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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 

This paper deals with a method to optimize tool axis orientations in multi-axis milling toolpaths. The method is based on calculation of the actual 
cutting diameter and the cutting speed during the toolpath. Subsequently, the NC code is processed by the interpolator with a machine tool 
kinematic model. The result is a visualization of the actual cutting speed and the real feed-rate on the toolpath. Based on these results, the vectors 
used to orient the tool axis along the toolpath can be effectively set up in several iterations. The toolpath are optimized to achieve a more constant 
cutting speed which lead to an improvement in surface quality and increase in productivity. 
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1. Introduction 

Multi-axis ball-end milling operations are one of the most 
extensively used methods in machining of complex shapes, for 
example turbine blades, impellers or joint replacements. There 
is a growing demand for increased surface quality, geometric 
accuracy and machining efficiency in the manufacture of these 
high precision parts. Various targeting optimization methods 
are constantly being developed to meet these basic 
requirements. Many interesting analysis and optimization 
approaches have been designed to increase the productivity or 
accuracy of the machining process in terms of the required 
cutting conditions. Parameters which are often analysed 
include cutting forces and the speed of the cutting tool 
movement along the toolpath [1, 2]. Optimization interventions 
often involve correcting the feed rate in dependence on the 
force effect or the material removal rate [3, 4]. Other 
approaches include toolpath correction with respect to the 
required feed rate, especially at the pre-production stage [5]. 
Another group of optimization methods deals with creating 
optimized toolpaths. The main criterion of the new toolpaths is 
the reduction of machining time with the inclusion of the 

kinematic and, in some cases, dynamic limits of motion axes 
[6, 7]. Other papers deal with creating entirely new toolpaths. 
The main benefit is functionality in specific areas, such as 
radius machining for impellers or machining of complexly 
shaped surfaces [8, 9]. No optimization methods that control 
tool axis vectors on a multi-axis tool path according to specified 
cutting conditions with respect to surface quality and 
productivity were found.  

Adherence to the prescribed local cutting speed and 
inclination angle settings is very important in multi-axis point 
milling especially in difficult to cut materials, for example 
HRSA (Heat Resistant Super Alloys) or chromium-cobalt 
alloys and stainless steel (duplex or super duplex). The range 
of appropriate cutting conditions is very narrow in this 
materials and every larger deviation beyond this appropriate 
range of real cutting conditions can results in a rapid decrease 
in tool life, surface quality degradation, surface roughness non 
compliance or geometric inaccuracy.  

When machining aluminium alloys, the cutting conditions, 
respectively the cutting speed, have a direct effect on adhesive 
tool wear [10]. Cutting speed also has a major impact on the 
microhardness of the surface when machining duplex stainless 
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increasing lead angle.  The impact of a 0° or almost 0° lead 
angle is more significant in hard to cut material than in EN AW 
7075. This is probably because duplex steel is tougher, which 
makes it less machinable, which in turn enables a deterioration 
of the surface quality that is more significant than in the case 
of EN AW 7075.  

 

 

Fig. 2. Roughness results for the two test materials 

The main purpose of these tests was to determine the 
problematic area of lead angle tool axis vectors in ball-end 
milling operations. With this knowledge it is possible to avoid 
the problematic area of tool axis vector adjustment. For EN 
AW 7075 it is the area between 0° to 3°, and for DIN 1.4462 it 
is the area between 0° to 2.5°. These observed intervals 
experimentally indicate the usable lead angle intervals in terms 
of surface quality. 
 
2.2. Calculation of the cutting speed along the toolpath 

 
 Fig. 3 shows the calculation principle for the actual cutting 

diameter. This method depends on knowing the contact point 
CP between the cutting tool and the workpiece. The distance 
between 𝑒𝑒 and CP determines RR. The CP is always determined 
by a match in the value of  𝑛𝑛𝑊𝑊⃗⃗ ⃗⃗ ⃗⃗  and 𝑛𝑛𝑇𝑇⃗⃗⃗⃗⃗. 

 

 

 Fig. 3. Calculation of the actual tool diameter based on the CP 

Calculation of the real tool diameter of the section is 
calculated according to formula (1). The 𝐶𝐶𝑃𝑃𝑇𝑇𝐶𝐶𝑇𝑇⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  vector is 
calculated using formula (2). 
 

𝑅𝑅𝑅𝑅 =  𝐶𝐶𝑃𝑃𝑇𝑇𝐶𝐶𝑃𝑃⃗⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ×𝑒𝑒
|𝑒𝑒|                                                                        (1)  

𝐶𝐶𝑃𝑃TCP⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ = {𝑇𝑇𝐶𝐶𝑇𝑇𝑋𝑋 − 𝐶𝐶𝑃𝑃𝑋𝑋; 𝑇𝑇𝐶𝐶𝑇𝑇𝑌𝑌 − 𝐶𝐶𝑃𝑃𝑌𝑌; 𝑇𝑇𝐶𝐶𝑇𝑇𝑍𝑍 − 𝐶𝐶𝑃𝑃𝑍𝑍}             (2) 
 

The analysis module works with the contact point without 
considering the material after semi-finishing machining 
operations. The presumption is, therefore, a small machining 
allowance for finishing machining, with an interval from one 
to several tenths of a millimetre depending on the size of the 
cutting tool and the shape of the surface. The adherence of 
cutting conditions at the contact point between the cutting tool 
and the workpiece has the greatest effect on the resulting 
surface quality after machining.  

Now, there are two main options for optimizing finishing 
machining with a focus on cutting conditions. The first option 
is to actively control the spindle speed and the feed rate in 
dependence on the actual cutting diameter. However, this is 
limited by spindle dynamics and spindle speed control. 
The second option is to recalculate the tool axis vectors in 
relation to the machined area when preparing the toolpaths in 
the CAM with the aim of moving the contact point on the 
cutting tool as close as possible to the maximum value of the 
cutting tool diameter. This second solution can be easily 
implemented in the postprocessor and is potentially widely 
applicable. For these reasons, an optimization approach based 
on recalculation of tool orientation will be proposed. 

3. Optimization of tool position 

Based on the calculation of the real cutting radius and 
experimental mapping of areas with deteriorated surface 
quality, the optimization module was approached.  
This optimization module was implemented in the 
postprocessor for more efficient use. The calculation principle 
is shown on Fig. 4. 

 

 

Fig. 4: Scheme of recalculation of new tool position 

The optimization is based on the conversion of individual 
NC blocks in the NC code, where the input is a requirement for 
minimum cutting speed. Based on this value, NC blocks are 
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steels [11]. This leads to overly conservative parameters being 
used in cutting complex parts to ensure that the local cutting 
velocity does not exceed some convenient value and thus 
production time of the part is unnecessarily prolonged. 

 For effective machining of complex shape parts, toolpaths 
and real cutting conditions must be analysed and then 
optimized.  

This paper develops a tool path optimization method that 
ensures that local Vc keeps planned range using adjustment of 
inclination angle with respect an appropriate tool angle range. 
The goal of this method is to reduce the machining time, to 
lower the risk of damage of the tool and comply with the 
surface roughness requirements. 

This paper focuses on the design of an analysis module 
developed to subsequently optimize the toolpath in multi-axis 
machining of complex parts in terms of adhering to the cutting 
conditions defined for machining. Process productivity and 
workpiece quality are key factors in controlling programmed 
cutting conditions. For ball-end machining complex parts that 
are machined on multi-axis machines such as turbines, it is 
difficult to maintain defined cutting conditions throughout the 
machining cycle. The required cutting conditions are usually 
not achieved due to the complex shapes and because the 
technologist lacks sufficient space to adjust the tool axis in the 
CAM (Computer aided manufacturing). This paper deals with 
optimization of machining in the CAM and the postprocessor. 
The main aim of this work is to propose a supportive 
optimization procedure that would help maintain the cutting 
speed when generating NC (Numerical Control) programs for 
CNC (Computer Numerical Control) machine tools. 

 
Nomenclature 

TCP    tool center point [-] 
CP       contact point [-] 
R         tool radius of ball-end mills [mm] 
RR real cutting radius of the tool [mm] 
RRe required radius of the tool increase [mm] 
RRn recalculated real cutting radius of the tool [mm]  
𝑒𝑒      tool axis vector [1] 
𝑒𝑒𝑛𝑛⃗⃗⃗⃗⃗      recalculated tool axis vector [1] 
𝑛𝑛𝑊𝑊⃗⃗ ⃗⃗ ⃗⃗       normal vector of machined surface in CP [1] 
𝑛𝑛𝑇𝑇⃗⃗⃗⃗⃗      normal vector of tool “ball” surface in CP [1] 
vc cutting speed (nominal) [m/min] 
vcR real cutting speed (calculated) [m/min] 
λL lead angle [°] 
ft feed per tooth [mm/min] 
ae axial depth of cut [mm] 
ap radial depth of cut [mm] 
S spindle speed [RPM] 

2. Analysis of cutting speed 

When machining with a circular cutting tool (inserts, 
toroidal cutters, etc.) the maximum diameter of the cutting tool 
is usually set during CNC machine programming. 
Unfortunately, in this case the cutting speed defined by the 
technologist is not observed. This is because the actual cutting 
diameter varies during the machining cycle depending on the 

toolpath and the shape of the surface to be machined.  
The contact point moves along the cutting edge during 
machining. At a variable actual cutting diameter, the spindle 
speed would also have to be variable to achieve a constant 
cutting speed [12].  

When programming toolpaths for multi-axis machining, the 
programmer has the option of selecting the tool axis vector in 
relation to a given location on the work surface. Therefore, the 
programmer has a direct impact on achieving the cutting 
conditions. The tool axis vector is adjusted in relation to the 
shape of the workpiece to avoid collisions between the tool and 
the tool holder and the workpiece with the clamping. 

2.1 Test the effect of the lead angle on surface quality 

 The influence of 𝛾𝛾𝐿𝐿  on surface quality also needed to be 
tested to find out the suitable range for tool orientation 
adjustment. Two types of material, EN AW 7075-Dural and 
DIN 1.4462-hard to cut Duplex steel, were tested. Both 
materials are among the most commonly used materials in the 
energy and aircraft industries. Machining tests were proposed 
for mapping issues. The machined surface was planar.  
Machine tool was a MCV1000 (KOVOSVIT MAS, a.s.).  
The surface roughness was measured using a Surtronic 3+ 
according to EN ISO 4288 for a given range of Ra and Rz 
parameters. The tool was a ball-end cutter, D=10 mm 4-flutes, 
30° of degrees helix angle with hard submicron carbide 
substrate (IC 908) and TiAlN PVD coating. The machining was 
performed under the same nominal cutting conditions; see 
Table 1. The lead angle varied from 0° to 14° for each 
experiment. In Fig. 1 we can see the influence of the particular 
lead angle vector on the resulting surface quality.  

 
Table 1. Setting of cutting conditions 

Material S* 
[rpm] 

vc* 
[m/min] 

ft 
[mm] 

ap 
[mm] 

ae 
[mm] 

EN AW 7075 23,885 750 0.05 0.2 0.27 
DIN 1.4462 4,777 150 0.05 0.2 0.27 

*spindle speed was constant for each material for all tests;  
the cutting speed varied depending on CP 
 

 

Fig. 1. Different surface quality when machining EN AW 7075 (mircoscope) 

A comparison between the two tested materials is shown in 
Fig. 2. The graph shows a sharp drop in roughness with 
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increasing lead angle.  The impact of a 0° or almost 0° lead 
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2 Michal Stejskal/ Procedia CIRP 00 (2019) 000–000 

steels [11]. This leads to overly conservative parameters being 
used in cutting complex parts to ensure that the local cutting 
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production time of the part is unnecessarily prolonged. 
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ap radial depth of cut [mm] 
S spindle speed [RPM] 

2. Analysis of cutting speed 

When machining with a circular cutting tool (inserts, 
toroidal cutters, etc.) the maximum diameter of the cutting tool 
is usually set during CNC machine programming. 
Unfortunately, in this case the cutting speed defined by the 
technologist is not observed. This is because the actual cutting 
diameter varies during the machining cycle depending on the 

toolpath and the shape of the surface to be machined.  
The contact point moves along the cutting edge during 
machining. At a variable actual cutting diameter, the spindle 
speed would also have to be variable to achieve a constant 
cutting speed [12].  

When programming toolpaths for multi-axis machining, the 
programmer has the option of selecting the tool axis vector in 
relation to a given location on the work surface. Therefore, the 
programmer has a direct impact on achieving the cutting 
conditions. The tool axis vector is adjusted in relation to the 
shape of the workpiece to avoid collisions between the tool and 
the tool holder and the workpiece with the clamping. 

2.1 Test the effect of the lead angle on surface quality 

 The influence of 𝛾𝛾𝐿𝐿  on surface quality also needed to be 
tested to find out the suitable range for tool orientation 
adjustment. Two types of material, EN AW 7075-Dural and 
DIN 1.4462-hard to cut Duplex steel, were tested. Both 
materials are among the most commonly used materials in the 
energy and aircraft industries. Machining tests were proposed 
for mapping issues. The machined surface was planar.  
Machine tool was a MCV1000 (KOVOSVIT MAS, a.s.).  
The surface roughness was measured using a Surtronic 3+ 
according to EN ISO 4288 for a given range of Ra and Rz 
parameters. The tool was a ball-end cutter, D=10 mm 4-flutes, 
30° of degrees helix angle with hard submicron carbide 
substrate (IC 908) and TiAlN PVD coating. The machining was 
performed under the same nominal cutting conditions; see 
Table 1. The lead angle varied from 0° to 14° for each 
experiment. In Fig. 1 we can see the influence of the particular 
lead angle vector on the resulting surface quality.  

 
Table 1. Setting of cutting conditions 

Material S* 
[rpm] 

vc* 
[m/min] 

ft 
[mm] 

ap 
[mm] 

ae 
[mm] 

EN AW 7075 23,885 750 0.05 0.2 0.27 
DIN 1.4462 4,777 150 0.05 0.2 0.27 

*spindle speed was constant for each material for all tests;  
the cutting speed varied depending on CP 
 

 

Fig. 1. Different surface quality when machining EN AW 7075 (mircoscope) 

A comparison between the two tested materials is shown in 
Fig. 2. The graph shows a sharp drop in roughness with 
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converted which do not correspond to the real cutting speed is  
shown on Fig. 5. 

Fig. 5. Flowchart describing the calculation algorithm 
 

The developed method was used in the preparation of the 
production of the water turbine hub and was tested on a 
representative segment of  Francis turbine with a diameter of 
650 mm. Before optimization, the average cutting speed was 
increased from 47.5 % to 69.5 % from a nominal value of 150 
m/min. Thus, it was possible to increase the programmed 
working feed by 46 % and even narrow the actual cutting speed 
interval in one operation from (2 % to 93 %) to (39 % to  
100 %), see Fig. 6. This shortened the operation time from 93  
to 54 minutes. This resulted in significantly reduced finishing 
time and improved quality as well as savings on tools due to 
the elimination of excessive wear of the cutting edges of the 
tool due to non-compliance with the technological conditions 
during tool travel. However, the selection of the tool axis 
vectors is primarily limited by the shape of the machined area, 
machine kinematics and the shape of the machined part with 
respect to collisions. Therefore, it is not always possible to 
achieve the ideal maximum value of the actual cutting tool 
diameter on the entire machined area. 

 

 
 

Fig. 6. Colour visualization of the expected cutting speed - nominal cutting 
speed (vc)/ calculated cutting speed (VcR) 

4. Conclusion 

The proposed method focuses on analysis of the actual cutting 
speed in finishing machining with circular cutting edge tools. 
The cutting speed changes during the process depending on the 

contact point between the tool and the workpiece. The effect of 
adherence to the prescribed cutting speed was proven through 
machining tests on two materials, EN AW 7075 and DIN 
1.4462. The evaluated surface roughness makes apparent the 
need for post-adjustment of the tool axis orientation in places 
where the desired cutting speed is not achieved. Based on the 
analysis, a procedure was developed to optimize the lead angle 
in terms of improved compliance with the prescribed cutting 
speed in complexly shaped toolpaths. The optimization module 
was implemented in the postprocessor and can be used for 
three-axis and five-axis operations. The optimization process 
was successfully used in the production of large-scale water 
turbines representative segment. The newly developed 
optimization method resulted in production time savings and 
tool life and surface quality increasing. 
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