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Abstract 

WAAM is a relatively unexplored additive manufacturing method. Although research 

in this area has been performed for some years and the hardware is relatively cheap, 

the method is not widely used. As the name suggest, it uses wire and an arc welding 

equipment to deposit beads on top of each other to create a geometry. As WAAM is a 

near net-shape method, the parts must be machined to its net-shape after the beads has 

been deposited. 

 

BAE Systems Hägglunds AB are investigating the use of WAAM in an industrial 

robot cell and this Master’s thesis has been written with the purpose of enabling the 

use of WAAM for manufacturing parts at the company.  

 

This report investigates how a part is prepared for WAAM and near net-shape 

machining. A formula for approximating the cost of manufacturing a part is 

investigated. A software for slicing a .STL file for generating a toolpath is developed 

in Matlab. The software then exports the toolpath to a code that the robot can read. It 

can also generate a digital model of the work piece for net-shape machining through 

CATIA macro. A model for calculating the cost of using the WAAM-cell once the 

toolpath for a part is known is presented. 

 

The investigated areas and the developed software are then applied to a part, and the 

results of the report is discussed. 
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Nomenclature 

Chart 1: List of all variables in the report. 

Symbol Description 

𝐵𝑇𝐹𝐴𝑀 Buy-To-Fly ratio for WAAM 

𝐶 Coefficient for the slope of a line between two points 

𝐶𝐴𝑀 Cost of manufacturing a part with WAAM. 

𝐶𝑖
𝐴𝑀 Cost of the deposition. 

𝐶𝑚
𝐴𝑀 Cost of machining the WAAM deposition. 

𝐶𝐹 Cost of the material per kg 

𝐶𝑚 Cost of machining 

𝐶𝑖
𝑀 Cost of the initial work piece 

𝐶𝑚
𝑀 Cost of machining the work piece 

𝐶𝑆 Cost of the baseplate 

𝐶𝑤 Cost of the wire per kg 

𝐷𝑅 Deposition rate 

𝑑𝑤 Diameter of the wire 

𝐸 Binary number that is equal to 1 when depositing and 0 if not 

ℎ Height of the bead 

𝐻𝑅𝑀 Hourly rate for machining 

𝐻𝑅𝑊𝐴𝐴𝑀 Hourly rate for WAAM 

𝑘 Identity number of a point 

𝐿𝑏𝑒𝑎𝑑 Length of the bead 

𝐿𝑑𝑖𝑠𝑡 The length of the traveling distance 

𝐿𝑡𝑝 Length of the toolpath 

𝐿𝑊 Width of the bead 

𝐿𝑊𝑒𝑓𝑓 Effective width of the bead  

𝐿𝑊𝑒𝑥𝑡 External width of the bead 

𝑀𝑅𝑅 Material removal rate 

𝑁 Normal to the coefficient (𝐶) 

𝑆𝑆 Interlayer cooling time ratio 

𝑇𝑆 Travel speed of the welding nozzle 

𝑡𝐷 Deposition time 

𝑡𝑚
𝐴𝑀 Machining time 



 vi 

𝑡𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 Manufacturing time for the baseplate 

𝑡𝑡𝑟𝑎𝑣 Traveling time for the nozzle 

𝑉𝑏𝑒𝑎𝑑 Volume of the bead 

𝑉𝑑 Volume of the deposition 

𝑉𝑓 Volume of the finished product 

𝑉𝑖 Volume of the initial work piece 

 𝑉𝑟 Volume of the removed material 

𝑉𝑠 Volume of the baseplate 

𝑊𝐹𝑆 Wire feed speed 

𝜌 Density of the material 

 

 

BAE Hägglunds = BAE Systems Hägglunds AB 

BTF = Buy To Fly 

CAM = Computer Aided Manufacturing 

CNC = Computer Numerical Control 

FEA = Finite Element Analysis 

WAAM = Wire and Arc Additive manufacturing 
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1 Background 

1.1 Introduction to WAAM 

As the advantages with additive manufacturing becomes clearer for the industry, the 

more research are put into this field. As of today there are well developed processes 

for using the powder bed technology when working with additive manufacturing in 

metals. The advantage of the powder bed technology is that it can manufacture very 

advanced geometries, with very little need for post-processing. However; the process 

is very slow, with deposition rates around 0.6 kg/h [1]. 

This makes the powder bed only suitable for small and complex geometries from an 

economical point of view. To enable the manufacturing of larger parts, the deposition 

rate must be higher. For a higher deposition rate the Directed Energy Deposition 

(DED) is more suitable. This technology builds the geometries by melting material in 

a process similar to weld overlaying, but into more complex shapes.  

As BAE Hägglunds already uses wire for welding, there are some experience in 

handling these materials. Thus the use of wire has been chosen for their process. The 

heat source for the process is an arc, as opposed to using lasers when melting the 

material. The process is called Wire and Arc Additive Manufacturing (WAAM) and is 

a near net-shape process, which in the case of WAAM means that the product has to 

be machined after it has been printed. 

Thus the WAAM technology must be seen as a part of a “WAAM-process” where the 

first thing to consider is that a baseplate is manufactured, then the beads are welded 

upon the baseplate, which is later machined to its net-shape. The WAAM process is 

illustrated in Figure 1. 

 

 

Figure 1: Illustration of the WAAM process. 1) The baseplate is manufactured. 2) The 

beads are deposited by WAAM. 3) Net-shape machining is executed.  

 

The baseplate in Figure 1 is a very simple geometry. Most of the manufacturing 

before the net-shape machining is done with WAAM. However; for some products it 

might be better to have most of the manufacturing done when manufacturing the 

baseplate. An example is shown in Figure 2, where two work pieces that will be 

identical after the net shape machining is shown. 
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Figure 2: Illustration two similar work pieces with different baseplates. The volume of 

the work piece to the left consist of more baseplate volume (𝑉𝑠) and less deposited 

volume (𝑉𝑑) than the work piece to the right. 

 

WAAM as a technology is still not very mature and although it is a very efficient 

technology in terms of deposition rate it also introduces its own challenges. The 

programing of its toolpath is a complex process and it is very hard to predict the 

quality of the finished product. Another difference from the powder bed technology is 

that there is no extra cost for complexity in powder bed AM, while more complexity 

in WAAM might increase the cost significantly. 

The research going on in the WAAM-segment today is mostly aimed at the aerospace 

industry, making easy to medium complexity components in expensive materials. The 

advantage being that very much material can be saved when using the WAAM-

technology as oppose to using only subtractive manufacturing. The ratio between the 

material used for the work piece and the material used in the finished product is called 

buy-to-fly ratio (BTF) with “fly” referring to the product used in the airplane in the 

aerospace industry. 

The technology also enables the use of functionally graded materials, a material 

which changes its properties in different directions of the product. This might have 

enormous effects on how products are being constructed in the future, as the 

constructor must not only have the geometry in mind, but also the material properties 

at different segments of the products. 

As the material used in BAE Hägglunds products are mostly made from steel, this 

report aims at investigating how steel can be used in the WAAM-process at BAE 

Hägglunds. This is done to enable the company to use the process for products where 

it can add value or save manufacturing resources, while at the same time make sure 

that the product maintains an adequate quality. 
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1.2 Preparing a part for WAAM and net-shape machining 

In order to understand how a part needs to be prepared for WAAM and net-shape 

machining, different data for the different processes as seen in Figure 1 must be 

considered. The goal of this report is to develop a method for preparing the whole 

process before the part has been manufactured. 

 

The baseplate can be manufactured in so many different ways that no general method 

can be concluded.  

 

WAAM needs data for the robots toolpath, and for the welding parameters. For ABB 

robots the data is in the form of RAPID code. This code has to be generated from a 

toolpath that contains information about the toolpath, the travel speed, and all 

necessary welding parameters. 

 

When a part has been printed and is ready for net-shape machining, a CNC-program 

is needed in order to machine the part. In order to prepare the CNC-code, the 

geometry of the work piece is needed (the product as it looks after it has been created 

by WAAM). This can off course be obtained by measuring the part after the WAAM 

process, but then the whole process would not have been prepared before the part has 

been manufactured. As the goal of this report is to enable the preparation of the whole 

process before the part has been manufactured, the method used in this report is to 

approximate how the work piece looks from the welding paths and parameters.  

 

Figure 3 shows a schedule of the data needed for the processes. 

 

 

Figure 3: A schedule illustrating the data for WAAM and net-shape machining. 

 

In order to generate the toolpath, a digital model of the part is needed. A digital model 

of a baseplate is added to this part. The baseplate needs to be constructed so it can be 

clamped properly to a strong table in the work area for the robot during the WAAM, 

to prevent distortion due to residual stresses. It must also be easily clamped to the 

cutting machines work table for net shape machining. From the model of the part with 
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the baseplate, a toolpath must be generated through a so called slicing software. 

Figure 4 shows a schedule for how a toolpath is generated from the digital model. 

 

 

Figure 4: Illustration of a schedule for how the tool path is generated. 

 

In order to know if there is any reason to manufacture the product with WAAM from 

an economical point of view, the cost of producing the product is calculated. This cost 

is estimated before the toolpath is programmed, to make sure that the effort of 

programming the path is not done in vain. The cost is also calculated after the 

toolpath has been programmed (and perhaps tested), to see the actual cost of 

producing the product. 

 

The workflow from the point of view of the producer is: 

 

1. Find a part to manufacture. 

2. Create a model of the baseplate. 

3. Create a model for path planning. 

4. Estimate the cost of producing the part. If the cost is acceptable; go to the next 

point in this list. Otherwise; go back to step 1. 

5. Create a toolpath. 

6. Export the toolpath to RAPID code. 

7. Create a work piece for the CAM programming. 

8. Create a CNC program. 

9. Make a new estimate of the cost based on the data from the toolpath. 

10. (For high batch sizes: try manufacturing the part) 

11. Start using the process. 

12. Perform eventual tests on the part. 
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1.3 Scope of this project 

This master’s thesis is written as part of BAE Hägglunds AM project, where they are 

evaluating and trying to implement Additive Manufacturing into their organization. 

BAE Hägglunds are building an AM station which consist of a welding robot 

equipped with MIG arc-welding equipment simultaneously as this master’s thesis is 

written. 

At the same time University West are evaluating the welding parameters that can be 

used for WAAM, from a metallurgical and a mechanical point of view. They are 

using the same arc welding equipment as BAE Hägglunds. 

The scope of this project is to create a method that BAE Hägglunds can use to prepare 

a part for the WAAM process and for its net-shape machining. 

The report uses welding parameters that has been provided by University West during 

the time of this project to prepare a toolpath. It also focuses on how to enable the 

usage of WAAM as more knowledge and data is obtained at BAE Hägglunds with 

regards to: 

- Quality 

- Economy 

- Software  

1.3.1 Quality 

The first thing to consider when using the WAAM-equipment for manufacturing is to 

make sure that the product is of an adequate quality with regards to the geometry and 

the residual stresses. There are many parameters which affects the quality. But as 

there is no time for real experiments during the course of this project, nor is there 

much data available, this report focuses on fulfilling the geometrical quality demands. 

1.3.2 Economical model 

The second thing to consider when using the WAAM-equipment is to make sure that 

there is some value in using WAAM instead of some other manufacturing method. 

This can achieved either by adding value to the product or by lowering the cost of 

producing the product. This report focuses on the latter, but it does not focus on any 

design changes of the part, which might lower the cost of manufacturing the part 

significantly. 

1.3.3 Software 

In order to make WAAM easy to use, appropriate software is of essence. As of today 

there are not any really good commercial software available on the market for 

creating the toolpaths for WAAM. Also; there is a need to be able to re-shape the 

program as the learning within the company progresses. 

Matlab is used in this project to create a slicing software that can use the knowledge, 

data and resources that BAE Hägglunds have today in order to create toolpaths for 

WAAM. 

This tool-data is then used to generate code for moving the robot and to generate a 

work piece for the CAM-programming of the machining operations, as well as for 

making sure that the deposited beads is filling the intended volume.  
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The reason there is a need to develop a slicing software instead of waiting on a 

commercial software is that BAE Hägglunds wants to start using their WAAM 

equipment today, and there is a need to make the path programming process easier. 

The alternative for such a program would be either to manually create a toolpath or to 

manipulate the data from an available slicing software, both of which is very time 

consuming processes. 

1.3.4 Experiment 

The purpose of the experiment described in 6 Work process is to demonstrate the 

theory of this report on a fictional part. For the chapter both economical calculations 

and a slicing software has been developed as described in 4 Slicing software and 5 

Cost of a deposition. 

1.4 Delimitations 

The delimitations used in this report is: 

 As there are no data on the effective width of the beads (𝐿𝑊𝑒𝑓𝑓), only the 

external width (𝐿𝑊𝑒𝑥𝑡) is used for calculating the bead width. 

 The used welding parameters is assumed to give a constant geometry of the 

bead regardless of its surroundings. In reality this is not true since the heat flux 

very much affects the geometry of the bead. 

 Since the height of every slicing layer depends on the used welding 

parameters, and no height has been provided for the welding parameters as 

seen in Chart 2, the height has been approximated. 

 As the height of the bead (ℎ) is not correct, the deposited volume (𝑉𝐷) is not 

true, but approximated. 

 No regard for residual stresses has been taken when generating the toolpaths, 

nor when generating the work piece. 

 As no tests has been made to further investigate the geometry of the beads, the 

creation of a work piece uses the method as seen in 4.8 Generate a digital 

model of the work piece.  
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2 Theory 

In this chapter, relevant theory with regards to quality, economy and software is 

presented. Most theory has been obtained through literature studies. However; some 

equations has been modified to better suit this project. The modifications are 

described in the text. The purpose of the chapter 2.3.2 Slicing is purely to enable the 

reader to understand the terminology regarding the slicing process. 

2.1 Quality 

There are many challenges with regards to the quality of a product manufactured with 

WAAM. However, for this project the relevant quality challenges is the residual 

stresses and the geometry of the bead. 

2.1.1 Residual stresses 

Residual stresses is a common problem in any welding operation. It is due to the 

shrinking in the bead when the cooling in the bead occurs faster than in its 

environment. The definition of residual stresses is stresses in equilibrium locked 

inside of the work piece without the influence of any external loads [2]. 

Residual stresses can cause a lot of problems. The most relevant problem for the 

WAAM process is the distortion of the work piece during the WAAM deposition, 

when it is unclamped or when the work piece is machined to its net-shape. It might 

also be a problem when the product is used, as a small force acted upon the wrong 

place of the product might be enough to distort it. 

It must also be mentioned that residual stresses can be used to the benefit of the 

product in some applications if the stresses is distributed in a beneficial way [2]. 

The stresses is hard to measure due to their “locked in” nature. There are some 

methods that can be divided into destructive- and non-destructive tests. The 

destructive tests usually involves cutting the piece and measure its distortion, while 

the non-destructive tests usually involves more advanced technology such as x-rays 

and diffraction measurements [2]. 

However for methods used in this project, the residual stresses needs to be anticipated 

(and distortion prevented) already when programming the toolpaths for the robot. 

2.1.2 Bead geometry 

The bead geometry is very complex to anticipate through calculations, an article on 

this subject for overlapping beads have been made by Donghong Ding et al. where 

they could demonstrate more precise equations for the cross section geometry of a 

bead [3]. 

However for the scope of this project the cross section geometry as provides by 

Donghong Ding et al. is too detailed. The interesting geometries in this project when 

creating a work piece for WAAM is the effective width (𝐿𝑊𝑒𝑓𝑓) and external width 

(𝐿𝑊𝑒𝑥𝑡)  of the bead as can be seen in Figure 5 [4]. 
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Figure 5: Illustration of the external- and the effective width of the beads. 

2.2 Economy 

There are two interesting calculations to consider when calculating the cost of a 

product. One is done before generating the WAAM toolpaths and the CAM 

programming of the machining operations, in order to evaluate if there is any value in 

using WAAM to create the product, and if there is any reason for programming the 

toolpath. The other one is done after all data is known for a process in order to 

evaluate if there actually is any value in using the WAAM process for the part.  

Both calculations neglect the cost of programming the toolpath for manufacturing the 

product. The reason for this is that it is very hard to estimate the time it takes to 

program the paths for any given component. However; the models can be used to 

evaluate how much effort it is worth to put into programming the toolpath. 

2.2.1 Economical model before the toolpaths is known 

An economical model which calculates the cost based on the volume of the deposited 

material manufactured with WAAM has been developed by Filomeno Martina and 

Stewart Williams [5]. 

The model assumes that the cost of manufacturing one product with WAAM  (𝐶𝐴𝑀) 
is equal to the sum of the cost of the substrate (𝐶𝑠) , the cost of deposition (𝐶𝑖

𝐴𝑀) and 

the cost of net-shape machining the component (𝐶𝑚
𝐴𝑀), 

𝐶𝐴𝑀 = 𝐶𝑠 + 𝐶𝑖
𝐴𝑀 + 𝐶𝑚

𝐴𝑀. (1) 

The cost of the substrate (𝐶𝑠) is assumed to be equal to sum of the volume of the 

substrate (𝑉𝑠), the density of the material (𝜌) and the cost of the material per kg (𝐶𝐹). 

In this report a factor that take the manufacturing time of the substrate into 

consideration is added into the formula. It is calculated by multiplying the hourly rate 

of machining   (𝐻𝑅𝑀) with the manufacturing time of the substrate (𝑡𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒). Thus 

the cost of the substrate can be calculated as, 

𝐶𝑠 = 𝑉𝑠𝜌𝐶𝐹 + 𝑡𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒𝐻𝑅
𝑀. (2) 
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The cost of the deposition (𝐶𝑖
𝐴𝑀) is a sum of the cost of the used wire per kg (𝐶𝑤), 

the volume of the deposition (𝑉𝑑), the density of the material (𝜌). The volume of the 

deposition (𝑉𝑑) is equal to the volume of the finished product (𝑉𝑓) times the expected 

BTF ratio (𝐵𝑇𝐹𝐴𝑀) minus the volume of the substrate (𝑉𝑠). The cost of using the 

equipment must also be taken into consideration, which is equal to the hourly rate of 

the WAAM cell (𝐻𝑅𝑊𝐴𝐴𝑀) times the deposition time (𝑡𝐷). 

Thus, the cost of deposition can be expressed as  

𝐶𝑖
𝐴𝑀 = 𝐻𝑅𝑊𝐴𝐴𝑀𝑡𝐷 + (𝑉𝑓𝐵𝑇𝐹𝐴𝑀  − 𝑉𝑠)𝜌𝐶𝑤,  (3) 

where the deposition time (𝑡𝐷) is equal to the weight of the deposition, times a factor 

describing the ratio between the deposition time and the time that no deposition is 

performed (𝑆𝑆), divided by the deposition rate (𝐷𝑅) as 

𝑡𝐷 =
(𝑉𝑓𝐵𝑇𝐹𝐴𝑀 −𝑉𝑠)𝜌 

𝐷𝑅
𝑆𝑆.  (4) 

The cost of machining the component (𝐶𝑚
𝐴𝑀) is equal to the machining time  (𝑡𝑚

𝐴𝑀) 
multiplied with the hourly rate for machining (𝐻𝑅𝑀), 

𝐶𝑚
𝐴𝑀 = 𝑡𝑚

𝐴𝑀𝐻𝑅𝑀,  (5) 

where the machining time (𝑡𝑚
𝐴𝑀) is equal to the volume of the deposition (𝑉𝑑) plus the 

volume of the substrate (𝑉𝑠) subtracted by the volume of the finished product (𝑉𝑓), 

multiplied by the density of the material (𝜌), divided by the material removal rate 

(𝑀𝑅𝑅), 

𝑡𝑚
𝐴𝑀 =

(𝑉𝑑+𝑉𝑠−𝑉𝑓)𝜌

𝑀𝑅𝑅
.  (6) 

2.3 Software 

2.3.1 ASCII STL-file 

An ASCII STL-file is a digital representation of a model that is described by triangles. 

Each triangle consists of three points in a three dimensional coordinate system and a 

normal to the triangle pointing outwards from the solid. An example of a STL-file 

describing a plane consisting of two triangles can be seen in Figure 6. 
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Figure 6: A plane in .STL format and its code. 

 

The first row as seen in Figure 6 states that the description off the geometry made in 

CATIA starts. And the last row describes that the description has ended. The rows 

that starts with a Facet normal describes the normal. The three rows between “outer 

loop” and “endloop” that starts with “vertex” describes the points of the triangle (x-, 

y- and z-coordinates on each row) [6]. 

2.3.2 Slicing 

In order to be able to build a component by adding many layers on top of each other 

as is the method used in additive manufacturing, the product needs to be divided, or 

“sliced” into layers, or “slice levels”. The distance between these slice levels should 

in the case of WAAM be a function of the height of the deposited beads (ℎ).  

Onto each slice levels a toolpath is generated, which in the case of WAAM represent 

the path that the weld nozzle is to follow when depositing the beads. Figure 7 

illustrates a product with its slice levels and an example of a toolpath on one of these 

levels. 

 

Figure 7: To the left: An illustration of a product with its slice levels (red). To the 

right: An example of a toolpath (green) on one of these slice levels. 

 

  



11 

 

3 Method 

The first thing that was done in this project was to perform a literature study. The 

purpose of the initial literature study was to obtain knowledge about the state of the 

art of WAAM. As much progress in WAAM has been made in the last years, most 

literature concerning WAAM was not older than 10 years old. 

Parallel to the literature study, different slicing programs was evaluated. This was 

done in order to find out how suitable the programs was for WAAM. The evaluation 

was performed both by downloading and trying out free programs and by reading 

about the programs and evaluating how they could be used for WAAM. 

From the literature study, a work process for creating a part with WAAM from a 

digital model of the part was created from the identified needs of the WAAM process 

as shown in Figure 1. 

As none of the evaluated software could fulfill the needs of the WAAM process, a 

software was developed in Matlab instead. In order to create the software in Matlab, a 

specification for the demands on the software was developed. The main idea of the 

software was that the user should be able to make a toolpath easily and to use this 

toolpaths to calculate welding parameters for all points in the toolpath. 

No literature studies was performed before the development of the Matlab slicing 

software. The reason for this was to start from a blank page when developing the 

slicing program, so it would be tailored for the needs of the WAAM process, and not 

be based on existing solutions. 

The program used for simulating the paths of the robot was ABB robot studio. For the 

conversion of the toolpath from a matrix in the slicing software to robot code, a sub-

program was written in Matlab. 

The program used for generating a work piece from the toolpath was CATIA Macro. 

It has the ability to record what is happening in the CATIA window and write a code 

that imitates what the user has done in the window. This ability was used to make the 

program perform the needed commandos. The program was then manipulated and 

saved. Matlab was then used to change some parameters in the program to perform 

the commandos for the toolpath that had been generated in the slicing software.  

The equations for calculating the cost of a deposition was developed from the 

formulas described in 2.2.1 Economical model before the toolpath is known. The 

formula uses the deposited wire and the deposition time to calculate the cost of a 

deposition. 
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4 Slicing software 

The purpose of the slicing software is to create toolpaths from STL files. The STL-

files represents the part that is to be manufactured, and slicing planes created by the 

user. 

4.1 Toolpath 

The toolpath is the path along which the welding nozzle travels. As the software 

developed in this project can only slice in the z-direction, some of the equations for 

the toolpath is only dependent on the x, and y-data. However; for all equation there is 

a more general equation that can be used for slicing in another level plane, should this 

ever be needed. 

In this report the toolpath is represented by data for every point (𝑋𝑖, 𝑌𝑖, 𝑍𝑖), sorted in 

the order the nozzle needs to travel in order to deposit the desired geometry. 

Every point (𝑋𝑖, 𝑌𝑖, 𝑍𝑖) has also some data associated to it, describing some other 

characteristic of that point: 

 A binary number (𝐸) that is equal to 1 if the nozzle is depositing and 0 if the 

nozzle is not depositing.  

 A coefficient (C) that describes slope of a line drawn between two points. 

 The normal (𝑁) to the coefficient (C). 

 Half the width of the bead (
𝐿𝑊

2
). This should actually be the effective width of 

the bead (𝐿𝑊𝑒𝑓𝑓) but in this report the external width (𝐿𝑊𝑒𝑥𝑡) is used as there 

is no data for the effective width. 

 The height of the bead (ℎ). 
 A number that is assigned to identify the point to a slicing plane (𝑘). 

The toolpath is then described by a matrix where every row corresponds to a point, as  

𝑇𝑜𝑜𝑙𝑝𝑎𝑡ℎ =

[
 
 
 
 
 𝑋𝑖 𝑌𝑖 𝑍𝑖 𝐸𝑖 𝐶𝑖 𝑁𝑖

𝐿𝑊𝑖

2
ℎ𝑖 𝑘𝑖

𝑋𝑖+1 𝑌𝑖+1 𝑍𝑖+1 𝐸𝑖+1 𝐶𝑖+1 𝑁𝑖+1
𝐿𝑊𝑖+1

2
ℎ𝑖+1 𝑘𝑖+1

. . . . . . . . .

. . . . . . . . .

𝑋𝑛 𝑌𝑛 𝑍𝑛 𝐸𝑛 𝐶𝑛 𝑁𝑛
𝐿𝑊𝑛

2
ℎ𝑛 𝑘𝑛 ]

 
 
 
 
 

. (7) 

In the case that the two points  (𝑋𝑖, 𝑌𝑖 , 𝑍𝑖) and (𝑋𝑖+1, 𝑌𝑖+1, 𝑍𝑖+1)  is not connected with 

each other there is a row inserted between the points where the binary number (𝐸) is 

equal to 0.  

The coefficient (C) that describes the slope of the curve is calculated from the slope 

between one point (𝑋𝑖, 𝑌𝑖)  and its following point (𝑋𝑖+1, 𝑌𝑖+1)  in the case that the 

binary number (𝐸) of the following point is equal to 1 and with the previous 

point (𝑋𝑖−1, 𝑌𝑖−1) if it is equal to 0. 

If the toolpath as shown in; 
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𝑇𝑜𝑜𝑙𝑝𝑎𝑡ℎ =

[
 
 
 
 
 
 
 
 
 0 0 3 1 1 1 1 −1

𝐿𝑊𝑖

2
ℎ𝑖 𝑘𝑖

1 1 3 1 1 0 0 1
𝐿𝑊𝑖+1

2
ℎ𝑖+1 𝑘𝑖

2 1 3 1 1 0 0 1
𝐿𝑊𝑖+2

2
ℎ𝑖+2 𝑘𝑖

0 0 0 0 0 0 0 0 0 0 𝑘𝑖

3 3 3 1 0 1 1 0
𝐿𝑊𝑖+4

2
ℎ𝑖+4 𝑘𝑖

3 4 3 1 0 1 1 0
𝐿𝑊𝑖+5

2
ℎ𝑖+5 𝑘𝑖

0 0 0 0 0 0 0 0 0 0 𝑘𝑖]
 
 
 
 
 
 
 
 
 

  

 

was to be implemented, the result of the paths in slice layer where Z = 3 can be seen 

in Figure 8. Note that (𝐶) and (𝑁) is represented as a row vector with two indexes in 

the Toolpath matrix. 

 

Figure 8: The toolpath as seen from the normal direction of the plane where in the 

slice layer where Z = 3.  

4.2 Calculating the slicing points 

The slicing points (𝑋, 𝑌, 𝑍) is generated for both the toolpath and for the walls of the 

product in every slice layer.  

The slicing points for every slice layer can be defined as the point where the lines of 

the STL-file crosses the slice layer. The lines are found by looking at every triangle 

generated from the STL-file, and searching for the lines that crosses the slice plane. A 

triangle crosses the plane if at least one of its points is located above the layer and at 

the same time at least one point is located under the layer. An illustration of a STL-

triangle that crosses the slice plane can be seen in Figure 9. 
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Figure 9: An illustration of a STL-triangle (blue) that crosses the slice layer (red). The 

slicing points are marked with black dots. 

 

For the triangles that crosses the slice layer; the lines that crosses the planes are 

searched for. A line between two points crosses the layer if one point is under and the 

other point is above the layer.  

The three points of the STL triangle can be defined as;  

𝑃𝑆𝑇𝐿1 = (𝑋𝑆𝑇𝐿1, 𝑌𝑆𝑇𝐿1, 𝑍𝑆𝑇𝐿1), 

𝑃𝑆𝑇𝐿2 = (𝑋𝑆𝑇𝐿2, 𝑌𝑆𝑇𝐿2, 𝑍𝑆𝑇𝐿2), 

𝑃𝑆𝑇𝐿3 = (𝑋𝑆𝑇𝐿3, 𝑌𝑆𝑇𝐿3, 𝑍𝑆𝑇𝐿3). 

Thus three lines between the points can also be defined. 

Assume that it has been found that one of the points 𝑃𝑆𝑇𝐿𝑖 and 𝑃𝑆𝑇𝐿𝑗 lies above and 

that the other lies below the slice layer. In that case the line 𝑃𝑖𝑃𝑗 crosses the slice 

layer. As 𝑍𝑖 is known for every slicing layer in this program 𝑋𝑖 and 𝑌𝑖: s relationship 

with 𝑍𝑖 must be found. 

To be able to find that relationship, assume that  

[
𝑋𝑖
𝑌𝑖
𝑍𝑖

] = [

𝑋(𝑡)
𝑌(𝑡)
𝑍(𝑡)

] (8) 

and 

𝑃𝑖𝑃𝑗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  = [

𝑋𝑆𝑇𝐿𝑖 − 𝑋𝑆𝑇𝐿𝑗
𝑌𝑆𝑇𝐿𝑖 − 𝑌𝑆𝑇𝐿𝑗
𝑍𝑆𝑇𝐿𝑖 − 𝑍𝑆𝑇𝐿𝑗

], (9) 

then the relationship with the points on the plane and 𝑡 can be described as 

[
𝑋𝑖
𝑌𝑖
𝑍𝑖

] = [

𝑋𝑆𝑇𝐿𝑖 + 𝑃𝑖𝑃𝑗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  (1)𝑡

𝑌𝑆𝑇𝐿𝑖 + 𝑃𝑖𝑃𝑗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  (2)𝑡
𝑍𝑖

], (10) 
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where 

𝑡 =
𝑍𝑖−𝑍𝑆𝑇𝐿𝑖

𝑃𝑖𝑃𝑗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗(3)
. (11) 

4.3 Calculating the toolpath 

In eq.7 it was concluded that the toolpath can be expressed as 

𝑇𝑜𝑜𝑙𝑝𝑎𝑡ℎ =

[
 
 
 
 
 𝑋𝑖 𝑌𝑖 𝑍𝑖 𝐸𝑖 𝐶𝑖 𝑁𝑖

𝐿𝑊𝑖

2
ℎ𝑖 𝑘𝑖

𝑋𝑖+1 𝑌𝑖+1 𝑍𝑖+1 𝐸𝑖+1 𝐶𝑖+1 𝑁𝑖+1
𝐿𝑊𝑖+1

2
ℎ𝑖+1 𝑘𝑖+1

. . . . . . . . .

. . . . . . . . .

𝑋𝑛 𝑌𝑛 𝑍𝑛 𝐸𝑛 𝐶𝑛 𝑁𝑛
𝐿𝑊𝑛

2
ℎ𝑛 𝑘𝑛 ]

 
 
 
 
 

.  

In eq.10 and eq.11 it was concluded how the slicing points (𝑋𝑖, 𝑌𝑖, 𝑍𝑖) can be 

calculated if the Z-value of the slice layer is known. 

After all slicing points in a slicing layer has been found they are not sorted into a 

continuous path. As the triangles that represent the STL-file can share two points with 

another triangle, they can share one point in the slicing layer. To better understand 

this logic, see Figure 10. 

 

Figure 10: The slicing layer is illustrated in red and the STL-triangles is illustrated in 

blue. The points P2, P3 and P4 are all shared between two STL-triangles. 

 

Due to the nature of how the slicing points was obtained, the slicing points are stored 

in a matrix with the points for every triangle in one row. The order of the rows 

depends on what the STL-file looks like, but as far as the slicing software is 

concerned, the order might just as well be random. To use an example, the points in 

Figure 10 might be stored as 

 

𝑆𝑙𝑖𝑐𝑒 𝑃𝑜𝑖𝑛𝑡𝑠 = [

𝑃2 𝑃1
𝑃3 𝑃4
𝑃4 𝑃5
𝑃3 𝑃2

].  
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The first thing to do when sorting these points into the toolpath is to sort the points 

into a matrix with only one point on every row. The software then applies the 

following rules to sort the Slice Points into a Toolpath: 

1. Starting with the first row in the Slice Points matrix; put the point in the first 

column first and the second column as the next row in the Toolpath matrix.  

2. Repeat step 1 for every row in the Slice Point matrix but put the point in the 

first column last in the Toolpath matrix. 

3. For all points taken from the Slice point matrix; add a Binary number (𝐸) that 

is equal to 1. 

4. If the first point in a row is not equal to the second point in the previous row in 

the Slice Point matrix, add a new Point, (0𝑝) with a binary number (𝐸) that is 

equal to 0. Add such a point after the last point as well. 

Using these rules to the Slice points the new Tool path matrix is written as 

𝑇𝑜𝑜𝑙 𝑝𝑎𝑡ℎ =

[
 
 
 
 
 
 
 
 
 
 
 
𝑃2
𝑃1
0𝑝
𝑃3
𝑃4
𝑃4
𝑃5
0𝑝
𝑃3
𝑃2
0𝑝]
 
 
 
 
 
 
 
 
 
 
 

.                    

Notice how the point 0𝑝 marks the end of a continuous path. The tool path is 

illustrated in Figure 11, where each color represent a continuous path, and an arrow 

marks its direction. 

 

Figure 11: An illustration of the Tool path. Each color represent a continuous path. 

 

To sort all these paths into a continuous path, a starting point is selected, which needs 

to be at the start or at the end of one continuous path. To clarify this; the points P1, 

P2, P3 and P5 can be used for a starting point as these are at the start or at the end of a 

continuous path, but P4 cannot be chosen for the starting point as it is not.  

The selection of the starting point can be done in a number of ways, but in this project 

the starting point is just chosen as the first point in the tool path. 

When the starting point is selected, the following rules are applied: 

1. If the start point is in the start of a continuous path all point in the continuous 

path are sorted into a new matrix in the same order as in the current tool path 

matrix. If the start point is at the end of a continuous path all points in the 

continuous path is sorted into the matrix in an inverted order.  

2. Remove all the points in the continuous path from the tool path matrix.  
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3. Search for a new starting point in the tool path matrix that is the same as the 

last point in the new matrix, if no such starting point can be found; add a point 

0𝑝 and select a new starting point. 

4. If there are any elements left in the tool path matrix; repeat step 1. If there is 

not; the sorting of the points is finished and the new matrix is now the new 

tool path. 

5. Check if there is any two following points that is equal to each other in the 

new tool path matrix, if so remove one of them. 

Using these rules on the Tool path the result would be 

𝑇𝑜𝑜𝑙 𝑝𝑎𝑡ℎ =

[
 
 
 
 
 
𝑃1
𝑃2
𝑃3
𝑃4
𝑃5
0𝑝]
 
 
 
 
 

.         

The new Tool path is illustrated in Figure 12. 

 

Figure 12: An illustration of the new continuous toolpath. 

4.4 Calculating the weld bead thickness 

The direction of the weld bead thickness for any point (𝑋𝑖, 𝑌𝑖 , 𝑍𝑖) is approximated to 

have the direction of the normal (𝑁𝑖) in eq.7, which is equal to the normal of the slope 

of the curve (𝐶𝑖) between the points (𝑋𝑖, 𝑌𝑖, 𝑍𝑖) and (𝑋𝑖+1, 𝑌𝑖+1, 𝑍𝑖+1) if the following 

point is not a 0𝑝-point (as described in 4.3 Calculating the toolpath). The equations 

for (𝐶𝑖) and (𝑁𝑖) can be written as 

𝐶𝑖 =

{
 
 
 

 
 
 
[1,0],                            𝑖𝑓    𝑌𝑖+1 − 𝑌𝑖 = 0 𝑎𝑛𝑑   𝑋𝑖+1 − 𝑋𝑖 > 0

 [−1,0],                         𝑖𝑓    𝑌𝑖+1 − 𝑌𝑖 = 0 𝑎𝑛𝑑   𝑋𝑖+1 − 𝑋𝑖 < 0
[0,1],                            𝑖𝑓   𝑋𝑖+1 − 𝑋𝑖 = 0 𝑎𝑛𝑑   𝑌𝑖+1 − 𝑌𝑖 > 0
[0,−1],                       𝑖𝑓    𝑋𝑖+1 − 𝑋𝑖 = 0 𝑎𝑛𝑑   𝑌𝑖+1 − 𝑌𝑖 < 0

[−1,−
𝑌𝑖+1−𝑌𝑖

𝑋𝑖+1−𝑋𝑖
] ,        𝑖𝑓    𝑋𝑖+1 − 𝑋𝑖 < 0 𝑎𝑛𝑑   𝑌𝑖+1 − 𝑌𝑖 ≠ 0

[1,
𝑌𝑖+1−𝑌𝑖

𝑋𝑖+1−𝑋𝑖
] ,               𝑖𝑓    𝑋𝑖+1 − 𝑋𝑖 > 0 𝑎𝑛𝑑   𝑌𝑖+1 − 𝑌𝑖 ≠ 0

 (12) 

and 

𝑁𝑖 =

{
 
 
 

 
 
 
[0,1],                             𝑖𝑓    𝑌𝑖+1 − 𝑌𝑖 = 0 𝑎𝑛𝑑   𝑋𝑖+1 − 𝑋𝑖 > 0

 [0, −1],                        𝑖𝑓     𝑌𝑖+1 − 𝑌𝑖 = 0 𝑎𝑛𝑑   𝑋𝑖+1 − 𝑋𝑖 < 0
[1,0],                            𝑖𝑓   𝑋𝑖+1 − 𝑋𝑖 = 0 𝑎𝑛𝑑   𝑌𝑖+1 − 𝑌𝑖 > 0
[−1,0],                        𝑖𝑓    𝑋𝑖+1 − 𝑋𝑖 = 0 𝑎𝑛𝑑   𝑌𝑖+1 − 𝑌𝑖 < 0

[−1,−
1

𝐶𝑖(2)
] ,             𝑖𝑓    𝑋𝑖+1 − 𝑋𝑖 < 0 𝑎𝑛𝑑   𝑌𝑖+1 − 𝑌𝑖 ≠ 0

[1,−
1

𝐶𝑖(2)
] ,                𝑖𝑓    𝑋𝑖+1 − 𝑋𝑖 > 0 𝑎𝑛𝑑   𝑌𝑖+1 − 𝑌𝑖 ≠ 0

 . (13) 
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If the following point is a 0𝑝-point, then (𝐶𝑖) and (𝑁𝑖)  is considered to be equal to 

that of the previous point. 

Figure 13 shows the direction for the weld bead thickness with the points used in 

Figure 12. Notice how the direction of the bead thickness (marked in red) is always 

perpendicular to the slope of the following green line except for the last point, which 

has its weld bead thickness perpendicular to the previous green line. 

 

Figure 13: The direction of the weld bead thickness marked in red and the toolpath 

marked in green. 

 

The width of the bead (𝐿𝑊) can either be set by the user or by calculating the longest 

distance from the point (𝑋𝑖, 𝑌𝑖, 𝑍𝑖) to the line describing the walls of the product in the 

plane along the normal (𝑁𝑖). The latter scenario is illustrated in Figure 14. 

 

Figure 14:  The crossing points (red crosses) of the normal (red) and the product wall 

lines (blue lines). 

 

In order to calculate the longest distance from the point (𝑋𝑖, 𝑌𝑖 , 𝑍𝑖) to the line 

describing the walls of the product in the plane along the normal (𝑁𝑖), the lines that 

crosses the normal has to be found. 

The walls of the product is described by a matrix that has been generated in the same 

way as the toolpath matrix, see 4.3 Calculating the toolpath. Suppose this matrix is 

called “Product Matrix”.  

In order to find out if and which lines in the Product Matrix crosses the normal (𝑁𝑖) 
every line in the Product Matrix is checked. A line crosses the normal (𝑁𝑖) if its 
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points lies on both sides of the normal. The line that lies furthest away from the point 

(𝑋𝑖, 𝑌𝑖, 𝑍𝑖) is used as the crossing that decides the width of the weld bead (𝐿𝑊). 

If the crossing lies further away from the point (𝑋𝑖, 𝑌𝑖 , 𝑍𝑖) along the normal than the 

welding width data can provide, the crossing is disregarded, and the widest possible 

weld bead is used (𝐿𝑊𝑚𝑎𝑥). If the crossing lies closer to the point (𝑋𝑖, 𝑌𝑖, 𝑍𝑖) along 

the normal than the welding width data can provide, the crossing is disregarded and 

smallest possible weld bed width is used (𝐿𝑊𝑚𝑖𝑛). 

In the case that the geometry of the product varies much between two points, there 

might be a need for more points between these lines. Figure 15 illustrates such a 

situation between the slicing points P1 and P2. 

 

Figure 15: The points P1 and P2 without and with extra points in them. Red marks the 

bead, black marks the points, green marks the path and blue marks the walls in the 

products. Notice how the beads of the path without extra points does not cover all 

geometry of the wall. 

4.5 Calculating the travel speed 

As BEA Hägglunds has not been able to use their WAAM-equipment for testing 

while this report has been written, the experimental data for the weld bead width 

(𝐿𝑊𝑒𝑥𝑡) for different travel speeds (𝑇𝑆) and wire feed speeds (𝑊𝐹𝑆) was provided 

by S. Dahat and A. Scotti, from University West. They had made tests for 12 different 

data points with the wire: ESAB OK Tubrod 14.03 (metal cored   SFA/AWS A5.36 

E111T15-M21A4-G and EN ISO 18276-A T 69 4 Mn2NiMo M M 2 H5). The results 

is shown in Chart 2. 
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Chart 2: The data fort the external width of the bead provided by S. Dahat and A. 

Scotti, from University West. 

Condition (exp) 
Imean 
(A) 

WFSact (m/min) 
TS 

(mm/s) 
External LW 

(mm) 

1 125.1 3.56 2.20 9.20 

2 125.1 3.56 5.20 6.60 

3 125.1 3.56 7.00 5.50 

4 125.1 3.56 8.25 4.60 

5 155.0 4.39 3.70 9.29 

6 155.0 4.39 5.20 7.88 

7 155.0 4.39 7.00 6.19 

8 155.0 4.39 9.75 5.04 

9 181.5 5.53 5.20 10.48 

10 181.5 5.53 7.00 9.18 

11 181.5 5.53 9.75 7.30 

12 181.5 5.53 11.50 6.53 

 

From the values shown in Chart 2, an equation can be obtained through regression 

analysis.  

The formula for the external width of the bead (𝐿𝑊𝑒𝑥𝑡) as a function of the wire feed 

speed (𝑊𝐹𝑆𝑎𝑐𝑡) and (𝑇𝑆) has been obtained as 

𝐿𝑊𝑒𝑥𝑡 = 1.5 + 𝑅𝑒(𝑇𝑆 − 14.1)1.55 + 𝑅𝑒(𝑊𝐹𝑆 − 2.9)1.52.             (14) 

The surface and lines corresponding to eq.14 and the data points in Chart 2 can be 

seen in Figure 16. 

 

Figure 16: The data points and the curves and planes corresponding to eq.14. The 

colors on the data of the plot to the left corresponds to different WFS. Blue = 3.56 

[m/min], green = 4.39 [m/min], red = 5.53 [m/min]. 

 

4.6 The identity structure of a toolpath 

A point in a toolpath is assigned an identity number (𝑘𝑖). This number is used for 

identifying which toolpath a point belongs to. With this information it is easy for the 
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user to delete a toolpath, combine different toolpaths and change the order of the 

toolpaths. 

The toolpaths are manipulated through the “hierarchy tree” in the software, as shown 

in Figure 17. 

 

Figure 17: Three toolpaths in the history tree to the upper right on the figure. The 

marked Path1 is shown in a bright red color in the model. 

4.7 Generate RAPID code 

RAPID is a programming language developed by ABB for robotic movements. It is 

used in ABB: s Robot Studio. For this project all the program needs to do is to move 

the tool center point of the robot between the different points in the toolpath.  

The movements are done with a commando called MoveL and the points are defined 

by declaring a robtarget. As the width of the bead (𝐿𝑊) is dependent on the velocity 

of the toolpoint between the targets, velocity variables also needs to be declared. 

The robtarget is declared by three coordinates, the direction of the axis where the 

point is in its origin (to know how the tool should be oriented at the point), by 

numbers describing the rotation of the joints in the robot and by some numbers 

describing the configuration of an eventual external axis [7]. 

The MoveL commando is a syntax for a linear movement of the robot from its current 

position to a robtarget. The commando contains information of which robtarget it 

should go to, what speed it should travel in (𝑇𝑆), the zone around the point it must go 

to before it can start performing the next command, what tool it uses and what 

coordinate system it uses [7]. 

The travel speed (𝑇𝑆) needs to be declared by a speed data variable. The variable 

contains information about the velocity, the direction of the velocity and some 

information about eventual external axis [7]. 
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4.8 Generate a digital model of the work piece 

A digital model of the product as it looks after the WAAM is needed for two reasons: 

1. To make sure that the effective width of the beads cover all geometry of the 

product. 

2. To create a work piece from the external width of the beads for the machining 

operation. 

The CAM-programming of the machining operation is done with at least two different 

digital models. A model of the product, and a model of the work piece from which the 

product is processed.  

A work piece that differs too much from the reality can cause two problems: 

 If the work piece is smaller than reality, the cutting tools can crash into the 

walls in a velocity that is too high, causing damage to the tools. 

 If the work piece is larger than reality, unnecessary cutting operations is 

performed which causes a loss in time and money.  

From these two problems the first is the most critical and the marginal must always be 

on the latter. However; the better the work piece is, the more money can be saved. 

The approach for this project is to generate a model by using the toolpath data 

together with CATIA Macro, which is CATIA’s interface for creating models through 

programming. This is done by the following steps for every row in the toolpath 

matrix: 

1. If the binary number (𝐸) of the row or of the following row is equal to 0, go to 

the next row. 

2. Create an axis system with the y axis pointing in the direction of the weld and 

the z axis in the opposite direction of the welding nozzle. 

3. Create a sketch on the x-z plane of the axis system. Draw a rectangle with two 

sides parallel to the z-axis and two sides parallel to the x-axis. Let the origin of 

the axis system be in the middle of the rectangle and let the distance between 

the sides parallel to the z-axis be equal to either the effective or the external 

width of the bead (depending on the purpose of the model) and let the distance 

between the sides parallel to the x-axis be equal to the height of the bead. 

4. Extrude the sketch along the y-axis, with its distance equal to the distance 

between the point and the following point in the toolpath matrix. 

The described steps 2-4 for one bead is shown in Figure 18. 
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Figure 18: Step 2-4 described above, as seen in CATIA. 
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5 Cost of a deposition 

Once the toolpath is known, the cost of deposition (𝐶𝑖
𝐴𝑀) can be recalculated in order 

to obtain a more correct value. As shown in eq.3 the cost of the deposition (𝐶𝑖
𝐴𝑀) is 

assumed to be a function of the cost of the deposited material and the cost of the time 

that the product spends in the WAAM-station. 

For any given toolpath, the volume of the deposited material is a function of the wire 

feed speed (𝑊𝐹𝑆), the diameter of the wire (𝑑𝑤), the length of the toolpaths (𝐿𝑡𝑝) 

and the travel speed (𝑇𝑆).  

The length of the toolpath (𝐿𝑡𝑝) is equal to the length between each point in the 

toolpath. So the length between the two points (𝑖) and (𝑖 + 1) in the xy–plane can be 

calculated as 

𝐿𝑡𝑝𝑖 = √(𝑋𝑖+1 − 𝑋𝑖 )2 + (𝑌𝑖+1 − 𝑌𝑖)2.  (15) 

In order to know the deposited volume between the two points (𝑖) and (𝑖 + 1), the 

wire feed speed (𝑊𝐹𝑆) and the diameter of the wire (𝑑𝑤) is used to calculate the 

deposited volume per time unit. The length between the two points (𝐿𝑡𝑝𝑖) and the 

travel speed (𝑇𝑆) can be used to calculate the time for the deposition between the 

points. So the formula for deposited volume between the two points is equal to 

𝑉𝑑𝑖 =
𝑊𝐹𝑆×𝑑𝑤

2 ×𝜋×𝐿𝑡𝑝𝑖

4×𝑇𝑆
.   (16) 

Thus, for the whole toolpath the deposited volume (𝑉𝑑) can be calculated as; 

𝑉𝑑 = ∑𝑉𝑑𝑖. (17) 

However; eq.16 needs a correct slicing height for the slicing layers, as this affects the 

length of the toolpaths (𝐿𝑡𝑝). As the welding data in this report does not have a layer 

height associated to it, the calculated deposited volume will not be very accurate. 

The time for a deposition is equal to the deposition time (𝑡𝐷), the waiting time (𝑡𝑤𝑎𝑖𝑡) 
and the travel time (𝑡𝑡𝑟𝑎𝑣). The deposition time (𝑡𝐷) between a point (𝑖) and the 

following point in the toolpath (𝑖 + 1) can be calculated as 

𝑡𝐷𝑖 =
𝐿𝑡𝑝𝑖

𝑇𝑆𝑖
.   (18) 

The waiting time (𝑡𝑤𝑎𝑖𝑡) is set when programing the toolpath. The travel times can be 

calculated from the travel speeds (𝑇𝑆) where there is no deposition performed times 

the length of the distance it travels (𝐿𝑑𝑖𝑠𝑡) as in 

𝑡𝑡𝑟𝑎𝑣 = 𝐿𝑑𝑖𝑠𝑡 × 𝑇𝑆. (19) 

The cost of deposition can thus be expressed as  

𝐶𝑖
𝐴𝑀 = 𝐻𝑅𝑊𝐴𝐴𝑀(𝑡𝐷 + 𝑡𝑤𝑎𝑖𝑡 + 𝑡𝑡𝑟𝑎𝑣) +  𝑉𝑑𝜌𝐶𝑤,  (20) 

A better model for the machining operations could be done with data from a CAM-

operation once the geometry of the deposited part is known. This is however outside 

the scope of this project. 
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6 Work process 

The purpose of this chapter is to demonstrate how a parts suitability for WAAM is 

evaluated through economical calculations, how the part is prepared for WAAM and 

how a digital model of the work piece is prepared for the machining operations. 

6.1 Preparing the part 

In this report, one part is evaluated, as shown in Figure 19. The part is purely 

fictional. However; the part is made up of normal geometries which can be found in 

many different applications.  

 

Figure 19: The evaluated part. 

 

The first thing to consider is how the baseplate should look like. Depending on the 

batch size and the complexity of the product, the baseplate can look different. The 

geometry of the baseplate should be dependent on the geometry of the finished 

product and on the build-up of residual stresses. Since the residual stresses will not be 

simulated in this report the placing of the clamp will not change the results and the 

geometry of the baseplate is only interesting from a geometrical point of view. The 

used baseplate is shown in Figure 20. 

 

Figure 20: The baseplate. 
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For the slicer program it is good to have the baseplate together with the finished 

product in the same model. This is shown in Figure 21. 

 

Figure 21: The evaluated part and its baseplate. 

 

6.1.1 Calculating the cost before the toolpath is known 

The first thing to check before the part paths is programmed is if there are, and under 

what circumstances there might be an economical purpose of manufacturing the part 

with WAAM.  

In the case of a real product there would either have been data on the cost of 

producing the part (if the part is already produced by BAE Hägglunds) or other means 

of producing the part would be evaluated. This would mean that the cost of producing 

the part with WAAM could be compared to other manufacturing methods. 

For this report a formula for the cost of manufacturing the part by machining is used. 

The formula for estimating the cost of machining the part (𝐶𝑚) has been 

approximated by Filomeno Martina and Stewart Williams at Cranfield University as 

the cost of the initial work piece (𝐶𝑖
𝑀) and the cost of machining the work piece 

(𝐶𝑚
𝑀), 

𝐶𝑚 = 𝐶𝑖
𝑀 + 𝐶𝑚

𝑀 (21) 

[5].The cost of the initial work piece (𝐶𝑖
𝑀) is equal to the volume of the work 

piece (𝑉𝑖) times the density of steel (𝜌) times the cost of steel per kg (𝐶𝐹), 

𝐶𝑖
𝑀 = 𝑉𝑖𝜌𝐶𝐹 . (22) 

The cost of machining the work piece (𝐶𝑚
𝑀) is equal to the volume of the removed 

material (𝑉𝑟) times the density of the material (𝜌) times the hourly rate of machining 

the work piece (𝐻𝑅𝑀) divided by the material removal rate (MRR), 

𝐶𝑚
𝑀 =

𝑉𝑟𝜌𝐻𝑅
𝑀

𝑀𝑅𝑅
. (23) 

Eq.1 is used to calculate the cost of manufacturing the product. As the data used in the 

equation is somewhat hard to predict, intervals for relevant data is used. This is also 

good for determining under what circumstances the part should be produced from an 

economical aspect.  
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The relevant data to use for intervals is the cost of the wire (𝐶𝑤), the hourly rate of 

the WAAM-station (𝐻𝑅), the deposition rate (𝐷𝑅), the buy to fly ratio  (𝐵𝑇𝐹𝐴𝑀) and 

the interlayer cooling time ratio (𝑆𝑆).  

The cost of the wire (𝐶𝑊) used in this project (ESAB OK Tubrod 14.03), is 

approximately 75 SEK/kg. As this is the price when buying only one roll of the wire, 

BAE should probably be able to get this cheaper when ordering the wire in higher 

quantity. So an interval between 35 and 75 SEK/kg is used.  

The hourly rate of the WAAM-station (𝐻𝑅) is very hard to predict without any 

practical experience of using the WAAM equipment. A maximum limit of the interval 

is thus estimated to be 730 SEK/h, since this is equal to the hourly charge of the 

workshop at Luleå University of Technology for using any of their machines with one 

operator.  

The minimum limit of the interval would be to just use an operator when putting the 

baseplate in place and removing the work piece when the process is done. Assume 

that the lowest achievable cost is 150 SEK/h. 

The highest deposition rate (𝐷𝑅) in this project can be calculated from the wire feed 

speed (𝑊𝐹𝑆) as in; 

𝐷𝑅𝑚𝑎𝑥 = 𝑊𝐹𝑆𝑚𝑎𝑥 ∗ 60 ∗
𝑑𝑤
2

4
 ∗ 𝜋 ∗ 𝜌𝑠𝑡𝑒𝑒𝑙 = 2.94 [

𝑘𝑔

ℎ
].  (24) 

However; it is likely that some welding parameters is found that can achieve a higher 

deposition ratio. For steel a deposition ratio of 4 kg/h is achievable [8].  

It is hard to predict a good BTF ratio since it is very much dependant on the geometry 

of the part. For this project the BTF ratio (𝐵𝑇𝐹𝐴𝑀) is assumed to be between 1.1 and 

4. 

The interval for the interlayer cooling time ratio (𝑆𝑆) has in an article by Filomeno 

Martina and Stewart Williams at Cranfield University been set between 1 and 5 [5]. 

This ratio is used in this report, since no experience on this matter has been collected 

during the course of this project.  

6.1.2 Preparing the toolpaths 

To prepare the toolpaths, planes has to be created in the digital model. The planes is 

shown in Figure 22. 
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Figure 22: The slicing planes. 

 

Every plane is loaded into the slicing program. And from them a path is created. Since 

the data provided by University West does not contain the height of a layer it is 

calculated. 

As the data provided for the beads is the external width of the bead (𝐿𝑊𝑒𝑥𝑡), the 

travel speed (𝑇𝑆) and the wire feed speed (𝑊𝐹𝑆), but no height of the bead (ℎ), the 

diameter of the wire (𝑑𝑤) can be used to approximate the height of the bead. 

Assume that the bead has a rectangular cross section. Then the volume of the 

bead (𝑉𝑏𝑒𝑎𝑑) can be calculated if all parameters in Figure 23 is known.  

 

Figure 23: Illustration of the bead with a rectangular cross section. 

 

Suppose the volume of the bead (𝑉𝑏𝑒𝑎𝑑) is equal to the height of the bead (ℎ ) times 

the external width of the bead (𝐿𝑊𝑒𝑥𝑡) times the length of the bead (𝐿𝑏𝑒𝑎𝑑) as in 

𝑉𝑏𝑒𝑎𝑑 = 𝐿𝑏𝑒𝑎𝑑 × 𝐿𝑊𝑒𝑥𝑡 × ℎ . (25) 

The length of the bead can be calculated as the travel speed (𝑇𝑆) times the deposition 

time(𝑡𝐷),  

 𝐿𝑏𝑒𝑎𝑑 = 𝑇𝑆 × 𝑡𝐷 . (26) 
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If the deposited volume (𝑉𝑑𝑒𝑝) is known, the volume of the bead (𝑉𝑏𝑒𝑎𝑑) is known as 

they are equal to each other. The deposited volume can be calculated by multiplying 

the wire feed speed (𝑊𝐹𝑆) to the deposition time (𝑡𝐷) and the cross sectional area of 

the wire as in 

𝑉𝑑𝑒𝑝 = 𝑊𝐹𝑆 × 𝑡𝐷 × (
𝑑𝑤

2
)
2

𝜋 . (27) 

So the height of the bead can be assumed to 

ℎ =
 𝑊𝐹𝑆×(

𝑑𝑤
2
)
2
𝜋

𝑇𝑆×𝐿𝑊𝑒𝑥𝑡
 . (28) 

A layer height of 1.6 mm is approximated using the eq.28 and estimating the travel 

speed (TS) wire feed speed (WFS). 

This method is then repeated for every plane in Figure 22. 

The software with all paths loaded into the program is shown in Figure 24. 

 

Figure 24: The program with all paths shown in the history tree. 

 

The paths are then combined to one path.  

6.1.3 Calculating the cost once the toolpath is known 

When the toolpath is known a new price can be calculated using eq.20 together with 

the generated toolpath. In order to solve the equations, Matlab is used to enable 

iterative calculations. 

6.1.4 Export to RAPID and generating a work piece 

Once the program is finished it can be exported to RAPID code by using the theory 

described in 4.7 Generate RAPID code together with Matlab. 
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When an acceptable robot path has been generated, a model of the work piece is 

generated from the toolpaths, using the theory is described in 4.8 Generate a digital 

model of the work piece together with Matlab and CATIA Macro. 

6.2 Results from the work process 

6.2.1 Calculating the cost before the toolpath is known 

All data used when calculating the cost of using WAAM for the part can be seen in 

Chart 3 if not stated otherwise in the text. 

Chart 3: The used variables and its data. 

Variable Symbol Value 

Cost of the wire per kg [
𝑆𝐸𝐾

𝑘𝑔
] 𝐶𝑤 75 

Cost of the material per kg [
𝑆𝐸𝐾

𝑘𝑔
] 𝐶𝐹 15 

Hourly rate for WAAM [
𝑆𝐸𝐾

ℎ
] 𝐻𝑅𝑊𝐴𝐴𝑀 400 

Deposition rate [
𝑘𝑔

ℎ
] 𝐷𝑅 4 

Hourly rate for machining [
𝑆𝐸𝐾

ℎ
] 𝐻𝑅𝑀 400 

Material removal rate [
𝑘𝑔

ℎ
] 𝑀𝑅𝑅 15 

Density of the material [
𝑘𝑔

𝑚3] 
𝜌 7850 

Buy to Fly ratio for WAAM 𝐵𝑇𝐹𝐴𝑀 1.2 

Interlayer cooling time ratio 𝑆𝑆 1.1 

Manufacturing time for the baseplate [ℎ] 𝑡𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 0.25 

Volume of the finished product [𝑚3] 𝑉𝑓 0.002546 

Volume of the baseplate [𝑚3] 𝑉𝑠 0.00162 

Volume of the initial work piece [𝑚3] 𝑉𝑖  0.0162 

Volume of the removed material [𝑚3] 𝑉𝑟 0.002546 

 

Some off the variables in the economical calculations are very much correlated to 

each other. However; the cost of the wire and the hourly rate of the deposition is 

probably the ones that are most independent from other variables. These two are also 

the parameters which the toolpath programmer are in the least control off. The impact 

of these variables on the total cost can be seen in Figure 25 and 26. 
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Figure 25: The cost of a part (𝐶𝐴𝑀) as a function of the cost of the wire (𝐶𝑊). 
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Figure 26: The cost of a part (𝐶𝐴𝑀) as a function of the hourly rate of 

WAAM (𝐻𝑅𝑊𝐴𝐴𝑀). 
 

For the tool path programmer the most interesting variables are the deposition rate, 

the buy to fly ratio and the interlayer cooling time ratio. 

The interlayer cooling time ratio can be regulated both by making good toolpaths and 

by printing more than one part at the time. The cost of manufacturing the part as a 

function of different cooling time ratios can be seen in Figure 27. 
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Figure 27: The cost of a part (𝐶𝐴𝑀) as a function of the cooling time ratio (𝑆𝑆). 
 

The deposition rate and the buy-to-fly ratio are the parameters that that the tool-path 

programmer can use the most to regulate the cost of manufacturing a part with 

WAAM. In Figure 28 the cost of the part can be seen as a function of the BTF ratio 

and the deposition rate. 

Only the cost in Figure 28 that lies below plane describing the cost of manufacturing 

the part through machining is interesting. Using eq.21 to eq.23, and assuming that the 

volume of the initial substrate is 0.016 𝑚3 the price of manufacturing through 

machining is 4815 SEK. 
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Figure 28: The cost of a part (𝐶𝐴𝑀) as a function of the BTF ratio (𝐵𝑇𝐹𝐴𝑀) and the 

deposition rate (𝐷𝑅). The plane illustrating the cost of manufacturing the part through 

machining can be seen in white. 

 

Figure 29 shows the profitable area in Figure 28 as seen from above. The yellow area 

marks the non-profitable area. 
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Figure 29: The profitable area in Figure 28. The yellow area in the figure is a non-

profitable area. 

6.2.2 Preparing the toolpath 

The generated toolpaths is illustrated in Figure 30 and the values from the generated 

toolpath can be seen in Chart 4.  

 

Figure 30: The software with the generated toolpaths. 
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Chart 4: The corresponding values from the generated toolpath. 

Parameter Value 

Effective printing time 9026 𝑠 = 2.5 ℎ 

Volume of deposition (𝑉𝑑) 9.4090e-04 𝑚3 

Starts and stops 302 

 

6.2.3 Calculating the cost once the toolpath is known 

From the data in Chart 4, the cost of the print can be calculated.  

From the starts and stops value traveling time (𝑡𝑡𝑟𝑎𝑣) of 10 minutes (1/6 h) is 

estimated. The waiting time (𝑡𝑤𝑎𝑖𝑡) is set to 0 as it is approximated that the robot can 

print other products during the cooling time. 

The resulting cost of manufacturing the product in the WAAM cell (𝐶𝑖
𝐴𝑀 ) can thus 

be calculated to 1619 SEK by using eq.20. 

With the cost of preparing the substrate equal to 291 SEK and machining the product 

equal to 403 SEK the total cost is 2313 SEK. 

6.2.4 Export to RAPID and generating a work piece 

The toolpath exported to RAPID has been simulated in ABB Robot Studio. The path 

has been traced with TCP trace. The path can be seen in green in Figure 31. 

 

Figure 31: The generated path in ABB robot studio.  

 

The generated blank can be seen in Figure 32. As the bead geometry model was an 

approximated model, no further data has been investigated nor presented. From the 

figure it can be concluded that it is possible to use the toolpath data to create a model 

of the work piece that can be used in the CAM programming of the net-shape 

machining operation. 
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Figure 32: The generated model of the work piece. 
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7 Discussion 

7.1 Quality 

The report has shown how a model for the work piece can be created. The work piece 

created in this project can be used for two reasons: to use the external width of the 

bead (𝐿𝑊𝑒𝑥𝑡) to make a work piece for the machining operations, but also to use the 

effective width of the bead (𝐿𝑊𝑒𝑓𝑓) to make sure that the work piece is large enough 

to cover all geometry in the finished product. 

Residual stresses has not been investigated enough in this report. A very interesting 

aspect for BAE Hägglunds to investigate in the future is how to work with the 

residual stresses in general, and perhaps how this problem should be worked with in 

the slicing software.  

The residual stresses would have to be anticipated in the software, and its 

corresponding distortions prevented already when programming the toolpaths. Some 

kind of integration of the slicing software and a FEA program would be interesting 

when programming the toolpath. The exact details of how this should be done needs 

further investigation. 

One of the most important things for BAE Hägglunds to consider before choosing a 

part to manufacture with WAAM is to make a plan for how the product is to be tested.  

This leads to another interesting area for BAE Hägglunds to investigate; the 

repeatability of the process. If there is a high repeatability, less products needs to be 

tested, and the obtained results from destructive tests performed on one part, could be 

used to draw conclusions about another parts ability to fulfill its demands. 

For this reason, it is crucial when using WAAM for larger batch sizes that the 

repeatability of the process is high. 

When discussing the quality in WAAM, the economy must always be considered. The 

ability of creating products with a high quality is only relevant if it can be done to an 

acceptable cost. 

7.2 Economy 

It can be concluded that resources can be saved if the whole process is considered 

when planning the production of the product. If the part can be moved between the 

three stations shown in Figure 1 with ease, the time it spends in every station can be 

cut down. Arguably, the most important thing to consider is how the part is clamped 

to the work area of the stations. 

From Figure 27 it can be concluded that the cooling time of the work piece is 

effecting the cost of the product drastically. This depends off course on the hourly rate 

(as seen in eq.3) of the work cell, but even if a lower value than 400 SEK/h is used, 

the effect of the cooling time is large. From this argument, it can be concluded that 

the best strategy for BAE Hägglunds to use is to manufacture more than one part at 

the same time in the WAAM station. 

In this report the cost of manufacturing the product with WAAM was much cheaper 

than when machining the part. However, as the values used when calculating the cost 

might differ from reality, no conclusion on the effectiveness of WAAM can be drawn 

from it. The purpose of this report was only to present a method for how the 

calculations can be performed. 
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A more exact economical calculation of the cost after the toolpath is known could be 

obtained if the cost of manufacturing the baseplate and the net-shape machining 

would be calculated from the CNC programs needed for the machining operations.  

The cost of the baseplate would be fairly easy to estimate, but as the CNC-program 

for machining the work piece to its net shape is dependent on the digital model of the 

work piece, a good model for estimating of the geometry of the beads must first be 

obtained. 

7.3 Software 

This report has proven that it is possible for BAE Hägglunds to develop its own 

software for generating toolpaths, and to convert these toolpaths into robot code and 

to a model of the work piece that can be used for the CAM programming of the 

machining operations.  

The software in this report can only slice in z-direction; however if changing some 

formulas in the software, 5-axis slicing would be possible. This is an interesting thing 

to consider in the future if BAE Hägglunds chooses to work with their own software.  

The welding data that was used in this report was the external width of the bead, as 

this was the only data that was available during the course of this project. If the 

effective with of the bead had been available, it would have been used in the software, 

and the external bead width would only be used when generating the work piece 

model. As more welding data is obtained through tests, they should be used in the 

program, if BAE Hägglunds chooses to continue developing their own software.  

One relevant question that might arise when reading this report is:  

“Is there really a need for BAE Hägglunds to develop its own software for WAAM?” 

The fact that this question arises is understandable. There are a few companies that 

develop software that can program toolpaths for AM, and these companies have the 

ability to make programs with far more resources than BAE Hägglunds do. 

However; as the true value that enables WAAM for BAE Hägglunds is not the 

hardware, but the knowledge obtained by the usage of WAAM in the form of welding 

data and experience, there is a need to be able to use this knowledge as best as 

possible.  

A software developed at BAE Hägglunds would enable the company to use the 

obtained knowledge to its full potential, as there would be full control of the functions 

in the software.  

One would expect that as the WAAM-technology matures, it would be more 

beneficial to use software developed by another company. But if BAE Hägglunds 

desires to be one of the first in this area, there is a need for the ability of fast software 

changes as new knowledge is obtained.  
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Appendix 1. All equations in the report 

𝐶𝐴𝑀 = 𝐶𝑠 + 𝐶𝑖
𝐴𝑀 + 𝐶𝑚

𝐴𝑀 (1) 

𝐶𝑠 = 𝑉𝑠𝜌𝐶𝐹 + 𝑡𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒𝐻𝑅
𝑀 (2) 

𝐶𝑖
𝐴𝑀 = 𝐻𝑅𝑊𝐴𝐴𝑀𝑡𝐷 + (𝑉𝑓𝐵𝑇𝐹𝐴𝑀  − 𝑉𝑠)𝜌𝐶𝑤  (3) 

𝑡𝐷 =
(𝑉𝑓𝐵𝑇𝐹𝐴𝑀 −𝑉𝑠)𝜌 

𝐷𝑅
𝑆𝑆  (4) 

𝐶𝑚
𝐴𝑀 = 𝑡𝑚

𝐴𝑀𝐻𝑅𝑀  (5) 

𝑡𝑚
𝐴𝑀 =

(𝑉𝑑+𝑉𝑠−𝑉𝑓)𝜌

𝑀𝑅𝑅
 (6) 

𝑇𝑜𝑜𝑙𝑝𝑎𝑡ℎ =

[
 
 
 
 
 𝑋𝑖 𝑌𝑖 𝑍𝑖 𝐸𝑖 𝐶𝑖 𝑁𝑖

𝐿𝑊𝑖

2
ℎ𝑖 𝑘𝑖

𝑋𝑖+1 𝑌𝑖+1 𝑍𝑖+1 𝐸𝑖+1 𝐶𝑖+1 𝑁𝑖+1
𝐿𝑊𝑖+1

2
ℎ𝑖+1 𝑘𝑖+1

. . . . . . . . .

. . . . . . . . .

𝑋𝑖 𝑌𝑛 𝑍𝑛 𝐸𝑛 𝐶𝑛 𝑁𝑛
𝐿𝑊𝑛

2
ℎ𝑛 𝑘𝑛 ]

 
 
 
 
 

 (7) 

[
𝑋𝑖
𝑌𝑖
𝑍𝑖

] = [

𝑋(𝑡)
𝑌(𝑡)
𝑍(𝑡)

] (8) 

𝑃𝑖𝑃𝑗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  = [

𝑋𝑆𝑇𝐿𝑖 − 𝑋𝑆𝑇𝐿𝑗
𝑌𝑆𝑇𝐿𝑖 − 𝑌𝑆𝑇𝐿𝑗
𝑍𝑆𝑇𝐿𝑖 − 𝑍𝑆𝑇𝐿𝑗

] (9) 

[
𝑋𝑖
𝑌𝑖
𝑍𝑖

] = [

𝑋𝑆𝑇𝐿𝑖 + 𝑃𝑖𝑃𝑗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  (1)𝑡

𝑌𝑆𝑇𝐿𝑖 + 𝑃𝑖𝑃𝑗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  (2)𝑡
𝑍𝑖

] (10) 

𝑡 =
𝑍𝑖−𝑍𝑆𝑇𝐿𝑖

𝑃𝑖𝑃𝑗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗(3)
 (11) 

𝐶𝑖 =

{
 
 
 

 
 
 
[1,0],                             𝑖𝑓    𝑌𝑖+1 − 𝑌𝑖+1 = 0 𝑎𝑛𝑑   𝑋𝑖+1 − 𝑋𝑖 > 0

 [−1,0],                        𝑖𝑓     𝑌𝑖+1 − 𝑌𝑖+1 = 0 𝑎𝑛𝑑   𝑋𝑖+1 − 𝑋𝑖 < 0
[0,1],                            𝑖𝑓   𝑋𝑖+1 − 𝑋𝑖+1 = 0 𝑎𝑛𝑑   𝑌𝑖+1 − 𝑌𝑖 > 0
[0,−1],                       𝑖𝑓    𝑋𝑖+1 − 𝑋𝑖+1 = 0 𝑎𝑛𝑑   𝑌𝑖+1 − 𝑌𝑖 < 0

[−1,−
𝑌𝑖+1−𝑌𝑖

𝑋𝑖+1−𝑋𝑖+1
] ,     𝑖𝑓    𝑋𝑖+1 − 𝑋𝑖+1 < 0 𝑎𝑛𝑑   𝑌𝑖+1 − 𝑌𝑖 ≠ 0

[1,
𝑌𝑖+1−𝑌𝑖

𝑋𝑖+1−𝑋𝑖+1
] ,            𝑖𝑓    𝑋𝑖+1 − 𝑋𝑖+1 > 0 𝑎𝑛𝑑   𝑌𝑖+1 − 𝑌𝑖 ≠ 0

        (12) 

𝑁𝑖 =

{
 
 
 

 
 
 
[0,1],                             𝑖𝑓    𝑌𝑖+1 − 𝑌𝑖+1 = 0 𝑎𝑛𝑑   𝑋𝑖+1 − 𝑋𝑖 > 0

 [0, −1],                        𝑖𝑓     𝑌𝑖+1 − 𝑌𝑖+1 = 0 𝑎𝑛𝑑   𝑋𝑖+1 − 𝑋𝑖 < 0
[1,0],                             𝑖𝑓   𝑋𝑖+1 − 𝑋𝑖+1 = 0 𝑎𝑛𝑑   𝑌𝑖+1 − 𝑌𝑖 > 0
[−1,0],                        𝑖𝑓    𝑋𝑖+1 − 𝑋𝑖+1 = 0 𝑎𝑛𝑑   𝑌𝑖+1 − 𝑌𝑖 < 0

[−1,−
1

𝐶𝑖(2)
] ,             𝑖𝑓    𝑋𝑖+1 − 𝑋𝑖+1 < 0 𝑎𝑛𝑑   𝑌𝑖+1 − 𝑌𝑖 ≠ 0

[1,−
1

𝐶𝑖(2)
] ,                 𝑖𝑓    𝑋𝑖+1 − 𝑋𝑖+1 > 0 𝑎𝑛𝑑   𝑌𝑖+1 − 𝑌𝑖 ≠ 0

         (13) 
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𝐿𝑊𝑒𝑥𝑡 = 1.5 + 𝑅𝑒(𝑇𝑆 − 14.1)1.55 + 𝑅𝑒(𝑊𝐹𝑆 − 2.9)1.52                                (14) 

𝐿𝑡𝑝𝑖 = √(𝑋𝑖+1 − 𝑋𝑖 )2 + (𝑌𝑖+1 − 𝑌𝑖)2 (15) 

𝑉𝑑𝑖 =
𝑊𝐹𝑆×𝑑𝑤

2 ×𝜋×𝐿𝑡𝑝𝑖

4×𝑇𝑆
   (16) 

𝑉𝑑 = ∑𝑉𝑑𝑖 (17) 

𝑡𝐷𝑖 =
𝐿𝑡𝑝𝑖

𝑇𝑆𝑖
   (18) 

𝑡𝑡𝑟𝑎𝑣 = 𝐿𝑑𝑖𝑠𝑡 × 𝑇𝑆 (19) 

𝐶𝑖
𝐴𝑀 = 𝐻𝑅𝑊𝐴𝐴𝑀(𝑡𝐷 + 𝑡𝑤𝑎𝑖𝑡 + 𝑡𝑡𝑟𝑎𝑣) +  𝑉𝑑𝜌𝐶𝑤  (20) 

𝐶𝑚 = 𝐶𝑖
𝑀 + 𝐶𝑚

𝑀 (21) 

𝐶𝑖
𝑀 = 𝑉𝑖𝜌𝐶𝐹 (22) 

𝐶𝑚
𝑀 =

𝑉𝑟𝜌𝐻𝑅
𝑀

𝑀𝑅𝑅
 (23) 

𝐷𝑅𝑚𝑎𝑥 = 𝑊𝐹𝑆𝑚𝑎𝑥 ∗ 60 ∗
𝑑𝑤
2

4
 ∗ 𝜋 ∗ 𝜌𝑠𝑡𝑒𝑒𝑙 = 2.94 [

𝑘𝑔

ℎ
]  (24) 

𝑉𝑏𝑒𝑎𝑑 = 𝐿𝑏𝑒𝑎𝑑 × 𝐿𝑊𝑒𝑥𝑡 × ℎ  (25) 

𝐿𝑏𝑒𝑎𝑑 = 𝑇𝑆 × 𝑡𝐷  (26) 

𝑉𝑑𝑒𝑝 = 𝑊𝐹𝑆 × 𝑡𝐷 × (
𝑑𝑤

2
)
2

𝜋  (27) 

ℎ =
 𝑊𝐹𝑆×(

𝑑𝑤
2
)
2
𝜋

𝑇𝑆×𝐿𝑊𝑒𝑥𝑡
  (28) 

 

 

 


