
ScienceDirect

Available online at www.sciencedirect.comAvailable online at www.sciencedirect.com

ScienceDirect 
Procedia Manufacturing 00 (2017) 000–000  

 www.elsevier.com/locate/procedia 

* Paulo Afonso. Tel.: +351 253 510 761; fax: +351 253 604 741  
E-mail address: psafonso@dps.uminho.pt 

2351-9789 © 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the Manufacturing Engineering Society International Conference 2017.  

Manufacturing Engineering Society International Conference 2017, MESIC 2017, 28-30 June 
2017, Vigo (Pontevedra), Spain 

Costing models for capacity optimization in Industry 4.0: Trade-off 
between used capacity and operational efficiency 

A. Santanaa, P. Afonsoa,*, A. Zaninb, R. Wernkeb 

a University of Minho, 4800-058 Guimarães, Portugal 
bUnochapecó, 89809-000 Chapecó, SC, Brazil  

Abstract 

Under the concept of "Industry 4.0", production processes will be pushed to be increasingly interconnected, 
information based on a real time basis and, necessarily, much more efficient. In this context, capacity optimization 
goes beyond the traditional aim of capacity maximization, contributing also for organization’s profitability and value. 
Indeed, lean management and continuous improvement approaches suggest capacity optimization instead of 
maximization. The study of capacity optimization and costing models is an important research topic that deserves 
contributions from both the practical and theoretical perspectives. This paper presents and discusses a mathematical 
model for capacity management based on different costing models (ABC and TDABC). A generic model has been 
developed and it was used to analyze idle capacity and to design strategies towards the maximization of organization’s 
value. The trade-off capacity maximization vs operational efficiency is highlighted and it is shown that capacity 
optimization might hide operational inefficiency.  
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1. Introduction 

The cost of idle capacity is a fundamental information for companies and their management of extreme importance 
in modern production systems. In general, it is defined as unused capacity or production potential and can be measured 
in several ways: tons of production, available hours of manufacturing, etc. The management of the idle capacity 
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Abstract 

Optimal design of the machining setup in terms of installed machines, cutting tools and process parameters is of 
paramount importance for every manufacturing company. In most of the metal cutting companies, all choices related 
to machine eligibility and cutting parameters selection typically come from heuristic approaches and follow supplier 
indications or base on the skill of experienced machine operators. More advanced solutions, such as model-based and 
virtual approaches, are adopted less frequently mainly due to the lack of these techniques in grasping the underlying 
knowledge successfully. Aim of this work is to introduce a synthetic graphical representation of machining centers 
and cutting tools capabilities, to provide an accessible way to evaluate the feasibility and close-to-limit conditions of 
the cutting process. Taking inspiration from previous scientific works from the measurement engineering field, a set 
of 2D and 3D graphs are presented to map machine, tools and process capabilities, as well as their obtainable 
manufacturing performances and expectable tool life. This approach synthesizes the nominal data coming from 
different sources (catalogues, database, tool model geometries etc.) and the real cutting tools parameters used during 
the production phase. Some examples are provided to show the potential of this graphical evaluation in supporting 
process planning and decision-making and in formalizing the machining setup knowledge. Further developments are 
devoted to extend the method to other manufacturing processes, including hybrid processes. At the same time, an in-
process data gathering software will be integrated for building a solid database that can be used by an autonomous 
multi-technological process selector, as well as by a pre-process condition advisor in an Industry 4.0 oriented way. 
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1. Introduction 

In the manufacturing field, although new 
technologies are constantly developed and improved, 
standard material removal processes are still the most 
common solution, for the production of components 
with complex geometry and good accuracy. All chip 
removal processes involved in most of the 
manufacturing industries (including strategic ones like 
aeronautics and oil&gas), need to be optimized to face 
the increasing competition of the global market in an 
economically-viable way. In fact, two different 
problems need to be solved: designing the 
manufacturing systems maximizing its 
reconfigurability – to face the rapid market change – 
and scheduling/planning the production on existing 
plants – to optimize the productivity and reduce costs 
[1,2]. Concerning the latter problem, one of main 
issues is that machines, tools and process parameters 
are selected using different and independent solutions 
in the majority of the cases, typically experience-based 
or “metaheuristic”. The problem is faced by using 
multiple tools and design methods, which lack in 
grasping the complete problem as a whole, far from 
being optimally solved. This set of multiple solutions 
comes from the complexity of the problem, where the 
interrelation between each aspect of the problem is not 
properly formalized or is complex to represent in a 
comprehensible way. 
A possible solution to this issue are computer-aided 
process planning (CAPP) systems, which incorporate 
manufacturing knowledge in a formalized way and 
exploit it to plan the various operations. However, their 
use is limited because they are only capable of 
generating a static planning, thus not able to establish 
direct connection with the existing manufacturing 
resources [3] and to relate the manufacturing 
knowledge with a dynamic and fast changing 
manufacturing environment. Virtual approaches like 
the ones presented in [4,5] are also able to provide deep 
understanding of the cutting related aspects, thus 
supporting machine and tools selection, but many 
times they do not suit the real production environments 
for their usage complexity.  

To tackle the problem, this work presents a 
modelling technique for managing and comparing 
machining centers properties, chip removal tools 
geometries and cutting tool parameters through a 
graphical representation. This graphical representation 
can be used to model all the interrelations between 
machine and tools, granting the designers and 

programmers with a powerful technique to formalize 
the manufacturing knowledge. 
This solution technique is inspired by similar 
approaches adopted in other fields. In fact, a 
classification using graphical tools into a 2D space 
was developed for surface measuring machines by 
Stedman [6,7] that found out that the capability of 
dimensional measurement instruments is a function of 
their vertical and horizontal resolution (i.e. maximum 
and minimum detectable dimensions). In addition to 
the resolution limits, also the limits due to the probe 
geometry and the quality of the reference can be 
represented onto this space as inclined lines. This way, 
a 2D performance mapping space was defined (Fig. 
1top). Afterwards, in more recent days, a third 
“dynamic” axis was added to Stedman's space.  
 

 

 

Fig. 1. (top) Stedman's mapping space from [6]; (bottom) 
augmented Stedman diagram for generic stylus instrument [9]. 

Leach [8] noticed that for a more complete mapping 
of the measurement instrument capability, the 
addiction of the in-plane scanning speed as third 
“dynamic” axis was necessary. By adding these limits 
to the previous ones, a polyhedron is represented on 
the new 3D space, giving a more complete overview 
on measurement instruments performances (Fig. 
1bottom). 

This approach is intended to formalize and simplify 
the comparison of different machine features, easily 
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1. Introduction 

In the manufacturing field, although new 
technologies are constantly developed and improved, 
standard material removal processes are still the most 
common solution, for the production of components 
with complex geometry and good accuracy. All chip 
removal processes involved in most of the 
manufacturing industries (including strategic ones like 
aeronautics and oil&gas), need to be optimized to face 
the increasing competition of the global market in an 
economically-viable way. In fact, two different 
problems need to be solved: designing the 
manufacturing systems maximizing its 
reconfigurability – to face the rapid market change – 
and scheduling/planning the production on existing 
plants – to optimize the productivity and reduce costs 
[1,2]. Concerning the latter problem, one of main 
issues is that machines, tools and process parameters 
are selected using different and independent solutions 
in the majority of the cases, typically experience-based 
or “metaheuristic”. The problem is faced by using 
multiple tools and design methods, which lack in 
grasping the complete problem as a whole, far from 
being optimally solved. This set of multiple solutions 
comes from the complexity of the problem, where the 
interrelation between each aspect of the problem is not 
properly formalized or is complex to represent in a 
comprehensible way. 
A possible solution to this issue are computer-aided 
process planning (CAPP) systems, which incorporate 
manufacturing knowledge in a formalized way and 
exploit it to plan the various operations. However, their 
use is limited because they are only capable of 
generating a static planning, thus not able to establish 
direct connection with the existing manufacturing 
resources [3] and to relate the manufacturing 
knowledge with a dynamic and fast changing 
manufacturing environment. Virtual approaches like 
the ones presented in [4,5] are also able to provide deep 
understanding of the cutting related aspects, thus 
supporting machine and tools selection, but many 
times they do not suit the real production environments 
for their usage complexity.  

To tackle the problem, this work presents a 
modelling technique for managing and comparing 
machining centers properties, chip removal tools 
geometries and cutting tool parameters through a 
graphical representation. This graphical representation 
can be used to model all the interrelations between 
machine and tools, granting the designers and 

programmers with a powerful technique to formalize 
the manufacturing knowledge. 
This solution technique is inspired by similar 
approaches adopted in other fields. In fact, a 
classification using graphical tools into a 2D space 
was developed for surface measuring machines by 
Stedman [6,7] that found out that the capability of 
dimensional measurement instruments is a function of 
their vertical and horizontal resolution (i.e. maximum 
and minimum detectable dimensions). In addition to 
the resolution limits, also the limits due to the probe 
geometry and the quality of the reference can be 
represented onto this space as inclined lines. This way, 
a 2D performance mapping space was defined (Fig. 
1top). Afterwards, in more recent days, a third 
“dynamic” axis was added to Stedman's space.  
 

 

 

Fig. 1. (top) Stedman's mapping space from [6]; (bottom) 
augmented Stedman diagram for generic stylus instrument [9]. 

Leach [8] noticed that for a more complete mapping 
of the measurement instrument capability, the 
addiction of the in-plane scanning speed as third 
“dynamic” axis was necessary. By adding these limits 
to the previous ones, a polyhedron is represented on 
the new 3D space, giving a more complete overview 
on measurement instruments performances (Fig. 
1bottom). 

This approach is intended to formalize and simplify 
the comparison of different machine features, easily 
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displaying the relationships between sets of complex 
data.  

This paper is organized as follows: first, the 
approach is described by focusing on the base 
concepts, then the different mapping graphs are 
presented in a coherent way. Applications and test 
cases are showed, followed by discussion and 
conclusions. 

 
Nomenclature and symbols 

𝑎𝑎" Radial depth of cut (mm) 
𝑎𝑎# Axial depth of cut (mm) 
APMX  Maximum tool cutting length (mm) 
𝐶𝐶% Machining cost (€/piece) 
𝑐𝑐%'()*+" Machine usage cost (€/hour) 
𝐶𝐶, Tool cost (€/piece) 
𝑐𝑐,--. Cost of a single milling tool (€) 
DC Tool diameter (mm) 
𝜂𝜂 Machine efficiency 
𝑓𝑓1 Feed per tooth (mm/tooth) 
𝜅𝜅re Primary lead angle 
𝜅𝜅5"6  Secondary lead angle 
𝑘𝑘( Specific cutting pressure (MPa) 
MRR Material removal rate (mm3/min)  
P Spindle power (kW) 
T Tool life (min) 
𝑡𝑡% Machining time (hour) 
𝑣𝑣( Cutting speed (mm/min) 
𝑣𝑣: Feed rate (mm/min)  
ΔV Total Material Volume Removed [mm3] 
ZEFP Number of cutting edges 

2. Method and base concepts 

The overall idea of this modeling technique is to 
gather some of the knowledge and data related to the 
machine and tool selection and make a clear and 
rational graphical representation that can be exploited 
along the work cycle design and planning. According 
to the authors, the meaningful set of diagrams is 
composed by four different representations: 

 
1. Machine stereo kinetic diagram (A) 
2. Tool-Machine stereo kinetic diagram (A’) 
3. Tools stereo kinetic diagram (B) 
4. Operative cutting parameters diagram (C) 

 
Each one of these graphical representations, along 

with their defining dimensions, has three types of data 

contained: ranges, points and functions. Ranges can be 
used to map catalogue data and theoretical behaviors 
(e.g. possible axial engagement of a family of end mill 
cutters). Points are used to map specific machines or 
cutting tool features (e.g. feed and speed values used 
by a specific tool during a specific machining 
operation). Functions are needed to map quantities that 
are calculated starting from the values of the defining 
dimensions (e.g. cutting force estimation function 
given the radial and axial tool engagements). Volumes 
of interest are represented on these diagrams based on 
the identified ranges on the three axes (e.g. working 
volume of a certain tool family). 

These data need to populate these diagrams as 
multiple possible sources. The first source of data are 
the catalogues provided by machines and tools 
suppliers. The second source of data are the cutting 
tool parameters actually used in the manufacturing 
processes, embedded within the part-program or 
formalized in a Computer Aided Manufacturing 
software database. A third source of data, currently not 
explored in the context of this paper, is the stream of 
signals coming from the machine, that can be used to 
represent realistic function data. In order to reduce 
data flaws or redundancies and uniform the 
information content, the ISO 13399 technical 
standard, Cutting tool data representation and 
exchange [10] has been used as reference. 

Each specific graphical representation will be 
detailed and discussed in the following. It is worth 
mentioning that all the examples reported in the next 
sections will show information and data coming from 
the suppliers’ catalogues. 

2.1 Machine and work area representation 

A first diagram maps the maximum dimensions of 
the workpieces that can be machined on a specific 
milling machine. This 3D mapping space is the 
Machine stereo kinetic diagram (A). Two of the three 
axes are machine physical axes’ strokes (x or y and z) 
and the remaining axis is the spindle speed that is the 
kinetic element. As an example, two commercial high-
speed machining centers are analyzed (Fig. 2). This 
diagram could also have four axes, including both the 
x and y machine axes. 

4 Paolo Parenti / Procedia Manufacturing 00 (2018) 000–000 

 

Fig. 2. Machine stereo kinetic diagram (A). 

The use of this diagram is self-explanatory, as it can 
be used to support an upstream selection of the 
machines depending on their machining dimensional 
and kinetic capabilities. In the example of Fig. 2, the 
two machines show different kinetic capacity due to 
the different maximum achievable spindle speed, at 
the price of a reduced work area for the first machine.  

To improve the effectiveness of this approach, the 
A diagram can be used in conjunction with another 
diagram. The idea is to synthetize the dimension of the 
geometrical features that can be manufactured on the 
considered machine. This map, called Tool-Machine 
stereo kinetic diagram (A’), gives information about 
the geometry of the clampable tools – constrained by 
the installed tool holders – and their maximum 
allowable cutting speed. The tool diameters DC, the 
tool maximum cutting length APMX and the cutting 
speed 𝑣𝑣(	allowed by the machine spindle populate the 
diagram (Fig. 3) in x, y, and z directions respectively.  

 

Fig. 3. Tool-Machine stereo kinetic diagram (A’). 

This graph contains coupled information between 
the machine and the installable tools. As in the case of 

the A diagram, A’ involves two geometrical and one 
dynamic axis. These two diagrams can facilitate the 
selection of the most suitable machine for the 
considered milling operation.  

This example considers the same machines 
presented in Fig. 2 and figures out the clear difference 
between the two machines’ capabilities with respect to 
the clampable tools.  

2.2 Cutting tool geometry representation 

The third diagram consist in the Tools stereo kinetic 
diagram (B) and defines the information about the 
“tool families” geometry and dimensions and their 
maximum allowable cutting speed. It is useful to select 
the tools depending on the range of technological 
features to machine. This diagram has the tool 
diameter DC, the tool maximum cutting length APMX 
and the allowed cutting speed 𝑣𝑣( on the x, y and z axes 
respectively (Fig. 4). 

 

 

Fig. 4. Tools stereo kinetic diagram (B). 

This graph contains an example of volume 
information that maps an entire tool family, collecting 
and evaluating a group of tools with varying 
dimensions. This diagram should be replicated as 
many times as the different possible milling strategies 
(e.g. face milling, side milling, high feed milling, etc.) 
and as the possible different materials of interest. 

2.3 Cutting tool parameters representation 

The fourth graph is the Operative cutting 
parameters diagram (C) and its purpose is to map the 
cutting parameters of a tool family.  

The needed information regarding the milling tools 
can be extracted from tool suppliers’ catalogues. A 
tool family is typically characterized by tools with 

APMX DC
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displaying the relationships between sets of complex 
data.  

This paper is organized as follows: first, the 
approach is described by focusing on the base 
concepts, then the different mapping graphs are 
presented in a coherent way. Applications and test 
cases are showed, followed by discussion and 
conclusions. 

 
Nomenclature and symbols 

𝑎𝑎" Radial depth of cut (mm) 
𝑎𝑎# Axial depth of cut (mm) 
APMX  Maximum tool cutting length (mm) 
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𝐶𝐶, Tool cost (€/piece) 
𝑐𝑐,--. Cost of a single milling tool (€) 
DC Tool diameter (mm) 
𝜂𝜂 Machine efficiency 
𝑓𝑓1 Feed per tooth (mm/tooth) 
𝜅𝜅re Primary lead angle 
𝜅𝜅5"6  Secondary lead angle 
𝑘𝑘( Specific cutting pressure (MPa) 
MRR Material removal rate (mm3/min)  
P Spindle power (kW) 
T Tool life (min) 
𝑡𝑡% Machining time (hour) 
𝑣𝑣( Cutting speed (mm/min) 
𝑣𝑣: Feed rate (mm/min)  
ΔV Total Material Volume Removed [mm3] 
ZEFP Number of cutting edges 

2. Method and base concepts 

The overall idea of this modeling technique is to 
gather some of the knowledge and data related to the 
machine and tool selection and make a clear and 
rational graphical representation that can be exploited 
along the work cycle design and planning. According 
to the authors, the meaningful set of diagrams is 
composed by four different representations: 

 
1. Machine stereo kinetic diagram (A) 
2. Tool-Machine stereo kinetic diagram (A’) 
3. Tools stereo kinetic diagram (B) 
4. Operative cutting parameters diagram (C) 

 
Each one of these graphical representations, along 

with their defining dimensions, has three types of data 

contained: ranges, points and functions. Ranges can be 
used to map catalogue data and theoretical behaviors 
(e.g. possible axial engagement of a family of end mill 
cutters). Points are used to map specific machines or 
cutting tool features (e.g. feed and speed values used 
by a specific tool during a specific machining 
operation). Functions are needed to map quantities that 
are calculated starting from the values of the defining 
dimensions (e.g. cutting force estimation function 
given the radial and axial tool engagements). Volumes 
of interest are represented on these diagrams based on 
the identified ranges on the three axes (e.g. working 
volume of a certain tool family). 

These data need to populate these diagrams as 
multiple possible sources. The first source of data are 
the catalogues provided by machines and tools 
suppliers. The second source of data are the cutting 
tool parameters actually used in the manufacturing 
processes, embedded within the part-program or 
formalized in a Computer Aided Manufacturing 
software database. A third source of data, currently not 
explored in the context of this paper, is the stream of 
signals coming from the machine, that can be used to 
represent realistic function data. In order to reduce 
data flaws or redundancies and uniform the 
information content, the ISO 13399 technical 
standard, Cutting tool data representation and 
exchange [10] has been used as reference. 

Each specific graphical representation will be 
detailed and discussed in the following. It is worth 
mentioning that all the examples reported in the next 
sections will show information and data coming from 
the suppliers’ catalogues. 

2.1 Machine and work area representation 

A first diagram maps the maximum dimensions of 
the workpieces that can be machined on a specific 
milling machine. This 3D mapping space is the 
Machine stereo kinetic diagram (A). Two of the three 
axes are machine physical axes’ strokes (x or y and z) 
and the remaining axis is the spindle speed that is the 
kinetic element. As an example, two commercial high-
speed machining centers are analyzed (Fig. 2). This 
diagram could also have four axes, including both the 
x and y machine axes. 
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Fig. 2. Machine stereo kinetic diagram (A). 

The use of this diagram is self-explanatory, as it can 
be used to support an upstream selection of the 
machines depending on their machining dimensional 
and kinetic capabilities. In the example of Fig. 2, the 
two machines show different kinetic capacity due to 
the different maximum achievable spindle speed, at 
the price of a reduced work area for the first machine.  

To improve the effectiveness of this approach, the 
A diagram can be used in conjunction with another 
diagram. The idea is to synthetize the dimension of the 
geometrical features that can be manufactured on the 
considered machine. This map, called Tool-Machine 
stereo kinetic diagram (A’), gives information about 
the geometry of the clampable tools – constrained by 
the installed tool holders – and their maximum 
allowable cutting speed. The tool diameters DC, the 
tool maximum cutting length APMX and the cutting 
speed 𝑣𝑣(	allowed by the machine spindle populate the 
diagram (Fig. 3) in x, y, and z directions respectively.  

 

Fig. 3. Tool-Machine stereo kinetic diagram (A’). 

This graph contains coupled information between 
the machine and the installable tools. As in the case of 

the A diagram, A’ involves two geometrical and one 
dynamic axis. These two diagrams can facilitate the 
selection of the most suitable machine for the 
considered milling operation.  

This example considers the same machines 
presented in Fig. 2 and figures out the clear difference 
between the two machines’ capabilities with respect to 
the clampable tools.  

2.2 Cutting tool geometry representation 

The third diagram consist in the Tools stereo kinetic 
diagram (B) and defines the information about the 
“tool families” geometry and dimensions and their 
maximum allowable cutting speed. It is useful to select 
the tools depending on the range of technological 
features to machine. This diagram has the tool 
diameter DC, the tool maximum cutting length APMX 
and the allowed cutting speed 𝑣𝑣( on the x, y and z axes 
respectively (Fig. 4). 

 

 

Fig. 4. Tools stereo kinetic diagram (B). 

This graph contains an example of volume 
information that maps an entire tool family, collecting 
and evaluating a group of tools with varying 
dimensions. This diagram should be replicated as 
many times as the different possible milling strategies 
(e.g. face milling, side milling, high feed milling, etc.) 
and as the possible different materials of interest. 

2.3 Cutting tool parameters representation 

The fourth graph is the Operative cutting 
parameters diagram (C) and its purpose is to map the 
cutting parameters of a tool family.  

The needed information regarding the milling tools 
can be extracted from tool suppliers’ catalogues. A 
tool family is typically characterized by tools with 

APMX DC
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different diameters but equal shape and characteristics, 
e.g. capable of machining the same materials with the 
same cutting strategies. It is also possible to compare 
equivalent milling tools from different producers, in 
order to understand which has the best performance 
for the specific selected operation. It is a 3D space 
having the axial depth of cut 𝑎𝑎#, the feed per tooth 𝑓𝑓1 
and the cutting speed 𝑣𝑣(  as axes (Fig. 5). The tool 
supplier suggests different ranges of cutting 
parameters for different end mills of the same family. 
This way, the interest volume represented in Fig. 5 is 
composed by the sum of the working volumes of each 
tool of the same family. When proper ranges of cutting 
parameters are not available from the tool supplier, 
even punctual data can be represented on the same 
diagram.  

All the tools of a family can be considered in B 
(Fig. 4) and C (Fig. 5) diagrams or, alternatively, only 
the two extreme tool diameters (i.e. the maximum and 
the minimum in the family). The range for the axial 
depth of cut, instead, is built in a different way: the 
maximum depth of cut for each tool is represented by 
the suggested value obtained from the catalogue, while 
the minimum value corresponds to the minimum depth 
allowed to form the chip due to the “minimum chip 
thickness” effect. On the other side, no modifications 
on the radial depth of cut 𝑎𝑎"  are foreseen since this 
parameter is usually not eligible for operator 
adjustments. 

 

 
 

Fig. 5. Operative cutting parameters diagram (side milling 
operation) (C). 

C-type diagrams as well clearly vary according to 
the different operations carried out by the tools, e.g. 
side milling and full slot milling have different C-type 
diagrams even when carried out by the same tool. 

3. Cutting Performance Mapping 

One of the most important cutting information is 
the achievable material removal rate (MRR), which 
can be calculated as follows (Eq. 1): 
 

𝑀𝑀𝑅𝑅𝑅𝑅=𝑎𝑎#∗𝑎𝑎"∗𝑓𝑓1∗𝑛𝑛∗𝑍𝑍𝐸𝐸𝐹𝐹𝑃𝑃	 	 	 (1) 
 

The Eq. 1 is rigorous for flat end milling tools but 
can be easily adjusted for different tool geometries like 
round-end or ball-end ones. 

MRR can be expressed as a function of two of the 
variables on the axes of Fig. 5 (Eq. 2): 

 
𝑀𝑀𝑅𝑅𝑅𝑅(𝑓𝑓1,𝑣𝑣()=(𝑎𝑎#∗𝑎𝑎"∗𝑍𝑍𝐸𝐸𝐹𝐹𝑃𝑃∗

DEEE
F∗GH

)∗𝑓𝑓1∗𝑣𝑣(		 (2) 
 
MRR can be visualized on the working plane 𝑓𝑓1 – 

𝑣𝑣( . Considering the border diameters of the tool 
family, i.e. the smallest and the biggest tool diameters 
for the same tool type, iso-MRR curves can be plotted 
thus generating the range of the obtainable MRRs, Fig. 
6.  

Once the mapping of the tool families is completed, 
it is possible to merge all the information coming from 
the mapping spaces, checking if the milling tools 
respect the limits imposed by the selected machine, 
according to the flow chart described in the following.  

By defining 𝑘𝑘( as the cutting pressure, provided by 
the tool manufacturer or obtained from experimental 
tests, the cutting power can be calculated from (Eq. 3): 

	
𝑃𝑃=

IJ∗IK∗LM∗NO
PE∗Q∗DER

           (3) 
 

If we consider the expression of 𝑣𝑣: (Eq. 4): 
 

𝑣𝑣:=𝑓𝑓1∗ 𝑛𝑛 ∗ ZEFP = 𝑓𝑓1 ∗ DEEE∗LO
F∗GH

 ∗ ZEFP     (4) 
 
we can obtain the power in function of the tool main 

parameters (Eq. 5): 
 

P (𝑓𝑓1,	𝑣𝑣S) = 
IJ∗IK∗NO∗TU∗VWXY

PE∗Q∗DER
 * LO∗DEEE

GH∗F
           (5) 

 
By extracting 𝑣𝑣( (Eq. 6): 
 

𝑣𝑣( =
Y∗PE∗Q∗DE[∗GH∗F
IJ∗IK∗NO∗VWXY

 * D
TU

                     (6) 

 
it is possible to obtain the hyperbolic iso-power 

curves on the 𝑓𝑓1 – 𝑣𝑣( plane. The maximum iso-power 
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curve corresponds to the machine spindle maximum 
power (Fig. 7). 

In addition to the star (*), which represents the 
recommended working conditions, a bold circle in the 
graph of Fig. 6-10 represents an example of the 
working conditions selected by the operator, which 
must rely on the allowed tool area.  

If a region of the nominal tool working area exceeds 
the machine power limit, for example, the tools cannot 
be exploited for all their MRR capability. In this case, 
the user must adjust the cutting parameters (𝑣𝑣( , 𝑓𝑓1 
and/or engagement conditions 𝑎𝑎# and 𝑎𝑎").     

The analysis can be expanded also to the obtainable 
surface finishing and tool life. This can be done by 
adopting simplified models, often adopted in industry 
[12,13], that estimate the surface roughness starting 
from the tool characteristics and feed rate.  

Due to their assumptions, these models are reliable 
only in some real conditions, i.e. absence of vibrations 
and static/dynamic tool runout, accurate motion of the 
machine etc. The calculation mainly depends on three 
parameters: the feed per tooth 𝑓𝑓1  and the two lead 
angles of the milling tool κre and 𝜅𝜅5"6 [11-13] (Eq. 7).  

 
𝑅𝑅a,face =

DEEE∗TU∗aIb cre ∗aIb cred

e aIb cre faIb cred
    (7) 

 
A constraint on the roughness Ra directly represents 

a limit for 𝑓𝑓1 (vertical red line in Fig. 7). 
In the proposed method, tool life is estimated by 

following a modified Taylor approach [14] where the 
feed per tooth term is added (Eq. 8): 

 
𝑣𝑣(𝑇𝑇N𝑓𝑓1h	=	𝐶𝐶∗	 	 	 	 	(8)  

 
When all the Taylor constants are known from 

experiments or catalogues, it is possible to plot the iso-
tool life lines. Fig. 8 represents the tool life in function 
of 𝑣𝑣(. 

Finally, an indicative information about the costs of 
the operation carried out by the selected tool on the 
selected machine can be calculated [15,16]. This 
feature bases on some basic assumptions: 

 
• only the contact time between tool and workpiece 

is considered 
• the volume of material to remove must be known. 

 
Two graphs can then be created, the former being 

composed by three graphs related to the time and cost 
of the single cutting operations (Fig. 9), and the latter 

reporting a total cost of the process based on the 
previous ones (Fig. 10). 

Firstly, cutting time is calculated follows (Eq. 9): 
 

tm = ΔV/MRR                        (9) 
 
where MRR depends on the cutting parameters (Eq. 

2). Then the cost of the machine usage is computed 
(Eq. 10): 

 
𝐶𝐶% = 𝑡𝑡% ∗ 	𝑐𝑐%'()*+"             (10) 

 
The tooling cost is calculated as (Eq. 11): 
 

𝐶𝐶, = ai
j

 * 𝑐𝑐,--.          (11) 

Fig. 6. Iso-MRR curves. 

Fig. 7. Performances of the selected tools against power and 
roughness constraints (red curve). 

Fig. 4. Tool Life performance. 
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different diameters but equal shape and characteristics, 
e.g. capable of machining the same materials with the 
same cutting strategies. It is also possible to compare 
equivalent milling tools from different producers, in 
order to understand which has the best performance 
for the specific selected operation. It is a 3D space 
having the axial depth of cut 𝑎𝑎#, the feed per tooth 𝑓𝑓1 
and the cutting speed 𝑣𝑣(  as axes (Fig. 5). The tool 
supplier suggests different ranges of cutting 
parameters for different end mills of the same family. 
This way, the interest volume represented in Fig. 5 is 
composed by the sum of the working volumes of each 
tool of the same family. When proper ranges of cutting 
parameters are not available from the tool supplier, 
even punctual data can be represented on the same 
diagram.  

All the tools of a family can be considered in B 
(Fig. 4) and C (Fig. 5) diagrams or, alternatively, only 
the two extreme tool diameters (i.e. the maximum and 
the minimum in the family). The range for the axial 
depth of cut, instead, is built in a different way: the 
maximum depth of cut for each tool is represented by 
the suggested value obtained from the catalogue, while 
the minimum value corresponds to the minimum depth 
allowed to form the chip due to the “minimum chip 
thickness” effect. On the other side, no modifications 
on the radial depth of cut 𝑎𝑎"  are foreseen since this 
parameter is usually not eligible for operator 
adjustments. 

 

 
 

Fig. 5. Operative cutting parameters diagram (side milling 
operation) (C). 

C-type diagrams as well clearly vary according to 
the different operations carried out by the tools, e.g. 
side milling and full slot milling have different C-type 
diagrams even when carried out by the same tool. 

3. Cutting Performance Mapping 

One of the most important cutting information is 
the achievable material removal rate (MRR), which 
can be calculated as follows (Eq. 1): 
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The Eq. 1 is rigorous for flat end milling tools but 
can be easily adjusted for different tool geometries like 
round-end or ball-end ones. 

MRR can be expressed as a function of two of the 
variables on the axes of Fig. 5 (Eq. 2): 
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MRR can be visualized on the working plane 𝑓𝑓1 – 

𝑣𝑣( . Considering the border diameters of the tool 
family, i.e. the smallest and the biggest tool diameters 
for the same tool type, iso-MRR curves can be plotted 
thus generating the range of the obtainable MRRs, Fig. 
6.  

Once the mapping of the tool families is completed, 
it is possible to merge all the information coming from 
the mapping spaces, checking if the milling tools 
respect the limits imposed by the selected machine, 
according to the flow chart described in the following.  

By defining 𝑘𝑘( as the cutting pressure, provided by 
the tool manufacturer or obtained from experimental 
tests, the cutting power can be calculated from (Eq. 3): 
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If we consider the expression of 𝑣𝑣: (Eq. 4): 
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we can obtain the power in function of the tool main 
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By extracting 𝑣𝑣( (Eq. 6): 
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it is possible to obtain the hyperbolic iso-power 

curves on the 𝑓𝑓1 – 𝑣𝑣( plane. The maximum iso-power 
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curve corresponds to the machine spindle maximum 
power (Fig. 7). 

In addition to the star (*), which represents the 
recommended working conditions, a bold circle in the 
graph of Fig. 6-10 represents an example of the 
working conditions selected by the operator, which 
must rely on the allowed tool area.  

If a region of the nominal tool working area exceeds 
the machine power limit, for example, the tools cannot 
be exploited for all their MRR capability. In this case, 
the user must adjust the cutting parameters (𝑣𝑣( , 𝑓𝑓1 
and/or engagement conditions 𝑎𝑎# and 𝑎𝑎").     

The analysis can be expanded also to the obtainable 
surface finishing and tool life. This can be done by 
adopting simplified models, often adopted in industry 
[12,13], that estimate the surface roughness starting 
from the tool characteristics and feed rate.  

Due to their assumptions, these models are reliable 
only in some real conditions, i.e. absence of vibrations 
and static/dynamic tool runout, accurate motion of the 
machine etc. The calculation mainly depends on three 
parameters: the feed per tooth 𝑓𝑓1  and the two lead 
angles of the milling tool κre and 𝜅𝜅5"6 [11-13] (Eq. 7).  

 
𝑅𝑅a,face =

DEEE∗TU∗aIb cre ∗aIb cred

e aIb cre faIb cred
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A constraint on the roughness Ra directly represents 

a limit for 𝑓𝑓1 (vertical red line in Fig. 7). 
In the proposed method, tool life is estimated by 

following a modified Taylor approach [14] where the 
feed per tooth term is added (Eq. 8): 

 
𝑣𝑣(𝑇𝑇N𝑓𝑓1h	=	𝐶𝐶∗	 	 	 	 	(8)  

 
When all the Taylor constants are known from 

experiments or catalogues, it is possible to plot the iso-
tool life lines. Fig. 8 represents the tool life in function 
of 𝑣𝑣(. 

Finally, an indicative information about the costs of 
the operation carried out by the selected tool on the 
selected machine can be calculated [15,16]. This 
feature bases on some basic assumptions: 

 
• only the contact time between tool and workpiece 

is considered 
• the volume of material to remove must be known. 

 
Two graphs can then be created, the former being 

composed by three graphs related to the time and cost 
of the single cutting operations (Fig. 9), and the latter 

reporting a total cost of the process based on the 
previous ones (Fig. 10). 

Firstly, cutting time is calculated follows (Eq. 9): 
 

tm = ΔV/MRR                        (9) 
 
where MRR depends on the cutting parameters (Eq. 

2). Then the cost of the machine usage is computed 
(Eq. 10): 
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The tooling cost is calculated as (Eq. 11): 
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Fig. 6. Iso-MRR curves. 

Fig. 7. Performances of the selected tools against power and 
roughness constraints (red curve). 

Fig. 4. Tool Life performance. 
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Fig. 5. Machining time, machine cost, tooling cost diagrams. 

 

 

Fig. 6. Workpiece unitary total cost diagram.  

4. Application scenarios and test-cases 

The presented graphical method is a useful tool to 
support the selection of machine, tool and cutting 
parameters in milling applications.  

There are various possibilities of exploiting this 
graphical method for decision making purposes. The 
Machine stereo kinetic diagram (A) is useful when 
information about the macro dimensions of the 
workpieces to machine are known: the machine 
selection can be done to allow the placement of the 
workpiece on the table. The Tool-Machine stereo 
kinetic diagram (A’) is obtained once the tool holder 

limitations on the tool diameters are known. A’ usually 
works together with A, so it will not be considered as 
a stand-alone diagram in the following. On the other 
hand, the knowledge about the geometrical features to 
machine (e.g. pockets, walls, pillars, etc.) allows for 
the selection of the most eligible tools for those 
operations by using the Tools stereo kinetic diagram 
(B). Finally, with the Operative cutting parameters 
diagrams (C), the analysis terminates to be strictly 
geometrical and becomes technological. This diagram 
can be used to easily find the optimal cutting 
conditions based on the manufacturing objectives as 
quality, productivity and costs.  

 

Fig. 11. Flow chart describing the typical use of the presented 
approach. 

Fig. 11 describes a typical use of these diagrams, 
even if they can be used either singularly or together 
depending on the cases. For instance:  
• A+B+C: machine, tool and cutting parameters 

must be selected together when a new 
company/manufacturing line is created. The 
products that must be obtained are already known. 

• B+C: the machine is already defined and the task 
is to decide which is the most suitable tool for 
manufacturing certain features on a workpiece. In 
this case, the selection involves the milling tool 
and its cutting parameters. 

• C: in agreement with the tool producer 
suggestions, the user already decided to 
manufacture a certain workpiece feature (or a 
group of features) on a defined machine and tool 
cutting parameters must be selected. An A+B 
verification is recommended in any case. 
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• A+C: The workpiece features that must be 
manufactured are known (i.e. DC is known), but 
the machines and the cutting parameters are not. 

• A: The workpiece features that must be 
manufactured are known and the milling tools and 
cutting parameters have been already selected. 
The task is to select the machine that could host 
the machining operations. 

 
The presented graphic approach can be also used to 

directly map two equivalent tool families from 
suppliers competing for the same application.  

In this case, five tools per family were considered, 
having diameters of 6, 8, 10, 12 and 16 mm and only 
the productivity of the two families was analyzed. 
Three diagrams were produced for this purpose. 
Competitor a tool family is represented in yellow 
while competitor b tool family in blue. 

Fig. 12. Geometrical mapping of the milling tools and 2D detail of 
the APMX and DC plane. 

The Tools stereo kinetic diagram (B) (Fig. 12) 
maps the two families’ geometrical characteristics. It 
is easy to see that competitor a tools are designed to 
work at the same cutting speed, while the b ones cover 
different cutting speed values, increasing from the 
smallest diameter to the biggest one. This fact could 
guide the choice of the correct tool family.  

Other analyses are allowed by this diagram (Fig. 
12). Although it is not possible to notice any 
differences on the DC axis, since we are mapping the 

same diameters from the two families, the attention 
can be shifted on the remaining parameters: the 
maximum tool cutting length APMX and cutting speed 
𝑣𝑣(. For small and deep features, that imply small tool 
diameters, competitor A tools are the most suitable, 
since they have greater cutting lengths. Vice versa, if 
we look at the bigger diameters of the two families, it 
is easy to understand that competitor b guarantees 
deeper features. 

The last graph addresses the productivity of the two 
tool families and is based on the 𝑓𝑓1  – 𝑣𝑣S  plane. 
Competitor a tools are preferable from the MRR point 
of view, Fig. 13. With bigger diameters, the MRR 
difference between the two suppliers is quite small. 
Competitor a shows a higher MRR with respect to 
Competitor b (+3,5%). With smaller diameters 
Competitor a assures MRR values that are almost 
twice than Competitor b (+82%).  

As previously reported, the use of such graphs can 
be useful to better guide possible users for selecting 
different tools depending on the process requirements. 

Fig. 13. MRR of the two tool families. 

Acknowledgements 

The authors are grateful to L. Mangiacavalli e L. 
Mariani for their support. 

5. Conclusions 

The presented method is an effective solution to 
easily represent the main characteristics of milling 
machines and tools. Its purpose is to graphically 
represent the various working volumes of machines 
and tools, starting from their nominal main features.  

The most common and simple formulas for power 
and roughness calculations are considered in the 
present release, but this method shows high flexibility 
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Fig. 5. Machining time, machine cost, tooling cost diagrams. 

 

 

Fig. 6. Workpiece unitary total cost diagram.  
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products that must be obtained are already known. 

• B+C: the machine is already defined and the task 
is to decide which is the most suitable tool for 
manufacturing certain features on a workpiece. In 
this case, the selection involves the milling tool 
and its cutting parameters. 

• C: in agreement with the tool producer 
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• A+C: The workpiece features that must be 
manufactured are known (i.e. DC is known), but 
the machines and the cutting parameters are not. 

• A: The workpiece features that must be 
manufactured are known and the milling tools and 
cutting parameters have been already selected. 
The task is to select the machine that could host 
the machining operations. 

 
The presented graphic approach can be also used to 

directly map two equivalent tool families from 
suppliers competing for the same application.  

In this case, five tools per family were considered, 
having diameters of 6, 8, 10, 12 and 16 mm and only 
the productivity of the two families was analyzed. 
Three diagrams were produced for this purpose. 
Competitor a tool family is represented in yellow 
while competitor b tool family in blue. 

Fig. 12. Geometrical mapping of the milling tools and 2D detail of 
the APMX and DC plane. 

The Tools stereo kinetic diagram (B) (Fig. 12) 
maps the two families’ geometrical characteristics. It 
is easy to see that competitor a tools are designed to 
work at the same cutting speed, while the b ones cover 
different cutting speed values, increasing from the 
smallest diameter to the biggest one. This fact could 
guide the choice of the correct tool family.  

Other analyses are allowed by this diagram (Fig. 
12). Although it is not possible to notice any 
differences on the DC axis, since we are mapping the 

same diameters from the two families, the attention 
can be shifted on the remaining parameters: the 
maximum tool cutting length APMX and cutting speed 
𝑣𝑣(. For small and deep features, that imply small tool 
diameters, competitor A tools are the most suitable, 
since they have greater cutting lengths. Vice versa, if 
we look at the bigger diameters of the two families, it 
is easy to understand that competitor b guarantees 
deeper features. 

The last graph addresses the productivity of the two 
tool families and is based on the 𝑓𝑓1  – 𝑣𝑣S  plane. 
Competitor a tools are preferable from the MRR point 
of view, Fig. 13. With bigger diameters, the MRR 
difference between the two suppliers is quite small. 
Competitor a shows a higher MRR with respect to 
Competitor b (+3,5%). With smaller diameters 
Competitor a assures MRR values that are almost 
twice than Competitor b (+82%).  

As previously reported, the use of such graphs can 
be useful to better guide possible users for selecting 
different tools depending on the process requirements. 

Fig. 13. MRR of the two tool families. 

Acknowledgements 

The authors are grateful to L. Mangiacavalli e L. 
Mariani for their support. 

5. Conclusions 

The presented method is an effective solution to 
easily represent the main characteristics of milling 
machines and tools. Its purpose is to graphically 
represent the various working volumes of machines 
and tools, starting from their nominal main features.  

The most common and simple formulas for power 
and roughness calculations are considered in the 
present release, but this method shows high flexibility 
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since it can easily incorporate different and more 
complex analytical models.  

Only simple milling tool geometries were 
implemented so far, but future developments will be 
devoted to study more complex tool geometries. Cost 
modelling can be improved taking into account 
inactive production times. An additional further step is 
to extend this method to other subtractive processes, 
e.g. turning, but also additive and manufacturing 
hybrid processes.  

Synthetic indicators coming from the real field as 
well could be incorporated in the presented diagrams 
with the purpose of tracking tool and machine 
condition trends and achieving monitoring 
functionalities. 

At the current state of the development, this 
framework could be considered as a decisional 
supporting tool that need the human intervention. 
However, this approach can be potentially integrated 
in future software architectures capable of providing 
automatic decision-making solutions to find optimal 
conditions of machines, tools and operating 
parameters in an Industry 4.0 environment.  
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