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Abstract 

Robotic wire and arc additive manufacturing (WAAM) systems are required to provide predictable and 
efficient operations to fabricate solid metallic parts with high morphological fidelity and geometric 
accuracy. Since the metallic parts are fabricated based on a layer-by-layer principle, the interactions 
between the neighboring beads and layers strongly influence the geometric accuracy of the fabricated 
part. The layers-overlapping process has been studied and a traditional layers-overlapping model (T-
LOM) has been published in the literature. This paper proposes a layers-overlapping strategy (LOS), 
based on which a revised layers-overlapping model (R-LOM) was proposed for the fabrication of 
multi-layer multi-bead (MLMB) components with homogeneous layers. A mathematical model for 
layers-overlapping is presented, which considers the material shortage areas at the edges of the layers. 
This is important since the material shortage areas result in a situation that the component width is 
smaller than the expected value. In addition, they will be accumulated when multiple layers are 
overlapped through normal unidirectional parallel (NUP) paths. The proposed LOS addresses two 
aspects: (i) the deposition amount of the first bead and the last bead in the lap layers should be 
increased, and (ii) the deposition position of the first bead and the last bead in the lap layers should be 
moved towards the edges with a given offset distance. Validation experiments were designed and 
conducted to test the proposed concepts and models. The experimental results indicated that (i) the R-
LOM enables the MLMB components to achieve the expected width and (ii) for components deposited 
with NUP paths, the R-LOM eliminates the effect of accumulation of material shortage areas on the 
first bead and increases the surface flatness. 

Keywords: additive manufacturing; gas metal arc welding; multi-layer multi-bead components; layers-
overlapping model 

Abbreviations used in the text 

Abbr. Term/Phase 

WAAM wire and arc additive manufacturing 

T-LOM traditional layers-overlapping model 

LOS layers-overlapping strategy 

MLMB components multi-layer multi-bead components 

R-LOM revised layers-overlapping model ( , ) the  bead belonging to the  layer 

EB elementary bead 

NUP paths normal unidirectional parallel paths 

IRUP paths interlayer-reverse unidirectional parallel paths 
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CUP paths curved unidirectional parallel paths 

FoS flatness of the surface 

DEH deviation from the expected height 

Please print all figures in grayscale. 

 

1. Introduction 

As a low-cost, energy- and time-efficient approach for manufacturing of metallic parts, wire and 

arc additive manufacturing (WAAM) is getting more and more attention in research nowadays. 

Various research related to WAAM technologies and implementations of WAAM systems have 

been reported in the literature, regarding (i) fundamental principles [1], (ii) mechanical 

performance of the fabricated part [2], and (iii) manufacturing processes [3] etc.  

Automatic/robotic WAAM increases the efficiency of manufacturing and reduces the involved 

human intervention [4]. Robotic WAAM systems are required to provide not only predictable and 

efficient operations but also high morphological fidelity and geometric accuracy of the fabricated 

parts [5]. A slight difference between the geometries of the CAD model and the fabricated part 

might invalidate the preplanned manufacturing parameters [6]. Therefore, many approaches have 

been proposed to increase the geometric accuracy of the fabricated parts, e.g. (i) geometry 

improvement based on the temperature field control [7], (ii) process control based on passive-

vision sensing [8,9], and (iii) integrated processing with additive and subtractive manufacturing 

[10,11]. It can be concluded that relatively high accuracy has been achieved regarding the 

fabrication of single-walled parts. As a contrast, the accuracy of multi-layer multi-bead (MLMB) 

components is still relatively low and the surface finish of them is usually insufficient. These facts 

indicate that more research attention should be given to the fabrication of MLMB components. 

MLMB components are fabricated on a bead-by-bead and layer-by-layer basis. Different to the 

thin-walled components, which contain only one bead in a layer, a MLMB component is 

composed of a number of layers with multiple straight or curved weld beads. Accordingly, the 

interactions between the neighboring beads and layers strongly influence the geometric accuracy 

of MLMB components. The overlapping model of weld beads is an important technological issue 

and has been addressed in the literature. Aiyiti et al. described the cross-sectional profile of a 
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single weld bead as a circular arc and developed a simple overlapping model for adjacent weld 

beads [12]. Cao et al. used sine function to model the cross-sectional profile of a single weld bead. 

They found that the optimal step-over rate (central distance of adjacent beads over the width of a 

single weld bead) is 63.66% [13]. In addition, a symmetric parabola model was used to represent 

the cross-sectional profile of a single weld bead in [14] and [15]. They considered the step-over 

rate as 66.66% and 73.8%, respectively. Recently, Li et al. proposed that the spreading effect of 

molten weld beads should be taken into consideration of the beads-overlapping model and an 

enhanced beads-overlapping model was reported [16]. Based on the findings from the literature, 

most of the related work focused on the mathematical formulation of beads-overlapping process in 

a single layer. However, the layers-overlapping process is also an important aspect of research for 

WAAM, but is rarely addressed. Therefore, the layers-overlapping process of MLMB components 

needs a detailed mathematical specification to support the design and manufacturing processes.  

Various layers-overlapping strategies are applied in the practice of fabrication of MLMB 

components, e.g. alternating the layers by 90 degrees or 180 degrees [17]. As a simplified case to 

start the primary research concerning the mathematical formulation of the layers-overlapping 

process, this paper focuses on MLMB components with homogeneous layers. This type of MLMB 

components will be referred to as cuboid components in the rest of this paper. Every layer of a 

cuboid component contains an equal number of homogeneous weld beads, which are deposited 

with an equal center distance between adjacent beads. In addition, multiple layers are overlapped 

with the same deposition direction, and every weld bead in a lap layer is coaxial to the weld bead 

underneath. This results in the same cross-sectional profile of the layers in the component. A 

cuboid component is an idealization of an MLMB component with complex structure, e.g. the 

thick-walled parts.  

The content of this paper is organized as follows: the layers-overlapping process is analyzed and 

some limitations of the traditional layers-overlapping model (T-LOM) are identified in Section 2. 

Then, the details of a layers-overlapping strategy (LOS) for fabrication of cuboid components are 

presented in Section 3. In Section 4, three validation experiments are reported, which were 

designed and conducted to verify (i) the limitations of the T-LOM, (ii) the proposed LOS and (iii) 

the revised layers-overlapping model (R-LOM) concerning the LOS. The conclusions of the 
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completed research and the planned future research are discussed in Section 5. 

2. The process of layers-overlapping in WAAM 

2.1 The basic model of a layer 

Our investigation was based on the following assumptions: (i) As suggested in [14] and [15], the 

basic profile of a single weld bead is considered as a symmetrical parabola model. (ii) If the 

different heat dissipation conditions at different positions of an cuboid component are neglected, 

the basic model of single weld beads is assumed to be unchanged during the overlapping process. 

It means that homogeneous beads are overlapped. (iii) As a simplification, the one by one 

deposition order of weld beads in a single layer is supposed to be from one side to another in the 

layers-overlapping process considered in this research. (iv) Furthermore, considering the 

observations presented in [15]: it is impossible to achieve an ideal flat surface on the joint of 

adjacent weld beads if a steady increase of layers is to be expected. The upper surface of a layer is 

considered as a waved shape.  

Based on these assumptions, a basic model of the cross-sectional profile of a layer is constructed, 

as shown in Fig. 1. According to their order of deposition, the weld beads included in a layer are 

identified as (i) the first bead, (ii) the lap bead(s) and (iii) the last bead. The segment between the 

center of the first bead and the center of the last bead in a layer is referred to as ‘the main body of 

the layer’, while the left half of the first bead and the right half of the last bead are referred to as 

‘the edges of the layer’. 

According to the basic model shown in Fig. 1, the distance between the centers of adjacent beads 

is = , where  is the width of a single bead, and  is the step-over rate between adjacent 

First bead Lap bead(s) Last bead

Main body of the layerEdge of the 
layer

Edge of the 
layer

W

Hmbh

w

d=aw

Hed

 

Fig. 1  The basic model of a layer  
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beads (0.5 < < 1). The width of the layer, , which is defined as the distance from the left-

most point of the first bead (the left toe of the first bead) to the right-most point of the last bead 

(the right toe of the last bead) of the layer, is calculated so as: 

 = ( − 1) +  (1) 

where  is the number of weld beads in the layer and ≥ 2.  

The average height of the main body of the layer, , is calculated as: 

 H = 23 ℎ = 2ℎ3   (2) 

where ℎ is the height of a single weld bead. In addition, the average height of the edges of the 

layer is calculated as: 

  H = 13 ℎ12 = 2ℎ3     (3) 

Based on a comparison between Equations (2) and (3), it can be seen that the average height of the 

edge of the layer is smaller than the average height of the main body of the layer since < 1. 

2.2 Limitation of the T-LOM 

In the cuboid components, a lap layer is typically deposited on the top of the previous layer by the 

T-LOM so as that the deposition position of each bead in the lap layer should be in accordance 

with the center of the bead below. Based on the principle, the schematic diagram of the T-LOM is 

shown in Fig. 2. As analyzed in the basic model of a layer, the layer’s edge is lower than the 

layer’s main body. When two layers are overlapped, material shortage areas are generated at both 

edges of the lap layer. In addition, the material shortage areas might be accumulated, when 

multiple layers are overlapped, as identified in Fig. 2. According to the T-LOM, the accumulation 

of material shortage results in a phenomenon that the height of the edges is getting lower and 

lower with regard to the main body when the number of layer increases.  

However, the design of the manufacturing parameters for the cuboid components should consider 

the height of the main body as the height of the layer, i.e. = , since the number of weld 

beads contained in a layer depends on the morphology of the target component. Accordingly, if the 
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robot used in the WAAM system follows the preplanned deposition paths, the nozzle-to-plate 

distance (the distance between the weld gun and the component) for deposition of the first bead 

and the last bead of lap layers will increase as the number of layer increases. Evidently, the 

increased nozzle-to-plate distance deviates from a planned value and may prevent the protection 

of the shielding gas coming out from the weld gun and prolong the length of the arc. Both 

situations may produce failures in the fabricated component, e.g. porosities. The robotic 

manufacturing process has to be terminated. 

According to the basic model, the accumulation of material shortage areas in the T-LOM of cuboid 

components is caused by the height difference between the layer’s edge and the layer’s main body. 

This problem does not attract research attention in the work related to the single-walled parts. This 

is because that the single-walled parts do not have the main body in their layers. Thus, the layer’s 

height equals the height of the layer’s edge, which is 2ℎ 3⁄  in the proposed model. However, this 

issue should be addressed to fabricate cuboid components and the T-LOM should be revised. 

3. Revising the T-LOM with a LOS 

To achieve a stable layers-overlapping process, the problem of the material shortage area should 

be solved. The first requirement is that the edge of a lap layer should increase with the same height 

as the main body of the lap layer has reached. In addition, the surface shape of the lap layer should 

be the same as the surface of the supporting layer to realize a repetitive overlapping process.  

Towards these ends, the morphological effect of the first bead in the second layer was considered 

as a demonstrative case to give attention to the edges of the layer from the viewpoint of material 

Deposition 
positions

Areas of 
material 
shortage

Areas of 
material 
shortage

 

Fig. 2  The schematic diagram of the layers-overlapping process according to the T-LOM 
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shortage. For the sake of simplicity, ( , ) was used to represent the  bead belonging to the 

 layer. 

The overlapping model of (2,1) is shown in Fig. 3. When (2,1) is deposited on the top of (1,1), the expected cross-sectional profile of (2,1) is BAG. Since the step-over rate < 1, 

the area > . The material shortage area generated between the two layers is calculated 

as: 

 = −  (4) 

It was assumed that a weld bead (2,1)′ is deposited on the top of (1,1), instead of (2,1). 

To achieve a steady increase of the layer, (2,1)′ should fill the area . It means that (2,1)′ has to be deposited with additional amount of material, which covers the amount of 

material shortage . The area of the cross-sectional profile of the assumed (2,1)′ is 

calculated as follows: 

 ( , ) = + = 1 +3 ℎ (5) 

If the first bead of the first layer deposited on the substrate is defined as the elementary bead (EB) 

of a cuboid component, the EB is considered as a reference to calculate the area of (2,1)′. The 

area of an EB is calculated as follows: 

 = 23 ℎ (6) 

Therefore, 

aw
w

h H

H

B(1,1) B(1,2)

B(2,1)

A

B

C

D

E F G

K

 

Fig. 3  The overlapping model of (2,1) 
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( , ) = 1 +2  (7) 

The Equation (7) shows the relationship between the area of (2,1)′ when it is required to cover 

the area of , and the area of the EB in the cuboid component. According to the basic 

model of a layer, the two edges are symmetric. The required deposition amount for the first bead 

in a lap layer is the same as that for the last bead. Therefore, Equation (7) in turn implies the 

relationship between the required deposition amount of the first bead and the last bead of lap 

layers, and that for the EB. 

In addition, the shape of the first and last beads in the lap layers should also be considered. It can 

be seen in Fig. 3 that the area expected to be covered by (2,1)′ is asymmetric, but the actual 

profile of (2,1)′ is considered as a symmetrical parabola model. It entails that (2,1)′ cannot 

fill the area of material shortage well, if (2,1)′ is deposited in concentric with (1,1). To deal 

with this issue, (2,1)′ should be deposited at the center of the expected area of (2,1)′. It 
means that the deposition position of (2,1)′ should move towards the edge of the layer with a 

specific offset distance, as shown in Fig. 4. The offset distance is calculated by the following 

formula: 

 = 2 − 12 ( , ) = 1 −4    (8) 

where:  refers to the step-over rate, and  is the width of the EB.  

Offset 
distance do

Planned 
deposition 
position

Expected 
area for 

deposition

Centre of the 
expected area 
for deposition

New deposition 
position

Centre of 
B(1,1)

 

Fig. 4  Change of the deposition position of (2,1) 
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To summarize the above discussed matters, the LOS implies two principles: (i) the deposition 

amount of the first bead and the last bead of lap layers should be increased, and (ii) the deposition 

positions of the first bead and the last bead of lap layers should be moved towards the edge with 

an offset distance.  

The proposed LOS is used to revise the T-LOM. The revised LOM (R-LOM) supports the 

planning of the manufacturing parameters for fabrication of cuboid components by WAAM. Fig. 5 

shows the work-flow of the planning software to generate fabrication parameters for a cuboid 

component. The planning is made according to the principles of the proposed LOS. It can be seen 

that both the welding parameters and the trajectory parameters should be purposefully modified. 

Validation experiments were conducted in order to prove that the R-LOM indeed does what it is 

supposed to do in real-life situations. The next Section will summarize the completed experiments 

and reflect on the findings. 

4. Experimental validation 

CAD model of a 
cuboid component

Calculate the height 
(thickness) of layers 

for fabrication
Select a layer

Calculate the number of weld 
beads that can be 

manufactured to achieve the 
required height and width of 

the layer

W
H

n

Calculate the geometric 
parameters of a weld bead 

in the layer

Calculate the trajectory of 
deposition that can be 
achieved by the robot

Deduce the welding 
parameters to fabricate the 

beads

W(U, I, vf, vd)
h

B(w, h)

w

Increase the deposition 
amount of material of the 

first bead and the last 
bead of lap layers

Move the trajectory of the 
first bead and the last 

bead of lap layers towards 
the edge of layer with an 

offset distance

Welding parameters Trajectory parameters

The proposed 
LOS

et dista

l

 

Fig. 5  The work-flow for planning the manufacturing parameters of a cuboid component 
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4.1 Setup of the experiments 

The experiments were done by using a robot-based WAAM system implemented at the Harbin 

Institute of Technology. The functional architecture of the system is shown in Fig. 6. It includes a 

Motorman HP20D six-axis robot, a Panasonic YD-500FR welding machine with a YW-50KM 

wire feeding machine, a data acquisition card, a META SLS-050 V1 sensor, a manufacturing 

platform, and a personal computer. The accuracy of the measurement system was 0.05mm, while 

the accuracy of the motion system was 0.06 mm. The wire electrode used for deposition was 

copper coated steel wire with a composition of C (0.11%), Si (0.65%-0.95%), Mn (1.8%-2.1%), 

Ni (0.3%) and Cr (0.2%). The diameter of the fed wire was 1.2 mm. A mixture of Ar (95%) and 

CO2 (5%) was used as the shielding gas with a flow rate of 18 L/min. The substrate material was 

Q235 with the size of 250 mm×100 mm×10 mm (length × width × height). In the experiments, the 

nozzle-to-plate distance was kept 12±0.3 mm in order to maintain a stable deposition process.  

The implemented manufacturing software in the personal computer was used for (i) processing the 

CAD models of the target components (ii) planning the manufacturing parameters, and (iii) 

processing the structured-light stripes aggregated from the sensor. The planned manufacturing 

parameters include (i) welding parameters and (ii) trajectory parameters. The trajectory parameters 

were sent to the robot control cabinet to control the motion of the robot, while the welding 

parameters were sent to the GMAW power supply unit. Both the robot control cabinet and the 

welding power supply unit were controlled so as to work in concert during the deposition process. 

When the deposition process of a weld bead or a layer was finished, the structured-light sensor 

The manufacturing software

Weld 
gun

Structured-light 
sensor

Ethernet wireless 
communications

Weld power 
supply

CAD model 
processing 
sub-system

Planning 
sub-

system

Robot

Control 
cabinet

Image 
processing 
sub-system

Substrate

Data 
acquisition 

card

PC

 

Fig. 6  Schematic diagram of the robotic-based WAAM system 
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was used to detect the surface of the deposited bead or layer. In order to keep the experimental 

results consistent, same EBs were considered in the validation experiments. The manufacturing 

parameters to fabricate the EBs are shown in Table 1. The width and height of the EB were 

measured from the cross-section profile of a single weld bead, which was deposited on the 

substrate before the experiments. 

If the influence of the deposition directions on the overlapping of adjacent weld beads is 

neglected, the order to deposit parallel paths in a layer can be either “from left to right” or “from 

right to left”. When these two strategies are applied in the context of multiple layers, two 

strategies of deposition paths were considered in the validation experiments, namely, (i) normal 

unidirectional parallel (NUP) path, and (2) interlayer-reverse unidirectional parallel (IRUP) path, 

as shown in Fig. 7. Compared to the NUP paths, the IRUP paths reverses the order of deposition 

of the weld beads in adjacent layers. These two path-planning strategies were considered in the 

experiments in order to compare the shape-forming processes of the first beads and the last beads.  

Table 1 Manufacturing parameters used in the validation experiments 
Manufacturing parameters (Unit) Value 
Wire feed rate (m/min) 3.73 
Welding voltage (V) 22 
Welding current (A) 150 
Deposition speed for the EB (mm/s) 6  
Width of the EB (mm) 7.327 
Height of the EB (mm) 2.304 
Step-over rate 0.738 
Distance between the centers of adjacent beads (mm) 5.407 
Height of a layer (mm) 2.081 

1 
2 3 4 

5 6 

1 
2 3 4 

5 6 

1 
2 3 4 

5 6 

Order of 
deposition  

1 
2 3 4 

5 6 

6 
5 4 3 

2 1 

1 
2 3 4 

5 6 

Order of 
deposition  

(a) (b) 
Fig. 7  Two path-planning strategies applied in the validation experiments: (a) normal 
unidirectional parallel (NUP) path, (b) interlayer-reverse unidirectional parallel (IRUP) path 
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4.2 Validation experiments and results 

4.2.1 Validation of the T-LOM 

The first set of experiments was designed with the objective to test what the results of T-LOM are 

in practice. Another objective was to verify if the assumption regarding the material shortage areas 

in the proposed mathematical model is correct or not. To this end, two cuboid components were 

fabricated with the T-LOM. One component was fabricated with the NUP paths and another 

component was fabricated with the IRUP paths. Both cuboid components contained 10 layers and 

6 weld beads in each of the layers. According to the Equation (1) and Equation (2), the height of 

the components was set to 20.810 mm, while the width of the components was set to 34.364 mm. 

The weld beads were deposited by using the manufacturing parameters in Table 1. After a layer 

was deposited, the system waited until the component cooled down to the room temperature. 

When this occurred, the deposition procedure for the next layer started. 

The experimental results regarding the component with the NUP paths are presented in Fig. 8, 

while those for the component with the IRUP paths are presented in Fig. 9. In Fig. 8(b) and Fig. 

9(b), the expected width and height of the cuboid components are presented. Thus, the expected 

cross-sectional profiles of the cuboid components are the quadrangles shaped by the dash lines. 

It can be observed from the experimental results that material shortage areas were generated at 

both sides of the fabricated component. However, the situations of the sides were different. On the 

left side of the first component, accumulation of material shortage areas can be observed. That’s 

why the material shortage area was mainly distributed on the top of the first bead of the 10th layer. 

There was a small material shortage area generated at the side of the 2nd and the 3rd layers as well. 

The edges of the 4th and above layers matched the expected position of the layer width very much. 

On the right side of the first component, the material shortage area was mainly generated at the 

side of the component. There was a slight difference between the total height of the last bead and 

that of the main body of the component. In addition, the main difference of the second component 

was that the situations of the material shortage areas at both edges were similar. Thus, both edges 

were lower than the height of the main body of the component. The material shortage areas can be 

found at both sides of the second component. 
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Based on the observed phenomenon, the first experiment validated the existence of the material 

shortage area when the T-LOM was applied to deposit cuboid components. More specifically, (i) 

the material shortage area caused by the first bead of a lap layer appeared on the top of the first 

bead and accumulated when multiple layers were overlapped, (ii) the material shortage area 

caused by the last bead of a lap layer mainly distributed at the side of the layer, and did not 

accumulate when multiple layers were overlapped, and (iii) depositing the weld beads by changing 

their deposition order in adjacent layers can alleviate the accumulation of material shortage areas 

caused by the first bead of the lap layers, however, it cannot eliminate the effect of material 

shortage areas generated at the side of the components.  

To explain the phenomenon, the shapes of the positions where the first bead and the last bead of a 

lap layer are deposited are shown in Fig. 10. The main difference is that the last bead is deposited 

beside an already deposited neighboring bead, while there is no neighboring bead for the first bead 

in the same layer. Due to the fact that the shape of the position influences the force acting on the 

 

(a) 

 

 

(b) (c) 
Fig. 8  The component fabricated based on the T-LOM and the NUP paths: (a) the overall view, (b) 
the cross-sectional profile, (c) layer surfaces 
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weld bead, the observed phenomenon is explained from the following point of view: The weld 

bead remains in a liquid phase (as a weld pool) for a period of time when it is deposited on the 

already fabricated part (the solidified part). Then, the weld pool turns to the weld bead gradually. 

The force caused by the additional pressure of the curved liquid surface at the border of the weld 

pool influences the shape of the weld pool (and the weld bead as well). The additional pressure of 

a curved liquid surface is approximated by the following equation: 

 = 2
 (9) 

where:  is the surface tension of the molten material,  is the radius of curvature of the curved 

liquid surface. If considered as a vector, the direction of  points from the curved liquid surface 

to the center of curvature.  

As shown in Fig. 10(b), the additional pressure caused by the curved liquid surface at the left 

 

 

(b) 

 

(a) (c) 
Fig. 9  The component fabricated based on the T-LOM and the IRUP paths: (a) the overall view, 
(b) the cross-sectional profile, (c) layer surfaces 
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border between the weld pool of the last bead and the solidified part enables the last bead to attach 

to the already deposited neighboring bead. However, the situation presented in Fig. 10(a) indicates 

that the additional pressure caused by the curved liquid surface at the right border between the 

weld pool of the first bead and the solidified part enables the first bead spread on the supporting 

layer. Accordingly, the first bead tends to be lower, while the last bead tends to be narrower. This 

is the reason why the area of the material shortage caused by the first bead mainly distributes on 

the top of the first bead, while that for the last bead mainly distributes at the side of the last bead. 

4.2.2 Validation of the proposed LOS 

The second set of experiments was designed to validate the feasibility of the LOS. Since the 

shapes of the positions for depositing the first bead and the last bead in a lap layer are different, 

the deposition processes of the beads were considered separately. In the experiment, two-layer 

cuboid components were deposited on the substrate and there were 6 weld beads in each layer. B(2,1) and (2,6) were considered as reference cases to see the effectiveness of the LOS on 

them. The major (general) manufacturing parameters and experimental conditions for the second 

experiment were as the same as those presented in the first experiment, expecting the 

manufacturing parameters calculated based on the LOS.  

To see the change with regard to the profile of the first bead, a comparative experiment was 

conducted to deposit (2,1) (i) with T-LOM, (ii) with increased deposition amount only, and (iii) 

with an increased deposition amount and a change of the deposition position. The increased 

Solidified part

Weld gun

The weld 
pool of the 
first bead

PA

 

Solidified part

Weld gun

The weld 
pool of the 
last bead

PA ’

 

(a)  (b) 

Fig. 10  Shapes of the positions where the first bead and the last bead of a lap layer are deposited: 
(a) situation of the first bead, (b) situation of the last bead 
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deposition amount and the offset distance were calculated using Equations (7) and (8), 

respectively. To increase the deposition amount of a weld bead, the deposition speed of it was 

decreased. In the second experiment, the value of the decreased deposition speed was 5.10 mm/s, 

which was calculated by: 

 ( , ) = 21 +  (10) 

where  is the deposition speed for the elementary bead. The calculated offset distance was 

0.480 mm.  

The surface of the component in each situation was scanned by the structured-light sensor. The 

scanning was applied both before and after the deposition of (2,1). The light stripes which 

reflect the surface of the component were captured and combined to show the exact cross-

sectional profile of (2,1). The experimental results of the comparative experiment are presented 

in Fig. 11. Fig. 11(a) shows a comparison between the profiles of (2,1) deposited with the T-

LOM and with the increased deposition amount only. Based on the comparison in Fig. 11(a), it can 

be observed that the increased amount of material of (2,1) flowed to the valley between (1,1) and (1,2) when (2,1) was deposited exactly on the top of (1,1). Consequently, 

the center of (2,1) moved towards the joint of (1,1) and (1,2), instead of the material 

shortage area. This change had influence on the beads-overlapping process of the layer, since the 

  
(a) (b) 

Fig. 11  Experimental results: (a) the comparison between the profiles of (2,1) with T-LOM and 
with decreased deposition speed only, (b) the comparison between the profiles of (2,1) with T-
LOM and with the proposed LOS 
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center distances between (2,1) and the rest of the beads in the second layer were changed. 

Oppositely, if the deposition position of (2,1) moved towards the edge (on the left side) with 

the calculated offset distance, the increased material of (2,1) filled up the material shortage 

area rather well, as shown in Fig. 11(b). 

To see the change of the profile of the last bead, the profiles of (2,6) deposited (i) with the T-

LOM and (ii) with the LOS were compared. The manufacturing parameters were the same as 

those calculated for deposition of (2,1). Fig. 12 shows a comparison between the profiles of (2,6) deposited in both situations. It can be observed from Fig. 12(a) that the (2,6) deposited 

with the T-LOM did not meet the requirement regarding the width of the layer, although the height 

of it was the same as the previously deposited neighboring bead (e.g. the (2,5)). On the other 

hand, as presented in Fig. 12(b), the (2,6) deposited with the LOS reached the planned position 

of the width of the layer, while the height of it remained the same as the previously deposited 

neighboring bead (e.g. the (2,5)). 

Based on the second experiment, the feasibility of the LOS was validated. The proposed LOS 

enabled the coverage of material shortage areas generated at the edges of lap layers in the cuboid 

components. Therefore, the deficiencies of the T-LOM were overcome by using the proposed 

LOS, whose theoretical fundamentals have been discussed in Section 2.  

4.2.3 Validation of the R-LOM 

  
(a) (b) 

Fig. 12  A comparison of the cross-sectional profile of (2,6) deposited with: (a) T-LOM, (b) with 
LOS 
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The third set of validation experiments was conducted to fabricate two cuboid components 

constructed with the R-LOM, in order to compare the performance of it with the T-LOM. The 

same path-planning strategies were applied to the two components. The manufacturing parameters 

and conditions for deposition of the cuboid components were the same as those used in the first 

experiment (presented in Section 4.2.1), excepting the manufacturing parameters for depositing 

the first bead and the last bead of the lap layers (2-10 layers). According to the LOS, the 

deposition speed for the first bead and last bead of the lap layers was set to 5.10 mm/s, while the 

offset distance was set to 0.480 mm, as the same as those calculated in the second experiment. 

The component fabricated using the R-LOM and the NUP paths is shown in Fig.13, while the 

component fabricated using the R-LOM and the IRUP paths is shown in Fig.14. It can be seen that 

in both conditions, the components fabricated with the R-LOM fitted to the required areas (within 

 

(a) 

 

 

(b) (c) 
Fig. 13 The component fabricated based on the R-LOM and the NUP paths: (a) the overall view, 
(b) the cross-sectional profile, (c) layer surfaces 
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the dash lines) better than the components fabricated with the T-LOM. A quantitative evaluation of 

the four components is given below.  

A comparison between the average widths of the layers with regard to the four fabricated 

components (2 with R-LOM and 2 with T-LOM) is presented in Fig. 15. The width of a layer was 

considered as the average value of 5 measurements on the middle part of the component (expect 

the starting and ending sections of the arc). The results show that the widths of the components 

fabricated according to the T-LOM were much smaller than the designed value of the layer width. 

This also implies the drawback of the material shortage areas in the case of the T-LOM. In 

industrial applications, the narrowed width of the layers might need additional deposition process 

to be fixed, or might make the fabricated part scrapped. As a contrast, the widths of the component 

fabricated with the R-LOM were greater than the expected value. When the entire component had 

been fabricated, the redundant portions can be removed by an adequate machining process.  

 

(a) 

 

 
(b) (c) 

Fig. 14 The component fabricated based on the R-LOM and the IRUP paths: (a) the overall view, (b) 
the cross-sectional profile, (c) layer surfaces 
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Moreover, the vertical distance between the substrate and the average height of the 10th layer of a 

component was considered as the height of the component. The same measurement principle was 

applied to measure the average heights of the four fabricated components. The results were shown 

in Table 2. In can be seen that the components fabricated with T-LOM were lower and narrower 

than the expected values. This is because that in the considered layer-overlapping model proposed 

in Figure 2, the expected cross-sectional profile of the component includes many material shortage 

areas. Therefore, the expected area is bigger than the deposited area with T-LOM in nature. 

In addition, none of these four components met the expected value of height, which was 20.810 

mm. The reason can be explained as follows: the geometric parameters of a single weld bead (e.g. 

width, height) deposited on the substrate were considered as a reference to design the 

manufacturing parameters of the whole component. It was one of our assumptions in the 

background research. However, the condition of heat dissipation of the single weld bead deposited 

on the substrate was rather different from the conditions of the rest beads of the component. The 

different heat dissipation conditions resulted in slight differences in terms of the geometric 

Table 2 The average height of the four fabricated components 
Conditions The average height (mm) 
T-LOM & NUP paths 19.518 
T-LOM & IRUP paths 20.138 
R-LOM & NUP paths 19.814 
R-LOM & IRUP paths 19.880 

 
Fig. 15 Average widths of the layers of the fabricated four 
components 
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parameters of the weld beads. That is, the weld beads in the lap layers tended to be lower and 

wider than the single weld bead deposited on the substrate. This is also one of the reasons why the 

layer widths of the component produced according to the R-LOM were greater than the expected 

value. 

To support a quantitative evaluation of the layer surfaces, two parameters were defined: (i) 

flatness of the surface (FoS), which is used to evaluate if the surface of a layer is flat or not, and 

(ii) deviation from the expected height (DEH), which is used to evaluate how much the surface of 

a deposited layer deviates from the expected layer surface. Let us define  as the average height 

of the surface of a deposited layer, which is calculated as follows: 

 = 1
 (11) 

where:  is the height value of a point measured on the layer surface, and  indicates the 

number of measured points on the layer surface. With this, the FoS of a deposited layer can be 

calculated so as:  

 FoS = 1 ( − )  (12) 

If  is defined as the expected height of a deposited layer, then the DEH can be calculated so as: 

 = 1 ( − )  (13) 

Based on the Equations (12) and (13), the layer surfaces of the fabricated components were 

evaluated. For each component, the cross-sectional profiles at 5 positions along the deposition 

direction without the starting and ending sections of arc were considered to calculate the average 

values. The results are shown in Fig. 16. It can be seen that the R-LOM enabled a steady increase 

of the layers and achieved a better surface flatness than the T-LOM when the component was 

deposited with NUP paths, whereas the R-LOM played a limited role with regard to the layer 

surface flatness when the IRUP paths were applied. This is because that the alternative deposition 

of first bead and last bead at the edges alleviates the accumulation of material shortage areas 
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caused by the first bead, which enables a steady increase of the layers. It is also the reason why the 

components fabricated with the IRUP paths were narrower and higher than the components 

fabricated with the NUP paths.  

5. Conclusions 

In this paper, the layers-overlapping process of a cuboid component is in the focus. The layers-

overlapping process was analyzed from a mathematical point of view and the limitations of the T-

LOM were identified. According to the proposed model, it has been found that the average height 

of a layer’s edge is smaller than the average height of the layer’s main body, which causes 

generation of material shortage areas at the edges of the layers. It is validated that the material 

shortage areas reduce the width of the fabricated components. In addition, when multiple layers 

are overlapped, accumulation of the material shortage areas reduces the height of the first bead of 

the component when NUP paths were applied for deposition.  

To deal with this problem, a LOS was proposed. The LOS suggests that the deposition amount of 

the first bead and the last bead of the lap layers should be increased. In addition, the deposition 

positions of the first bead and the last bead of the lap layers should be moved towards the edge of 

the layer with an offset distance. Validation experiments have been conducted considering two 

path strategies, namely the NUP paths and the IRUP paths. Based on the experimental 

observations, the R-LOM in combination with the proposed LOS covered the material shortage 

areas of the lap layers. The advantage of the R-LOM is that it enables the cuboid components to 

  

(a) (b) 
Fig. 16 Evaluation results of the layer surfaces of the components: (a) FOS of the layers, (b) DEH of the 
layers 
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achieve the expected width. In addition, for components deposited with NUP paths, the R-LOM 

eliminates the effect of accumulation of material shortage areas on the first bead and increases the 

surface flatness. The NUP paths is a basis of the curved unidirectional parallel (CUP) paths. Both 

strategies are normally employed in the path-planning strategies of additive manufacturing for 

complex structures in the practice. Therefore, the proposed LOS is an important step towards near-

net-shaping of MLMB components fabricated by WAAM. 

In the design period for the manufacturing parameters, deformation of the component was 

neglected. In addition, it was assumed that all the weld beads in the fabricated component were 

considered as the same as the single weld bead deposited on the substrate. These two issues made 

the fabricated components lower than the expected CAD model. We concluded that the 

manufacturing parameters designed based on the single weld bead models deposited on a substrate 

are not accurate enough for near-net-shaping of MLMB components. However, it is hardly 

possible to develop an accurate single weld bead model in which all the conditions, e.g. positions 

of the beads in an MLMB component and different temperature fields, are taken into 

consideration. This is because that the models of the weld beads at different positions of a MLMB 

component are different. Therefore, this phenomenon implies the need for process control actions 

in order to further improve the geometric accuracy of the MLMB components fabricated by 

WAAM, which will be the topic of our follow-up research. 
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Abbreviations used in the text 

 
Abbr. Term/Phase 

WAAM wire and arc additive manufacturing 

T-LOM traditional layers-overlapping model 

LOS layers-overlapping strategy 

MLMB components multi-layer multi-bead components 

R-LOM revised layers-overlapping model ( , ) the  bead belonging to the  layer 

EB elementary bead 

NUP path normal unidirectional parallel path 

IRUP path interlayer-reverse unidirectional parallel path 

CUP path curved unidirectional parallel path 

FoS flatness of the surface 

DEH deviation from the expected height 
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Table 1 Manufacturing parameters used in the validation experiments 

Manufacturing parameters (Unit) Value 
Wire feed rate (m/min) 3.73 
Welding voltage (V) 22 
Welding current (A) 150 
Deposition speed for the EB (mm/s) 6  
Width of the EB (mm) 7.327 
Height of the EB (mm) 2.304 
Step-over rate 0.738 
Distance between the centers of adjacent beads (mm) 5.407 
Height of a layer (mm) 2.081 
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Table 2 The average height of the four fabricated components 

Conditions The average height (mm) 
T-LOM & NUP paths 19.518 
T-LOM & IRUP paths 20.138 
R-LOM & NUP paths 19.814 
R-LOM & IRUP paths 19.88 

Table 2 Click here to download Table Table 2.docx 


