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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 article focuses on the issue of controlling cutting conditions in point milling strategies in order to reduce machining time. Using cutting tools 
with a circular cutting edge during point milling strategies of complex shape parts the actual contact point between the tool and the workpiece 
continuously changes. According to this fact the cutting speed also changes continuously and the required cutting speed is not achieved along the 
toolpath. Therefore, a solution to control the spindle speed has been developed to achieve the constant value of cutting speed and consequently 
provide a solution to control the feed-rate in order to maintain the constant value of feed per tooth. Application of this optimization technique has 
been demonstrated by means of a real machining test. The machined surface quality improvement and machining time savings were proven. 
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1. Introduction 

Milling of complex shape parts e.g. molds, blades, impellers, 
propellers, etc. in most cases requires point milling strategies. 
An example of point milling strategy can be seen in Fig. 1, 
specifically a finishing strategy to mill the surface of a blade. 

 
Nomenclature 

TT       tool tip  
CP       contact point between the tool and the workpiece 
R         radius of circular cutting edge of the tool 
D         tool diameter 
RR       real cutting radius of the tool 
𝑒𝑒          vector of tool axis 
𝑛⃗⃗𝑛          normal vector of machined surface in contact point 
vc         cutting speed 
f           feed-rate 

 
Due to the complexity of surfaces it is necessary for the 

point milling strategies to use milling tools with a circular 
cutting edge (ball end mills, toroidal mills, etc.). The machining 
time of these finishing milling strategies is, in general, long due 
to high surface roughness demands and the corresponding high 

Fig. 1. Point milling strategy of a blade with detail 
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number of toolpaths. The number of toolpaths and toolpath 
points is derived from the surface roughness and the surface 
accuracy requirement. When the toolpath tolerance value and 
the number of toolpaths (or scallop) are adjusted to their 
possible limits, the way to increase productivity is to attain 
optimal cutting conditions. The preparation of proper cutting 
conditions issue has been dealt by many authors. 

Most papers addressing the issue are focused on cutting 
condition optimization based on computation of the cutting 
forces. Authors of lit. [1] implemented the calculation of cutting 
forces to allow a user to visualize the cutting force map during 
the preparation of toolpath in the CAM system. Another 
optimization of cutting conditions is presented in [2] where the 
author developed a method to calculate the actual contact area 
between the tool and the workpiece in order to predict the 
cutting forces. Refined computational models of tools to 
calculate cutting forces and optimize the feed-rate are 
mentioned in [3] and [4]. Authors of [5] and [6] use complex 
models of cutting process that include several parameters from 
the control system to improve the optimization of cutting 
conditions. Another approach to optimization is to create 
toolpaths according to optimized feed direction which is the 
subject of [7]. Authors of [8] reflect the actual material removal 
rates of different tool types to control the feed-rate to maintain 
constant load. The optimization of milling by varying the feed-
rate automatically as the tool-workpiece engagements based on 
the mechanics model is dealt in [9]. The optimization of feed-
rate along multi-axis toolpaths which is based on calculation of 
the actual tool position to rotational axes is mentioned in [10]. 
However, no work to develop the method for achievement of 
the desired cutting speed and consequently to optimize feed-
rate has been found. Therefore this paper is focused on it.   

2. Recalculation of cutting conditions in point milling 

Different types of cutting tools can be applied to point 
milling strategies whether in terms of material or shape or 
geometry. A specific tool requires a specific set of cutting 
conditions to achieve maximum efficiency.   

2.1. Tools and cutting conditions in point milling strategies 

 In most cases of point milling strategies tools with a circular 
cutting edge are used as ball-end mill, bull-nose mill (toroidal), 
conical, but also the flat-end mill can be principally applied 
(when tilted against the workpiece). If a tool with a circular 

cutting edge is used to mill a complex surface the real cutting 
diameter is not the same as the diameter of the tool. Due to this 
fact a technologist has to select the right value of spindle speed 
so that the average cutting speed is reached in the longest 
section of the toolpath. Several examples of real cutting 
diameter can be seen in Fig. 2. The issue of real cutting 
diameter and real cutting speed is more complex because the 
real cutting diameter continuously changes during the toolpath 
in most cutting strategies. Only when the tool axis has the same 
orientation to the machined surface along the toolpath is the 
real cutting diameter constant.  

Continuous change of the real cutting diameter along the 
toolpath can occur during three-axis milling strategies as well 
as during multi-axis strategies. The example of a point milling 
strategy where the issue of continuous change of real cutting 
diameter occurs can be seen in Fig. 3. The example set-up is as 
follows. The 3D model is half of a cylinder with a 120 mm 
diameter and represents a general complex surface, that has to 
be machined using point milling strategy. The tool is a mill with 
the ball end with the radius of 5 mm and four teeth. The 
nominal value of cutting speed is in this case 100 m/min and 
the feed per tooth is set on the value of 0,05 mm. 

From this simple example of a milling strategy the real 
cutting diameter in an actual toolpath point can be readily 
analyzed. The characteristic of real cutting diameter along the 
toolpath can be seen in Fig. 4. It is also clear that the real cutting 
diameter of the tool along the toolpath continuously changes 
from the nominal diameter of the tool to zero (the top of the 
surface) then back to the nominal diameter. This pattern repeats 
in the next passes. It is clear that the cutting speed also changes 
from its higher value to zero then back and repeats. Cutting 
speed changes lead to a non-uniform milled surface and can 
cause surface defects due to passing the built-up edge region.  
Moreover the milling strategy is inefficient and not 
satisfactorily productive.  

Fig. 2. Examples of a real cutting diameter when milling 

Fig. 3. Sample 3D model and sample toolpath 

Fig. 4. Characteristics of cutting diameter along the toolpath 

a b 



580	 Petr Vavruska et al. / Procedia CIRP 77 (2018) 578–581
 Author name / Procedia CIRP 00 (2018) 000–000  3 

2.2. Recalculation of cutting conditions  

It is obvious that the spindle speed can be increased along 
the sample toolpath. If the spindle speed is increased then the 
feed-rate can be increased too in order to reach the specific 
value of feed per tooth. This leads to increased productivity.  

 For the specific workpiece material, specific tool and 
strategy setup a specific value of cutting speed is required. The 
constant value of cutting speed can be achieved only when the 
spindle speed will continuously change according to the real 
cutting diameter. The real cutting radius of the tool can be 
calculated using the formula (1). For the calculation it is 
necessary to know the coordinates of contact point CP = (CPX, 
CPY, CPZ), coordinates of tool tip TT = (TTX, TTY, TTZ) and 
components of tool axis vector 𝑒𝑒 = {eX; eY; eZ}. The vector 
from the contact point to the tool tip 𝐶𝐶𝑃𝑃𝑇𝑇𝑇𝑇⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  is then determined 
using formula (2). Real cutting diameter is then simply 
computed as real cutting radius RR multiplied by two.  

 

                         
 
         𝐶𝐶𝑃𝑃𝑇𝑇𝑇𝑇⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ = {𝑇𝑇𝑇𝑇𝑇𝑇 − 𝐶𝐶𝑃𝑃𝑃𝑃; 𝑇𝑇𝑇𝑇𝑇𝑇 − 𝐶𝐶𝑃𝑃𝑃𝑃; 𝑇𝑇𝑇𝑇𝑇𝑇 − 𝐶𝐶𝑃𝑃𝑃𝑃}    (2) 
 

The specific workpiece material, specific tool and strategy 
setup needs to achieve a specific value of feed per tooth too. If 
the spindle speed varies, the feed-rate has to vary to reach the 
specific value of feed per tooth. Therefore the feed-rate can be 
recalculated in each toolpath point too. During the recalculation 
procedure the maximum speed of an actual spindle and the 
maximum velocities of machine tool axes must be taken into 
consideration.  

3. Recalculation procedure implementation and testing 

The recalculation procedure has been implemented to post-
processor for a specific machine tool using SW PostBuilder.  

3.1. Actual cutting conditions after recalculation 

It is necessary for the implementation to know the specific 
variables with the needed data for recalculation (specified in 
2.2). PostBuilder is properly connected with Siemens NX so 
this needed variables are available for the postprocessor. 

The cutting speed of the sample toolpath mentioned above 
can be seen in Fig. 5 and it shows that recalculating the spindle 
speed makes it possible to achieve better cutting speed 
characteristics (orange char.) than in the conventional case 

(blue char.). This example of recalculation includes the 
maximum speed limitation of the actual spindle, in this case 
8000 rpm. The spindle speed limitation is the cause of the 
decreased cutting speed. The fact that the tool tip has a real 
cutting diameter equal to zero prolongs the decrease of the 
cutting speed to zero. 

The recalculation of feed-rate has been applied for the 
sample toolpath mentioned above. From the feed-rate 
characteristics in Fig. 6 it can be seen that the machining time 
reduction by approx. 30% compared to the original time has 
been achieved via recalculation of the cutting conditions.  

3.2.  Milling test realized on a CNC machine tool 

The milling test was based on the sample toolpath 
mentioned above and realized using a Tajmac-ZPS 
MCV5050LN machine tool with a Sinumerik 840D control 
system. The blank was a cylinder of steel C45 (1.0503) with 
a 120 mm diameter.  The tool was a mill with the ball end (Iscar 
multi-master carbide head) with the radius of 5 mm and four 
teeth. The nominal value of cutting speed was set on 
100 m/min. The feed per tooth was set on the value of 0,05 mm.  

 During the milling test measurements of spindle speed and 
velocities of the X and Z axes were carried out. The 
measurements, as it can be seen in Fig. 7, show that the real 
spindle speed continuously changes from approx. 3200 rpm to 
approx. 8000 rpm. Velocities of X and Z axes continuously 
change too. It is clear that milling is smooth and without stops 
or shocks. It has been verified that NC programs with dynamic 
control of spindle speed and feed-rate can be executed on a 
machine tool.  

 Fig. 6. Characteristics of feed-rate along the toolpath 

 (1) 

Fig 5.  Characteristics of cutting speed along the toolpath 

Fig. 7.  Measurements of spindle speed and velocities of X and Z axes 
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3.3. Evaluation of the milling test 

The real machining 
time before recalcu-
lation of cutting 
conditions and also 
after recalculation has 
been measured (Tab. 
1). It has been proven 
that the productivity in 
point milling has 
increased by approx. 
26%. Energy 
consumption was also measured during the milling. The 
average value of the actual input power was slightly higher due 
to the changes of spindle speed. But the total energy 
consumption was 24% less in the case of recalculated cutting 
conditions than under the conventional machine tool regime. 
The measured values can be seen in Tab. 1.  

Tab. 1. Measured values during the milling test 

Milling 
Machining 

time    
[min] 

Actual input 
power             
[W] 

Total energy 
consumption 

[Wh] 

Energy 
savings 

[%] 

Conventional  8,58 2096 299,77 0 

Rec. cut. cond. 6,36 2150 227,53 24 

 
 A real milling process was found to be equivalent in both 

cases, without vibrations or shocks. The roughness of both 
machined surfaces has been measured. The roughness of the 
surface milled using recalculated cutting condition has been in 
all areas measured better (e.g. Ra0,6) when compared to the 
surface milled conventionally (e.g. Ra1,5). Both surfaces have 
been also analyzed in detail microscopically.  

 The surface analysis has been carried out in seven sections 
as is marked in Fig. 3a and Fig. 8. The comparison of both 
machined surfaces can be seen in two examples (section 1 
and 2) of Fig. 9. Optical observation confirmed that the surface 

milled by conventional cutting conditions (Fig. 9: 1c and 2c) 
had a worse quality compared to the surface milled by 
recalculated cutting conditions (Fig. 9: 1r and 2r). 

4. Conclusion 

The method for productive control of cutting conditions in 
a point milling strategy using tools with a circular cutting edge 
has been proposed and verified. The spindle speed and feed-
rate were recalculated to accommodate the real cutting 
diameter of the tool to achieve a constant cutting speed and feed 
per tooth. Using this method a significant reduction of 
machining time and improved surface quality was attained. It 
is possible to apply this method for three-axis as well as multi-
axis strategies. This recalculation of cutting conditions has 
been applied on finishing strategies of the blades in Fig. 1. It 
has been proven that the machining time of one blade has been 
lowered by 2,8 min. In relation to the original machining time 
(6,5 min) the productivity increased by approx. 43%. 
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  Fig. 9. Surface quality comparison 

 

 

 

 

 

Fig. 8. Workpiece after milling test 

 


