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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

The ability to estimate costs and process times at the early stage of a design phase is of great importance to the product development process, 
enabling selection of the most suitable design and manufacturing concepts. Therefore, herein an efficient framework is developed, utilising 
appropriate process and feature based cost modelling techniques in a MATLAB/SIMULINK environment. The sophisticated structure of the cost 
tool, using the drag and drop approach of predefined SIMULINK blocks, enables the rapid cost modelling of complex aerospace assemblies. The 
capabilities of the developed framework are demonstrated through analysis of a novel air-intake structure for single aisle aircraft. 
 
© 2021 The Authors. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 
Peer-review under responsibility of the scientific committee of the 54th CIRP Conference on Manufacturing System 

 Keywords: Cost modelling; Manufacturing costs; Cost estimation 

 
1. Introduction 

It is already known that, in the aerospace and automotive 
industry, approximately 70% of the cost of a product is 
committed by decisions made at the early stage of the design 
process [1]. At this stage of the design, there is unlimited 
freedom for selection of alternative materials, designs, 
manufacturing and assembly processes whilst the actual 
incurred costs are quite low. As the design progresses, and the 
design process moves towards the production phase, any 
change in the design of the product or the processes can be very 
expensive. For this reason, it is important to enable and perform 
trade-off studies at the early stage of the design based on more 
quantitative analytical evidence rather than based exclusively 
on experience and engineering judgement. Cost estimation is 
one of the key elements that should be worked out at this 
preliminary stage in order to make optimized, informed 
decisions. 

Several cost estimation methods have been developed for the 
estimation of manufacturing and assembly costs for aircraft 
structures, among them, analogous, parametric, activity and 
technical based methods [2]. Every method has advantages and 
disadvantages and should be carefully selected to fit the 
purpose. 

At the conceptual phase of the design, in which several 
concepts should be tested and down selected and depending on 
the available data, analogous and parametric methods have 
been mainly used e.g. in [3]. Despite their fast estimation, these 
models are calibrated against specific cost data, product based 
and thus, their applicability and accuracy can be dubious for 
different or new products. Technical or process-based cost 
modelling (PBCM) [4] is a very efficient cost estimation 
method capable of capturing differences in the material, design 
concepts and manufacturing processes for new products, 
focusing on the processes to fabricate the product. However, it 
needs the knowledge of an expert to build a suitable model.
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Fig. 1. Overview of the developed cost framework structure 

The input accumulation for a PBCM model can prove to 
be a very demanding and difficult task. Often, customized 
interfaces, usually in spreadsheet software, have been used to 
build PBCM models. It is clear that the cost model for a 
complex assembly with many parts and subassemblies with a 
large number of activities is difficult to be managed by 
spreadsheet files, whilst a graphical approach depicting the 
structure of the cost model would be more helpful. 
Commercial software exist and try to deal with these issues. 
More specifically, SEER Aerostructures by Galorath 
Incorporated is based on the PBCM technique and substitutes 
the expert’s knowledge by offering a variety of cost 
estimation relationships for many aerospace processes. 
Regarding improvement on the management and clear 
representation of the cost model, the OPLYSIS by 
CONBILITY cost tool has been developed. 

From the listed commercial tools and the open literature, 
there is a systematic effort to introduce advanced cost 
methods at the earlier stages of the design process to improve 
cost estimations. However, a major element in cost 
calculations based on the PBCM technique is the estimation 
of the resources, e.g., the number of machines, workers, tools 
etc. needed to run the fabrication process and produce the 
necessary number of products in the given time period. From 
this perspective, optimisation of the resources by 
implementing line balancing techniques should be included 
in the cost estimations for better accuracy of the output. 
Although there is a branch in the assembly line balancing 
field that deals with the optimisation of the line with respect 
to the cost, nevertheless according to [5] there is a lack of 
tools that combine cost and line balancing analyses. 

Therefore, this work seeks to develop this framework that 
will facilitate the PBCM technique to be implemented at 
earlier stages of the design process, as well as improving the 
cost estimations by optimising the processes performing line 
balancing. The first step to achieve the stated target is to 

establish this framework. Therefore, a cost estimation 
framework has been developed in a Matlab/Simulink 
environment. The improved cost framework provides a user-
friendly interface for the modeller by the drag and drop 
approach of predefined blocks in Simulink and thus, a 
graphical representation of the cost model is possible. The 
input of the Simulink cost model can be provided either 
directly to each block or by a structured way in an Excel 
format as presented in Fig 1. The latter, in combination with 
the logic of the PBCM technique, as well as the capabilities 
of the Matlab/Simulink environment, enables the Simulink 
cost model to be built automatically. Moreover, gives the 
possibility in the future to reorganize the various activities 
and reshape the structure of the cost model performing line 
balancing techniques. Additionally, in the era of the Industry 
4.0 in which simulation and digital manufacturing become 
more and more important for the product development with 
more connected and integrated solutions [6]-[7], the 
existence of a structured input Excel file opens the way to the 
connectivity with other engineering applications similar to 
what was presented in [8] and thus, to facilitate the input 
accumulation by retrieving necessary data from any 
application where that data exists, based on VBA scripting. 
The effectiveness of the framework is demonstrated by 
studying a specific subassembly of the latest generation of an 
air intake for single aisle aircraft developed by GKN for two 
different manufacturing concepts. 

Therefore, in section 2, the basic characteristics of the 
suggested framework are described including a brief 
presentation of the PBCM technique. In section 3, the 
necessary automation that allows connectivity with other 
engineering applications and facilitates the input 
accumulation is detailed. The case study and some 
preliminary results are given in section 4 and 5. Useful 
conclusions are drawn in section 6. 
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2. Proposed cost estimation framework 

The PBCM method is based on the estimation of recurring 
and non-recurring costs for every operational step (or 
activity) of a manufacturing/assembly process. The main 
steps to estimate costs using the PBCM technique are: 
• to have an initial product specification tree (parts and 

subassemblies) of the product under investigation 
• to specify preliminary manufacturing and assembly 

activity sequences for preferred manufacturing and 
assembly processes for the various parts and 
subassemblies 

• to estimate the activity time and the number of resources 
needed based on necessary design, process and industrial 
input data 

• to find fabrication costs based on estimated resources, 
times and financial data 

It is highlighted that the cost estimation of a product can be 
thought as the flow of various cost streams that add up to the 
final product cost. Thus, a Matlab/Simulink environment 
was selected to develop the suggested framework taking 
advantage of the graphical programming environment of 
Simulink. 

2.1. Structure 

An overview of the structure of the developed framework, 
namely CAMcost, is presented in Fig. 1. The developed 
structure in Matlab/Simulink immediately reflects the 
product specification tree and the manufacturing and 
assembly plan of the product analyzed and thus, offers a good 
visibility of the developed model for complex assemblies. 
That is, in Fig. 1, there is the product block that contains all 
the other blocks (subassembly, part, assembly process and 
activity blocks). At this level, industrial parameters are 
defined. Inside the product block exists the subassembly and 
part blocks as well as the assembly process block necessary 
to join the parts and subassemblies involved at that level. 
Subassembly blocks can contain part and other subassembly 
blocks as well as new assembly process blocks. Part blocks 
contain manufacturing activity blocks whilst the assembly 
process blocks contain assembly activity blocks. Necessary 
design, manufacturing and financial input data are provided 
for every block at every level in the cost model. All the 
blocks have been pre-specified in a library and thus, they can 
be used to model any aircraft component as well as various 
manufacturing and assembly activities. Cost estimations can 
be extracted at any block. 

2.2. Cost and time equations 

Cost flows from block to block and adds up to the top 
level, the product block. In relation to Fig. 1 and noticing that 
in every subassembly block there is always one assembly 
process block reflecting the necessary assembly process to 
form the subassembly, the total product cost that consists of 
𝑛𝑛𝑛𝑛1 parts, 𝑛𝑛𝑛𝑛2 subassemblies is given by 

𝐶𝐶𝐶𝐶 = ∑ 𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠
𝑖𝑖𝑖𝑖1𝑛𝑛𝑛𝑛1

𝑖𝑖𝑖𝑖1=1 + ∑ 𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑖𝑖𝑖𝑖2𝑛𝑛𝑛𝑛2

𝑖𝑖𝑖𝑖2=0                               (1) 

where 𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠
𝑖𝑖𝑖𝑖1 is the total cost of the 𝑖𝑖𝑖𝑖1𝑡𝑡𝑡𝑡ℎ  part and 

𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑖𝑖𝑖𝑖2  is the total assembly cost of the 𝑖𝑖𝑖𝑖2𝑡𝑡𝑡𝑡ℎ 

subassembly. 𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠0  corresponds to the assembly 
process at the product level. The cost of the 𝑖𝑖𝑖𝑖1𝑡𝑡𝑡𝑡ℎ  part is 
associated to the manufacturing cost of the part. Focusing on 
the manufacturing of one part and the assembly of one 
subassembly, the total manufacturing cost per part, 𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠, 
and total assembly cost per subassembly, 𝐶𝐶𝐶𝐶𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠,  are 
calculated by the sum of recurring and non-recurring costs 
by 

𝐶𝐶𝐶𝐶𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠/𝐴𝐴𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝐴𝐴𝐴𝐴 = 𝐶𝐶𝐶𝐶𝑀𝑀𝑀𝑀𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖𝑃𝑃𝑃𝑃𝑀𝑀𝑀𝑀 + 𝐶𝐶𝐶𝐶𝐿𝐿𝐿𝐿𝑃𝑃𝑃𝑃𝐿𝐿𝐿𝐿𝐴𝐴𝐴𝐴𝐿𝐿𝐿𝐿𝑃𝑃𝑃𝑃 + 𝐶𝐶𝐶𝐶𝑇𝑇𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑀𝑀𝑀𝑀 𝐿𝐿𝐿𝐿𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠 & 𝐼𝐼𝐼𝐼𝑛𝑛𝑛𝑛𝑠𝑠𝑠𝑠𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃𝑡𝑡𝑡𝑡𝑠𝑠𝑠𝑠 + 𝐶𝐶𝐶𝐶𝐸𝐸𝐸𝐸𝑛𝑛𝑛𝑛𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐴𝐴𝐴𝐴 +
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Material, labour (direct), inserts and tooling bits (e.g. 
cutters, drill bits, bolts, nuts etc.) and energy costs are 
considered as recurring costs in the present cost model. Non-
recurring costs are the capital recovery of the 
machines/equipment/tooling/fixtures necessary for the 
production, maintenance costs of those machines and tools, 
as well as the floor-space costs to accommodate the 
production. To calculate each of these elements (el= 
material, labour etc.) of per piece cost, the annual cost of each 
element is divided by the target annual production volume 
(of the part or the subassembly). It is mentioned that the 
annual costs for each element are the sum of that element’s 
costs calculated for each stage/activity of the manufacturing 
process. The formulas for the calculation of the annual 
production costs for each element can be found in [9]. The 
heart of the developed framework is the activity block in 
which all the cost calculations are performed. Linking one 
activity block to the other, the cost adds up, and thus total 
part and assembly process costs are estimated as depicted in 
Fig. 1. Similar logic is followed to estimate subassembly and 
product costs by linking the various part, assembly process 
and subassembly blocks. 

Different time periods exist in the production process and 
thus, in the proposed framework, the scheduled operation 
time, the cycle time, the yield capacity and several time 
losses are considered. These different types of time are 
further used to estimate resources. More specifically, the 
cycle time for every activity can be provided directly by the 
user and thus, a general activity block has been created in the 
Simulink library. On the other hand, cycle time is estimated 
based on industrial equations, e.g. adopting the equations in 
[10] or on theoretical formulas using specific parameters of 
the component analyzed as well as of the process under 
study. Thus, dedicated activity blocks have been created, e.g. 
pilot drilling block as presented in [11]. In this work, the 
cycle time for all the activities has been provided by GKN as 
specific values and thus, only the general activity block is 
used. 

Finally, the number of resources is important and is 
derived from a time-based estimation by calculating a scaling 
factor given by  

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑗𝑗𝑗𝑗 =
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

𝑗𝑗𝑗𝑗+1 ∙𝐶𝐶𝐶𝐶𝑇𝑇𝑇𝑇𝑗𝑗𝑗𝑗

𝑌𝑌𝑌𝑌𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗
                                                          (3) 
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Where 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝐴𝐴𝐴𝐴𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑒𝑒𝑒𝑒𝐴𝐴𝐴𝐴
𝑗𝑗𝑗𝑗𝑗𝑗 , is the effective production volume 

necessary to feed the next activity, 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗 is the cycle time of 
the activity and  𝑌𝑌𝑌𝑌𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗 is the yield capacity. 

It is imperative that the number of resources are estimated 
and improved on the basis of activities organized in 
workstations, in which the idle time of these resources has 
been minimized. This is, however, the next step of 
improvement for the suggested framework and therefore is 
not further studied herein. 

3. Introducing automation 

There are two, time consuming activities related to the cost 
model development of complex products using the PBCM 
technique. The first activity concerns the build of the model 
itself and the second the accumulation of the input and its 
assignment to the developed cost model. Although the 
developed framework in Matlab/Simulink environment 
facilitates the fast creation of the cost model and gives good 
flexibility and customization, it does however, take time to 
build the structure of Fig. 1 as well as to assign all the input 
parameters to the various blocks for complex products such 
as aerospace components. To address both issues, a 
structured way of capturing the necessary input data was 
devised based on an Excel file. Every spreadsheet 
corresponds to a different type of input information, for 
example, product specification tree, manufacturing process 
flow, activity tabs, as well as various databases e.g. 
materials, tools, machines. 

 
Fig. 2. Cost model input: Product specification tree 

The logic behind the PBCM technique is that the costs add 
up from activity to activity to estimate total cost of a part and 
assembly process cost. Furthermore, these costs add up from 
part to part and subassembly to subassembly to the final 
product. The way that blocks added and linked together to 
capture this flow is universal and applicable to any product. 
Based on this observation and taking advantage of the Matlab 
capabilities in which a Simulink model can be created using 
only Matlab commands, the automatic creation of the 
Simulink cost model can be achieved based on the 
preliminary input data captured in the Excel file. An example 
is depicted in Fig 2 for information related to the product 

specification tree. Using this preliminary information, the 
Simulink cost model is built automatically and thus, the cost 
model exists as a separate entity in a graphical way for 
further processing. 

3.2. Input accumulation and assignment 

Focusing on the input data depicted in Fig. 2, information 
related to the product specification tree usually exists in a 
preliminary CAD model. Therefore, this type of information 
can be directly retrieved from a CAD model, linking for 
example CATIA v5 software with the specific Excel file as 
depicted in Fig. 1. The link has been realized, herein, by 
programming simple VBA scripts in CATIA, whilst a 
customized cost toolbar has been created in the CATIA 
environment to enable cost estimations directly from the 
CAD tool, and therefore accelerate the input accumulation 
and assignment. As a future work, the necessary input to 
build the cost model, e.g. manufacturing process flow, will 
be retrieved from other applications that could be used to 
capture this information, for example a preliminary process 
flow diagram created in VISIO Microsoft or in a PowerPoint. 
Finally, databases have been created capturing information 
related to the materials, tools, machines and equipment. The 
more that the cost framework is utilized, the richer those 
databases become. 

4. Case study 

The case study concerns the advanced air-intake product 
depicted in Fig. 3. The product is being developed in the 
frame of AISA project under GKN leadership. The aim of 
the AISA project is to develop a new, high production rate 
capable, ice-protected air-intake for aerospace applications. 
The advanced air intake will have several novel 
characteristics such as intelligent control and efficient 
power-management of the ice protection system whilst the 
manufacturing rates of the product must meet the next-
generation single aisle commercial aircraft production rates. 
This is roughly estimated as 150 air-intake products per 
month. 

 

Fig. 3. Air intake scoop, with detail of the belly fairing subassembly 
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Preliminary screening to identify Key Performance 
Indicators (KPI) has been performed and captured by GKN. 
One of these KPIs is the cost of the product. 

Two manufacturing methods namely the prepreg layup 
and the resin transfer molding (RTM) manufacturing 
methods are analyzed herein for one subassembly of the air-
intake product. More specifically, the work focus on the 
analysis of the belly fairing (BF) subassembly consisting of 
a sandwich curved panel namely the BF panel and three 
composite ribs/stiffeners for additional structural rigidity as 
depicted in the detail of Fig. 3. The prepreg lay-up method 
for the BF subassembly is realized in two stages. In the first 
stage, the two faces of the sandwich panel as well as the ribs 
are laid up and cured separately. In a second stage, core, faces 
and ribs are assembled and bonded together followed by 
machining and inspection operations. Similar logic is 
followed when the RTM method is used. The developed 
Simulink model for the prepreg lay-up process can be seen 
in Fig. 4. Because only one subassembly is assumed in this 
analysis, the air-intake product contains only one 
subassembly block. Furthermore, two part blocks are used to 
capture the two different types of parts existing in FB 
subassembly as well as one assembly process block 
capturing the necessary assembly activity. It is highlighted 
that ‘assembly process’ is used herein with a wider sense, and 
thus, assembly activities are not restricted necessarily to 

typical aerospace assembly activities, e.g. drilling, shimming 
etc. Each part and assembly process block contains the list of 
activities to manufacture/assemble each component. The 
activities for the first manufacturing stage exist in the two 
part blocks and are partially presented for the ribs in Fig. 4. 
The assembly process block contains the activities related to 
the second manufacturing phase. A similar cost model was 
created for the RTM manufacturing process. 

5. Results and discussion 

Preliminary results related to the two manufacturing 
concepts are depicted in Fig. 5. Due to confidentiality 
reasons, the necessary input for each Simulink model has 
been slightly modified so they are not presented herein. The 
results concern the percentage of the total cost allocated per 
activity. It is obvious that different manufacturing methods 
involve different activities and thus, different cost 
allocations. It is highlighted that the suggested framework 
has accelerated the cost estimation process compared to the 
traditional PBCM implementation in an excel spreadsheet. 
That is, once the input Excel file has been filled in, the cost 
model is created and estimated in few seconds. Part of the 
necessary input data was extracted directly from the 
preliminary CAD model of the analyzed product. 
Additionally, Simulink implementation offers a graphical 

Manufacturing process flow for the rib part

Product specification for belly fairing subassy

Product specification for air-intake product

Fig. 4. Simulink cost model for the air-intake product assuming prepreg lay-up manufacturing techniqueTo assess and quantify the specified 
KPI for various design and manufacturing concepts of the air-intake and furthermore, to compare the various concepts to each other, numerical 
process models are needed that are capable of taking into account differences in the materials and in the manufacturing and assembly processes. 
The suggested cost estimation framework has been developed to perform these trade-off analyses. 
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𝑗𝑗𝑗𝑗𝑗𝑗 , is the effective production volume 

necessary to feed the next activity, 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗 is the cycle time of 
the activity and  𝑌𝑌𝑌𝑌𝐶𝐶𝐶𝐶𝑗𝑗𝑗𝑗 is the yield capacity. 

It is imperative that the number of resources are estimated 
and improved on the basis of activities organized in 
workstations, in which the idle time of these resources has 
been minimized. This is, however, the next step of 
improvement for the suggested framework and therefore is 
not further studied herein. 

3. Introducing automation 

There are two, time consuming activities related to the cost 
model development of complex products using the PBCM 
technique. The first activity concerns the build of the model 
itself and the second the accumulation of the input and its 
assignment to the developed cost model. Although the 
developed framework in Matlab/Simulink environment 
facilitates the fast creation of the cost model and gives good 
flexibility and customization, it does however, take time to 
build the structure of Fig. 1 as well as to assign all the input 
parameters to the various blocks for complex products such 
as aerospace components. To address both issues, a 
structured way of capturing the necessary input data was 
devised based on an Excel file. Every spreadsheet 
corresponds to a different type of input information, for 
example, product specification tree, manufacturing process 
flow, activity tabs, as well as various databases e.g. 
materials, tools, machines. 

 
Fig. 2. Cost model input: Product specification tree 

The logic behind the PBCM technique is that the costs add 
up from activity to activity to estimate total cost of a part and 
assembly process cost. Furthermore, these costs add up from 
part to part and subassembly to subassembly to the final 
product. The way that blocks added and linked together to 
capture this flow is universal and applicable to any product. 
Based on this observation and taking advantage of the Matlab 
capabilities in which a Simulink model can be created using 
only Matlab commands, the automatic creation of the 
Simulink cost model can be achieved based on the 
preliminary input data captured in the Excel file. An example 
is depicted in Fig 2 for information related to the product 

specification tree. Using this preliminary information, the 
Simulink cost model is built automatically and thus, the cost 
model exists as a separate entity in a graphical way for 
further processing. 

3.2. Input accumulation and assignment 

Focusing on the input data depicted in Fig. 2, information 
related to the product specification tree usually exists in a 
preliminary CAD model. Therefore, this type of information 
can be directly retrieved from a CAD model, linking for 
example CATIA v5 software with the specific Excel file as 
depicted in Fig. 1. The link has been realized, herein, by 
programming simple VBA scripts in CATIA, whilst a 
customized cost toolbar has been created in the CATIA 
environment to enable cost estimations directly from the 
CAD tool, and therefore accelerate the input accumulation 
and assignment. As a future work, the necessary input to 
build the cost model, e.g. manufacturing process flow, will 
be retrieved from other applications that could be used to 
capture this information, for example a preliminary process 
flow diagram created in VISIO Microsoft or in a PowerPoint. 
Finally, databases have been created capturing information 
related to the materials, tools, machines and equipment. The 
more that the cost framework is utilized, the richer those 
databases become. 

4. Case study 

The case study concerns the advanced air-intake product 
depicted in Fig. 3. The product is being developed in the 
frame of AISA project under GKN leadership. The aim of 
the AISA project is to develop a new, high production rate 
capable, ice-protected air-intake for aerospace applications. 
The advanced air intake will have several novel 
characteristics such as intelligent control and efficient 
power-management of the ice protection system whilst the 
manufacturing rates of the product must meet the next-
generation single aisle commercial aircraft production rates. 
This is roughly estimated as 150 air-intake products per 
month. 
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Preliminary screening to identify Key Performance 
Indicators (KPI) has been performed and captured by GKN. 
One of these KPIs is the cost of the product. 

Two manufacturing methods namely the prepreg layup 
and the resin transfer molding (RTM) manufacturing 
methods are analyzed herein for one subassembly of the air-
intake product. More specifically, the work focus on the 
analysis of the belly fairing (BF) subassembly consisting of 
a sandwich curved panel namely the BF panel and three 
composite ribs/stiffeners for additional structural rigidity as 
depicted in the detail of Fig. 3. The prepreg lay-up method 
for the BF subassembly is realized in two stages. In the first 
stage, the two faces of the sandwich panel as well as the ribs 
are laid up and cured separately. In a second stage, core, faces 
and ribs are assembled and bonded together followed by 
machining and inspection operations. Similar logic is 
followed when the RTM method is used. The developed 
Simulink model for the prepreg lay-up process can be seen 
in Fig. 4. Because only one subassembly is assumed in this 
analysis, the air-intake product contains only one 
subassembly block. Furthermore, two part blocks are used to 
capture the two different types of parts existing in FB 
subassembly as well as one assembly process block 
capturing the necessary assembly activity. It is highlighted 
that ‘assembly process’ is used herein with a wider sense, and 
thus, assembly activities are not restricted necessarily to 

typical aerospace assembly activities, e.g. drilling, shimming 
etc. Each part and assembly process block contains the list of 
activities to manufacture/assemble each component. The 
activities for the first manufacturing stage exist in the two 
part blocks and are partially presented for the ribs in Fig. 4. 
The assembly process block contains the activities related to 
the second manufacturing phase. A similar cost model was 
created for the RTM manufacturing process. 

5. Results and discussion 

Preliminary results related to the two manufacturing 
concepts are depicted in Fig. 5. Due to confidentiality 
reasons, the necessary input for each Simulink model has 
been slightly modified so they are not presented herein. The 
results concern the percentage of the total cost allocated per 
activity. It is obvious that different manufacturing methods 
involve different activities and thus, different cost 
allocations. It is highlighted that the suggested framework 
has accelerated the cost estimation process compared to the 
traditional PBCM implementation in an excel spreadsheet. 
That is, once the input Excel file has been filled in, the cost 
model is created and estimated in few seconds. Part of the 
necessary input data was extracted directly from the 
preliminary CAD model of the analyzed product. 
Additionally, Simulink implementation offers a graphical 

Manufacturing process flow for the rib part

Product specification for belly fairing subassy

Product specification for air-intake product

Fig. 4. Simulink cost model for the air-intake product assuming prepreg lay-up manufacturing techniqueTo assess and quantify the specified 
KPI for various design and manufacturing concepts of the air-intake and furthermore, to compare the various concepts to each other, numerical 
process models are needed that are capable of taking into account differences in the materials and in the manufacturing and assembly processes. 
The suggested cost estimation framework has been developed to perform these trade-off analyses. 
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representation of the cost model for further processing and 
customization as depicted in Fig. 4. 

 
 

Fig. 5. Percentage of product cost allocated to each activity 

It is pointed out that the number of workstations necessary 
to achieve the annual production volume is not estimated in 
the current version of CAMcost. Therefore, activities are not 
grouped into workstation and thus, the cost tool cannot 
estimate accurately the necessary number of tools, machines 
and/or workers needed to run the production when these 
resources are shared among the various activities. 

 

To illustrate this deficiency, another example is presented 
in Fig. 6 in which the number of tools necessary to fabricate 
a composite part is estimated for various modelling options. 
In this specific example, it is assumed that there are seven 
activities and the same tool is shared by all these activities. 
Considering that the sum of the cycle time (including losses) 
of the activities in one workstation should not exceed the takt 
time of the workstation (or process), then, for this specific 
example, the activities can be grouped into three 
workstations. The necessary number of tools to achieve the 
annual production volume can be estimated by adding the 
ratios (activity cycle time over activity takt time) of the 
various activities in a specific workstation and rounding up 
afterwards, giving 5 tools, Option 1. Another strategy, less 
accurate, is to consider that the tool is non-dedicated to the 

activity and can be shared among all the activities, giving 3.8 
tools, Option 2. Finally, the tools could be considered 
alternatively dedicated to the activity and thus, the number 
of tools is rounded up for every activity resulting in 9 tools, 
Option 3. Results of Option 2 & 3 are currently the outcome 
of CAMcost, which depending on the problem under 
investigation, can be a good or a gross approximation (or 
provide an upper and lower bound). The specific example 
highlights the importance of optimizing the resources with 
respect to time and adopting line balancing techniques. 

6. Conclusions 

To facilitate the introduction of advanced cost estimation 
techniques in earlier stages of the design process, a cost 
estimation framework has been developed. The suggested 
framework is based upon the PBCM technique and attempts 
to facilitate the creation of the cost model, the accumulation 
and assignment of the necessary input data to the model, as 
well as the visualization of the cost model structure for 
complex assemblies. Preliminary results indicated the 
efficiency of the developed framework studying the air 
intake product developed by GKN. To accelerate cost 
estimations further, the framework should be linked with 
appropriate engineering applications to retrieve necessary 
input information. Finally, resource estimations are of 
importance in cost modelling and thus, line balancing 
techniques should be linked with cost estimation methods.   
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