
   

 

Process Based Cost Analysis of VARTM Process in the 

Aerospace Industry 

 

Sara Moreira Ferreira 

 

Thesis to obtain the Master of Science Degree in 

Mechanical Engineering 

Supervisors: Prof. Elsa Maria Pires Henriques 

Eng. António Pedro Dias Alves de Campos 

 

Examination Committee 

Chairperson: Prof. Rui Manuel dos Santos Oliveira Batista 

Supervisor: Eng. António Pedro Dias Alves de Campos  

Members of the Committee: Prof. Inês Esteves Ribeiro 

Prof. Bruno Alexandre Rodrigues Simões Soares 

 

June 2019 

  



ii 
 

  



iii 
 

Abstract 

The constant evolution in the past decades of the industry has led to the growing interest in composite 

materials and their research, particularly in the Aerospace industry, where there is a constant search for 

increased efficiency and quality, as well as cost and production times reduction. Composite materials 

are competitive in this sector, due to their excellent specific weight. This is an advantage because it is 

possible to produce lighter parts, which reduces the consumption of fuel. The choice of the 

manufacturing process is a multi-criteria decision with important variables such as:  evaluation on the 

quality requirement, on the size and on the applicability of each part, therefore, it is necessary to study 

in order to produce a part properly. 

This dissertation is focused on the manufacturing process of Out of Autoclave (OoA) composites more 

specifically Vacuum Assisted Resin Transfer Molding (VARTM), due to the potential improvement of the 

aerospace industry if autoclaves could be removed (mainly less time and energy consumption). VARTM 

has been tested and industrialized in the Wind Industry, however, in the case of the Aerospace Industry 

this is mostly in the laboratory phase. It is not possible to get this manufacturing process from a different 

industry and implement it directly, as there is a need for parts of significantly higher quality. The 

Aerospace industry has stricter tolerance for error and rigorous testing due to the liability of carrying 

passengers when flying. 

This study provides a comparison of the financial viability between the industrialized version of VARTM 

and others that are already implemented in this industry: Automated Fiber Placement (AFP) and 

Automated Tape Laying (ATL). Such comparison was made using Process-Based Cost Model (PBCM), 

with recourse to existing literature, opinions of experts in the field and validation of assumptions by 

calculation. 

The results of the models and their analysis indicate that, for smaller volumes of annual production, 

VARTM is more expensive than manufacturing processes using Autoclave but, as the production rate 

increases, VARTM becomes economically feasible. This happens because, for lower annual production 

volumes, the percentage of this cost is higher in VARTM than in AFP or ATL, and vice-versa. As such, 

VARTM is more cost-effective if the production rate is sufficiently high. In addition, the VARTM cycle 

time is shorter than that of AFP and ATL. Of the various processes under study, it is also worth noting 

that VARTM is the most suitable for the production of large and complex parts, due to its vacuum bag 

that does not restrain size and format as a mold does.  Thus, in spite of the limitations of PBCM and the 

inevitable assumptions related to the scalation of laboratorial to industrial implementation of the VARTM 

process, it is possible to obtain comparative results between these processes and to choose, in a 

conscious and studied way, the most appropriate for each project within the Aerospace Industry. 

Keywords 

VARTM, ATL, AFP, PBCM, OoA manufacturing processes, cost analysis, Aerospace Industry.  
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Resumo 

A constante evolução da indústria, nas últimas décadas, levou ao crescente interesse nos materiais 

compósitos e à sua investigação, nomeadamente na indústria Aeroespacial, onde é incessante a 

procura de aumento de eficiência, qualidade, diminuição de custos e de períodos de produção. Os 

materiais compósitos apresentam-se como competitivos neste setor, devido ao facto de terem um 

excelente peso específico. Esta relação é vantajosa porque permite fabricar peças mais leves, 

garantindo um menor consumo de combustível. A escolha do processo de fabrico é uma decisão 

baseada em variáveis tais como a avaliação da complexidade, da exigência de qualidade, da dimensão 

e da aplicabilidade de cada peça, portanto, é necessário estudar de forma a produzir uma peça 

devidamente. 

Esta dissertação baseia-se no processo de manufatura de compósitos Out of Autoclave (OoA), mais 

concretamente o Vaccum Assisted Resin Transfer Molding (VARTM), devido aos potenciais benefícios 

para a indústria Aeroespacial com a remoção das autoclaves (acima de tudo, diminuição do consumo 

de tempo de energia).  O VARTM foi testado e industrializado na Indústria Eólica, no entanto, no caso 

da Indústria Aeroespacial encontra-se maioritariamente em fase laboratorial. Não é possível obter este 

processo de manufatura de outra indústria e aplicá-lo diretamente, dado à necessidade de peças de 

qualidade superior. A indústria Aeroespacial apresenta uma tolerância a erros mais reduzida e testes 

mais rigorosos, devido ao risco que acarreta o transporte aéreo de passageiros. Este estudo apresenta 

uma comparação da viabilidade financeira entre a versão industrializada do VARTM e outros 

atualmente implementados nesta indústria: Automated Fiber Placement (AFP) e Automated Tape 

Laying (ATL). Esta comparação foi efetuada através de Process-Based Cost Model (PBCM), com 

recurso a literatura existente, opiniões de especialistas na área e através da validação de suposições 

por cálculos. 

Os resultados dos modelos e das análises aos mesmos indicam que, para valores inferiores de 

produção anual, o VARTM é mais dispendioso do que processos de manufatura com Autoclave mas, à 

medida que a taxa de produção aumenta, o VARTM torna-se economicamente viável. Isto acontece 

porque, para volumes de produção anuais mais baixos, a percentagem deste custo é mais alta no 

VARTM do que no AFP ou ATL, e vice-versa. Dos vários processos estudados, também é importante 

referir que o VARTM é o mais indicado para a produção de partes grandes e complexas, dado ao seu 

saco de vácuo que não restringe o tamanho e o formato da mesma forma que o molde. Portanto, apesar 

das limitações do PBCM e das inevitáveis suposições relacionadas com a escalabilidade da 

implementação do processo VARTM do laboratório para a indústria, é possível obter resultados 

comparativos entre estes processos e escolher, de uma forma consciente e estudada, qual o mais 

apropriado para cada projeto dentro da Indústria Aerospacial. 

Palavras-chave 

VARTM, ATL, AFP, PBCM, processos de fabrico OoA, análise de custo, Indústria Aeroespacial.  
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1. Introduction 

1.1. Context 

For the past decades, the Aerospace Industry has come to face a growth in demand [1]. This high 

demand highlights the need to produce parts and to assemble them faster, engineers have the role to 

develop and improve the production of these parts. Aircraft need to be lighter, in order to reduce fuel 

consumption. Overall, it is also important to reduce the costs as much as possible, so that aerospace 

manufacturing companies can be competitive, and the clients can be satisfied [2]. This is the current big 

picture of this industry, and the main goal of this study is aligned with this paradigm. 

Composite materials have been used to replace aluminum in some aircraft structures. Composite 

materials represent an advantage due to their weight/resistance ratio [3]. Also, it is possible to 

manufacture increasingly bigger parts, with higher complexity [4]. An example of these are the main 

components of the aircraft, such as plane wings. 

These components are expensive due to the manufacturing costs related for example to the composites 

cure, like when using Autoclave. The Autoclave is a high temperature pressurized chamber responsible 

for the cure of parts [5]. Therefore, it is relevant to explore new processes that have the same efficiency, 

with fewer costs. 

 

1.2. Objectives 

The process chosen to be explored in this dissertation is an infusion process that is already tested in 

other industries, such as the Wind Power Industry, but not yet in the Aerospace Industry. It is a resin 

infusion process named VARTM (Vacuum Assisted Resin Transfer Molding).  

It is being studied in laboratories, such as INEGI (Instituto de Ciência e Inovação em Engenharia 

Mecânica e Engenharia Industrial). With their inputs, and by observing their laboratorial experiments 

and the process industrialized in other industries, it is possible to extrapolate VARTM for aerospace 

industry. This is necessary, so they can be compared with the ones used nowadays. They are going to 

be compared using a tool named PBCM (Process-Based Cost Model). 

By analyzing the process and creating the cost models, it is possible to find an interesting improvement 

to produce these main parts of the Aerospace Industry.  
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1.3. Structure of the Thesis 

This Master Thesis is divided in seven chapters in which the contents are organized: 

✓ Chapter 2 presents the needed information to understand the project, such as the development 

of composites and its current status, manufacturing processes used in this study and an 

explanation of PBCM; 

✓ Chapter 3 presents the methodology followed in this research, and introduces the main design, 

laboratorial and industrial requirements; 

✓ Chapters 4 and 5 describe the laboratorial and industrial processes studied, as well as its 

requirements, goals and specifications. Also, these chapters give a more detailed idea of which 

materials are needed and variabilities of the respective processes; 

✓ Chapter 6 presents the results of the PBCM evaluation, as well as a comparison of the 

processes mentioned in chapter 2; cost analysis. Comparison; 

✓ Chapter 7 is where the conclusions of this study and possible future work related to the project 

are presented. 
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2. State of the Art 

A composite is a material made from two or more constituent materials with very different physical or 

chemical properties, and with properties different from the constituents. The main constituents are 

matrices and reinforcements, and, in turn, the reinforcements are divided into two main categories, those 

categories being fibers and particles [2]. The reinforcements are surrounded and supported by the 

matrix, as shown in Figure 1, and increase the stiffness of the matrix. 

 

 

 

 

 

 

 

  

Materials reinforced with continuous fibers are often layered or laminated structures, where the fibers in 

each layer are oriented in a specific direction, as can be observed in Figure 2. The orientation of the 

fibers in each layer affects the properties of the laminated structure fundamentally [6]. 

 

 

 

 

 

 

 

 

Section 2.1 presents some information about the application of composites in the aerospace industry, 

and sections 2.2 and 2.3 describe the most common types of composite manufacturing processes and 

the respective process-based cost models, respectively. 

 

Figure 1: Matrices and reinforcements. 

Figure 2: Fibers orientations. 
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2.1. Composites in the Aircraft Industry 

It is becoming increasingly common to make large and critical aircraft structures, as well as small and 

complex aircraft parts, using composites when, in the past, these structures were made of metal [7], 

mainly aluminum and its alloys. As shown in Figure 3, composites are more expensive to obtain and 

cheaper to manufacture, but they are overall more expensive than metals, as can be seen from the lines 

of constant cost. However, the lightness of composite materials, as well as their high stiffness to weight 

ratio, or specific stiffness, are very advantageous to the aerospace industry, so much of the current 

objective for composites is to reduce their overall cost to the same cost as metals (same line of constant 

cost), while retaining their advantages [8].  

 

 

 

 

 

 

 

 

A composite material was applied for the first time in the aircraft industry, in 1945. This application 

consisted of building an aft fuselage skin for an aircraft, using glass fiber reinforced plastic. The aircraft 

industry was later revolutionized at the Royal Aircraft Establishment in UK, in 1974, when carbon fiber 

was discovered [1]. Since then, the research and application of composite materials in this industry has 

increased and continues to increase substantially [9]. 

Carbon fibers are excellent reinforcements for aircraft materials, since carbon is twice as stiff and five 

times as strong as steel per unit of weight, as well as lighter than aluminum and stiffer than titanium. In 

other words, this material is great for almost anything that requires high strength and low weight [9].  

Although composites produce less technical scrap (the fiber and resin borders that need to be trimmed 

in the end to guarantee precise shape, size and quality of each part), this material is not recyclable. 

However, from an ecological point of view, they still have advantages, because, as explained before, 

the fuel consumption is less, which reduces the pollution aspect during the lifetime of the aircraft [4]. 

Composite materials have a higher life and allow for more complex parts than metals, since they are 

usually stronger. Furthermore, over the years, the price of composites decreased considerably  [10]. As 

such, their application in the industry not only has increased, but it also has a perspective of growth. For 

example, 50% of the Boeing 787 aircraft weight, which can be observed in Figure 4, is made from 

Figure 3: Analysis of the manufacturing cost/ materials cost [4]. 
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composites, while the remainder of the plane is constructed primarily of a combination of aluminum, 

steel and titanium  [11].  

 

 

 

 

 

 

 

 

2.2. Composite Manufacturing Processes 

In this dissertation, the composite manufacturing processes of interest are the fiber placement, which is 

either manual or automated (AFP), tape laying, manual or automated (ATL), resin transfer molding 

(RTM), since these are among the most common manufacturing processes used in the aircraft industry, 

and vacuum assisted resin transfer molding (VARTM), which is the main focus of this study. 

While AFP and ATL use prepregs and an autoclave for curing, RTM and VARTM use dry fibers and do 

not use an autoclave. A prepreg is a reinforcing fabric, which has been pre-impregnated by a resin 

system (usually epoxy), and an autoclave, which can be observed in Figure 5, is a pressure chamber 

used to perform industrial processes that require high temperatures and pressures. 

 

 

 

 

 

 

 

 

 

These high temperatures and pressures cure the composites and remove the air voids, increasing the 

fiber to resin ratio, which enhances its performance [12]. Since an autoclave is very expensive, its use 

Figure 4: Ratio of materials of a 787 Boeing Aircraft [8]. 

Figure 5: Autoclave. 
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should be avoided and reserved for applications where weight and mechanical properties take 

precedence over cost, or applications where no other manufacturing processes are available. Also, the 

curing process in an Autoclave takes a lot of hours to be done, which reduces the production rate and 

also increases the energy consumption (increasing the costs once more) of the manufacturing process 

[13]. For these reasons, ever since they appeared, Out of Autoclave (OoA) manufacturing processes 

have developed considerably. 

2.2.1. Autoclave Manufacturing Processes 

As mentioned above, the autoclave-based manufacturing processes that will be discussed in this 

dissertation are AFP and ATL. Both of these processes produce composites by stacking plies of 

prepregs and use an autoclave to cure the composites, being that the fiber layers are stacked 

unidirectionally or in different orientations, typically 0º, +45º, -45º and 90º, as shown in Figure 6 [3].  

 

 

 

 

 

 

 

AFP is an automated composite manufacturing process which heats and compacts tows on a usually 

complex tool surface, such as a mandrel, as it is possible to observe in Figure 7. A tow is a bundle of 

thermoset pre-impregnated materials, typically carbon fibers impregnated with epoxy resin, and comes 

on a spool. 

This manufacturing process has been developed to, through the plies of prepregs, optimize the 

composite materials and therefore minimize the number of defects. However, porosity is a typical defect 

which is not easily removable, and as such a subsequent consolidation step is usually required [12]. 

Also, fiber placement has a high repeatability ratio, and the tows are deposited at a high rate  [2], 

independently of the part’s variability and complexity, and orientation of the fibers. 

 

 

 

 

 

Figure 6: Types of tape laying orientation:  

a) Unidirectional (UD); b) Several directions [22]. 

Figure 7: Automated fiber placement schematics. 
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A fiber placement machine has several components, including a robotic arm with a compaction roller, a 

system that supplies material, and two cutters and clamp mechanism, as shown in the figure above. 

This robotic arm has six degrees of freedom (three linear and three rotational), which makes it able to 

produce very complex parts  [14]. As for the cutters and clamp mechanism, this mechanism is used if 

preforming is required. 

Preforming consists of cutting the collimated fiber band into a specific shape before stacking this fiber 

band for layup  [15]. Despite its advantages, this technique is very time consuming and labor intensive, 

being that the fiber placement manufacturing process has the potential to overcome these limitations if 

it is automated  [5]. Table 1 presents some advantages and disadvantages inherent to AFP  [15]. 

Table 1: Advantages and disadvantages of AFP manufacturing process [15]. 

 

Unlike AFP, ATL employs pre-impregnated composite tapes consisting of continuous fibers and plastic 

matrix elements. Aside from that, the actual tape laying process is almost identical to that of the fiber 

placement process, being that the tape is mechanically applied to tool, or a mold, creating a multi-

layered surface, as shown in Figure 8. 

 

 

 

 

 

A computer numerical control (CNC) machine is used not only to automate, but also to control the tape 

laying manufacturing process, thereby eliminating human error [3] and allowing the process to be 

performed both quickly and smoothly. As a result, this manufacturing process has the advantage of 

being highly productive. Some other advantages, as well as disadvantages of ATL are presented in 

Table 2. 

Table 2: Advantages and disadvantages of ATL manufacturing process [3]. 

 

Figure 8: Automated tape laying schematics [12]. 
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Comparatively to the fiber placement manufacturing process, ATL deposits wider prepregs at a higher 

rate. Also, this manufacturing process is only applicable to angles below 15º, making it more suitable to 

produce large and flat parts. On the other hand, AFP is more suitable to produce small and complex 

parts. 

2.2.2. Out of Autoclave Manufacturing Processes 

As the name says, out of autoclave manufacturing processes do not require an autoclave. Instead, the 

curing is performed differently, as in the case of RTM and VARTM which are the main OoA manufacturing 

processes. 

RTM is an OoA composites manufacturing process that is usually manual. Furthermore, this process is 

primarily used to produce components with large surface areas, complex shapes and smooth finishes, 

which makes it a medium volume production process [16]. This complexity is easily achievable when 

rigid molds are used, so much that RTM is often able to replace autoclave-based manufacturing 

processes, such as AFP and ATL  [3]. 

Resin transfer molding, is a two heated molds process which transfers resin through dry fibers, as shown 

in Figure 9, being that the cavity between these molds corresponds to the shape of the final part. 

 

 

 

 

 

 

The procedure to perform the RTM manufacturing process is described in steps as follows: 

1. Open the cavity by removing the upper mold; 

2. Stack the fibers on the lower mold (usually manually using hand lay-up); 

3. Close the cavity by moving the upper mold to its original position; 

4. Inject the resin into the cavity with a pressure higher than the atmospheric pressure, until the 

mold is filled up; 

5. Cure phase; 

6. Open the molds to remove the part; 

7. Trim the boards of the finished composite, thereby removing any technical scrap left, in case 

such a need arises [13]. 

Summarizing, RTM is a liquid composite molding (LCM) manufacturing process, which means that the 

composite is formed by forcing a liquid state matrix material into a dry preformed reinforcing material 

[17], as can be observed in Figure 10. 

Figure 9: RTM manufacturing process representation [16]. 
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Figure 10: RTM manufacturing process steps [15]. 

During the execution of every manufacturing process, especially RTM (a more sensible process), the 

critical parameters, such as temperature and pressure, need to be tightly controlled, since these affect 

the properties of the resin and fibers and, consequently, the quality of the finished parts [15]. 

The advantages and disadvantages of this manufacturing process are identified in Table 3. 

Table 3: Advantages and disadvantages of RTM manufacturing process [15]. 

 

VARTM is a variant of RTM that is also usually manual and which, in its turn, can be adjusted to obtain 

other manufacturing processes by performing small modifications. These adjustments are made to 

improve this process and, consequently, the properties of the produced components [17]. 

This manufacturing process is very similar to RTM, except it uses a vacuum bag instead of a upper mold 

and pressures inferior to the atmospheric pressure, as it is possible to observe in Figure 11. The vacuum 

bag is used to propagate the low pressures created by a vacuum pump and is placed on top of a mold, 

thereby removing the need for a upper mold and, consequently, greatly reducing the cost of VARTM [2]. 

 

 

 

 

 

Figure 11: VARTM manufacturing process representation [16]. 
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The procedure to perform the VARTM manufacturing process is described in steps as follows: 

1. Mix the resin with a hardener and eliminate as many voids as possible by heating the mixture. 

At the same time, stack the fibers on the mold (usually manually using hand lay-up) or make a 

preform through which the resin will flow; 

2. Make the resin flow between the mold and the vacuum bag by creating a pressure differential, 

which is propagated by the vacuum bag; 

3. Cure the part to enhance its mechanical properties; 

4. Remove the finished composite from the mold. 

These steps are illustrated in Figure 12. 

 

 

 

 

 

 

As mentioned before, the execution of all manufacturing processes, especially RTM and its variants, 

needs to be tightly controlled, so as to obtain the desired properties for the finished components, being 

that two of the most important properties of a composite are its fiber permeability and resin viscosity. 

These properties are significantly affected by defects such as voids and dry resin spots, as well as an 

excessive amount of resin [17] and, in its turn, these defects are affected by the mold temperature and 

the entry pressure [14]. 

Controlled atmospheric pressure resin infusion (CAPRI) is a variant of VARTM, and it is patented by The 

Boing Company  [2]. The main difference between these two processes is CAPRI has a debulking step 

between the fiber stacking step and the resin infusion step. Debulking consists of applying a pressure 

gradient in a controlled environment to increase the compaction of the fibers, and as such decrease the 

permeability of the composite, as well as its overall thickness [15]. This compaction has an influence 

over the infusion time [2], among other parameters. 

Since the following chapters are mainly focused on VARTM [18], it is crucial to understand the 

advantages and disadvantages of this process, which are presented in Table 4. 

Figure 12: VARTM manufacturing process steps [18]. 
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Table 4: Advantages and disadvantages of VARTM manufacturing process [18]. 

 

2.3. Process Based Cost Models 

The production of composite materials for the aerospace industry requires a large amount of resources 

such as machines, workers and energy [5] and a high initial investment in equipment (i.e. tools and 

machines) with a substantially high energy consumption. Ideally, the cost of production of these 

composite materials would be reduced through mass production but unfortunately this is often not 

possible in this industry. Under these circumstances, an evaluation of the costs related to every step of 

a manufacturing process, including the costs of the materials used, becomes essential in providing 

managers with the insight to reduce costs and improve efficiency of production. 

For this effect, process-based cost models (PBCM’s) are very valuable tools, since they estimate the 

manufacturing costs for many technologies and designs, by analyzing the technical factors of each 

process in detail. Based on this information, it becomes possible to determine which factors contribute 

the most, or least, to the total cost and explore the impact of a manufacturing process in current 

technology  [4]. Ultimately, multiple processes and designs can be compared using PBCM’s. 

A PBCM is created by decomposing the problem of cost backwards [3] or, in other words, by dividing 

the production line of a manufacturing process into several steps, determining the inputs required for 

each step, and then introducing these inputs in sub models, which will be explained ahead, to obtain 

outputs, such as cost with engineering value [19]. 

Some of the inputs required for a sub model are obtained from the outputs of the previous sub model, 

while the remaining inputs need to be introduced by the user. As mentioned before, the latter consist of 

technical factors, which include cycle time, shape and complexity of the finished part, materials and 

respective properties, equipment and tooling requirements and efficiency of a manufacturing process 

[20]. These technical factors are based on engineering, technological and scientific principles and, 

therefore, need to be studied beforehand, by reviewing bibliographic research and scientific critical 

opinions, for example. 
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Summarizing, a PBCM incorporates technical factors, which can be divided into technical information 

and historical data. While the former was obtained through the governing equations of a manufacturing 

process, as will be seen ahead, the latter was obtained empirically from trial and error tests. Although 

historical data is used with more frequency in PBCM’s, technical information is very useful when the 

manufacturing process is recent and is lacking historical data. 

Since PBCM’s perform a very large number of calculations, they are usually applied using tools such as 

Microsoft Excel to facilitate these calculations, and so are the models discussed in this dissertation. Part 

of the data introduced in the models may be less accurate, since some of the values were calculated 

based on an accumulation of simplified physical models or observations [20]. 

 

A PBCM is divided into several sub models, being that the main sub models are usually the process, 

operations and financial sub models, as can be observed in Figure 13. 

 

 

The inputs for the process and operations sub models are the recourses which are required to perform 

a certain manufacturing process, as well as their corresponding quantity, respectively. Afterwards, the 

financial sub model calculates the cost of producing a specific part using this manufacturing process. 

Finally, this estimate can be used as an indicator of whether the process being analyzed is adequate or 

not to produce this specific part [21]. 

Some manufacturing processes may have unique characteristics which are not present in every other 

process, but at the very least they need to have certain characteristics in common, if they are supposed 

to be analyzed and compared using PBCM’s, these characteristics depending on the model being used. 

An example of common based bullet points [20] is presented in Figure 14. 

 

 

  

Figure 13: PBCM framework [20]. 

Figure 14: Fundamental cost evaluation topics in production [23]. 
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Figure 15: Methodology main steps. 

3. Methodology 

The main objective of this chapter is to perform a detailed analysis of VARTM, which is considered the 

same manufacturing process as CAPRI throughout the present work, and help to understand how this 

work was organized and developed during the dissertation. This analysis starts with implementing the 

VARTM process in a laboratory, and eventually in the industry, as will be explained further ahead. 

CAPRI/VARTM are manufacturing processes that are not fully explored yet nor implemented in the 

aircraft/aerospace industry. Knowing how this manufacturing process is currently being implemented in 

these other industries, it is possible to extrapolate these industrial implementations to the 

aircraft/aerospace industry and obtain an approximate and accurate industrial implementation for this 

industry. This extrapolation, in its turn, is based on expert opinions and bibliographical research, in the 

same way as PBCM’s, as well as on the laboratorial implementation of VARTM, and other manufacturing 

processes (if such a need arises), for the aircraft/aerospace industry. 

Another important objective is to understand the factors that make VARTM such a competitive process 

in this industry, when compared to other relevant manufacturing processes, such as AFP and ATL. The 

work performed to accomplish these objectives involves two case studies, being that each case study 

considers one component produced by CAPRI technology. These case studies consist of an industrial 

and a laboratorial implementation. After that, a PBCM approach is used to analyze the manufacturing 

process and understand its economic performance regarding manufacturing costs, as it is described in 

Figure 15. 

 

 

 

 

 

 

 

 

 

 

To understand the  laboratorial implementation of VARTM manufacturing process, as well as its 

sequence (steps), the production of a part using this process needed to be observed and followed. After 

that, this manufacturing process was studied theoretically, and a process-based cost model was 

developed to estimate the manufacturing costs. At this point, it became necessary to understand which 
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resources were needed for the industrial implementation, as well as the amount of these resources. To 

initiate the industrial PBCM, “a scale up” of the experiments made in the laboratory (i.e. larger machines, 

parts, etc.) was required, as well as studying the most suitable options. After both PBCM’s were made, 

each of these models returned results which were compared and then analyzed to determine the best 

process between VARTM and autoclave-based processes. 

3.1. Case Study Components 

Two parts are studied (one for each case study), being that these parts have the same geometry but 

different dimensions [25]. The part corresponding to the laboratorial implementation is smaller than the 

part corresponding to the industrial implementation, as the former is a prototype and the latter is a real 

sized part. 

The dimensional production range according to parts complexity of a manufacturing process is defined 

by the dimensions of the components that it produces, which is usually the length since this is the largest 

dimension, as well as the complexity of their geometry. By overlapping the production range of the 

VARTM implementations, a production range that can be applied to both implementations is obtained 

and the parts that fit in this new range are the ones under study in laboratory. Figure 16 shows an 

illustrative example of such an overlap, being that the length values and complexities presented in this 

example correspond to typical characteristics of parts produced using each implementation. 

 

 

 

 

 

 

 

 

 

The Figure above is only applicable for the current state of the CAPRI/VARTM manufacturing process 

in the aerospace industry.  

Since the overlapped production range contains only low complexities, the parts under study are defined 

as a simple board (and rectangular), which consists of a simple geometry. 

 

 

Figure 16: Parts under study restriction. 



31 
 

3.2. Application of Process Based Cost Models 

For a manufacturing process to be competitive, a balance between the quality of the parts that are 

produced by this process and the cost and time required to produce these parts must be achieved. 

These costs are estimated by PBCM’s, as mentioned before.  

Every manufacturing process, including VARTM, follows a sequence of steps which turn raw materials 

into a component with certain specified properties, being that in each step resources are not only used 

(machines, workers, etc.), but also consumed (energy, materials, etc.), that is, costs are introduced. A 

PBCM can only be developed for later application when all the manufacturing processes involved, as 

well as the respective steps and characteristics, are correctly understood by its developer. 

In order to compare manufacturing processes they must have common characteristics such as 

dimensions and quality of parts, materials used and respective acquisition batch size [25]. It is 

impossible to compare processes if parts characteristics and properties do not overlap.  

Lastly, in order to connect each step of the manufacturing process and link the different sub models 

within a PBCM, it is necessary that the outputs for each sub model are equal to the inputs for the 

following sub model. 

Subsections 3.2.1 and 3.2.2 describe a variety of examples of inputs/outputs and the costs associated 

with these inputs, respectively. These costs can be divided into variable and fixed costs. 

 

3.2.1. Inputs and Outputs 

To obtain reliable inputs for the laboratorial and industrial PBCM’s developed for this dissertation, it is 

important not only to study the manufacturing processes involved and the respective technical factors, 

but also to observe some existent laboratorial implementations and contact the suppliers of materials 

directly whenever possible. 

The inputs can be either general or specific, being that the former inputs are introduced in the first step 

of a manufacturing process and used throughout the entire process, which means they are related to 

every step of this process, while the latter inputs are not used in every step. 

For example, the wage of a worker, which consists of the amount of money a worker earns per unit of 

time (usually per hour), is present in every step, since each step requires at least one worker, and as 

such is a general input. On the other hand, the building space area and the number of workers vary in 

each step and, therefore, are specific inputs. Table 5 and Table 6 present several examples of general 

and specific inputs, respectively. 
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Some characteristics of the final part, such as its dimensions and weight, as well as information about 

the materials used to produce this part, are also necessary inputs which are presented in Table 7 and 

Table 8, respectively.  

 

 

 

 

 

 

 

 

 

Table 5: General inputs. 

Table 7: Part information. 

Table 6: Specific inputs. 

Table 8: Materials information. 
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As shown in Table 8, the information about the materials varies with the material of the final part. If the 

material comes in batches, then the size and cost of each batch are the relevant inputs, otherwise the 

relevant inputs for the material are the weight and cost of the raw material. 

The production time, corresponding to 24 hours, can be divided into available and unavailable time, and 

into uptime and downtime. In its turn, these times have their own sub-categories, as can be observed in 

Figure 17, where these sub-categories consist of inputs.  

 

 

 

 

 

 

This uptime plus the idle time is equal to the available time and, in its turn, this available time plus the 

unavailable time are equal to the production time, where the idle time is the non-productive (it can 

produce if necessary, but has nothing to produce) time when the workers are still being paid. 

The times mentioned so far are can be calculated as follows in Equation (3.1): 

𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑇𝑖𝑚𝑒𝑖  [ℎ/𝑑𝑎𝑦] = 24ℎ − (𝑂𝑛 𝑆ℎ𝑖𝑓𝑡 𝑀𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 + 𝑊𝑜𝑟𝑘𝑒𝑟 𝑈𝑛𝑝𝑎𝑖𝑑 𝐵𝑟𝑒𝑎𝑘𝑠 +

𝑊𝑜𝑟𝑘𝑒𝑟 𝑃𝑎𝑖𝑑 𝐵𝑟𝑒𝑎𝑘𝑠 + 𝑈𝑛𝑝𝑙𝑎𝑛𝑛𝑒𝑑 𝐷𝑜𝑤𝑛𝑡𝑖𝑚𝑒) (3.1)
 

𝑈𝑝𝑡𝑖𝑚𝑒𝑖  [ℎ/𝑦𝑒𝑎𝑟] =  
𝐶𝑦𝑐𝑙𝑒 𝑇𝑖𝑚𝑒𝑖  [ℎ] × 𝑛º 𝑜𝑓 𝑃𝑎𝑟𝑡𝑠𝑖

𝐴𝑙𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛𝑖

 (3.2) 

where 𝐴𝑙𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛𝑖 is the percentage of the machine uptime occupied by the production of the part under 

studied in the required quantities [26]. 

𝐼𝑑𝑙𝑒 𝑇𝑖𝑚𝑒𝑖  [ℎ/𝑑𝑎𝑦] =  𝐷𝑜𝑤𝑛𝑡𝑖𝑚𝑒𝑖 − (𝑂𝑛 𝑆ℎ𝑖𝑓𝑡 𝑀𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 + 𝑊𝑜𝑟𝑘𝑒𝑟 𝑈𝑛𝑝𝑎𝑖𝑑 𝐵𝑟𝑒𝑎𝑘𝑠 +

𝑊𝑜𝑟𝑘𝑒𝑟 𝑃𝑎𝑖𝑑 𝐵𝑟𝑒𝑎𝑘𝑠 + 𝑈𝑛𝑝𝑙𝑎𝑛𝑛𝑒𝑑 𝐷𝑜𝑤𝑛𝑡𝑖𝑚𝑒) (3.3)
 

where 𝑖 represents a certain step of a certain manufacturing process, 𝐶𝑦𝑐𝑙𝑒 𝑇𝑖𝑚𝑒𝑖 is the time required 

to perform this step, and the on-shift maintenance and unplanned downtime, as well as worker unpaid 

and paid breaks consist of time inputs, among others. 

Operational time is one of the main groups of inputs, but some other inputs and variables must be 

studied in other to develop the PBCM. The annual production volume is an input consisting of the 

number of parts that need to be produced per year, or supply, which is always higher than the demand, 

due to the production of components with defects and other unexpected situations. Also, the raw material 

required for each part has to be larger than the size of these parts, since a composite is usually trimmed 

so as to remove the technical scrap (of the fiber fabric), as shown in Figure 18. 

 

Figure 17: Line utilization for 24-hours day [19]. 
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Figure 8 shows the projected area of the parts with simple geometry considered in this dissertation, 

where the continuous and dashed lines represent the borders of the parts before and after trimming, 

respectively. The percentage of technical scrap in the untrimmed composite is calculated as follows in 

Equation (3.5): 

𝑇𝑒𝑐ℎ𝑛𝑖𝑐𝑎𝑙 𝑆𝑐𝑟𝑎𝑝 [%] =
𝐴𝐵 − [(𝐴 − 2𝐶)(𝐵 − 2𝐶)]

𝐴𝐵
 (3.5) 

where 𝐴 and 𝐵 represent the width and length of the parts, respectively, and 𝐶 is the thickness of the 

technical scrap. 

After removing the technical scrap (different from scrap, since it is the rest of material needed to produce 

the part and not necessarily related to the material/parts with defect) the parts are inspected, after which 

there are three possible scenarios: the part is defect-free, the part is defective but can still be rectified 

or the part is defective beyond repair (scrap). If the second scenario applies to the inspected parts, they 

have to be rectified through rework. Afterwards, these reworked parts are inspected again, and if they 

pass the inspection, they are reintroduced in the production line, otherwise they are disposed of, as 

described in Figure 19. 

 

 

 

 

 

 

 

 

 

According to Figure19, the number of parts that remain in the production line after the technical scrap is 

removed is the following: 

Figure 19: Diagram describing parts efficiency. 

Figure 18: Technical scrap of the fiber fabric. 
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𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑃𝑎𝑟𝑡𝑠𝑖+1 = (%𝑃𝑎𝑠𝑠𝑒𝑠𝑖 + %𝑅𝑒𝑤𝑜𝑟𝑘𝑖 × %𝑅𝑒𝑤𝑜𝑟𝑘𝑃𝑎𝑠𝑠𝑒𝑠𝑖) × 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑃𝑎𝑟𝑡𝑠𝑖  (3.6) 

where 𝑖 and 𝑖 + 1 represent the steps before and after rework, respectively, %𝑃𝑎𝑠𝑠𝑒𝑠𝑖 is the number of 

parts that do not require rework, in terms of percentage, %𝑅𝑒𝑤𝑜𝑟𝑘𝑖 is the number of parts that require 

rework, also in terms of percentage, and %𝑅𝑒𝑤𝑜𝑟𝑘𝑃𝑎𝑠𝑠𝑒𝑠𝑖 is the percentage of parts that return to the 

production line after rework. 

3.2.2. Variable and Fixed Costs 

As mentioned before, the cost of producing a part can be divided into variable and fixed costs, and as 

such, the final cost is determined by adding them, being that these two costs are initially calculated as 

a cost per year, and then divided by the annual production volume. Therefore, the greater the number 

of parts produced per year, the smaller the unit production cost [21], since the fixed component of this 

cost is calculated by dividing the annual fixed cost by the number of parts, and its variable component 

is constant. 

While the variable costs per year depend on the resources consumed (such as energy and materials), 

the fixed costs per year depend on the non-consumed resources (such as machines and tools). In other 

words, the variable costs per year depend on the annual production volume, while the fixed costs per 

year do not (they can be related with the loans made by a bank to the industry to cover the initial 

investments, which must be paid back in annuities, among other costs). If the structure of the production 

line (i.e. machines and tools) is not altered, then the fixed costs will also remain the same, independently 

of the production volume [3]. Table 9 presents some examples of variable and fixed costs. 

 

 

 

 

 

The variable and fixed costs are calculated as follows: 

• Variable costs 

𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝐶𝑜𝑠𝑡𝑖 = 𝑅𝑒𝑎𝑙 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝐶𝑜𝑠𝑡𝑖 − 𝑆𝑐𝑟𝑎𝑝 𝐶𝑜𝑠𝑡𝑖  (3.7) 

𝑅𝑒𝑎𝑙 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝐶𝑜𝑠𝑡𝑖 = 𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝐶𝑜𝑠𝑡𝑖 × (
𝑃𝑎𝑟𝑡𝑠 𝐷𝑒𝑚𝑎𝑛𝑑𝑖

𝐴𝑛𝑢𝑎𝑙 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑉𝑜𝑙𝑢𝑚𝑒
) ×

(1 − 𝑇𝑒𝑐ℎ𝑛𝑖𝑐𝑎𝑙 𝑆𝑐𝑟𝑎𝑝𝑖) +  𝑛º 𝑜𝑓 𝑃𝑎𝑟𝑡𝑠𝑖+1 × %𝑅𝑒𝑤𝑜𝑟𝑘𝑖 × 𝐶𝑜𝑠𝑡 𝑅𝑒𝑤𝑜𝑟𝑘𝑖 (3.8)
 

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝐶𝑜𝑠𝑡𝑖 = (
𝐵𝑎𝑡𝑐ℎ 𝐶𝑜𝑠𝑡

𝐵𝑎𝑡𝑐ℎ 𝑆𝑖𝑧𝑒
) × 𝑛º 𝑜𝑓 𝑃𝑎𝑟𝑡𝑠𝑖 × 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑓𝑜𝑟 𝑅𝑒𝑤𝑜𝑟𝑘 (3.9) 

𝐶𝑜𝑛𝑠𝑢𝑚𝑎𝑏𝑙𝑒𝑠 𝐶𝑜𝑠𝑡 = 𝐶𝑜𝑛𝑠𝑢𝑚𝑎𝑏𝑙𝑒𝑠 𝑐𝑜𝑠𝑡 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 × 𝑛º 𝑜𝑓 𝑃𝑎𝑟𝑡𝑠  (3.10) 

Table 9: Variable and fixed costs [26]. 
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𝑆𝑐𝑟𝑎𝑝 𝐶𝑜𝑠𝑡 = (%𝑇𝑒𝑐ℎ𝑛𝑖𝑐𝑎𝑙 𝑆𝑐𝑟𝑎𝑝𝑖 + %𝑆𝑐𝑟𝑎𝑝𝑖 + %𝑅𝑒𝑤𝑜𝑟𝑘𝑖(1 − %𝑃𝑎𝑠𝑠𝑖)) × 𝑛º 𝑜𝑓 𝑃𝑎𝑟𝑡𝑠𝑖 ×

𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝐶𝑜𝑠𝑡 𝑝𝑒𝑟 𝑃𝑎𝑟𝑡 (3.11)
 

𝐿𝑎𝑏𝑜𝑟 𝐶𝑜𝑠𝑡 =  𝑛º 𝑜𝑓 𝑊𝑜𝑟𝑘𝑒𝑟𝑠𝑖 × 𝐶𝑦𝑐𝑙𝑒 𝑇𝑖𝑚𝑒𝑖 × 𝑊𝑎𝑔𝑒 × 𝐷𝑒𝑑𝑖𝑐𝑎𝑡𝑖𝑜𝑛𝑖 × 𝑛º 𝑜𝑓 𝑃𝑎𝑟𝑡𝑠𝑖  (3.12) 

𝐸𝑛𝑒𝑟𝑔𝑦 𝐶𝑜𝑠𝑡 = 𝐶𝑦𝑐𝑙𝑒 𝑇𝑖𝑚𝑒𝑖 × 𝑛º 𝑜𝑓 𝑃𝑎𝑟𝑡𝑠𝑖 × 𝑃𝑜𝑤𝑒𝑟 × 𝑈𝑛𝑖𝑡 𝐸𝑛𝑒𝑟𝑔𝑦 𝐶𝑜𝑠𝑡 (3.13) 

Variable costs include the material costs that are calculated based on their batches prices then divided 

per unit, also scrap costs, that are directly associated to the losses of materials during the manufacturing 

process. Energy costs that involve the energy consumption during the production, and labor costs that 

depend on the number of workers and their dedication, the cycle time of the step, the average wage 

according to the working hours and lastly the number of parts needed to be produced in that step. 

• Fixed costs 

𝑀𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝐶𝑜𝑠𝑡 = 𝑀𝑎𝑐ℎ𝑖𝑛𝑒 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 × %𝑀𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 (3.14) 

The Equivalent annual cost allows the calculation of the machine, tooling and building costs of each 

step, according to their investment costs, as follows:  

𝐸𝑞𝐶𝑜𝑠𝑡𝑗𝑖 = 𝐼𝑖
(1+𝑟)

𝑛𝑗×𝑟

(1+𝑟)
𝑛𝑗−1

      (3.15) 

where is j the cost of the asset, Ij  is the investment, nj the useful life and r opportunity cost annual rate.  

To calculate the fix costs of the part under study, based on the equivalent annual cost, were used the 

following equations: 

                               𝑀𝑎𝑐ℎ𝑖𝑛𝑒 𝑐𝑜𝑠𝑡𝑖 =  
∑ (𝐸𝑞𝐶𝑜𝑠𝑡𝑗𝑖)𝑗 ×%𝐴𝑙𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛𝑖  

𝑛º 𝑜𝑓 𝑃𝑎𝑟𝑡𝑠𝑖
      (3.16) 

𝑇𝑜𝑜𝑙𝑖𝑛𝑔 𝑐𝑜𝑠𝑡𝑖 =  
∑ 𝐸𝑞𝐶𝑜𝑠𝑡𝑗 𝑗𝑖

  

𝑛º 𝑜𝑓 𝑃𝑎𝑟𝑡𝑠𝑖
      (3.17) 

𝐵𝑢𝑖𝑙𝑑𝑖𝑛𝑔 𝑐𝑜𝑠𝑡𝑖 =  
 ∑ 𝐸𝑞𝐶𝑜𝑠𝑡𝑗 𝑗𝑖

×𝑆𝑝𝑎𝑐𝑒𝑅𝑒𝑞𝑖×%𝐴𝑙𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛𝑖

𝑆𝑝𝑎𝑐𝑒𝑅𝑒𝑞×𝑛º 𝑜𝑓 𝑃𝑎𝑟𝑡𝑠𝑖
    (3.18) 

where SpaceReq refers to the factory’s floor area, SpaceReqi is the area occupied by the manufacturing 

process i. 

-Investments 

 

𝑀𝑎𝑐ℎ𝑖𝑛𝑒 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 = 𝐴𝑐𝑞𝑢𝑖𝑠𝑖𝑡𝑖𝑜𝑛 𝐶𝑜𝑠𝑡 × 𝑛º 𝑜𝑓 𝑈𝑛𝑖𝑡𝑠 × %𝐴𝑙𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 (3.19) 

𝑇𝑜𝑜𝑙 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 = 𝐴𝑐𝑞𝑢𝑖𝑠𝑖𝑡𝑖𝑜𝑛 𝐶𝑜𝑠𝑡 × 𝑛º 𝑜𝑓 𝑈𝑛𝑖𝑡𝑠  (3.20) 

𝐵𝑢𝑖𝑙𝑑𝑖𝑛𝑔 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 = (1 − 𝐼𝑑𝑙𝑒 𝑆𝑝𝑎𝑐𝑒%) × 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑆𝑝𝑎𝑐𝑒 × 𝐵𝑢𝑖𝑙𝑑𝑖𝑛𝑔 𝐶𝑜𝑠𝑡 × %𝐴𝑙𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 (3.21) 

where %Allocation is the percentage in use of a certain machine/tool or space to produce a certain part. 
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4. Laboratorial Implementation 

The laboratorial implementation of a manufacturing process is indispensable for the development of its 

respective industrial implementation, since this implementation puts the theory behind a manufacturing 

process into practice. The laboratorial implementation that can be observed below was done by INEGI. 

To plan a manufacturing process and implement this process in a laboratory, it is necessary to define 

some specifications, such as the ranges of geometry complexities and dimensions of the parts, which 

depend on the materials used, the process being studied, and the objectives involved. 

The main objective of a laboratorial implementation of a certain manufacturing process is to understand 

its parameters, including the production times, and its variabilities . This study is performed in a smaller 

scale by producing different prototypes. Since the parts geometry has already been defined in chapter 

3, these prototypes only vary in terms of size.  

It is also important to test the prototypes that are not disposed of, so that adjustments to the parameters 

can be made. This objective can be accomplished by determining which consumables and materials 

have the lowest cost according to the requirements. 

As mentioned before, the manufacturing process of greatest interest in this thesis is VARTM, and this 

process was replicated in the INEGI laboratory. Part of this process can be observed in Figure 20, the 

infusion step. Also, the pressures and temperatures are examples of parameters that need to be very 

carefully adjusted in general, and especially in the resin infusion step of VARTM, where a wrong choice 

of these parameters can cause non-repairable defects in the parts. 

 

 

 

 

 

 

 

 

 

 

Infusion Step  

 

Figure 20: Infusion step of the laboratorial implementation of VARTM. 
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4.1. Description of Laboratorial VARTM 

The laboratorial implementation of VARTM can be divided into six main steps, as shown in a scheme in 

Figure 21, which will be explained in this section. This section also contains information about suppliers, 

as well as its references. The first and the last step (storage and NDT) are not considered for the 

laboratorial implementation, due to the fact that the storage is too small and shared with other 

laboratorial tests and therefore the cost is not relevant. On the other hand, the NDT (non-destructive 

tests) are not quantifiable, because depending on the experiment it may not be necessary at all (defects 

are too obvious, and can be seen visually, not being necessary to continue the analysis step). 

 

Figure 21: Phases of the laboratorial implementation of VARTM. 

• Pre-processing 

In the first step, which is the pre-processing step, the consumables and materials which are needed to 

initiate the manufacturing process are prepared, and this preparation involves: 

✓ Cutting fabrics, including the fiber fabric, peel ply and flow mesh, as well as the vacuum bag; 

✓ Cleaning and applying about 3 layers of a release agent to the mold surface, so as to prevent 

the part materials from bonding with it and, consequently, facilitate the separation of the cured 

part from the mold; 

✓ Mixing resin with the hardener using a proportion of 1:0.681, and heating it until 80ºC; 

✓ Assembling the tubes, connectors and spirals with sealing tape. 

A peel ply serves the same purpose as a release agent, but instead of facilitating the separation of the 

cured part from the mold, it facilitates the separation of the cured part from the vacuum bag, as shown 

in Figure 22.  

 

 

 

 

 

 

Figure 22: Infusion step schematics [27]. 
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• Stacking 

This step consists of gathering the required tools, equipment and consumables, and then placing the 

fibers unidirectionally on top of the mold. After the stacking of fibers is concluded, and the vacuum bag 

is checked for leaks, the gradual heating of the mold and the tubes is initiated. This gradual heating is 

performed by heating the mold 20ºC every ten minutes until its temperature reaches 120ºC, and also 

the tubes until 80/90ºC. 

• Debulking 

Before this step is initiated, it is necessary to gradually heat the mold and tubes, and also to degas the 

resin (to avoid voids) and staple the entrance tube afterwards. As the name implies, the degassing 

process consists of removing dissolved gases from liquids. 

In this step, an inward negative pressure gradient is continuously applied to compact the fibers, thereby 

eliminating most of its voids.   

• Infusion 

The procedure for this step is the following: 

✓ Close the throttle located in the entrance tube, and place the resin in the trap connected to the 

tube; 

✓ Loosen the tape from the tube, thereby opening the throttle and starting the resin infusion. 

This resin infusion step is mandatory, since VARTM does not use prepregs or preforms, and consists of 

impregnating the fiber fabrics by pulling the resin into these fabrics using a pressure gradient, where the 

internal pressure is lower than the atmospheric pressure. This pressure gradient is created by the 

vacuum pump, as can be observed in Figure 23. After the cavity between the mold and vacuum bag is 

filled up, the resin is checked for the presence of voids again. 

 

 

  

 

 

 

 

 

 

 

Figure 23: Infusion resin flow progress. 
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• Curing 

In this step, the properties of the composite are improved using a heat treatment consisting of heating 

the mold 20ºC every ten minutes until it reaches 180ºC, as recommended by the supplier. Afterwards, 

both the equipment and the composite have to cool down until they reach room temperature. 

• Trimming 

The last step includes removing the prototype from the mold, as well as disconnecting the equipment 

attached to the part, such as the inlet and vent. This prototype is then trimmed into a sample, which is 

inspected by the engineers involved in this implementation.  

Lastly, the materials and consumables that are used in the experiments (laboratorial implementations) 

from which conclusions are withdrawn, as well as the respective suppliers, are listed in Table 10. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2. Variabilities  in Laboratorial VARTM 

There are variabilities  in every step described in section 4.1, due not only to the limitations in terms of 

theoretical knowledge, but also to the impossibility of controlling the parameters of VARTM in some 

steps. For example, the external and vacuum pressures that are applied in the resin infusion step are 

impossible to control at every point of the cavity between mold the and vacuum bag, and as such, the 

Table 10: References information and suppliers. 
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direction of the resin flow is also impossible to predict at a specific point. Most of the variabilities  that 

are associated to VARTM, including this uncertainty, come from its resin infusion step. 

Some of the inputs required for this step, including the infusion time, depend on the pressure gradient, 

which consists of the difference between the vacuum and external pressures, at each point. Since it is 

impossible to predict this gradient, the external and vacuum pressures are assumed to be constant at 

every point or, in other words, the resin flow is assumed as unidirectional, as illustrated in Figure 24.  

The infusion time depends on the position of the front flow (which is given by the red and dashed line in 

Figure 24. 

If the flow is unidirectional), and vice-versa. If the manufacturing process is performed in a constant 

pressure gradient environment, the front flow position can be obtained by integrating Darcy’s law, and 

is given by: 

𝑥𝑓𝑓 = √
2 ∙ 𝐾 ∙ ∆𝑃 ∙ 𝑡𝑓𝑓

∅ ∙ 𝜇
 (4.1) 

where ∆𝑃 is the pressure gradient, 𝜇 is the viscosity of the resin, and 𝐾 and ∅ are the permeability and 

porosity index, respectively. 

 

 

 

 

 

Using (4.1), the infusion time is obtained: 

𝑡𝑓𝑓 =
𝜇 ∙ ∅ ∙ 𝑥𝑓𝑓

2

2 ∙ 𝐾 ∙ (𝑃𝑒 − 𝑃𝑣)
(4.2) 

where 𝑃𝑒 and 𝑃𝑣 are the exterior and vacuum pressures, respectively. 

This time can be reduced by adding a flow mesh (FM), being the infusion time under this condition given 

by: 

𝑡𝑓𝑓 =
𝜇 ∙ ∅ ∙ 𝑥𝑓𝑓

2

2 ∙ 𝐾 ∙ (𝑃𝑒 − 𝑃𝑣)
∙ 𝐹𝑀 (4.3) 

where 𝐹𝑀 is the inverse of the velocity increase attained when using a flow mesh. For example, if the 

velocity of the manufacturing process doubles, then 𝐹𝑀 =
1

2
= 0.5. 

Figure 24: Unidirectional resin flow [15]. 
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The infusion time is also affected by the resin weight of the part, which in its turn depends on the fiber 

volume ratio, fiber weight and density of the part, as well as on the density of the fibers, being that the 

fiber volume ratio used during the laboratorial implementation corresponds to the ideal ratio: 

𝑉𝑓𝑖𝑏𝑒𝑟

𝑉𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒

= 0.6 (4.4) 

where 𝑉𝑓𝑖𝑏𝑒𝑟 and 𝑉𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 are the fiber and composite volumes, respectively. 

Also, the fiber and composite densities are equal to the ratio between their weight and volume: 

𝜌𝑓𝑖𝑏𝑒𝑟 =
𝑚𝑓𝑖𝑏𝑒𝑟

𝑉𝑓𝑖𝑏𝑒𝑟

 (4.5) 

𝜌𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 =
𝑚𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒

𝑉𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒

 (4.6) 

Lastly, the resin weight consists of the difference between the part weight and the fiber weight: 

𝑚𝑟𝑒𝑠𝑖𝑛 = 𝑚𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 − 𝑚𝑓𝑖𝑏𝑒𝑟 (4.7) 

By substituting (4.4), (4.5) and (4.6) into (4.7), the resin weight is obtained: 

𝑚𝑟𝑒𝑠𝑖𝑛 = (
𝑚𝑓𝑖𝑏𝑒𝑟

0.6 ∙ 𝜌𝑓𝑖𝑏𝑒𝑟

× 𝜌𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒) − 𝑚𝑓𝑖𝑏𝑒𝑟  (4.8) 

 

4.3. Other Laboratorial Inputs 

Table 11 presents general inputs for the laboratorial implementation. 

 

 

 

 

 

 

 

 

 

These values consist of estimates and calculations based on expert opinions, as well as on common 

knowledge, and depend on other inputs, including the annual production volume, and on the company 

Table 11: General inputs for the laboratorial implantation. 
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itself. The values presented in Table 11 are adjusted to an annual production volume of 100 parts per 

year, which corresponds to the annual production volume defined for the laboratorial implementation. 

Figure 25 shows some specific inputs for the laboratorial implementation, namely the cycle times and 

the number of workers in each step, and Table 12 presents specific inputs related to the characteristics 

of the parts and the materials used to produce them. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 25: Laboratorial workers and cycle times per step. 

 

Table 12: Laboratorial specific inputs. 
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5. Industrial Implementation 

5. 

From an economical point of view,  an industry is responsible for the production of goods and/or provision 

of services. AFP, ATL, RTM are very prevalent manufacturing processes within the aircraft industry, but 

it is not yet the case of the VARTM manufacturing process, which means the industrial implementation 

of VARTM and the development of the respective PBCM are crucial. 

After performing the laboratorial implementation of VARTM described in the previous chapter, it is then 

possible to proceed to its respective industrial implementation, which consists of producing batches of 

real parts for real clients. As such, these batches, as well as the parts themselves, are larger than the 

batches and prototypes produced in the laboratory to study this manufacturing process. An example of 

a real part is shown in Figure 26. 

 

 

 

 

 

 

 

 

As can be observed in this figure, the stacking area, which consists of the area where the fiber layers 

are stacked, is much larger, and the number of infusion points, whose longitudinal positions are shown 

by white tapes, is higher. 

The requirements regarding the industrial implementation are stricter, and the number of variabilities  

that are associated with this implementation is higher. The first step to implement VARTM industrially is 

to define the requirements for this manufacturing process, such as the number of batches and machines, 

as well as its parameters, by studying this manufacturing process in detail, which are described in 

sections 5.1 and 5.2, respectively. Lastly, section 5.3 describes other industrial inputs. 

 

 

Figure 26: VARTM industrial implementation [28]. 

HP
Novo
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5.1. Description of Industrial VARTM 

The industrial implementation of VARTM is more complex than its laboratorial implementation, and as 

such, it is divided into more steps. More specifically, while the former is divided into nine steps, as can 

be observed in Figure 27 the latter is only divided into six steps, as mentioned before. Also, each step 

of the laboratorial implementation is included in the respective industrial implementation, such as the 

stacking step, being that some of these steps are applied differently. 

 

 

 

 

 

• Storage 

This step is exclusive to the industrial implementation, since the larger batches and parts themselves 

require a substantial amount of raw material, which needs to be ordered in advance and stored. After 

being stored, the materials and consumables have to be conserved until they are necessary, by using 

conservation techniques, which depend on the material. For example, most resins need to be stored in 

a low temperature place to be properly conserved, such as a refrigerated container. Due to the 

importance of storing and conserving the materials, these tasks require at least one worker who is 

dedicated to them. 

• Pre-processing 

Analogously to laboratorial implementation, the materials and consumables require preparation before 

initiating the manufacturing process, using the same procedure for this effect. In this implementation, 

the fabric cutting is performed by a 2D CNC. 

• Stacking 

The main difference between the stacking step in the laboratorial and industrial implementations is that 

the latter requires a laser projector which helps align the fiber layers correctly, seeing that these layers 

are larger. This tool works by projecting the contours of the fiber layers using a laser, as demonstrated 

in Figure 28, where the contours are represented in red. 

  

Figure 27: Steps of the industrial implementation of VARTM. 
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• Debulking 

As mentioned in chapter 4, debulking is an operation which consists of eliminating the voids present in 

the fibers by compacting them continuously, using a pressure gradient for this effect. 

• Infusion 

Impregnating fiber layers with resin can be performed by creating a pressure gradient with a vacuum 

pump, where the internal pressure is lower than the atmospheric pressure. While the vacuum pump is 

separated from the resin tank in the laboratorial implementation, in the industrial implementation they 

are connected by a machine, thereby eliminating the necessity for a resin trap. This machine contributes 

to the high production rate inherent to the industrial implementation, since it performs both the 

preparation and pumping of the resin. 

• Curing 

In contrast with the laboratorial implementation, the system which heats the mold is located inside the 

mold itself in the industrial implementation, as opposed to outside. Also, the temperature of the mold is 

regulated automatically in this implementation, since its corresponding heating system is composed by 

thermoregulators. 

• Demolding 

As the name suggests, demolding consists of removing an object from the mold containing this object. 

During this step, the cured part is removed from the mold after they both cool down, and this removal is 

performed with a crane, due to the size and weight of the part. Afterwards, the equipment attached to 

the part needs to be disconnected from it. 

• Trimming 

After being demolded, the part is trimmed using a 3D CNC machine, and whose parameters are based 

on the conclusions related to the samples produced in the laboratorial implementation. The trimmed part 

is then visually inspected by the worker responsible for the trimming. 

  

Figure 28: Laser for manual fiber placement [29]. 



48 
 

• Non-destructive evaluation (NDE) or Non-destructive tests (NDT) 

Defects can be present in the raw material of a part or initiate during its production and/or operation. If 

these defects propagate, the part may stop working properly or even fracture, in which case either the 

part is irreparable and needs to be replaced, or a reactive maintenance is required to repair it. None of 

these alternatives is cost-effective, therefore defects should be repaired before they propagate. 

After being produced, the part is usually subjected to a non-destructive evaluation, so that any defect 

which initiates during its production may be detected and repaired before it propagates. Furthermore, a 

preventive maintenance should be applied to the part during its operation, that is, the part should be 

inspected regularly and, if necessary, repaired, thereby increasing its life. 

Industrial PBCM’s usually incorporate inputs associated to non-destructive evaluations. However, they 

do not incorporate inputs associated to preventive maintenances, since the focus of this dissertation is 

the production stage of a part, not its operation stage. The inputs associated to the NDT considered in 

the industrial PBCM developed during this thesis are presented in Table 13. 

Table 13: NDT step inputs. 

 

Analogous to the storage step, this step is exclusive to the industrial implementation, since the parts 

produced in this implementation are delivered to real clients, while the prototypes produced during the 

laboratorial implementation are only inspected to withdraw conclusions about VARTM. Moreover, the 

aircraft and aerospace industries require high quality parts, and this quality is tested using NDT’s. As 

such, this step is performed by workers more qualified than the workers performing the previous steps.  

Lastly, the materials, consumables, tools and machines used during the industrial implementations to 

produce parts, as well as its respective suppliers, are listed in Table 14. 
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The choices of the machine suppliers were based on the conclusions related to the laboratorial 

implementations, price-quality ratio of the machines and opinions of experts, among other factors. 

5.2. Assumptions of the Industrial VARTM 

As mentioned before, the parts produced in the industry are larger than the prototypes produced in the 

laboratory. In other words, an industrial implementation is more complex than an implementation in the 

laboratory. As such, the number of variabilities  associated with an industrial implementation is higher, 

and this implementation contains every uncertainty associated with a laboratorial implementation. 

Every uncertainty which is exclusive to the industrial implementation results from the increase in scale, 

that is, the increase in size of the parts, batches and machines that produce them. These variabilities  

include the number of infusion points inside the cavity between the mold and vacuum bag, as well as 

the workspace area required for the production of parts, which are discussed in subsections 5.2.1 and 

5.2.2, respectively. 

5.2.1. Number of Infusion Points  

In contrast with the laboratorial implementation, the industrial implementation requires more than one 

infusion point for the resin impregnation to occur properly. According to empirical data collected from 

other resin infusion processes [28], an adequate resin infusion is achieved when the distance between 

“neighbor” infusion points does not exceed 2 meters. 

To exemplify, the number of infusion points of a generic airplane wing is calculated ahead. Considering 

that the cross-section of an airplane wing, is equal to 𝐴 = 150 𝑚2, and that its maximum width is equal 

to 𝑏 = 5 𝑚, if an airplane wing is approximated to a rectangle, then its length is equal to 𝐿 =
𝐴

𝑏
= 30 𝑚.  

Table 14: References and suppliers of the industrial VARTM. 
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These dimensions, as well as other typical characteristics of a generic airplane wing, are presented in 
Table 15. 

 

Given that the distance between two “neighbor” points cannot exceed 2 meters, a length of 30 meters 

corresponds to at least 15 infusion points. These infusion points are considered lines of infinite points, 

which means that all the width of the part is being filled up in a line. This way, only the length is important 

for the calculations. 

5.2.2. Workspace Area 

The experiments through which important conclusions about VARTM were obtained were conducted in 

the INEGI laboratory. In other words, the workspace area for the laboratorial implementations is equal 

to the area of the INEGI laboratory. On the other hand, in the case of the industrial implementation, the 

workspace area needs to be estimated based on the area required for each manufacturing step, being 

that each one of these areas is represented in Figure 29, which corresponds to a scale drawing of the 

workspace blueprints.  

 

 

 

 

 

 

 

 

 

 

In turn, these areas depend on the dimensions of the machines used in each step, the flow of the part 

during the manufacturing process and the size of parts. It was estimated for this specific case to be: 

                                              𝐴 = 𝐴𝐴 + 𝐴𝐵 + 𝐴𝐶 𝑡𝑜 𝐹 + 𝐴𝐺 + 𝐴𝐼 = 3600 𝑚2                                                                (5.1) 

Figure 29: Workspace area. 

Table 15: Part Information of industrial VARMT. 

 

Table 17: Part information of industrial VARTM.Table 18: References and suppliers of the industrial VARTM. 
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The values used in the formulas above correspond to dimensions which guarantee enough space for 

the machines and workers required for each step, as well as their output. Performing VARTM inside a 

workspace with an area 𝐴 = 3600 𝑚2 is realistic and acceptable, according to the opinion of a handful 

of architects, which is proven by the existence of other composites factories with similar dimensions. 

5.3. Other Industrial Inputs 

Table16 presents general inputs for the industrial implementation. 

Table 16: General inputs for the industrial implementation. 

 

As can be observed in the table above, the general inputs include the workspace area and number of 

infusion points, which are variabilities  of VARTM. The remaining general inputs are not variabilities  of 

this manufacturing process, being that their values are based on conclusions from the experiments 

performed in the laboratory and on expert opinions, as mentioned before, and adjusted for an annual 

production volume equal to 100 parts per year. This annual production volume value was chosen due 

to corresponding to a realistic value within the aircraft and aerospace industries. 

Figure 30 shows some specific inputs for the industrial implementation, namely the number of workers 

in each step and the cycle times. 

 

 

 

 

 

 

 

  

Figure 30: Industrial workers and cycle times per step. 
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6. Results and Discussion 

6. 

In this chapter, the laboratorial and industrial PBCMs developed during this dissertation, as well as the 

industrial PBCMs created by Prof. Bruno Soares [26], are explored in detail, and afterwards the results 

obtained by conducting several tests with these models are discussed. The results include costs per 

part, such as the materials and main machines costs (which depend on the annual production volume, 

geometry and size of the part) and cycle times, which are used to compare AFP, ATL and VARTM. 

Section 6.1 presents the costs of the steps involved in VARTM and describes them in general, as well 

as the manufacturing process itself.  Lastly, sections 6.2 and 6.3 compare the manufacturing processes 

discussed during this thesis, namely AFP, ATL and VARTM, both in terms of cost and time, and the 

models developed in this thesis, respectively. 

6.1. VARTM Analysis Using the Industrial PBCM 

This section analyzes all of the steps involved in VARTM, including their similarities and differences, and 

the manufacturing process itself, using the industrial PBCM. 

To analyze the steps involved in VARTM using the industrial PBCM, the costs per part and cycle times 

of these steps need to be estimated using this model, being that the costs per part are divided into the 

variable and fixed costs, and the cycle times correspond to the minimum times required for each step. 

In its turn, the fixed costs include the main machines, tooling, building and maintenance costs, and the 

variable costs include the materials, scrap, labor and energy costs. 

The costs per step estimated using the industrial PBCM are shown from Figure 31 to Figure 39 as a 

function of the annual production volume, being that the size and geometry of the part are considered 

as constants in this analysis. Also, the costs shown in the following figures and throughout this chapter 

in general are presented as costs per part. 

 

Figure 31: Storage Step Costs. 

HP
Novo
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As can be observed in this figure, the costs associated to the materials, scrap and tools are null in this 

step, since storing and conserving materials and consumables does not require any transformation of 

these materials, nor tools. Moreover, as the materials and consumables are not transformed, no scrap 

is produced either. 

Although no tools are necessary for the storage step, this manufacturing step requires machines, such 

as refrigerated containers. Therefore, there are costs associated with these machines, which are even 

more accentuated in the main machines, as well as with their energy consumption and maintenance. 

Also, as mentioned before, storing and conserving the materials usually requires several workers who 

are dedicated and, as such, the labor cost in this step is second only to its building cost. 

 

 

In contrast with the previous step, the costs associated with the materials and scrap are not null in the 

pre-processing step, since this step involves transforming the materials which are used throughout the 

remainder of the VARTM manufacturing process, being that these transformations include the mixture 

of resin with a hardener and cutting fabrics, as mentioned before. Not only that, but the materials cost 

is also the highest cost associated with the pre-processing step, as this is the step which involves the 

greatest materials transformations. It is also worth noticing that the scrap cost is very low compared to 

the materials cost, which means that the pre-processing of the materials is very effective, as expected, 

seeing that the respective procedure is fairly simple (for a rectangular geometry). 

To perform the transformations mentioned above, namely the cutting of fabrics and the mixture of resin 

with a hardener, a 2D CNC machine and a machine which performs both the preparation and pumping 

of resin are used, respectively, being that the main machines cost of the pre-processing step is caused 

by these machines. 

 

 

Figure 32: Pre-processing Step Costs. 
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In contrast with the previous step, the scrap cost of the stacking step is appreciable when compared 

with the respective materials cost, and as such, it can be related to the fact that this step is usually a 

manual manufacturing process, with considerably large parts. Staking large fiber layers can be hard 

manually, and therefore is being used a laser projector to help align the fiber layers into position, as 

mentioned in chapter 5, being that this laser projector and the mold on top of which the fiber layers are 

stacked are included in the main machines and tooling costs, respectively.  

 

 

Debulking the stack of fiber layers produced during the previous step does not cause any appreciable 

changes to the fiber fabric in terms of size or shape, and as such, the materials and scrap costs of this 

step are null, as are the materials and scrap costs corresponding to the remaining steps, for the same 

Figure 33: Stacking Step Costs. 

Figure 34: Debulking Step Costs. 
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reason. The tooling, it includes the mold and vacuum bag between which the fiber fabric is placed before 

being compacted, as well as vents that connect the vacuum pumps to the fiber fabric. 

 

 

The bar chart shown above appears to be very similar to the bar chart corresponding to the debulking 

step, in terms of “shape”. By observing the costs corresponding to each bar chart in more detail, it can 

be concluded that the ratios between the fixed costs of the debulking and infusion steps, namely their 

maintenance, building, tooling and main machines costs, which are presented in Table 17 considering 

an annual production volume of 50 parts per year, are identical. 

Table 17: Ratios between Debulking and infusion steps. 

Cost [€] \ Step Debulking Infusion Ratio 

Maintenance 482.27 180.85 2.67 

Building 2631.75 986.91 2.67 

Tooling 30.15 11.31 2.67 

Main machines 2160.75 810.28 2.67 

 

These ratios are identical because firstly, the spaces available for the debulking and infusion steps are 

equal, as defined in chapter 5, and secondly, if both of these steps were performed using the totality of 

their available space, their fixed costs would be approximately equal, as will be explained ahead. This 

is only possible because not only do these steps require the same machines, namely vacuum pumps, 

but their tooling is also similar, the only difference being the infusion step requiring a greater number of 

tools than the debulking step, such as an inlet (tube that connects the hardened resin to the fibers), a 

flow mesh (or distribution medium), and a peel ply, among others. 

Given the values presented in the table above, it can be concluded that the number of vacuum pumps 

used in the previous step is approximately 2.67 times larger than the number of pumps used in this step, 

Figure 35: Infusion Step Costs. 
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being that the energy output is increased more than fivefold as a result. Indeed, the previous step 

requires a much greater energy output to guarantee a proper compaction of the fibers. 

In fact, the only cost that is higher for the infusion step is the labor cost, since most of the uncertainties 

associated to the VARTM manufacturing process are caused by this step. In other words, the infusion 

of resin needs to be thoroughly supervised by several workers, especially the front flow position of the 

resin in each instant of time. By maintaining the position of the front flow approximately constant along 

the width of the fiber fabric, a uniform distribution of the resin throughout the composite is guaranteed, 

thereby improving its properties. 

 

 

In this step, the main machines and tooling costs are associated to the thermoregulators placed inside 

the mold and to the mold itself, respectively.  

 

 

Figure 36: Curing Steps Costs. 

Figure 37: Demolding Step Costs. 
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In the demolding step, the main machines cost is associated to the crane which is used to remove the 

cured part from the mold after they both cool down. 

The crane has to transport the part from the mold to the 3D CNC machine for trimming, being that their 

weight can be obtained with (4.7), by rearranging this equation to solve for 𝑚𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 , as follows: 

𝑚𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 = 𝑚𝑟𝑒𝑠𝑖𝑛 + 𝑚𝑓𝑖𝑏𝑒𝑟 (6.1) 

The weight of the fiber fabric obtained after stacking the pre-processed fiber layers is given by: 

𝑚𝑓𝑖𝑏𝑒𝑟 = 𝑤 ∙ 𝐴𝑐𝑠 ∙ 𝑁𝑙𝑎𝑦𝑒𝑟𝑠 (6.2) 

where 𝑁𝑙𝑎𝑦𝑒𝑟𝑠 and 𝑤 represent the number of fiber layers per fabric and their weight per square meter 

of cross-section, respectively, and 𝐴𝑐𝑠 is the respective cross-sectional area. 

Knowing that the cross-sectional area of the parts analyzed with the VARTM PBCMs developed in the 

present work is equal to 𝐴𝑐𝑠 = 150 𝑚2, and considering that the respective fiber fabrics are composed 

of 100 fiber layers, each weighing approximately 141 𝑔/𝑚2, the weight of each fiber fabric is equal to: 

• 𝑚𝑓𝑖𝑏𝑒𝑟 = 141 ∙ 150 ∙ 100 = 2115000 𝑔 = 2115 𝑘𝑔 

As for the resin weight of the part, it can be calculated as follows: 

𝑚𝑟𝑒𝑠𝑖𝑛 = 𝜌𝑟𝑒𝑠𝑖𝑛 ∙ 𝑉𝑟𝑒𝑠𝑖𝑛 (6.3) 

where 𝜌𝑟𝑒𝑠𝑖𝑛 and 𝑉𝑟𝑒𝑠𝑖𝑛 are the density and volume of resin in the composite, respectively. 

Considering that the fiber fabric is impregnated by RTM6-2 resin, which has a density equal to 𝜌𝑟𝑒𝑠𝑖𝑛 =

1140 𝑘𝑔/𝑚3 at room temperature when cured, and knowing that the resin occupies 40% of the volume 

of the composite, since the fiber volume ratio is defined 60%, the resin weight is given by: 

• 𝑚𝑟𝑒𝑠𝑖𝑛 [𝑘𝑔] = 1140 ∙ 0.4 ∙ 𝑉𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒  [𝑚3] = 1140 ∙ 0.4 ∙ 30 ∙ 5 ∙ 0.015 = 1026 𝑘𝑔 

where 0.015 𝑚 corresponds to the part thickness. 

Now that the fiber and resin weights have been obtained, the composite weight can finally be obtained 

as well: 

• 𝑚𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒 = 1026 + 2115 = 3141 𝑘𝑔 

To put this into perspective, the crane used in the demolding step needs to lift the equivalent of a large 

car whenever a part is produced and, therefore, requires frequent maintenance. Furthermore, keeping 

in mind that the VARTM PBCMs developed in this thesis do not consider preventive maintenance, the 

maintenance cost corresponding to this step is even larger than the figure shown above suggests. 
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The trimming step uses a CNC machine, so as to remove the technical scrap from the cured part. 

Nevertheless, this trimming step is more complex than cutting the fabrics that are used in VARTM, since 

it involves not only the thinning of a part whose geometry is usually more complex than that of the 

fabrics, but also its surface finishing. As such, instead of using a 2D CNC machine, a 3D CNC machine 

is used for this step, and in addition, the arsenal of tools which can be attached to its spindle is also 

larger. 

 

 

Finally, the trimmed parts are inspected using a non-destructive evaluation to detect the defects which 

initiated during the execution of the previous steps, so that these defects may be repaired before they 

propagate in their operation stage. These NDE’s are performed using equipment such as radiography 

Figure 38: Trimming Step Costs. 

Figure 39: NDE Step Costs. 
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and ultrasound machines, which detect both external and internal defects as small as one micrometer, 

and as such, the cost of this equipment is substantial, as shown by the figure above. 

As for the building costs of each step, which have not been discussed above, these costs depend not 

only on the cost per unit of area of the building in which the steps are being performed and respective 

areas required for each step. 

Analogously to the building cost, the main machines and tooling costs also depend on their respective 

percentages of allocation, which are assumed to be equal to the allocation percentages of the spaces 

they are inserted in. Keeping this in mind, the highest main machines and tooling costs are associated 

with the NDE and debulking steps, respectively, while the lowest main machines and tooling costs are 

associated with the curing and infusion steps, respectively, excluding the manufacturing steps that do 

not require tools. 

The NDE results make sense, since the machines used in the NDE step are able to detect both external 

and internal micrometric defects, the tools required for the debulking step have the highest percentage 

of allocation and are affected by the high energy output returned by the vacuum pumps, especially the 

vents, the thermoregulators used in the curing step are not very complex, and the tools needed for the 

infusion step, which include the tools needed for the debulking step, have the second lowest allocation 

percentage, when they are used to impregnate the fiber fabrics with resin. 

As for the maintenance costs, they account for ten percent of the remaining fixed costs in every step, 

being that this maintenance is mostly performed on the machines, and also on the tools and the building 

itself, but to a lesser degree. It is also worth mentioning that although the highest and lowest 

maintenance costs are associated to the NDE and storage steps, respectively, these costs are 

approximately 12% and 892% of the respective main machinery costs. As such, the machines used in 

the NDE step are more expensive, but also much more durable than the machines used in the storage 

step. 

To properly discuss the labor and energy costs obtained with the industrial VARTM PBCM and shown 

in the figures above, the cycle times are important, as the labor and energy costs of each step depend 

on the respective cycle times, which are shown in Figure 40. 
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As mentioned before, the debulking step has the highest energy cost, as the continuous compaction of 

fibers requires a large amount of energy to be properly performed, energy which is provided by a large 

number of vacuum pumps. In other words, the high energy cost of this step is due not to its cycle time 

(which is one of the lowest), but to the energy consumption of the pumps, being that the energy cost of 

the NDE step is a close second, due to its cycle time. 

On the other hand, the stacking step has the lowest energy cost, since its cycle time is also the lowest, 

along with the cycle time of the demolding step. Between these two steps, the demolding step has the 

highest energy cost, seeing that the crane required for this step consumes more energy than the laser 

projector used in the stacking step, as expected. 

Lastly, in addition to the cycle time, the labor cost of each step also depends on the respective number 

of workers, as well as their allocation, which consists of the percentage of time a worker dedicates to a 

certain task, being that the only steps that require more than one worker are the pre-processing and 

NDE steps, as well as the infusion step. The former steps require more than one worker because they 

are very time-consuming, as shown by their cycle times, which remain the highest even after dividing 

the tasks involved in these steps by more than one worker, and the latter step requires more than one 

worker as well, since most of the uncertainties associated with VARTM are caused by this step, which 

means it needs to be thoroughly supervised. The labor costs of these three steps are among the highest. 

Considering only the steps that do not require more than one worker, the storage step has the highest 

labor cost, while the lowest labor cost is associated to the debulking step. These results are expected, 

since the former step not only has the third largest cycle time, but the respective worker is also 100% 

dedicated to this step, due to the importance of storing and conserving the materials, and also seeing 

that the cycle time of the latter step, which does not require constant supervision, as evidenced by the 

respective worker dedication of 10%, is one of the lowest. 

Among the manufacturing steps of VARTM, the most expensive and cheapest are the pre-processing 

and trimming steps, respectively. In addition, while most of the cost of the pre-processing step comes 

from its variable costs, namely the materials cost, most of the cost of the trimming step comes from its 

fixed costs, namely the building cost. This makes sense, seeing that for low annual production volume 

values, the percentage of the fixed costs is higher than that of the variable costs, but as the production 

rate increases, the percentage of fixed and variable costs decreases and increases, respectively, until 

the latter becomes higher than the former, as explained below. 

Assuming that the workers work 8 hours per day and 240 days per year, an annual production volume 

of 50 parts per year is equivalent to producing a part every 38.4 hours.  

Since increasing the annual production volume decreases the fixed costs per part and does not affect 

the variable costs per part, the total cost should decrease until the annual production volume becomes 

sufficiently large for the fixed costs to stop being appreciable, and then remain approximately constant 

as the production rate increases. This constant is equal to the sum of the costs of the materials, labor 

and energy used to produce one part. The total cost is calculated by adding every variable and fixed 

cost of each step, given a certain value of annual production volume, and then this sum is performed 
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for several other values, thereby plotting a total cost per part versus annual production volume graph. 

This graph can be observed in Figure 41 for several annual production volumes, which are presented 

in Table 18, as well as the respective total costs per part. 

Table18: Total cost per part according to the annual production volume. 

Annual production volume Total cost per part [€] 

50 80612.25 

100 64002.40 

150 58490.50 

300 53052.77 

600 50500.77 

1200 49558.49 

2400 49754.80 

 

 

 

 

 

 

 

 

 

 

 

As presented in Table 18 and shown in Figure 41, the total cost corresponding to an annual production 

volume of 2400 parts per year is higher than the total cost corresponding to a production of 1200 parts 

per year, which is impossible. This is most likely due to the inability of the PBCMs developed for the 

present work to estimate costs accurately for large values of annual production volume, since the models 

perform the calculations assuming that only one set of machinery contained in one building is required, 

which is not true for annual production volumes as high as 2400 parts per year. 

Producing 2400 parts per year would require a part to be produced every 48 minutes, which can only 

be accomplished using at least 9 sets of machinery simultaneously, considering that the cycle time of 

VARTM is approximately 6.8 hours, as mentioned before. The maximum number of parts that one set 

of machinery can produce per year is equal to 282 and, therefore, the only data from Table 18 that will 
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be used for the remainder of the present work is the data corresponding to annual production volumes 

smaller or equal to 300 parts per year. 

Seeing that the industrial PBCM cannot accurately estimate the costs for high values of annual volume 

of production, this data needs to be extrapolated by creating a function based on the existing accurate 

data. The type of function which best fits the total costs data is a simplified hyperbolic function which 

has the following form: 

𝑦 =
𝑚 ∙ 𝑥

𝑘 + 𝑥
(6.4) 

where 𝑥 and 𝑦 represent the annual production volume and total cost per part, respectively, and 𝑚 and 

𝑘 are constants that require at least two sets of (𝑥, 𝑦) coordinates to be obtained. 

This is the function which best describes the behavior of the total cost per part with the annual volume 

of production, since this cost starts out extremely high, and as the production rate increases, this cost 

tends towards a constant, much like the hyperbolic function. 

Seeing that there are four sets of coordinates available to create the hyperbolic function, and that only 

two sets are needed to obtain the constants, this function is obtained using the hyperbolic curve fitting 

method, which is performed as follows. 

1. First step 

Take each side of (6.4) to the power of -1, thereby obtaining the following equation: 

1

𝑦
=

𝑘

𝑚
∙

1

𝑥
+

1

𝑚
(6.5) 

2. Second step 

Convert 𝑥 and 𝑦 into 
1

𝑥
 and 

1

𝑦
, as presented in Table 19. 

Table19: Inverted total cost per part according to the annual production volume (inverse). 

Annual production volume (inverse) Total cost per part (inverse) [€−1] 

0.02 1.24 ∙ 10−5 

0.01 1.56 ∙ 10−5 

6.67 ∙ 10−3 1.71 ∙ 10−5 

3.33 ∙ 10−3 1.88 ∙ 10−5 

 

3. Third step 

Obtain the slope 
𝑘

𝑚
 and the intercept 

1

𝑚
 of the linearized equation using linear regression, as shown in 

Figure 42. 
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4. Fourth step 

Calculate the constants 𝑚 and 𝑘 using the slope and intercept, as follows: 

• 
1

𝑚
= 1.9761 ∙ 10−5 ↔ 𝑚 = 50605 

• 
𝑘

𝑚
= −3.767 ∙ 10−4 ↔ 𝑘 = −19.06 

 

As can be observed in Figure 42, the coefficient of determination 𝑅2 is considerably high, and as such, 

it is concluded that the hyperbolic function is indeed a good fit for the total costs data, as even further 

evidenced by Table 20, which presents the total costs obtained with the industrial PBCM and with the 

hyperbolic function, as well as the deviation between them. 

Table 20: Total costs of the industrial PBCM and of the hyperbolic function. 

Annual production volume Cost (PBCM) [€] Cost (function) [€] Deviation [%] 

50 80612.25 81788.01 1.46 

100 64002.40 62524.01 2.31 

150 58490.50 57972.48 0.89 

300 53052.77 54038.65 1.86 

 

Although the hyperbolic function is great at estimating costs for high annual production volume values, 

it is not good at estimating costs for low annual production volumes. For example, the cost returned by 

the PBCM for a production of 15 parts per year is 158271.95 €, and the respective cost obtained with 

the hyperbolic function is -186804.53 €. This occurs because the function only “starts” at a production 

of 19.06 parts per year, and it is very unstable near the “start”, being that a production of 50 parts per 

year is sufficiently “far” from the start. 
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Figure 42: Total cost (inverse) vs Annual production volume (inverse). 
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As mentioned before, if the annual production volume is sufficiently high, then the fixed cost becomes 

so small that it stops being appreciable, and the total cost tends towards a constant, which is given by: 

lim
𝑥→∞

50605𝑥

𝑥 − 19.06
= 50605 € (6.6) 

This result represents the sum of all the variable costs, namely materials, labor and energy, which are 

required to produce one part. The number of parts that need to be produced for the fixed costs to stop 

being appreciable is approximately 1097, considering the fixed costs stop being appreciable when the 

variable costs are 51500 €. This annual production volume would require at least 4 sets of machinery to 

be used at the same time, which is realistic, depending on the industry and the resources they own. 

So far, the steps of VARTM, and the manufacturing process itself, have only been analyzed in terms of 

production volume, and now that these analysis are complete, VARTM needs to be analyzed in terms 

of size, as this variable also greatly affects the costs of this manufacturing process, being that the size 

of a part is represented by its area. Figure 43 shows the total cost per part versus area graphs, and 

Table 21 presents the cross-sectional areas chosen to make these graphs, as well as the width and 

length corresponding to each area, being that these dimensions are needed to calculate the total cost 

per part. 

Table 21: Parts dimensions according to its areas. 

Area [𝑚2] Width [𝑚𝑚] Length [𝑚𝑚] 

10 1291 7746 

20 1826 10954 

40 2582 15492 

80 3651 21909 

160 5164 30984 

320 7303 43818 

640 10328 61968 

 

These dimensions are calculated using the respective area, and also the ratio between the length and 

the width (since the shape remains constant), as follows: 

𝐴𝑝𝑎𝑟𝑡 = 𝐿𝑝𝑎𝑟𝑡 ∙ 𝑤𝑝𝑎𝑟𝑡 → 𝐴 = 𝐿 ∙ 𝑤 = 6𝑤2 ↔ 𝑤 = √
𝐴

6
(6.7) 

{
𝑤𝑝𝑎𝑟𝑡 = 5 𝑚

𝐿𝑝𝑎𝑟𝑡 = 30 𝑚
→

𝐿𝑝𝑎𝑟𝑡

𝑤𝑝𝑎𝑟𝑡

= 6 →
𝐿

𝑤
= 6 ↔ 𝐿 = 6𝑤 = √6𝐴 (6.8) 

where 𝑤𝑝𝑎𝑟𝑡, 𝐿𝑝𝑎𝑟𝑡 and 𝐴𝑝𝑎𝑟𝑡 are the width, length and area of the part produced in the industry, and 𝑤, 

𝐿 and 𝐴 are the width, length and area of a part with a shape equal to that of the industrial part, 

respectively. 
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In the figure above, the blue, red and green curves correspond to production volumes equal to 50, 100 

and 150 parts per year, respectively, being that each of these curves can be approximated to a line, as 

evidenced by the coefficients of determination shown in this figure 

For an area of 150 𝑚2, which is the area of the industrial part considered in the present work, the sum 

of all variable costs is approximately 50605 €, according to (6.6).  

 

6.2. Manufacturing Processes Comparison 

As mentioned before, AFP, ATL and VARTM are very prevalent manufacturing processes in the aircraft 

and aerospace industries. Seeing that the costs associated to these manufacturing processes and, by 

extension, to these industries, are substantial, as shown in section 6.1 and also in the current section, 

it becomes crucial to perform a thorough comparison between these manufacturing processes, so that 

the best fitting process can be chosen for any given scenario, thereby minimizing the costs. 

For a thorough comparison to be performed using tools such as PBCMs, these tools need to estimate 

not only every cost of a manufacturing process, but also its cycle times. As verified in section 6.1, the 

industrial PBCM can estimate these variables, and the laboratorial PBCM, as well as the PBCMs that 

were developed by Prof. Bruno Soares [26], can also estimate these costs and times. As such, all these 

models have the potential to be used to perform this comparison. 

The PBCMs developed by Prof. Bruno Soares [26] consist of industrial AFP and ATL models, while the 

PBCMs developed during this dissertation consist of laboratorial and industrial VARTM models. 

Therefore, for these manufacturing processes to be compared as accurately as possible, the results 

required for this comparison have to be obtained from the industrial PBCM, in the case of VARTM. Since 

AFP, ATL and VARTM are composed of different manufacturing steps, they cannot be compared through 
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Figure 43: Total cost vs Area. 
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their steps, and are instead compared as a whole by analyzing their costs per part, as well as cycle 

times. 

Regarding the autoclave manufacturing processes, AFP produces the parts with the lowest length and 

highest geometry complexity, and ATL produces the parts with the highest length and lowest geometry 

complexity. Seeing that Prof. Bruno Soares compared AFP and ATL in the paper he did [26], the parts 

he analyzed using his PBCMs have the same area, and as this needs to be applicable to both 

manufacturing processes, this area is much smaller. 

The differences between these three manufacturing processes, in terms of length and geometry of the 

respective parts, can be observed in Figure 44: Parts characteristics restrictions.44. 

 

 

 

 

 

 

 

 

 

 

To minimize this factor from the equation, the costs per part necessary for the comparisons between the 

manufacturing processes need to be estimated in terms of percentage, which is done by dividing them 

into the total cost of a given annual production volume, as shown from Figure 45: Materials cost vs 

Annual production volume.45  to Figure 51: Building cost vs Annual production volume.51. Also, in the 

graphs where the blue line is not clearly visible, it is positioned “behind” the red line. 

 

  

 

 

 

 

 

Figure 44: Parts characteristics restrictions. 
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Figure 45: Materials cost vs Annual production volume. 
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Figure 45 shows that the percentages of the materials costs of AFP and ATL are similar, as should be 

the percentages of the remaining costs of these manufacturing processes, seeing that their total costs 

are similar themselves. In addition, although the difference between these percentages is smaller than 

the difference between them and the percentage of the materials cost of VARTM, the latter percentage 

is similar to the former percentages as well. This is explained by the fact that the three manufacturing 

processes discussed in this section require identical materials, namely fibers and resins, both in terms 

of cost and properties, either mechanical or thermal. 

 

 

 

 

 

 

 

 

 

 

In the staking step of manufacturing process, scrap is considerably produced, due not only to the 

dimensions of the respective parts, but also to the mostly manual nature of this step and VARTM in 

general. As such, the scrap costs of this manufacturing process are much higher, as the increase in 

human intervention also increases the opportunity for human error. 
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Figure 46: Scrap cost vs Annual production volume. 
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Figure 47: Labor cost vs Annual production volume. 
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As will be shown ahead, the throughput time of VARTM, which consists of the amount of time required 

for a part to be produced using this manufacturing process, is smaller than the throughput time of AFP, 

which in turn is smaller than the throughput time of ATL. Therefore, the labor cost of AFP is larger than 

the labor cost of VARTM, and smaller than the labor cost of ATL. 

 

 

 

 

 

 

 

 

 

 

Regarding the energy cost, it depends not only on the energy consumption of the equipment used in a 

manufacturing process, but also on its cycle times, among other parameters. In contrast with VARTM, 

both AFP and ATL require an autoclave to cure their respective parts, which is a machine that not only 

consumes an extremely high amount of energy, but also operates continuously for a very large amount 

of time. Furthermore, the throughput time of the autoclave manufacturing processes is higher than the 

throughput time of VARTM, which also contributes to the higher energy costs of the former. 
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Figure 48: Energy cost vs Annual production volume. 
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Figure 49: Main machines cost vs Annual production volume. 
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The autoclave manufacturing processes have higher main machines costs than VARTM because they 

require more expensive machinery, for example the autoclave. In turn, the machines used in AFP and 

ATL are more expensive due to being automated. 

 

 

 

 

 

 

 

 

 

 

Analogously to the costs of the main machines, the tooling costs of AFP and ATL are also higher than 

the tooling costs of VARTM, being that the former costs come mainly from the respective superior and 

inferior mold. Since an autoclave reaches much higher temperatures than the thermoregulators which 

are used in VARTM, the molds required for the autoclave manufacturing processes suffer much more 

thermal damage and, as such, need to repaired or replaced more often. 
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Figure 50: Tooling cost vs Annual production volume. 
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Since VARTM requires a larger workspace than AFP and ATL, due not only to the size of the machines 

and overall equipment required to produce the larger parts, but also to being composed of more steps, 

it is expected that its building costs are higher. 

Figure 52 and Figure 53 show the cycle times of AFP and ATL, which are also important for a thorough 

comparison to be performed. 

 

 

 

 

 

 

 

 

 

 

As can be observed in this figure, the cycle time of AFP is equal to 14 hours, which corresponds to the 

cycle time of the most time-consuming step, and its throughput time consists of the sum of every cycle 

time, which is equal to 46.2 hours. Seeing that the cycle and throughput times of VARTM are equal to 

6.8 and 24.4 hours, respectively, this manufacturing process is more time-effective than AFP.  
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Figure 52: Cycle times of AFP. 

4

6 5.58 6

14

5
6.8

0

2

4

6

8

10

12

14

16

Storage Application
of layers

and
vacuum
bagging

Tape laying Application
of layers

and
vacuum
bagging

Autoclave Demolding
and

trimming

NDE

C
yc

le
 t

im
e 

[h
]

Step

Cycle times of ATL

Figure 53: Cycle times of ATL. 



71 
 

Although the cycle times of AFP and ATL are both equal to 14 hours, the former is more time-efficient, 

seeing that its throughput time is lower. It is also worth mentioning that their throughput times are very 

similar, being that they only differ because tape laying takes longer than fiber placement, which shows 

how similar the autoclave manufacturing processes are, when it comes to producing a small part with a 

low complexity geometry. 

6.3. VARTM PBCMs Comparison 

To evaluate the accuracy of the laboratorial PBCM, the unit costs of VARTM obtained using this model 

are compared to the unit costs obtained using the industrial PBCM, which are shown as a function of 

the annual production volume in Figure 54 and Figure 55, respectively. 
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Figure 54: Laboratorial total cost vs Annual production volume. 
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As can be observed in these figures, the costs of a laboratorial implementation are much smaller than 

the costs of an industrial implementation, due to the difference in the dimensions of the parts.  

The costs per unit of length are obtained by dividing the costs returned by a PBCM into the characteristic 

length of the respective part, which consists of the square root of its cross-section, being that this cross-

section needs to be adjusted to a certain thickness. 

In this case, the cross-section of the prototypes produced in the laboratorial implementation has to be 

adjusted to a thickness of 15 millimeters, which is the thickness of the parts produced in the industrial 

implementation. Table 22 presents some characteristics of the prototypes which are required to obtain 

their adjusted cross-sectional area. 

Table 22: Characteristics of the prototypes. 

Cross-sectional area [𝑚𝑚2] Fiber layer thickness [𝑚𝑚] Number of layers 

120000 0.09 16 

 

The volume and adjusted cross-sectional area of the prototypes, as well as the characteristic length of 

the prototypes and parts, are calculated as follows: 

• 𝑉𝑝𝑟𝑜𝑡𝑜𝑡𝑦𝑝𝑒 =
120000∙0.09∙16

0.6
= 288000 𝑚𝑚3 

• 𝐴𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 =
288000

15
= 19200 𝑚𝑚2 

• 𝐿𝑝𝑟𝑜𝑡𝑜𝑡𝑦𝑝𝑒 = √19200 = 139 𝑚𝑚 

• 𝐿𝑝𝑎𝑟𝑡 = √150000000 = 12247 𝑚𝑚 

Figure 56 shows the cost per unit of characteristic length graphs corresponding to the laboratorial and 

industrial PBCMs overlapped. 
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Afterwards, these graphs should be adjusted for the required annual production volume, seeing that a 

specific value of desired production volume corresponds to two different values of required production 

volume, one for each PBCM. Table 23 presents the required production volumes corresponding to the 

desired production volumes shown in Figure 56, as well as the ratios between the required production 

volumes associated to the laboratorial and industrial PBCMs. 

Table 23: Results deviation according to the annual production volume. 

Desired production volume 
Required production volume 

Ratio 
Laboratorial PBCM Industrial PBCM 

50 104 58 1.79 

100 207 117 1.77 

150 311 175 1.78 

300 622 351 1.77 

 

As it is possible to observe in the table above, the ratios between the required production volumes are 

identical, their average being approximately 1.78, which means that the amount of materials, labor and 

energy required to produce a certain desired batch is approximately 78% larger in a laboratory than in 

the industry. As such, the adjustment for the required annual production volume mentioned above can 

be performed by increasing the industrial cost per unit of length curve by a factor of 1.78, as illustrated 

in Figure 57.  
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For a more detailed analysis, Table 24 presents the deviations between these results obtained with the 

PBCMs, where the industrial model is considered the most accurate.  

Table 24:  Annual production volume deviations. 

Annual production volume Deviation [%] 

50 24.75 

100 36.36 

150 41.71 

300 48.26 

 

Although the costs per part estimated using the laboratorial and industrial PBCMs have been adjusted 

for the size of the respective parts, as well as their required annual production volume, the tooling and 

machinery associated with the industrial VARTM is more expensive than the equipment corresponding 

to the laboratorial VARTM, due to the greater capacity and precision of the former. As such, the curves 

shown in Figure 57 do not fit well, as further evidenced by the deviations presented in Table 24, which 

means the manufacturing processes costs should not be directly estimated with either the laboratorial 

PBCM developed during this thesis, or with other laboratorial PBCMs developed based on this model, 

being that the costs should instead be estimated using the respective industrial PBCMs.  
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7. Conclusions 

This final chapter presents the main conclusions obtained from this thesis, including its limitations and 

future work associated with these limitations, as well as further research to support these conclusions.  

As mentioned before, the results presented in chapter 6 were obtained using not only the laboratorial 

and industrial PBCMs developed during this dissertation, but also the industrial AFP and ATL PBCMs 

developed by Prof. Bruno Soares [26], and the main conclusions are based on these results. 

One of the main conclusions is that the cost of a manufacturing process is mostly affected by the cost 

of the materials associated to it, if the annual production volume is sufficiently high, otherwise the main 

cost is the cost of the machinery. For an annual production volume equal to 100 parts per year, which is 

the production rate considered in this thesis, the percentage of the materials costs is higher than the 

percentage of the machinery costs when it comes to AFP, ATL, VARTM, and composite manufacturing 

processes in general. 

Since the percentage of the materials cost is lower for ATL than for AFP, the former is cheaper than the 

latter. By applying this logic to VARTM, it can be concluded that for lower annual production volumes, 

this manufacturing process is more expensive than the manufacturing processes which use autoclave, 

but as the production rate increases, it becomes cheaper.  

Another main conclusion is that VARTM is the most time-effective, since its cycle time is 48,6% lower 

than those of AFP and ATL. Furthermore, the cycle times presented in chapter 6 correspond to a small 

part in the case of AFP and ATL, and a large part in the case of VARTM, which makes the difference 

between the cycle times even larger than this chapter suggests. 

Lastly, VARTM is the manufacturing process among the three which is best suited for the production of 

parts that are both large and complex. As for the processes that use autoclave, AFP is best suited to 

produce small and complex parts, due to its higher materials costs for larger annual production volumes, 

and ATL is best suited to produce large and simple parts, due to its higher cycle time. 

The greatest limitations of the present work are limitations associated to the laboratorial and industrial 

PBCMs of VARTM developed during this thesis, and to process-based cost models in general. These 

limitations include the lack of adaptability to more than one manufacturing process, as well as the lack 

of accuracy of future costs estimates. 

The other alternatives to compare manufacturing processes are either to find PBCMs that contain the 

manufacturing processes which need to be compared, or to develop a PBCM for each process. Either 

way, a comparison under these circumstances is not as accurate, since each PBCM was programmed 

in a different way. 

Another limitation of this thesis is that the manufacturing processes that have been discussed contain 

some values that needed to be calculated based on simplified physical models or observations, such as 

the infusion time, number of infusion points and workspace area. 
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7.1. Future Work 

Since the greatest limitations of the present work are limitations associated to the PBCMs developed 

during this dissertation, the first step of the future work is to improve the laboratorial PBCM of VARTM 

and, consequently, its respective industrial PBCM. This improvement can be performed by introducing 

other variables to the models, such as variables which consider the decrease in performance of each 

piece of equipment as time passes, as well as the aging of the workspace building, and, moreover, by 

incorporating as many manufacturing processes as possible into the models, if the required data, time 

and resources are available. A relevant improvement would be to upgrade the PBCM of VARTM by 

testing it for different parts, with different geometries and dimensions. 

This data can be obtained by thoroughly studying the manufacturing process of interest, especially its 

steps and uncertainties. In addition to studying, the manufacturing process may be better understood 

by analyzing expert opinions about the subject, observing the process in person, and implementing it in 

a laboratory, where there are resources available, and even in a relevant industry, if possible, such as 

the aircraft and aerospace industries, and also the wind industry.  
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