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ABSTRACT 

The constant evolution of the industries 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. 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.  

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

Resin Transfer Molding (VARTM) and 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. 

Key words: VARTM, ATL, AFP, PBCM, OoA manufacturing processes, cost analysis, Aerospace Industry. 

 

1. INTRUDOCTION 

Aircraft need to be more efficient, in order to reduce fuel 

consumption. Overall, it is important to reduce the costs as 

much as possible all the time, so that airspace manufacturing 

companies can be competitive [1]. To accomplish these costs 

reductions, composite materials have been used to replace 

aluminum in some aircraft structures. But why are composite 

materials an advantage? Given their weight/resistance ratio, 

these materials allow more parts to be produced in the same 

period of time and with more reliability [2]. Parts are 

increasingly bigger, with higher complexity [3]. An example 

of these are the main components of the aircraft, such as plane 

wings. These primer components are expensive due to the 

manufacturing costs [4], therefore, it is relevant to explore 

new processes that have the same efficiency, with fewer 

costs. 

1.1 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, VARTM. It is being 

studied in laboratories, such as INEGI (Instituto de Ciência e 

Inovação em Engenharia Mecânica e Engenharia Industrial). 

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.  

 

2. LITERATURE REVIEW 

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 [5], mainly aluminum and its 

alloys. 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 [6].  

Composites also 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), have a higher life 

and allow for more complex parts than metals, since they are 

usually stronger and, at the same time, more flexible. 

Furthermore, over the years, the price of composites 

decreased considerably [7]. As such, their application in the 

industry not only has increased, but it also has a perspective 

of growth. For example, half of the Boeing 787 aircraft, is 

made from composites, while the remainder of the plane is 

constructed primarily of a combination of aluminum, steel 

and titanium [8]. 

2.1 Autoclave Manufacturing Processes 

AFP has been developed to optimize the plies of prepregs or, 

in other words, to 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 

[9]. Also, fiber placement has a high repeatability ratio, and 

the tows are deposited at a high rate [1], independently of the 

part’s variability and complexity, and orientation of the 

fibers, since this manufacturing process is generally 

automated. 

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 [10]. Preforming consists 

of cutting the collimated fiber band into a specific shape 

before stacking this fiber band for layup [11]. 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 [4].  
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Unlike AFP, ATL employs pre-impregnated composite tapes 

consisting of continuous fibers and plastic matrix elements, 

instead of pure carbon tows. 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. A 

computer numerical control (CNC) machine is usually used 

not only to automate, but also to control the tape laying 

manufacturing process, thereby eliminating human error [2] 

and allowing the process to be performed both quickly and 

smoothly. 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 Out of Autoclave Manufacturing Processes 

RTM and VARTM are the main OoA manufacturing 

processes, as mentioned before. 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 [12]. 

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 [2]. 

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 

[13]. The procedure to perform the VARTM manufacturing 

process is described in steps as follows:  

In VARTM permeability and resin viscosity are  significantly 

affected by defects such as voids and dry resin spots, as well 

as an excessive amount of resin [13] and, in its turn, these 

defects are affected by the mold temperature and the entry 

pressure [10]. 

Controlled atmospheric pressure resin infusion (CAPRI) is 

the most relevant variant of VARTM, and it is patented by 

The Boing Company [1]. 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 [11]. This compaction has an influence over 

the infusion time [1], among other parameters. 

 

3. PROCESS BASED COST MODELS 

Producing materials requires resources, such as machines, 

workers and energy, being that resources required to produce 

composite materials are very expensive, especially when 

these composites are to be applied in the aircraft or aerospace 

industry [4]. For this effect, process-based cost models 

(PBCM’s) are very valuable tools, since they estimate the 

manufacturing costs for many technologies and designs with 

considerable accuracy, 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, therefore, define a target value for 

the production cost after adjustments, as well as explore the 

impact of a manufacturing process in current technology [3]. 

Ultimately, multiple processes and designs can be compared 

using PBCM’s. 

A PBCM is created by decomposing the problem of cost 

backwards [2] 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, thereby relating 

engineering with finances [14]. 

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 of a manufacturing process [15]. 

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 [16]. 

Two parts are studied (one for each case study), being that 

these parts have the same geometry but different dimensions 

[17]. 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 parts under study are defined 

as a simple board (and rectangular). 

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 

[17]. 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. 

3.1 Outputs and Inputs 

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. 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, or into uptime 

and downtime. In its turn, these times have their own sub-

categories, 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 (3.1): 
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𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑇𝑖𝑚𝑒𝑖  [
ℎ

𝑑𝑎𝑦
] = 24ℎ −

(𝑂𝑛 𝑆ℎ𝑖𝑓𝑡 𝑀𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 +
𝑊𝑜𝑟𝑘𝑒𝑟 𝑈𝑛𝑝𝑎𝑖𝑑 𝐵𝑟𝑒𝑎𝑘𝑠 +

𝑊𝑜𝑟𝑘𝑒𝑟 𝑃𝑎𝑖𝑑 𝐵𝑟𝑒𝑎𝑘𝑠 +
𝑈𝑛𝑝𝑙𝑎𝑛𝑛𝑒𝑑 𝐷𝑜𝑤𝑛𝑡𝑖𝑚𝑒) (3.1)

 

𝑈𝑝𝑡𝑖𝑚𝑒
𝑖
 [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 [18]. 

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. 

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, as shown 

in Figure 1. 

 

 

 

 

 

Figure 1 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) 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. the number of parts that 

remain in the production line after the technical scrap is 

removed is the following: 

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 Variable and Fixed Costs 

The greater the number of parts produced per year, the smaller 

the unit production cost [16]. 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 [2]. 

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)
 

𝑆𝑐𝑟𝑎𝑝 𝐶𝑜𝑠𝑡 = (%𝑇𝑒𝑐ℎ𝑛𝑖𝑐𝑎𝑙 𝑆𝑐𝑟𝑎𝑝𝑖 +
%𝑆𝑐𝑟𝑎𝑝𝑖 + %𝑅𝑒𝑤𝑜𝑟𝑘𝑖 ×

(1 − %𝑃𝑎𝑠𝑠𝑖)) × 𝑛º 𝑜𝑓 𝑃𝑎𝑟𝑡𝑠𝑖  (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)
 

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.  

Figure 1: Technical scrap of the fiber fabric. 
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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)
 

 

4. VARTM IMPLEMENTATION 

To plan a manufacturing process and implement this process, 

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. 

4.1 Laboratorial implementation 

The laboratorial implementation of VARTM can be divided 

into six main steps, 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. 

This implementation has the same steps as the industrial 

implementation and the differences between them can be 

understood as follows. 

4.2 Industrial Implementation 

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, 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, 

where the contours are represented in red.  

• Debulking 

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 

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, 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. 

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. After the cavity between the mold and vacuum 

bag is filled up, the resin is checked for the presence of voids 

again. The infusion time depends on the position of the front 

flow (which is given by the red and dashed line in Figure 2 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. 
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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, 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. 

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)

 

• 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 

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.  

• Trimming 

After being demolded, the part is trimmed using a 3D CNC 

machine.  

• Non-destructive evaluation (NDE) or Non-

destructive tests (NDT) 

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 inputs 

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. 

• Industrial Inputs 

 

Figure 3: 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 3 shows some specific inputs for the industrial 

implementation, namely the number of workers in each step 

and the cycle times. 

 

5. RESULTS 

In this section, the laboratorial and industrial PBCMs 

developed for this paper, as well as the industrial PBCMs 

created by Prof. Bruno Soares [18], are explored in detail, and 

afterwards the results obtained by conducting several tests 

with these models are discussed. 

5.1 VARTM Analysis Using the Industrial PBCM 

VARTM is the most cost-effective manufacturing process for 

the annual production volume considered in this paper, as will 

be demonstrated further ahead, and between the laboratorial 

and industrial PBCMs developed for this paper, the industrial 

model is assumed to be the most accurate, seeing that it 

considers more factors than the laboratorial model. As such, 

this subsection analyzes the steps involved in VARTM, 

including their similarities and differences, and the 

manufacturing process itself, using the industrial PBCM. 

Figure 2: Unidirectional resin flow [11]. 
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The first two steps of VARTM are analyzed below, and the 

costs associated to these steps and estimated using the 

industrial PBCM are shown from Figure 4 and Figure 5 as a 

function of the annual production volume. 

 

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, 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.  

 

 

 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. To perform these 

transformations, 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. 

The building 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. 

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 approximately 

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, 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 6. 

 

 

 

 

 

 

 

 

 

 

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 power consumption of the 

pumps, being that the energy cost of the NDE step is a close 

second, due to its cycle time. 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 dedication, 

which consists of the percentage of time a worker dedicates 

to a certain task, being that the only steps that require more 

Figure 4: Storage step costs. 

Figure 5: Pre-processing step costs. 

Figure 6: Cycle times of industrial VARTM. 
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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. Needless to say, the labor costs of these three 

steps are among the highest. 

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. 

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. Figure 7 presents the total cost 

per part versus annual production volume graph. 

 

 

 

 

 

 

 

 

 

 

As shown in Figure 7, 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 error 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. The maximum 

number of parts that one set of machinery can produce per 

year is equal to 282 and, therefore, the only data that will 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 specific hyperbolic function, 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, and is given by: 

𝑦 =
50605 ∙ 𝑥

𝑥 − 19.06
(6.1) 

where 𝑥 and 𝑦 represent the annual production volume and 

total cost per part, respectively. 

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 € (6.2) 

This result represents the sum of all the variable costs, namely 

materials, labor and energy, which are required to produce 

one part. 

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 cross-sectional area. 

Figure 8 shows the total cost per part versus area graphs. 

 

 

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. Moreover, the higher the production 

volume, the lower the intercept, and if the production volume 

is sufficiently high, the intercept becomes approximately null, 

since it is associated to the fixed costs per part. On the other 

hand, the respective slope is associated to the variable costs 

per part, and as such, it makes sense that the slope remains 

approximately constant.  

For an area of 150 𝑚2, which is the area of the industrial part 

considered in this paper, the sum of all variable costs is 

approximately 50605 €, according to (6.2).  

5.2 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 

Figure 7: Total cost vs annual production volume. 

Figure 8: Total cost versus area. 
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manufacturing processes and, by extension, to these 

industries, are substantial, 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. 

The PBCMs developed by Prof. Bruno Soares [18] consist of 

industrial AFP and ATL models, while the PBCMs developed 

for this paper 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 their 

steps, and are instead compared as a whole by analyzing their 

costs per part, as well as cycle times. 

Although the total costs of AFP and ATL are similar, the 

same cannot be said about the costs of VARTM, one of the 

reasons for this discrepancy consisting of the difference 

between the dimensions of the parts produced by each of 

these manufacturing processes. 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 in 

Figure 9 for the materials costs. 

 

 

 

 

 

 

 

 

 

Figure 9 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. Figure 10 

shows the cycle times of AFP. 

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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Lastly, from the results presented so far, it can be concluded 

that among the manufacturing processes discussed in this 

dissertation, VARTM is the most cost-effective when it 

comes to producing parts with both a considerably large size 

and a considerably complex geometry. These parts are often 

produced at a rate of approximately 100 units per year, being 

that for this value of annual production volume, the 

percentage of fixed costs of VARTM is lower than the 

percentage of fixed costs of AFP and ATL. Since the greater 

the fixed costs, the less cost-effective a manufacturing 

process is, the autoclave processes are not the best fit for this 

scenario. 

6. 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 [18], 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. 

Figure 9: Materials cost versus production volume. 

Figure 10: Cycle times AFP. 
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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. 

 

6.1 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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