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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. 
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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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Inconel 718 presents great opportunities in aerospace
and thermal properties are superior 
difficulties. It is therefore necessary to determine the appropriate machining process window. Ball end milling is a rapidly 
use
in reduction of cutting forces during ball end milling which governs the power consumption
productivity. The paper mainly deals with the development of genetic algorithm to obtain optimum cutting conditions for minim
cutting forces in helical ball end milling of Inconel 718 by using recorded cutting forces and regression m
conducted using Taguchi
number of passes on cutting force magnitude. The obtained results show that the developed mod
The developed model can be used for the 
milling of Inconel 718
along with flexibility in machining parameter selection.
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under normal forces, the ball end mill is also highly cost
effective for the 
generating the curved and complex surfaces, the generated 
cutting forces directly or indirectly influence the 
process, 
Thus m
ensure machining system stability

selection of proper machining parameters. 
end milling of Inconel 718, milling cutter orientation and 
cutting speed have significant impact on magnitude of thrust 
force while number of passes shows larger significance on 
axial force and larger workpiece inclination which produces 
minimum cutting forces
moderate
environment offers improved machined surface quality and 
integrity in ball end milling of Inconel 718
depth of cut is dominant 
per tooth and radial depth of cut that affects the three cutting 
force component [3].
significant parameters that needs to optimize are cutting 
speed, radial and axial depths of cu
and
related to milling are usually complex in nature and 
characterized by mixed continuous
discontinuous and non
optimization methods fail to give global optimum solution, as 
they are usually trapped at the local optimum and these 
usually slow in convergence
application of
process paramet
as genetic algor
optimization
GAs makes use of population
complex, continuous as well as discontinuous o
function and variables.  GAs use probabilistic transition rules 
to find new design points for exploration rather than using 
deterministic rules based on gradient infor
new points. 
the best combination of cutting parameters for minimizing the 
cutting forces in ball end milling of Inconel 718 to reduce the 
cutting force (power consumption).
Based on the literature review, it is clear that most of the 
researchers have determined the eff
cut and tool material
process but very
machining environment
large amount of work has been carried out on force 
and chip analysis using experimental 
techniques 
by some researchers to study the machinability by employing 
chilled air 
is also noted that use of genetic algorithm technique for 
optimization of ball end milling process parameters for 
minimizing the cutting forces is very limited. Though the 
optimization of process parameters by using genetic 
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recorded during ball end milling. As far as the cutting force 
magnitude is concerned, it is higher at higher feed rate 0.08 
mm/tooth and 1 mm depth of cut. In order to understand the 
most influencing machining parameters having largest 
contribution on the cutting force magnitude, analysis of 
variance was performed. The cutting speed, feed and depth of 
cut show statistically significant effect on the cutting force 
components at 95% confidence interval.  

Table 1 Experimental observation of cutting forces in helical ball milling of 
Inconel 718 

Input Parameters Output Parameters 

 
ENV 

 
Vc 

(m/min) 

 
f 

(mm/tooth) 

 
ap 

(mm) 
 

NP Fx Fy Fz 
Room 
temp 25 0.04 0.5 1 144 181 73 

Room 
temp 25 0.04 1.0 2 294 362 90 
Room 
temp 75 0.08 0.5 2 365 451 78 
Room 
temp 75 0.08 1.0 1 313 334 108 
Chilled 

air 25 0.08 0.5 1 556 576 71 
Chilled 

air 25 0.08 1.0 2 685 652 98 
Chilled 

air 75 0.0 0.5 2 217 143 66 
Chilled 

air 75 0.04 1.0 1 120 98 88 
 

2. Results and Discussion 

An analytical (regression) model for predicting cutting force 
components in Fx, Fy and Fz direction has been developed by 
using MINITAB 15 software. Table 2 represents the statistical 
significance of obtained model for force component. The 
desired level of confidence was considered to be 95%.  

Table 2 Analysis of variance for cutting force components 

Cutting 
Force 

Component 
F- value P-value R2 R2 (adj) 

Fx 175.44 0.006 99.8 99.2 

Fy 28.10 0.035 98.6 95.1 

Fz 13.98 0.068 97.2 90.3 

 

(a) 

 

(b) 

 

(c) 

Fig. 2 Normal probability plot of residuals (a) Fx, (b) Fy, (c) Fz 

The difference between R2 and R2 (adj.) is reasonably low 
which indicate the absence of insignificant terms in model. 
The normal probability plot of the residuals for cutting force 
components Fx, Fy, and Fz are shown in the Fig.2 (a-c). The 
regression equation for cutting force components are as 
follow: 

Fx(N)= -72.9-4.81ENV-3.32Vc(m/min)+7150f(mm/tooth)    

+65.0ap (mm) +107NP                                            (1) 

Fy(N) =  -98.7-1.47ENV-3.73Vc(m/min)+7681f (mm/tooth)  

+47.5ap (mm) +105NP              (2) 

Fz(N)= 31.2+0.271ENV+0.0400Vc(m/min)+238f (mm/tooth)  

+48.0ap (mm)-2.00 NP                                            (3) 

4. Genetic Algorithm Optimization 

For minimization of cutting force components in helical ball 
end milling of Inconel 718, cutting speed, feed, axial depth of 
cut, cutting environment and number of passes were selected 
as the input variable. The equation of response variable is 
obtained by regression analysis using MINITAB 15 software. 
Eqn (1), (2) and (3) are the best suited fitness function in the 
minimization of force components.                                         

The optimization model is expressed as: 

Find: Vc, f, ap, NP, ENV, Minimize: Fx (Vc, f, ap, NP, ENV), 
Fy (Vc, f, ap, NP, ENV) and Fz (Vc, f, ap, NP, ENV). 
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today’s mil
tip also translates into lower cutting forces, giving the cutter 
added strength under pressure. Since it is less likely to break 
under normal forces, the ball end mill is also highly cost
effective for the 
generating the curved and complex surfaces, the generated 
cutting forces directly or indirectly influence the 
process, 
Thus m
ensure machining system stability

selection of proper machining parameters. 
end milling of Inconel 718, milling cutter orientation and 
cutting speed have significant impact on magnitude of thrust 
force while number of passes shows larger significance on 
axial force and larger workpiece inclination which produces 
minimum cutting forces
moderate
environment offers improved machined surface quality and 
integrity in ball end milling of Inconel 718
depth of cut is dominant 
per tooth and radial depth of cut that affects the three cutting 
force component [3].
significant parameters that needs to optimize are cutting 
speed, radial and axial depths of cu
and
related to milling are usually complex in nature and 
characterized by mixed continuous
discontinuous and non
optimization methods fail to give global optimum solution, as 
they are usually trapped at the local optimum and these 
usually slow in convergence
application of
process paramet
as genetic algor
optimization
GAs makes use of population
complex, continuous as well as discontinuous o
function and variables.  GAs use probabilistic transition rules 
to find new design points for exploration rather than using 
deterministic rules based on gradient infor
new points. 
the best combination of cutting parameters for minimizing the 
cutting forces in ball end milling of Inconel 718 to reduce the 
cutting force (power consumption).
Based on the literature review, it is clear that most of the 
researchers have determined the eff
cut and tool material
process but very
machining environment
large amount of work has been carried out on force 
and chip analysis using experimental 
techniques 
by some researchers to study the machinability by employing 
chilled air 
is also noted that use of genetic algorithm technique for 
optimization of ball end milling process parameters for 
minimizing the cutting forces is very limited. Though the 
optimization of process parameters by using genetic 
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recorded during ball end milling. As far as the cutting force 
magnitude is concerned, it is higher at higher feed rate 0.08 
mm/tooth and 1 mm depth of cut. In order to understand the 
most influencing machining parameters having largest 
contribution on the cutting force magnitude, analysis of 
variance was performed. The cutting speed, feed and depth of 
cut show statistically significant effect on the cutting force 
components at 95% confidence interval.  

Table 1 Experimental observation of cutting forces in helical ball milling of 
Inconel 718 

Input Parameters Output Parameters 

 
ENV 

 
Vc 

(m/min) 

 
f 

(mm/tooth) 

 
ap 

(mm) 
 

NP Fx Fy Fz 
Room 
temp 25 0.04 0.5 1 144 181 73 

Room 
temp 25 0.04 1.0 2 294 362 90 
Room 
temp 75 0.08 0.5 2 365 451 78 
Room 
temp 75 0.08 1.0 1 313 334 108 
Chilled 

air 25 0.08 0.5 1 556 576 71 
Chilled 

air 25 0.08 1.0 2 685 652 98 
Chilled 

air 75 0.0 0.5 2 217 143 66 
Chilled 

air 75 0.04 1.0 1 120 98 88 
 

2. Results and Discussion 

An analytical (regression) model for predicting cutting force 
components in Fx, Fy and Fz direction has been developed by 
using MINITAB 15 software. Table 2 represents the statistical 
significance of obtained model for force component. The 
desired level of confidence was considered to be 95%.  

Table 2 Analysis of variance for cutting force components 

Cutting 
Force 

Component 
F- value P-value R2 R2 (adj) 

Fx 175.44 0.006 99.8 99.2 

Fy 28.10 0.035 98.6 95.1 

Fz 13.98 0.068 97.2 90.3 

 

(a) 

 

(b) 

 

(c) 

Fig. 2 Normal probability plot of residuals (a) Fx, (b) Fy, (c) Fz 

The difference between R2 and R2 (adj.) is reasonably low 
which indicate the absence of insignificant terms in model. 
The normal probability plot of the residuals for cutting force 
components Fx, Fy, and Fz are shown in the Fig.2 (a-c). The 
regression equation for cutting force components are as 
follow: 

Fx(N)= -72.9-4.81ENV-3.32Vc(m/min)+7150f(mm/tooth)    

+65.0ap (mm) +107NP                                            (1) 

Fy(N) =  -98.7-1.47ENV-3.73Vc(m/min)+7681f (mm/tooth)  

+47.5ap (mm) +105NP              (2) 

Fz(N)= 31.2+0.271ENV+0.0400Vc(m/min)+238f (mm/tooth)  

+48.0ap (mm)-2.00 NP                                            (3) 

4. Genetic Algorithm Optimization 

For minimization of cutting force components in helical ball 
end milling of Inconel 718, cutting speed, feed, axial depth of 
cut, cutting environment and number of passes were selected 
as the input variable. The equation of response variable is 
obtained by regression analysis using MINITAB 15 software. 
Eqn (1), (2) and (3) are the best suited fitness function in the 
minimization of force components.                                         

The optimization model is expressed as: 

Find: Vc, f, ap, NP, ENV, Minimize: Fx (Vc, f, ap, NP, ENV), 
Fy (Vc, f, ap, NP, ENV) and Fz (Vc, f, ap, NP, ENV). 
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Variable bounds used were Feed = 0.04 ≤ f ≥ 0.08 mm/ tooth, 
Doc= 0.5 ≤ doc ≥ 1 mm, Speed = 25 ≤ V ≥ 75 m/min, Temp= 
1oC ≤ T ≥ 25oC, No of passes = 1 ≤ no. of passes ≥ 2. A 
binary string was used as solution string to represent real 
values of a variable. The length of the string depends on the 
precision required. In optimization procedure, set of 
parameter values is selected randomly from experimental 
data. The population size is 16, number of generations 100, 
number of bits in each parameter is 8, cross over fraction 0.5 
and mutation rate is 0.15. 20 iterations of the GA program 
was performed in Matlab software which employed 20 
optimized conditions of input variables that are required for 
minimizing the cutting force. The best obtained condition was 
Vc = 72 m/min, f = 0.05, ap = 0.7, Temp. = 11oC, number of 
passes = 1 is tested for confirmation of results by substituting 
in objective function and performing experiments. The 
maximum error obtained between the predicted and 
experimental values of process responses is around 3 %. 

Table 3 Confirmations and Validation of Optimal Set of Process Parameters 

Cutting force 
Components 

Predicted force Measured force % error 

Fx (N) 145.15 147 -1.27 

Fy (N) 138.87 135 2.78 

Fz (N) 80.56 83 -3.02 

 
These results illustrate that the proposed procedure can be 
efficiently used to determine optimal parameters for any 
desired output value in helical ball end milling process and 
the optimal setting of the process parameters can be 
implemented for the process improvement. Confirmation of 
predicted and experimental force components are in well 
agreement is mentioned in Table 3. 

5. Conclusions 

The lower values of cutting speed (25m/min), higher depth of 
cut (1.0 mm) and feed rate (0.08mm/tooth) with chilled air 
produces cutting forces of higher magnitude. Cutting edge 
engagement with the workpiece material increases with 
increase in feed per tooth and axial depth of cut, thus more 
material will be available at cutting edge leads to increase in 
chip thickness which results into increase in cutting force. 
High speed ball milling of Inconel 718 results in highly 
localized temperature, stress and strain rate. An increase in 
temperature in the machining region could promote thermal 
softening causing ductility of the work material to increase and 
allows greater deformation. As a result, lower forces are 
required to shear the material during machining. It has been 
confirmed from the optimal value of cutting condition 

recommended by GA and real experiments. The optimized 
condition that gives better performance are – 11-12oC 
temperature, high cutting speed (72 m/min), low feed (0.05 
mm/tooth), moderate axial depth of cut (0.7mm), and one pass 
milling operation for considered variable bound. 
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