes of the bead 
during the deposition and acting on process parameters in real 
time, compensating for deviations due to the process [35].

However, dimensions of single-line straight beads are 
typically obtained from calipers, images of cross-sections 
or 2D laser sensors, which fails to capture characteristics 
such as lateral surface waviness, interaction between suc-
cessive layers, and the torch switch-on/off zone of closed 
layer paths. The overlap behavior between adjacent and 
multi-layered beads has been a more limited object of 
investigation [30]. Few works have focused on the mate-
rial properties of beads [6] and multi-bead transition walls 
[36]. These attempts recall the importance of describing 
the shape of overlapped layers of beads not limiting the 
assessment on only one bead. None of the analyzed stud-
ies reports an approach to define a repeatable procedure of 
analysis of the quality of the obtained part being the major 
efforts just limited to the sizes of the generated bead. 
Knowing the extent of irregularities of the deposited mate-
rial is of utmost importance for reliable process planning 

and to guarantee a desired level of geometric accuracy. 
Besides, rare studies focus on the geometric assessment 
of multi-layered closed structures that is the typical case 
in the realization of parts with WAAM [34].

In a nutshell, the following research gaps can be identified 
from the analysis of the literature:

•	 Many works focus on the overall size of straight beads, 
i.e., w or h, while a comprehensive description of the 
shape is missing, i.e., the surface waviness and the junc-
tion zone of closed layer paths.

•	 Focusing solely on one bead precludes the analysis of the 
lateral waviness of the sample and the assessment of the 
surface quality [37].

•	 The adopted means of measurement, i.e., 2D laser scan-
ner or 2D profilometer, does not allow an assessment 
of the shape of a series of overlapped beads, since the 
sides of the lower layers are not reached given the fixed 
acquisition direction.

•	 Many studies are related to single bead layer. However, 
the initial bead deposited on the (often cold) substrate 
differ from those of subsequent layers [24]. A variable 
heat dissipation rate is then encountered during the part 
realization.

•	 A formalized procedure to identify the influence and the 
contribution of the single parameter to the shape is miss-
ing.

In consideration of such limitations, the paper presents 
a formalized procedure for the analysis of welding beads 
based on 3D structured light scanning to achieve a detailed 
acquisition of the geometry. Unlike in single straight beads, 
this methodology is applied to closed circular thin-walled 
specimens, with an emphasis on critical parameters relevant 
to WAAM, including surface waviness and the discontinui-
ties in the region of layer closure. Such region is critical 
given that a deposition layer usually consists of at least one 
outer closed contour and inner ones due to cavities obtained 
from offsets of the intersection of the geometry with a sec-
tion surface at a given position, while the remaining area is 
covered with infill patterns. The last ones are designed to 
minimize residual stress and induced distortions, also lev-
eraging FEM simulations [38–40].

For this reason, the chosen specimen design is a closed-
loop circular path, also allowing the assessment of torch 
ignition and switch-off zones that determine irregularities 
in the obtained shape. In fact, the thermal dissipation con-
ditions vary between the start and end of the path, altering 
material penetration [41]. Lastly, the formation of non-con-
ductive silicates on the surface of the layer can further exac-
erbate this phenomenon [42] as can be observed in Fig. 2.

Furthermore, the proposed approach leverages high-
resolution optical 3D scanning for an accurate description 
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of the geometry of circular thin-walled specimens formed 
by sequentially overlapped layers. By utilizing 3D optical 
scanners, a comprehensive assessment of the dimensional 
outcomes and part waviness is allowed, considering the 
combined effects of multiple layers overlap which are over-
looked by online measurement systems that are limited to 
the acquisition of the profile of the last deposited bead. The 
adopted 3D acquisition technique further improves the scan 
of the geometry by integrating multiple viewpoints, ensuring 
thorough coverage of the entire part. This method exhibits 
good scalability to different dimensions of specimens or 
parts to be characterized given the wide range of sizes of 
the field of view of scanners available on the market, rang-
ing from a few centimeters up to meters. For larger or more 
complex structures, it is sufficient to adapt the experimental 
setup to choose the scanner with the most suitable optics and 
move it all around the part manually or by robotic arms for 
a complete scan.

As a final goal, the proposed method helps establish a 
precise and consistent procedure for scanning and predicting 
the shape of deposited beads relative to the nominal geom-
etry. This allows for a better understanding of how working 
parameters affect multilayered thin-walled specimens. This 
approach is beneficial for the choice of optimal allowances 
and manufacturing tolerances to ensure no material short-
age in the areas to be further machined nor excessive metal 
accumulation elsewhere. Furthermore, the work reports 
numerical results related to the application of the method to 
specimens and to the measurement of the variability of the 
bead sizes, while modulating WFR and TS, also revealing 
some unexpected behaviors.

The remainder of the paper reports in Sect. 2 on the pro-
posed approach and the experimental campaign. The results 
obtained are described and statistically analyzed in Sect. 3, 
providing process planning guidelines from the evidence 
resulting from the application of the proposed approach. 
Finally, conclusions and future works are outlined in Sect. 4.

2 � Approach for a detailed bead geometry 
characterization

This section introduces a procedure for bead geometry 
analysis based on 3D optical scanning, which is consoli-
dated in applications, such as in industry or in the biomedi-
cal field, where complex and shaped geometries need to be 

characterized [43, 44]. The accuracy of modern optical scan-
ning systems is compatible with the specific problem since 
the measurement errors are at least one order of magnitude 
inferior to the measured deviations of the bead from the 
nominal sizes.

The proposed workflow characterizes the deposition by 
three key aspects: average dimensions, lateral waviness, and 
irregularities in the torch switch-on/off zones. While this 
approach is broadly applicable to any WAAM process, the 
experimental study has focused on the CMT process. The 
examined parameters include WFR, TS, and Torch Switch-
Off Offset (TSOO), which denotes the position of the final 
path where the torch is switched off.

The approach comprises four phases, depicted in Fig. 3. 
Initially, the specimens are realized following the definition 
of a Design of Experiment (DOE) plan [45]. Then, the sam-
ples are scanned by an optical 3D fringe projection scanner. 
Afterward, the obtained geometry is processed with CAD-
based algorithms to characterize the shape by numerical 
indices.

The software tools pipeline to process the acquisitions 
is reported in Fig. 4. The meshes obtained from the optical 
scanner are imported into the Rhinoceros 3D® v.7 environ-
ment (McNeel Inc.) for the elaboration step. In this context, 
Grasshopper®, a Rhinoceros 3D® tool for visual program-
ming, automates the geometry analyses. Then, the data 
obtained with Grasshopper® are plotted using MATLAB® 
and analyzed with Excel®. The approach has been followed 
in a preliminary experimental campaign, oriented to the 
assessment of the validity of the proposed analysis method 
and to an initial data collection.

2.1 � Experimental setup

It is known that DOE is used to plan, execute, and assess 
controlled tests to optimize a product or process. It involves 
investigating how input variables, known as factors, impact 
output variables, i.e., responses. The factors have been iden-
tified with the process parameters of the CMT-based WAAM 
system. At the same time, the response is the geometry of 
the deposited bead. The experimentation has been developed 
following the full factorial approach. The characteristics of 
the adopted experimental apparatus are reported in Table 2.

The experimental setup consists of a WASP 40 × 70 
industrial delta 3D printer customized using a Fronius 
CMT torch as a WAAM tool (Fig. 5). In addition, the printer 

Fig. 3   Workflow of the approach for the bead analysis
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controller has been upgraded to communicate with the TPS 
320i welding generator. The setup is controlled via G-code, 
which contains instructions for the printer motion system 
and the desired WFR value.

Figure 6 illustrates an example of the G-code. Specifi-
cally, it consists of three main parts, i.e., the start, the main, 
and the final sections. In the main section, the coordinates 
that describe the layer trajectories are defined, including the 
type of motion and speed. The G5 S0 and G5 S1 commands 
are specific for turning the torch off and on, respectively. 
Finally, pause times between layers can be specified.

The position of the last path target where the torch is 
switched off is analyzed as an input factor, in addition to 
WFR and TS. TSOO parameter allows the trajectory to be 

overlapped with the initially deposited material to avoid fail-
ures as the discontinuities in the deposition are highlighted 
in Fig. 2. In the executed experiments, TSOO was varied 
among 0, 1, and 2 mm (Fig. 7). Trajectories have been dis-
cretized in small linear traits, whose length is limited to a 
minimum value of 3 mm to avoid excessive discontinuities 
in the path.

Table 3 summarizes the implemented DOE. Three lev-
els for each factor have been considered. Hence, the total 
number of specimens was 27, considering the full factorial 
approach with three levels and three factors.

Furthermore, the sequence of the trials was randomized 
with a specific function of MATLAB®, resulting in the 
working plan shown in Table 4. The randomization was 

Fig. 4   Pipeline of the software tools to analyze the scans

Table 2   Specifications of the 
experimental setup 3D Printers DELTA WASP 40 × 70 INDUSTRIAL

Material Steel ISO 14341-A/G3Si1. Composition: C = 0.09%; Si = 0.82%; 
Mn = 1.41%; P = 0.011%; S = 0.005%; Cu = 0.023%; 
Ni = 0.019%; Mo = 0.006%; Cr = 0.25%

Shielding gas Ar 85% + CO2 15% (CORGON 15)
Gas flow rate 15 l/min
Welding generator Fronius TPS 320i
Process type CMT Continuous
Wire diameter 1.2 mm
Stick out 10 mm
Arc length 0
Impulse correction 0
Start/stop parameters Default (defined by Fronius)
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introduced to mitigate the effect of disturbance variables, 
such as geometrical inaccuracies, room temperatures, and 
substrate flatness.

Then, the specimens, whose nominal geometry is 
reported in Fig. 8, were produced using the described setup. 
A 3-min pause was added between each sample to restore 
the initial thermal conditions of the base plate. Additionally, 
a 45° rotation was applied to the path starting point on each 
layer curve, with these positions moved along the circum-
ference to prevent the accumulation of defects that could 
occur if the starting point remained in the same location on 
the specimen. It is important to note that TSOO was applied 
to each layer.

Figure 9 shows two specimens, i.e., samples of substrate 
5 and substrate 7 (refer to Table 4). It can be appreciated 
how the shape of the deposited material deviates from the 
nominal uniform one.

2.2 � Scanning of the specimens

Each specimen was scanned using a GOM ATOS Core 
200 structured light scanner (Fig. 10). This scanner uses 
a system consisting of an LCD projector that emits a light 

Fig. 5   Experimental setup

Fig. 6   Structure of the G-code program to control the DELTA WASP printer
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pattern on the part to be scanned. The pattern consists of 
fringes of blue light that minimize the interference due to 
other light sources and the effects of reflections compared to 
white light. The deviations of the realized specimens from 
the nominal conditions are at least one order of magnitude 
bigger than the scanner accuracy, confirming the validity and 
consistency of the presented approach.

The scanner is held vertically by a supporting frame 
above a rotating table, which can also be tilted thanks to 
a spherical joint. The part to be inspected can be secured 
on the table with screws and positioned in the needed 
orientation.

Having relatively dark samples with some oxidized areas 
can reduce the acquisition quality, and the reflective behav-
ior of the metal causes spots of missing data, also known as 
holes. Furthermore, acquiring the specimen from a limited 
number of viewpoints would lead to a partial reconstruction 
of the geometry because some portions might be obscured 
in the selected configurations. Therefore, the scanning pro-
cedure was codified in a predetermined sequence of repeat-
able positions to be obtained by rotating the table to get 
almost full surface coverage and comparable measuring 
conditions from plate to plate. In the proposed cases, the 
holes results in being sporadic and sometimes absent.

An initial acquisition is taken from a condition where 
the base is tilted 45° from the vertical direction. Next, the 
base is rotated three times by 90°. For each rotation, a new 
acquisition is made. After, a new orientation of the spheri-
cal joint between the base and the supporting frame is given 
to the table, which is orthogonal to the previous one. The 
new tilted position varies three times, thus having four total 

Fig. 7   Discretization of the deposition path

Table 3   Geometrical and technological parameters assumed in the 
experimental phase

Parameters Values

TSOO [mm] 0, 1, 2
WFR [m/min] 1.5, 2, 2.5
TS [mm/s] 3, 4, 5
Layer height [mm] 1.2
Number of layers 5
Type of deposition Layer by layer
Substrate [mm × mm × mm] 150 × 150 × 8
Sample diameter [mm] 50
CD x [mm] 65
CD y [mm] 65
Number of experiments 1
Number of samples (i.e., repetitions) 1
Total samples (each combination of parameters) 1

Table 4   Randomized plan of the executed experiments

No. of 
sub-
strate

No. of sample WFR [m/min] TS [mm/s] TSOO [mm]

1 1 2 3 1
2 2 4 0
3 2.5 3 0
4 2.5 3 1

2 5 2.5 5 2
6 1.5 3 2
7 2.5 4 2
8 2 5 2

3 9 2 3 2
10 1.5 4 1
11 2 4 2
12 1.5 3 0

4 13 2 4 1
14 1.5 5 1
15 1.5 5 0
16 1.5 5 2

5 17 2.5 5 1
18 1.5 3 1
19 2.5 5 0
20 1.5 4 0

6 21 2 3 0
22 2 5 0
23 2 5 1
24 2.5 4 0

7 25 2.5 4 1
26 2.5 3 2
27 1.5 4 2
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configurations (Fig. 11). Therefore, the total number of 
acquisitions is 16.

Circular reflective markers randomly positioned on 
the plate surface (about 20 markers for each sample) 
have been used to align the different scans automatically, 
thanks to the native functionality of the scanner software 
(GOM Scan). A dense tessellated mesh is then obtained 
by merging each single scan and imported into the CAD 

environment in STL format. Each final mesh resulting 
from merging the 16 raw scans is made of about 2 mil-
lion vertices and 3.5 million facets. The average distance 
between vertices was approximately 0.2 mm.

Unlike 2D profiles obtained with laser sensors, this pro-
cedure enables a complete scan of the specimens, allowing 
an extended coverage of the shape which can be used for an 
in-depth analysis of the geometry in a CAD environment.

Fig. 8   Specimens manufactured from number 1 to 4. The blue dots in the right figure represent the starting points of each layer

Fig. 9   Obtained specimens on 
substrate numbered with 4 and 7
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2.3 � Geometry elaboration

The Rhinoceros® CAD software was used for the func-
tionalities offered for the subsequent scanned geometry 
processing (Fig. 12). Initially, geometry is prepared for the 
analysis. Perimetral sections are extracted from the portion 
of mesh corresponding to the upper face of the substrate. 
A plane π is interpolated through the points of the sections 
using the native function of Rhinoceros®. Then, the mesh 
is rotated to align the obtained plane with the absolute ref-
erence system. A trimming plane πt is created as an offset 

of the global XY plane at an elevation of Z = 0.5 mm. The 
mesh is trimmed with πt to remove the substrate that is not 
useful for the geometric analysis of the bead. The choice 
of an offset is motivated by the need to guarantee that the 
entire substrate is eliminated, also in consideration of the 
fact that the surface takes on a concave shape with raised 
edges due to the thermal distortion induced by the deposi-
tion of the material (as visible in Fig. 12). The lower por-
tion of the bead that has been lost has been considered in 
the following by adding 0.5 mm to the heights of the beads 
being measured.

Fig. 10   GOM ATOS 200 3D blue-light optical scanner in its measurement setup

Fig. 11   Sequence of the 16 
poses to maximize the scanning 
coverage
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The shape analysis is based on a series of radial sections. 
For this reason, it is necessary to identify the center of each 
specimen as the passing point of the common line of the sheaf 
of planes to intersect with the model. The first step is to calcu-
late the bounding box of the bead and calculate the maximum 
height of the geometry. Then, the bead mesh is intersected 
with a plane at a given height (40% of the sample maximum 
height), thus obtaining reference polylines representing the 
inner and outer profile of the two sides of the mesh.

Then, the vertices of the intersection polylines are 
extracted (Fig. 13). These points are divided into two groups 
corresponding to the inner points set and the outer points 
set by thresholding the distance from the specimen center 
according to the nominal circle diameter. After, two circles 
are interpolated through the points. Finally, the midpoint of 
the two centers of the inner and outer circles is chosen as the 
center for the radial sections.

2.4 � Analysis of bead geometry

Three indices from the scans are considered and automated 
using Grasshopper®:

•	 Average bead height (h) and width (w). h and w are 
defined as the mean values of the height and the width 
of the bounding box of the radial sections along the bead.

•	 Lateral bead waviness. It is calculated as the standard 
deviation σ of the internal (rInt) and external (rExt) radii 
of each section at a given height until reaching 60% of 
the maximum bead height.

•	 The distribution of bead heights in the zone where the 
torch is switched off. The layer height profile is analyzed 
for each specimen in a region that spans from − 20° 
and + 20° according to the starting point of the deposi-
tion of the last layer.

To do so, a set of 360 radial sections Si is created for each 
specimen at each degree of angle according to the center 
determined with the previous procedure. A bounding box 
aligned with the section plane is calculated for each section 
Si. Then, the h and w for each section are given by the sizes 
of the bounding box as depicted in Fig. 14, correcting with 
the 0.5 mm offset at the base.

Initially, the influence of the WFR and TS parameters was 
studied, excluding the TSOO. In fact, the effect of the TSOO 
parameter is limited to the torch switch on/off area, which 

Fig. 12   Specimen orientation in the CAD environment and trimming of the substrate
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is analyzed separately. So, three samples are obtained for 
each parameter combination that differs in the TSOO values.

However, the average bead w value alone does not provide 
information on the lateral waviness of the sample. In this 
study, a characterization of undulations is provided by ana-
lyzing the 360 ​sections previously developed. Starting from 
πt, a series of horizontal equidistant planes are created until 
they reach 60% of the maximum height of the sample. This 
value was set to exclude the curvature of the final bead por-
tion. Two points are obtained for each plane intersected with 
one section, corresponding to the outer and inner profile 
respectively, as shown in Fig. 15a. The algorithm has been 
designed not to be affected by the presence of residual holes 
in the scan. In fact, the set of intersections may be empty, or 
only one point could be found. In the first case, the section 

is skipped, while in the second case the contribution of the 
point is still retained for the correct side.

Then, the distance between each intersection points and 
the center (orange point in Fig. 13) is calculated. The hori-
zontal component of the distances is retained as the inner 
and outer radius of the specimen, rIntij and rExtij of Si, as 
shown in Fig. 15b.

The last object of investigation concerns the torch switch 
on/off region of the last layer, in particular the influence of 
TSOO along with WFR and TS. The bead height is analyzed 
in a region that spans from − 20° and + 20° according to the 
starting point of the deposition of the last layer (Fig. 8). 
A total of 80 bead sections are then considered from this 
region, and the relative bounding boxes are used to calculate 
the bead heights (Fig. 14).

Fig. 13   Identification of the center of the sample by interpolation of an inner and outer circles at a reference height

Fig. 14   Bead dimensions analy-
sis. Si: ith section; hi: height of 
Si; wi: width of Si



5316	 The International Journal of Advanced Manufacturing Technology (2025) 136:5305–5334

2.5 � Statistical analysis of the measurements

Initially, an ANOVA analysis was conducted to determine 
to what extent the geometric parameters are influenced by 
the factors considered. Therefore, the average values of 
the height (hav), the width (wav), and the average height of 
the single layer (hs_av) are calculated according to Eqs. 1, 
2, and 4. The standard deviation of h (σh) and w (σw) are 
calculated according to Eq. 3.

where hi is the ith measured height, wi is the ith measured 
width, x is one of the two analyzed parameters, N is the 
number of measures, and f is the number of layers, i.e., 5.

Then, inner rIntav and outer rExtav average radii are cal-
culated according to Eqs. 5 and 6, along with the relative 
standard deviations σrInt and σrExt (Eq. 7) that provide the 
measure of the surface waviness. In fact, high values of the 
standard deviation represent a high surface waviness. Equa-
tion 8 is used to calculate the mean circle radius (Fig. 13).

(1)hav =

∑N

i=1
hi

N

(2)wav =

∑N

i=1
wi

N

(3)
�h,w =

�

∑N

i=1
(xi − xav)

2

N

(4)hs_av =
hav

f

(5)rIntav =

∑N

i=1
rInti

N

(6)rExtav =

∑N

i=1
rExti

N

where rInti and rExti are the ith measured inner and outer 
radius, respectively, x is one of the two analyzed parameters, 
and N is the number of measures. The parameter rMeanj is 
related to the jth mean circle radius of a specific combina-
tion of parameters, while rExtav_j and rIntav_j are the jth radii 
calculated according to Eqs. 5 and 6.

After, the two-way analysis of variance (ANOVA) with 
replication [46] has been used for the analysis of the data 
relative to the bead dimensions. This statistical method high-
lights the influence of two separate input factors, i.e., WFR 
and TS, on an output parameter, respectively h and w. Fur-
thermore, the two-way ANOVA offers insights into the pri-
mary effect of each factor and the interaction between them.

The following three null hypotheses (H0) have been 
verified:

(1)	 H0: Mean level of the considered output is the same for 
all three WFR levels.

(2)	 H0: Mean level of the considered output is the same for 
all three TS levels.

(3)	 H0: No interaction between WFR and TS.

In case the three H0 are rejected, it is possible to con-
clude that WFR and TS have a significant effect on the ana-
lyzed output and that there is interaction between the two 
parameters. Two methods can be employed to reject the 
null hypotheses. The F-test involves an assessment of the F 
ratio which needs to be above a critical level. Similarly, the 
null hypothesis is rejected if the P-value is below a certain 
level, usually assumed in 0.05. Also, the plots of the main 
effects are presented [47] to compare the relative strength of 
the effects of the two factors, i.e., WFR and TS, on h and w.

(7)σrInt,rExt =

�

∑N

i=1
(xi − xav)

2

N

(8)rMeanj =
rExtav_j + rIntav_j

2

Fig. 15   Lateral waviness 
analysis
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3 � Results from measured specimens

The boxplot graph (Fig. 16) is adopted to display data related 
to the first two analyses. Once the gather values are sorted, 
quartiles subdivide the values in equal portions each repre-
senting 25% of the samples. The median is the value con-
taining the first half of the samples. Data between the first 
(Q1) and third (Q3) quartile limits are called the interquartile 
range (IQR). Additionally, minimum and maximum limits are 
defined as illustrated in Fig. 16, leading to the identification 
of outliers marked with red dots. In the plots reported in the 
next section, minimum and maximum limits are represented 
by respectively the minimum and maximum of the distribu-
tion, if the specific threshold of the outliers is not exceeded.

ANOVA is then applied to determine the dependency of 
the investigated outputs from the input parameters and the 
interaction between them using the functionalities provided 
by MS Excel®.

3.1 � Statistical analysis of bead dimensions

Table 5 summarizes the average sizes of the beads. An initial 
outcome of the proposed method concerns the assessment of 

the bead dimensions, as it provides statistical values regard-
ing the sizes of the thin-walled structure resulting from the 
deposition process and the deformations induced by multiple 
layers on top of each other. Three samples were available for 
each combination of parameters, given the three values of 
the TSOO. Since 360 measures were taken for each speci-
men, a total of 1080 measures were obtained for each com-
bination of WFR and TS.

As expected, it can be noticed that hav and wav tend to 
increase with high WFR values and low TS values. This 
behavior confirms the results previously reported [28], but 
with different values due to the used shielding gas contain-
ing a higher percentage of CO2. This causes a hotter weld-
ing pool and an increased material penetration (lower hav). 
The correlation is less evident in wav with the combination 
{WFR = 1.5 m/min; TS = 4 mm/s} and when WFR = 2 m/min 
was used.

Figure 17 represents the nine box plots related to the w 
data analysis. These graphs provide additional information 
less evident from Table 5. In fact, higher maximum thick-
ness limits are obtained with TS = 3 mm/s when WFR = 1.5 
and 2.5 m/min. Again, the general trend is not respected with 
WFR = 2 m/min.

However, as can be noted from Table 6, the F values of 
WFR, TS, and their relative interaction are higher than the 
critical values. Also, the P-values are less than the critical 
limit of 0.05, allowing the three null hypotheses defined in 
Sect. 3.4 to be rejected. Therefore, it is possible to conclude 
that both input variables still influence the average thickness 
of the specimen despite the deviations recorded.

Figure 18 depicts the main effects of w related to the 
parameters WFR and TS. WFR has a stronger influence on 
w compared to TS. Note that w tends to increase with high 
values of WFR and low values of TS. However, w slightly 
increases with the value of TS = 5 mm/s.

Figure 19 depicts the box plots of the h data. The behavior 
results to be comparable to w analysis, but here height vari-
ation is limited.

Table 7 and Fig. 20 depict the two-way ANOVA analysis 
and the main effects plot. The results overlap the behavior 

Fig. 16   Box plot data representation. Q1: first quartile; Q3: third 
quartile; IQR: interquartile range

Table 5   Average bead 
dimensions obtained varying 
WFR and TS 

WFR [m/min] TS [mm/s] wav [mm] σw [mm] hav [mm] σh [mm] hs_av [mm]

1.5 3 4.78 0.64 7.84 0.67 1.57
4 4.81 0.48 7.43 0.52 1.49
5 4.17 0.53 7.25 0.73 1.45

2 3 4.72 0.33 7.62 0.60 1.52
4 4.98 0.83 8.19 0.98 1.64
5 5.92 0.48 7.95 0.65 1.59

2.5 3 6.65 0.72 8.30 0.46 1.66
4 5.34 1.07 7.65 1.18 1.53
5 5.20 0.39 7.69 0.6 1.54
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of w dimension. In this case, the h tends to slightly decrease 
with WFR = 2.5 m/min, showing an opposite trend compared 
to the expected one (Fig. 20).

The results confirm that the bead dimensions can be con-
trolled by varying the analyzed process parameters. Also, for 
the specific experimental setup, the primary effects hint to 
maintain the TS within a 3–4 mm/s range while adjusting the 
WFR to modify the w dimension. Conversely, the WFR should 
be selected within a 1.5–2 m/min range, with variations in the 
TS to control h. According to the gather data, these ranges 
ensure a good predictability of the bead dimensions.

3.2 � Lateral bead waviness

Regarding the bead surface waviness analysis, WFR and TS 
are also analyzed as varied parameters. Again, three samples 
were available for each combination of parameters, given the 
tests available with three different TSOO values. Initially, 

Fig. 17   Obtained results for the bead width (w)

Table 6   Results of the two-
way ANOVA applied to the w 
dimension

Source of variation Sum of squares DoFs Mean squares F F critic P-value

WFR [m/min] 2121.46 2 1060.73 2540.10 3.00 0.00
TS [mm/s] 215.74 2 107.87 258.31 3.00 0.00
Interaction 2309.44 4 577.36 1382.58 2.37 0.00
Error 4055.27 9711 0.42
Total 8701.91 9719

Fig. 18   Plots of the main effects of w 



5319The International Journal of Advanced Manufacturing Technology (2025) 136:5305–5334	

the two-way ANOVA analyses were repeated for both rInt 
and rExt, and the results confirm the dependence on TS and 
WFR. Details have not been reported here for brevity, since 
they do not provide any added value to the results for the w 
dimension reported in the previous sub section.

Waviness analyses are reported separately for the inner and 
outer surfaces. Table 8 summarizes rIntav and σrInt for each set 
of parameters, along with the registered range of rInt values.

As a first comment, rInt increases when low WFR and 
high TS values are set, because the bead becomes narrower. 
Again, this phenomenon seems to be opposite in the tests 
with WFR = 2 m/min (Fig. 21).

To provide an overall picture of the waviness variation, 
Fig. 22 reports σrInt depending on the process parameters. 
The minimum deviations are observed at TS = 3 mm/s and 
WFR = 1.5–2 m/min, leading to the best quality of the inter-
nal lateral surface.

Fig. 19   Obtained results for the bead height (h)

Table 7   Results of the two-
way ANOVA applied to the h 
dimension

Source of variation Sum of squares DoFs Mean squares F F critic P-value

WFR [m/min] 336.82 2 168.41 306.31 3.00 0.00
TS [mm/s] 136.90 2 68.45 124.50 3.00 0.00
Interaction 524.62 4 131.16 238.55 2.37 0.00
Error 5339.22 9711 0.55
Total 6337.57 9719

Fig. 20   Plots of the main effects of h 
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Conversely, rExt presents the opposite behavior to rInt. 
In fact, the bead widens when high WFR values ​and low TS 
values are set (Table 9).

Figure 23 shows the results graphically. The box plots 
present a smaller number of outliers compared to rInt 
box plots. The lowest standard deviations are obtained 
using WFR = 2 m/min and TS = 3 mm/s for both rInt and 
rExt.

The trend of σrExt is depicted in Fig. 24. In this case, the 
lowest standard deviation is obtained with TS = 3 mm/s and 
WFR = 2 m/min. Overall, σrExt is lower than that the varia-
tion obtained for rInt, highlighting that the external surface 
turns to be less wavy.

Finally, the gathered data allows an additional observa-
tion to be drawn relative to the mean radius rMean of the 
deposited circular bead defined by Eq. 8. The results sum-
marized in Table 10 show that rMean regularly exceeds the 
nominal value of 25 mm.

3.3 � Torch switch on/off zone analysis

Finally, the torch switch on/off zone analysis data are 
reported in Table 11. Equations 1 and 3 are used to calculate 
the average height of the beads (hav) and the relative standard 
deviation (σh), while Dh represents the absolute variation of 
the height, i.e., hMax – hMin.

Table 8   Lateral bead waviness: 
rInt analysis, considering only 
WFR and TS 

WFR [m/min] TS [mm/s] rIntav [mm] σrInt [mm] rIntmax [mm] rIntmin [mm]

1.5 3 23.12 0.29 24.09 22.25
4 23.19 0.32 24.20 21.81
5 23.34 0.37 24.35 22.15

2 3 23.07 0.28 23.92 22.15
4 22.97 0.46 24.30 21.58
5 22.54 0.38 23.53 20.72

2.5 3 22.14 0.56 23.33 19.72
4 22.72 0.64 23.95 20.51
5 22.84 0.32 23.90 21.78

Fig. 21   Obtained results for the bead inner radius (rInt)
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Figure 25 depicts the height profile of two specimens 
with opposite behavior. The angle position where the torch 
is switched off is highlighted, while the 0° angle corresponds 
to the point where the torch has been switched on.

Sample 25 has the lowest σh, and the height profile 
according to the angle range is reported in the upper part 
of Fig. 25. On the contrary, specimen 17 has the highest 
standard deviation, indicating a more marked variation in 
height than the other specimens. This behavior is high-
lighted by the graph in the lower part of Fig. 25. As can 
be noted, the layer height varies up to 3.11 mm.

Figure 26 in the Appendix collects the other height 
profiles of the entire set of samples. As a first consid-
eration, neither of them presents the problem shown 
in Fig. 2. Furthermore, an interesting indication of the 

influence of TSOO seems to emerge. Looking at the data 
reworked in Table 12, the adoption of a TSSO equals to 
2 mm produces a stabilization of the height of the beads, 
which can be observed both as reduction of the 17% of 
the absolute variation of the heights registered in the area, 
and similarly in the reduction of a 27% of the relative 
standard deviation.

3.4 � Discussion and guidelines for the process 
planning of WAAM parts

The presented work ultimately provides guidelines for the 
design and process planning of components, focusing on 
the key phenomenological aspects for successful realization 
with WAAM technology.

Fig. 22   Resulting values for 
σrInt depending on WFR and TS 

Table 9   External bead 
waviness: rExt analysis, varying 
WFR, and TS 

WFR [m/min] TS [mm/s] rExtav [mm] σrExt [mm] rExtmax [mm] rExtmin [mm]

1.5 3 27.33 0.32 28.18 26.54
4 27.22 0.29 28.28 23.19
5 27.08 0.25 27.89 26.18

2 3 27.30 0.22 28.24 26.66
4 27.44 0.38 28.43 26.31
5 27.87 0.30 28.90 27.00

2.5 3 28.07 0.37 29.34 26.73
4 27.61 0.47 29.20 26.39
5 27.56 0.30 28.63 26.65
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A first significant finding is related to a certain insta-
bility registered in the relationships between the sizes of 
the beads and the working parameters, even though the 
expected correlations have been confirmed by the ANOVA 
as well as reported in the literature. Such deviations are 
connected to the adjustments made by the welding gen-
erator of the process, including provided heat power, 

according to characteristic curves implemented by the 
supplier. Even though such a mechanism was originally 
designed as a valuable means of control against variable 
welding conditions, the induced corrections in the power 
output affect the fine tuning which is required in WAAM 
applications. To a lesser extent, the deviations are attrib-
utable to inaccuracies in the control of the wire feed, i.e., 
WFR, and of the robot movement, i.e., the ability to main-
tain the imposed TS.

Therefore, the reported variabilities need to be con-
sidered in the design and realization phase of a certain 
part, for instance by depositing an optimal amount of 

Fig. 23   Obtained results for the bead outer radius (rExt)

Fig. 24   Resulting values for σrExt depending on WFR and TS 

Table 10   Computation of rMean depending on WFR and TS 

WFR [m/min] TS [mm/s] rExtav [mm] rIntav [mm] rMean [mm]

1.5 3 27.33 23.12 25.23
4 27.22 23.19 25.21
5 27.08 23.34 25.21

2 3 27.30 23.07 25.19
4 27.44 22.97 25.21
5 27.87 22.54 25.21

2.5 3 28.07 22.14 25.11
4 27.61 22.72 25.17
5 27.56 22.84 25.20
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extra material for subsequent post-processing steps. Such 
behavior has been neglected in the works analyzed from 
the literature, apart from adopting closed loop systems to 
measure the deposited beam and adjusting the working 
parameters in real time. Setups have been reported based 

on profile measurement, in situ monitoring of welding 
power and online adaptation of welding parameters. This 
is certainly a valuable solution but may fail to provide 
timely corrections. Since the recorded variations can be 
attributed to the nature of the short-circuit process and the 

Table 11   Data obtained varying 
the TSOO parameter

No. sample WFR
[m/min]

TS
[mm/s]

TSOO
[mm]

hav
[mm]

hMax
[mm]

hMin
[mm]

Δh
[mm]

σh
[mm]

12 1.5 3 0 7.57 7.94 7.26 0.68 0.24
18 1 8.24 9.00 7.65 1.35 0.51
6 2 7.44 7.72 6.97 0.75 0.27
20 4 0 7.25 8.18 6.40 1.78 0.67
10 1 7.48 7.88 7.05 0.83 0.28
27 2 7.52 8.21 6.92 1.29 0.37
15 5 0 6.74 7.04 6.40 0.64 0.19
14 1 7.63 7.82 7.46 0.36 0.11
16 2 6.56 7.10 5.91 1.19 0.40
21 2 3 0 7.06 7.84 6.46 1.38 0.49
1 1 7.69 8.04 7.15 0.89 0.31
9 2 8.18 8.34 7.96 0.38 0.10
2 4 0 8.52 8.75 8.28 0.47 0.16
13 1 7.13 7.65 6.36 1.29 0.47
11 2 8.69 9.20 8.30 0.90 0.29
22 5 0 8.36 8.67 8.00 0.67 0.22
23 1 7.63 7.99 7.17 0.82 0.30
8 2 7.26 7.39 6.97 0.42 0.09
3 2.5 3 0 8.32 8.65 7.78 0.87 0.27
4 1 8.45 8.67 8.15 0.52 0.16
26 2 7.64 7.99 7.37 0.62 0.23
24 4 0 6.74 7.14 6.62 0.52 0.10
25 1 9.37 9.44 9.31 0.13 0.03
7 2 6.55 6.90 5.83 1.07 0.28
19 5 0 6.75 8.05 5.69 2.36 0.94
17 1 7.18 8.98 5.87 3.11 1.15
5 2 8.33 8.83 7.66 1.17 0.36

Fig. 25   Heights of sample 25 
and 17 in the torch switch on/
off zone
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variability of heat input and heat dissipation, the need for 
the proposed process characterization to ensure accurate 
prediction of the final geometry is confirmed.

A second contribution of the proposed approach 
regards the measurement of the lateral surface quality of 
the specimen. In the literature, surface waviness concept 
is connected to the effective wall width after machining 
away all the surface irregularities [48] and determines the 
amount of material to be removed [49]. The measurement 
of surface waviness is fundamental for the prediction and 
optimization of the irregularities, as the work reported in 
[50] even if applied to the upper surface formed by mul-
tiple beads deposited side by side. From the elaborated 
experimental data, it is confirmed that it is preferable to 
use lower WFR, as it tends to a smoother and more uni-
form weld bead by minimizing the amplitude of surface 
irregularities [51]. This enhances the overall quality of 
the weld by ensuring a higher surface finish and dimen-
sions stability, which has been demonstrated in this work 
in the specific case of multilayered thin walls made by 
CMT technology.

Another result emerges from the adopted circular shape 
of the specimens that cannot be observed on similar exper-
iments made on straight beads reported in the literature 
[52]. The data reported in Table 10 show a deviation of 
the mean radius of the specimens compared to the nominal 
one, namely the tendency for the external radius to expand 
more than the internal radius in curved paths. This phe-
nomenon holds significant relevance in the path planning 
of WAAM. The main cause could be related to an accumu-
lation effect that pushes the material towards the outside 
or to an inaccuracy in the path followed by the robotic 
arm. This calls for the necessity of introducing corrections 
in the paths generated by slicing software to compensate 
for deviations. In more general cases, the shape of the 
workpiece can be further enhanced by FEM simulations 
to foresee and to compensate for errors, acting on deposi-
tion parameters and inner structures as demonstrated in 
the literature [53].

Finally, the behavior of the torch switch-on/off zone of 
closed layer paths has been examined. First of all, the vari-
ation of the starting point of deposition in closed paths at 
each layer is beneficial for a better regularity of the real-
ized thin walls and to avoid major failures such as bead 
discontinuities (see Fig. 2). Furthermore, the introduction 
of TSSO, i.e., an overlapped trait between the initial and 
final portion of a closed bead, seems to help the regulari-
zation of the height on the junction zone, which has been 
observed with TSSO = 2 mm. The absolute variation of the 
height and the relative standard deviation have significantly 
reduced. Since collected data are variable and quite dis-
cordant, additional experiments are advisable to confirm 
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the correlations between the height profile and the TSOO 
parameter.

4 � Conclusions and future directions

This paper presented a method and the relative implement-
ing procedure for an accurate geometrical assessment of 
specimens obtained by WAAM. Samples are scanned using 
a 3D structured light scanner to obtain digital geometry to be 
processed and analyzed in a CAD environment in a formal-
ized manner. The approach exploits the capability offered 
by offline acquisitions by optical scanners to guarantee com-
plete shape coverage and protects against dependence on the 
human factor.

The results of a preliminary data gathering campaign 
highlight that the procedure can be successfully employed 
for an accurate characterization of the bead dimension and 
shape according to the input parameters. First, the average 
height and width of samples were investigated according 
to varied process parameters (WFR, TS, and TSOO). Also, 
the two-way ANOVA analysis was performed, confirming 
the correlation of the analyzed parameters with the bead 
dimensions, which is fundamental for implementing non-
uniform slicing and infill strategies. The second analysis 
focused on the characterization of the lateral surface wavi-
ness. In particular, the standard deviation value is used as 
an index of the surface quality and the expected geometrical 
accuracy of the part. Finally, the torch switch on/off area 
was studied to reduce the oscillations of the height profile 
by introducing an overlapping trait in the deposition path. 
The specimens have revealed a good statistical correlation 
between the analyzed parameters and the measured geom-
etry, even though some shape and dimensional variabilities 
have been registered. This led to the formulation of some 

process design guidelines, as well as the suggestion to intro-
duce measurement systems to acquire the actual amount of 
wire feed, the speed maintained by the welding torch, and 
the instantaneous electrical power generated by the welder 
during deposition.

In conclusion, the proposed approach is useful as a for-
mal and repeatable procedure to objectify the influence 
of several process factors to search for optimal deposition 
conditions capable of the required precision in the final 
part. The variations in the bead dimensions need to be 
assessed and considered to avoid the presence of voids 
and missing portions in the realized artifact. Furthermore, 
if some portions of the part require machining as post-
processing activities to achieve the prescribed dimensional 
and geometric tolerances, as well as the required rough-
ness, the minimum amount of extra material can be cor-
rectly evaluated.

The experimental campaign needs to be expanded in the 
future, considering more parameters that influence the pro-
cess. In addition to the settings of the welding generator, 
robot motion, material and gas types, and thermal effects 
must be considered. In fact, the obtained results are valid in 
comparable configurations where the material is deposited 
close to the substrate, given the limited number of stacked 
layers being considered and the strong dissipating action 
of the substrate. Further extension of the work also fore-
sees the identification of correlations between measured 
waviness and irregularities and the structural integrity and 
performances of the manufactured part. The goal is the 
definition of a complete simulation of the deposition that 
expands the models present in the literature by including 
residual stresses, mechanical properties, and the prediction 
of the expected geometry of the deposited bead according to 
the results reported in this study, also supported by machine 
learning elaborations if collected data are sufficient.
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Appendix

Table 13   Bead geometry characterization approaches from litera-
ture. This includes generator type, considered parameters, measured 
characteristics of the bead, material, and implemented shielding 
gas. Column Model reports whether a predictive model for the bead 
dimensions as a function of process parameters has been proposed. 

The adopted means of measurement are highlighted, as well as if the 
realized specimens were multi-layer (ML). A star marks a study made 
on multi-layered samples, although not focused on the bead geometry 
analysis

Work CMT Parameters Output Material Gas Model Means of meas-
ures

ML

[19] Yes WFR, TS h, w Carbon steel Ar 90%; CO2 10% Response surface Caliper Yes
[21] No WFR, TS, cur-

rent, gas flow 
rate

h, w, wetting 
angle, p, 
roughness

HASTELLOY X Ar No SEM Yes

[25] No WFR, TS, torch 
angle, current

h, w, p, molten 
pool width

Mild steel Ar 95%, CO2 5% Teaching–learn-
ing based 
optimization

Microscope No

[29] (strut) No Current, WFR, 
voltage, arc 
discharge time, 
time interval, 
torch angle

h, w YGW16 Ar 80%, C02 20% No Computer tomog-
raphy

No

[30, 54] Yes WFR, TS h, w Copper coated 
steel

\ Neural Network 3D Laser profile 
scanner

No

[31] Yes WFR, TS h, w ER70S-6 Ar 80%, CO2 20% Math models 2D profilometer No
[33] Yes WFR, WFR/TS h, w, p Hot-rolled S355 Ar 80%, CO2 20% Linear regression Stereo micro-

scope
No*

[34] Yes WFR, current, 
voltage

h, w 6061-T6 alu-
minum

Ar No Camera Yes

[37] No WFR, TS, inter-
pass tempera-
ture

Hardness, total 
wall width, 
flatness 
deviation

G 42 4/M21 3Si1 Ar 85%, CO2 15% No Camera Yes

[54] No WFS w \ \ No Monocular 
cameras

No

[55] No Peak current, 
WFR, TS

h, w 5A06 aluminum 
alloy

Ar Regression model 
(ANOVA)

\ \

[56] No Voltage, WFR, 
TS

h, w Copper-coated 
mild steel

Ar 82%, CO2 18% Neural Network Coordinate meas-
uring machine

No

[57] WFR, TS h, w Steel Ar Response surface Multifocal acqui-
sition

No

[58] No Voltage, Current, 
TS

h, w, p 316L Ar Decision matrix Mitutoyo caliper No

[59] No WFR, TS, voltage w Al2325 Ar Regression Laser scanner Yes
[60] No WFR, TS, volt-

age, current, 
cooling power

h, w Al2325 Ar No Laser distance 
sensor

Yes

[61] Yes WFR, TS h, w ER70S-6 Ar 82%, CO2 18% No Gauge USHS-
4, Mitutoyo 
caliper

Yes

[62] No Peak current, 
WFR, TS

h, w \ \ Multi-gene \ No

[63] No WFR, TS, cur-
rent, voltage

h, w Low carbon steel Ar 95%, CO2 5% Deep learning Infrared camera, 
LATM sensor

No

[64] Yes WFR, TS, Intra-
layer tempera-
ture

h, w, micro-
structure

Low carbon steel Ar 96%, CO2 4% No 3D laser lines 
scanner

Yes

[65] Yes TS h, w High strength 
steel

Ar 88%, CO2 12% Multiple model 
approach

Laser sensor No
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CTWD contact to work distance, p penetration, Φ droplet diameter, Q overall quality of the sample

Table 13  (continued)

Work CMT Parameters Output Material Gas Model Means of meas-
ures

ML

[66] No WFR, TS, CTWD h, w Copper coated 
steel

Ar 95%, CO2 5% Neural Network Laser sensor No

[67] (strut) Yes WFR, Arc-on 
time

Φ ER 4043 alu-
minum

Ar Yes (not speci-
fied)

3D profile laser 
scanner

No

[68] Yes WFR, TS, torch 
angle, CTWD, 
current, volt-
age, deposition 
direction

Q ER70S-6; Q235 Ar 80%, CO2 20% No Laser scanning Yes

[69] No WFR, TS, Volt-
age, CTWD

h, w, p 316L stainless 
steel

Ar 95%, CO2 5% Adaptive multi-
objective grey 
wolf algorithm

\ No
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Fig. 26   Samples heights profiles in the torch switch-off zone
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Fig. 26 (continued)
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