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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. 

Keywords: Assembly; Design method; Family identification

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  

Drilling stands out as the most widespread machining process of carbon fibre reinforced plastic (CFRP) composite parts, primarily in the 
aerospace industry due to the extensive use of mechanical assembly using fasteners such as rivets or bolts. In this paper, drilling of 
CFRP/CFRP stacks for aeronautical applications is investigated using two different types of drilling tools, a traditional twist drill and an 
innovative step drill, under different spindle speed and feed rate conditions to evaluate the optimal drilling parameters and the most suitable 
drill bit geometry for one-shot stack drilling. Automatic image processing is applied to evaluate the hole quality parameters and the relationship 
between tool wear and hole quality is studied for both tool types. 
© 2020 The Authors. Published by Elsevier B.V. 
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1. Introduction 

Composite materials are progressively replacing traditional 
materials in many applications due to their exceptional 
properties. In particular, carbon fibre reinforced polymer 
(CFRP) composite materials exhibit an excellent combination 
of low weight, high mechanical strength and high rigidity, 
which is highly desirable for aerospace applications [1]. 

Indeed, the aerospace industry is particularly interested in 
employing lightweight materials to reach the target of 
lowering costs by enhancing efficiency and reducing 
emissions to improve the global environmental impact [2]. 

In aerospace component assembly, drilling is the main 
machining process employed to obtain the holes which 
normally act as housing for mechanical fasteners like bolts or 
rivets. Drilling of composite materials is very challenging for 
manufacturing engineers [3–5] due to material fragmentation 
and delamination that occur during the drilling operation 
which affect aesthetics and processed surface quality [6]. 
Conventional drilling processes using drill bits on CFRP 

laminates may damage the workpiece through chipping, 
cracking, delamination and high wear of the cutting tools [7–
9]. Several critical defects like entry/exit delamination, 
internal delamination, geometric/dimensional errors, fibre 
pullout, and thermal damage have been reported [10,11]. 

In this research work, in order to find the optimal cutting 
parameters and tool geometry for the drilling of CFRP/CFRP 
stacks, an experimental testing campaign was carried out 
using diverse process parameter values (for cutting speed and 
feed rate) and two different drill bit geometries. 

To lay the foundation for an on-line assessment of tool 
wear and hole quality via in-process image acquisition, tool 
wear level was estimated through image analysis and hole 
quality was evaluated by automated image processing. 

2. Experimental setup 

2.1. Workpiece details and process parameters 

Experimental drilling tests were carried out on stacks made 
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laminates may damage the workpiece through chipping, 
cracking, delamination and high wear of the cutting tools [7–
9]. Several critical defects like entry/exit delamination, 
internal delamination, geometric/dimensional errors, fibre 
pullout, and thermal damage have been reported [10,11]. 

In this research work, in order to find the optimal cutting 
parameters and tool geometry for the drilling of CFRP/CFRP 
stacks, an experimental testing campaign was carried out 
using diverse process parameter values (for cutting speed and 
feed rate) and two different drill bit geometries. 

To lay the foundation for an on-line assessment of tool 
wear and hole quality via in-process image acquisition, tool 
wear level was estimated through image analysis and hole 
quality was evaluated by automated image processing. 

2. Experimental setup 

2.1. Workpiece details and process parameters 

Experimental drilling tests were carried out on stacks made 
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of two CFRP laminates, each composted of 26 prepreg plies 
made of CYCOM 977-2 epoxy matrix and Toray T300 carbon 
fibres with stacking sequence [±452/0/904/0/90/02]s.  

The total thickness of each CFRP laminate was 5 mm and a 
very thin fiberglass/epoxy ply reinforced with 0°/90° fabric 
was placed on the front and back surfaces of the laminates for 
corrosion protection. 

The CFRP laminates were fabricated by hand lay-up, 
vacuum bag moulding and autoclave curing. The surface 
texture of the laminates on the bag side was highly irregular 
compared to the mould side which is very smooth (Fig. 1).  

The total thickness of the CFRP/CFRP stack is about 10 
mm. In order to reproduce as close as possible the drilling 
conditions in the aerospace industry, the two laminates have 
been clamped and drilled together. The two CFRP laminates 
in the stack were placed with their bag side in contact to 
perform the experiments under the severest drilling conditions. 

Image analysis was conducted on 60 consecutive holes 
drilled with the same cutting parameters with 2 different tools: 
• Traditional tool: a two-flute twist drill made of tungsten 

carbide, Ø 6.35 mm, featuring a 125° point angle (Fig. 2). 
• Innovative tool: a two-flute step drill made of tungsten 

carbide, with the diameter growing from 4.95 mm to 6.35 
mm in two steps with sharp elliptical margins (Fig. 3) 
In order to identify the influence of the cutting parameters 

on the machinability of the CFRP stacks in terms of tool wear 
and quality of the holes, different cutting parameters were 
adopted for the experimental drilling tests. Three feed rate 
values and three spindle speeds were employed, as reported in 
Table 1. Each drill bit realized 60 holes in the CFRP/CFRP 
stack with the same process parameters. Every 10 drilled 
holes, the drilling operation was suspended to acquire images 
of the drill bit in order to evaluate the flank wear (VB).  

For better comprehension, each process condition is 
assigned a letter “A - F” and prefixes "T" and "I" are used to 
identify the traditional twist drill and the innovative step drill. 

Table 1. Experimental conditions in CFRP/CFRP stack drilling. 

Experimental testing code Spindle speed 
(rpm) 

Feed rate 
(mm/rev) 

A 2700 0.15 

B 6000 0.11 

C 6000 0.15 

D 6000 0.20 

E 9000 0.11 

F 9000 0.15 

2.2. Drilled hole quality parameters 

2.2.1. Delamination analysis 
Avoiding delamination becomes one of the main objectives 

in the drilling of CFRP materials since the applications of 
composite materials continue to grow in the aerospace and the 
automotive industries [12]. 

Two delamination mechanisms, i.e. peel-up and push-out 
delamination, may occur at the hole entry and exit when the 
axial forces exerted by the drill bit helix overcome the 
interlaminar strength of the workpiece. 

To evaluate delamination significance, the most common 
parameter is the delamination factor, Fd, which considers the 
maximum extent of delamination in the radial direction. An 
alternative parameter that considers also the total damaged 
area is the adjusted delamination factor, Fda [13].  

Image analysis was performed in Matlab to extract the two 
delamination characteristic parameters from the acquired 
images of the drilled holes following the procedure presented 
in [14]. The procedure consists of two main steps, focused on 
identifying the perimeter of the hole (and the parameters of 
the best fitting circumference) as well as the delaminated area.  

The exit delamination (or push-down delamination at hole 
exit) is generally more severe than the entry delamination (or 
peel-up delamination at hole entry) [10]. Previous studies 
have confirmed the greater relevance of push-out 
delamination [15]; therefore, only the images acquired at the 
hole exit of the CFRP/CFRP stacks were further processed. 

2.2.2. Dimensional and geometrical analysis 
 

In addition to the above mentioned surface integrity 
parameters, also geometrical and dimensional hole 
characteristics were considered in the analysis. In particular, 
the hole diameter and the hole roundness. 

It is expected that the hole diameter will decrease with 
increasing number of drilled holes but its value must remain 
within specified tolerance ranges which in the aeronautical 
sector are very tightly imposed. 

Hole roundness is one of the main geometrical features to 
measure. According to the definition of ISO 1101:2012, 
roundness is calculated as the ratio between the diameters of 
the maximum inscribed circle and the minimum 
circumscribed circle [16]. 

 

Fig. 1. Sequence of layers in one CFRP laminate. 

 

Fig. 2. Traditional twist drill, side view. 

 

Fig. 3. Innovative step drill, side view. 
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2.3. Tool wear evaluation 

According to the literature, the most widely used parameter 
for tool wear monitoring during machining operations is the 
flank wear [3,17-21]. Although it is not possible to make an 
exact comparison between the two drill bit types employed in 
the experimental tests due to their different geometries, flank 
wear was measured for both of them and used to assess the 
behaviour of the two different drill bit types during the 
drilling process. 

Tool wear measurements were performed during drilling 
tests after every 10 holes. A magnified picture of the cutting 
lip was acquired through an optical measuring machine (Tesa 
Visio V-200) to optically measure the flank wear VB. Fig. 4 
shows the TC tool (traditional tool: T; process condition C: 
6000 rpm - 0.15 mm rev) before starting the drilling 
procedure (left) and after the realisation of 60 holes (right). 

3. Results 

To compare the quality of the CFRP/CFRP stack holes 
produced by traditional twist drills and innovative step drills, 
the following criteria were considered: 
• Delamination factor (Fd), adjusted delamination factor 

(Fda): smallest value (as close to 1 as possible). 
• Hole diameter: closeness to the nominal hole diameter 

(6.35 mm). 
• Hole roundness: closeness to a perfect circumference 

(roundness = 1). 

3.1. Tool wear 

For each drilling condition, 6 VB values (3 for each) were 
measured and averaged to describe the tool wear 
development. The average VB values were plotted with 
different colors for each process condition in Errore. 
L'origine riferimento non è stata trovata..  

 

 

Fig. 4. Tool wear evaluation for TC tool: a traditional tool, T, operating with 
process conditions C (6000 rpm – 0.15 mm/rev). 

   Tool wear appears to progress more rapidly for the 
traditional twist drills than for the innovative step drills; this 
may depend on two issues:  
• Innovative step drills also cut with margins and, therefore, 

a portion of the wear develops on them. 
• VB is measured at D/6 which is 6.35/6 = 1.06 mm for 

traditional twist drills and 4.35/6 = 0.73 mm for step drills. 
  These issues make the data not directly comparable. Among 
the traditional twist drills, those showing lower wear growth 

are the TC, TD and TF tools. Among the innovative step 
drills, the IB, IE, IF tools displayed a better behaviour. 

 

Fig. 5. Experimental tool wear curves for CFRP/CFRP stacks: (a) traditional 
twist drills T and (b) innovative step drills I with process parameters A to F. 

3.2. Hole quality 

The delamination characteristic parameters Fd and Fda were 
first measured at the hole entry on the top laminate of the 
CFRP/CFRP stack (Fig. 6); they are reported in Fig. 7 as a 
function of the hole number. 

In this case, neither Fd nor Fda show any positive or 
negative trend with increasing number of holes; therefore, 
they seem less correlated to tool wear progression. The same 
behavior was found for all the tests performed; for this reason, 
the following sections will only refer to the hole exit 
delamination (push out delamination).  

The traditional twist drills and the innovative step drills 
were compared in order to evaluate the best performing ones 
for each process condition. 

The comparison between the results in terms of hole 
quality of traditional and innovative tools for process 
condition A is shown in Fig. 8-Fig. 11 by way of example. 

The global results in terms of best tool for each process 
condition are reported in Table 2. 

To identify the process conditions providing the best 
results, the top performing tools for each hole quality 
parameter were compared following the criteria discussed at 
the beginning of this section. 

To improve the readability of the graphs reporting the 
evaluation of Fd, Fda and hole diameter (Fig. 14- Fig. 13), not 
all the process conditions were reported. The charts display 
the best performing tools together with the worst ones for the 
specific hole quality parameters. 
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Fig. 6. Localization of hole images acquired on the CFRP/CFRP stack 

 

Fig. 7. Entry delamination vs hole number: traditional twist drill T, process 
condition C (6000 rpm – 0.15 mm/rev). 

 

Fig. 8. Hole diameter for traditional twist drill and innovative step drill:  
process condition A (2700 rpm – 0.15 mm/rev). 

 
Fig. 9. Hole roundness for traditional twist drill and innovative step drill: 

process condition A (2700 rpm – 0.15 mm/rev). 

As regards the Fd and Fda factors, similar considerations 
can be made. For both factors, the tools providing the best 
results (close to 1) are the traditional twist drills T working 
under process conditions C and D (TC, TD). The values are 
generally lower than 1.5 for Fd and 1.8 for Fda. The tool 
displaying the worst delamination results is the innovative 
step drill I working under process conditions B (IB): the 
average values are Fd = 1.7 and Fda = 2.2, exceeding the 
average values for the best tools by 0.4 for Fd and 0.8 for Fda. 

 

Fig. 10. Hole delamination factor, Fd, for traditional twist drill and innovative 
step drill: process condition A (2700 rpm – 0.15 mm/rev). 

 
Fig. 11. Hole adjusted delamination factor, Fda, for traditional twist drill and 

innovative step drill: process condition A (2700 rpm – 0.15 mm/rev). 

Table 2. Best performing tool for each process condition and quality parameter. 

Process condition Fd Fda Diameter Roundness 

A T T T T 

B I I T T 

C T T T T 

D T T T T 

E T T T T 

F I I I T 

 
The tools providing the best results in terms of hole 

diameter (as close as possible to nominal diameter 6.35 mm) 
are the traditional tools working under process conditions C 
and D (TC, TD). In the same chart, the innovative step drill I 
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working under process conditions E (IE) displaying the worst 
results is shown for comparison. The average diameter of the 
holes made with the IE tool is 0.1 mm larger that the nominal 
value, i.e. 10 times higher than the deviation for the best tools. 

In terms of roundness, no high performing tool could be 
identified as all tools perform similarly making it difficult to 
recognize the best ones (

Hole number

0 10 20 30 40 50 60

R
ou

nd
ne

ss

0,0

0,2

0,4

0,6

0,8

1,0

TA TB TC TD IE TF 

 
Fig. 15). Table 3 reports the obtained results: all roundness 

values are in the range 0.65-0.98 and the tools providing the 
most satisfactory results are the traditional tools T working 
under process conditions C and D (TC, TD). 

Hole number
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Fig. 12. Best and worst performing tools in terms of delamination factor, Fd. 
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Fig. 13. Best and worst performing tools in terms of adjusted delamination 

factor, Fda. 
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Fig. 14. Best and worst performing tools in terms of hole diameter, D.  
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Fig. 15. Performance of all tools in terms of hole roundness. 

Table 3. Tool performance in terms of hole roundness. 

 Fd Fda Diameter Roundness 

Best performing 
tools 

TC/TD TC/TD TC/TD All tools in the 
acceptable range 

4. Conclusions 

The purpose of this work was to lay the foundation for the 
on-line assessment of hole quality and tool wear during 
drilling of CFRP/CFRP stacks through in-process image 
acquisition and processing. Drilling tests were carried out 
with a traditional twist drill and an innovative step drill under 
different process conditions. 

The most significant parameters for assessing the hole 
quality in CFRP stack laminates were identified in terms of 
delamination (Fd, Fda) and geometrical characteristics 
(diameter, roundness). 

An optical measuring machine was used to measure tool 
wear after a given number of drilled holes and to capture 
magnified hole images for the estimation of features 
describing the hole quality in terms of exit delamination. 

An automatic procedure for image analysis was developed 
to estimate all the parameters related to the hole quality. 

Drilling tests were carried out on CFRP/CFRP stacks with 
different feed rate and spindle speed values using traditional 
twist drills and innovative step drills to select the best process 
parameters and most suitable tool geometry for CFRP/CFRP 
stack drilling. The following results were obtained: 
• Innovative step drills are less effective than traditional 

twist drills. 
• The best process parameters are 6000 rpm - 0.2 mm/rev 

and 6000 rpm - 0.15 mm/rev. 
• The study of tool wear confirms the obtained results. 

In the framework of future manufacturing foresight and 
Industry 4.0 [22,23] the implementation of an on-line image 
acquisition system to capture drilled hole images is the future 
progress for the development of a machine learning procedure 
for automatic evaluation of hole quality. 
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