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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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Abstract 

Multi-dexel based material removal simulations provide a fast and flexible way to compute process forces and tool deflections for milling and 
turning operations. This allows an advanced process planning including detection of collisions for complex toolpaths. However, using dexel 
simulations for designing cutting tools has rarely been investigated. Especially the position of individual cutting edges is not considered, because 
current approaches only subtract the sweep volume of the tool envelop instead of the rake face. This paper presents a new method to design 
cutting tools using material removal simulations and a detailed tool geometry representation. The discretization of the tool allows an efficient 
calculation of the engagement conditions of individual cutting edges. The method is used to optimize novel porcupine milling cutters with round 
indexeble inserts, which produces a geometry analogous to serrated end mills. Based on the calculated forces, the positions of individual indexable 
inserts are adjusted to minimize the maximum radial force. An optimum has been found that reduces radial force by 12% compared to 
conventional porcupine milling cutters with squared inserts. 
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1. Introduction 

To maximize the productivity of milling processes, special 
tools are increasingly being used. The geometry of the cutting 
edges of these tools is specially adapted for a specific 
application. Examples are serrated endmills to increase material 
removal rate during roughing [1] of form milling cutters that 
directly produce the final workpiece geometry. However, 
compared to conventional endmills, it is often difficult or even 
impossible to derive analytical equations for the tool-
workpiece-contact area as well as the process forces. 

To overcome this drawback, numerical simulations in time-
domain are carried out. Compared to analytical approaches, 
these simulations are more flexible regarding arbitrary tool 
geometries and complex five-axis milling kinematics [2]. The 
so-called material removal simulations can be categorized 

based on the discretization of the workpiece with dexel, voxel 
and constructive solid geometry (CSG). One example of a CSG 
based milling simulation is the approach of Surmann et al. 
[3, 4]. It describes the workpiece by a series of Boolean 
operations such as addition, difference and intersection. The 
cross section of the uncut chip is derived from the intersection 
volume of the tool envelope and workpiece. The major 
drawback of this model is the increasing complexity and 
requirements for computing power when individual cutting 
edges are considered. In the voxel model, the workpiece is 
described by small volume elements that either contain material 
or are empty [5]. However, the memory requirement grows 
cubically with the resolution [2], so this model is rarely used. 
The third mentioned approach, which is also applied in this 
paper, is dexel-based. Here the workpiece model is described 
by a grid of parallel line segments, which describe the upper 

 

Available online at www.sciencedirect.com 

ScienceDirect 
Procedia CIRP 00 (2019) 000–000 

 
     www.elsevier.com/locate/procedia 
 

 

 

2212-8271 © 2019 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of The 17th CIRP Conference on Modelling of Machining Operations, in the person of the 
Conference Chair Dr Erdem Ozturk and Co-chairs Dr Tom Mcleay and Dr Rachid Msaoubi. 

17th CIRP Conference on Modelling of Machining Operations 

Optimization of complex cutting tools using a multi-dexel based material 
removal simulation 

 B. Denkenaa, T. Grovea, O. Papea*  
aInstitute of Production Engineering and Machine Tools, Leibniz Universität Hannover, An der Universität 2, 30823 Garbsen, Germany 

 

* Corresponding author. Tel.: +49-511-762-18259; fax: +49-511-762-5115.E-mail address: pape@ifw.uni-hannover.de 

Abstract 

Multi-dexel based material removal simulations provide a fast and flexible way to compute process forces and tool deflections for milling and 
turning operations. This allows an advanced process planning including detection of collisions for complex toolpaths. However, using dexel 
simulations for designing cutting tools has rarely been investigated. Especially the position of individual cutting edges is not considered, because 
current approaches only subtract the sweep volume of the tool envelop instead of the rake face. This paper presents a new method to design 
cutting tools using material removal simulations and a detailed tool geometry representation. The discretization of the tool allows an efficient 
calculation of the engagement conditions of individual cutting edges. The method is used to optimize novel porcupine milling cutters with round 
indexeble inserts, which produces a geometry analogous to serrated end mills. Based on the calculated forces, the positions of individual indexable 
inserts are adjusted to minimize the maximum radial force. An optimum has been found that reduces radial force by 12% compared to 
conventional porcupine milling cutters with squared inserts. 
 
© 2019 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of The 17th CIRP Conference on Modelling of Machining Operations,  
in the person of the Conference Chair DrErdemOzturk and Co-chairs Dr Tom Mcleay and DrRachidMsaoubi. 

Keywords:simulaton; geometric modeling; optimization 

 
1. Introduction 

To maximize the productivity of milling processes, special 
tools are increasingly being used. The geometry of the cutting 
edges of these tools is specially adapted for a specific 
application. Examples are serrated endmills to increase material 
removal rate during roughing [1] of form milling cutters that 
directly produce the final workpiece geometry. However, 
compared to conventional endmills, it is often difficult or even 
impossible to derive analytical equations for the tool-
workpiece-contact area as well as the process forces. 

To overcome this drawback, numerical simulations in time-
domain are carried out. Compared to analytical approaches, 
these simulations are more flexible regarding arbitrary tool 
geometries and complex five-axis milling kinematics [2]. The 
so-called material removal simulations can be categorized 

based on the discretization of the workpiece with dexel, voxel 
and constructive solid geometry (CSG). One example of a CSG 
based milling simulation is the approach of Surmann et al. 
[3, 4]. It describes the workpiece by a series of Boolean 
operations such as addition, difference and intersection. The 
cross section of the uncut chip is derived from the intersection 
volume of the tool envelope and workpiece. The major 
drawback of this model is the increasing complexity and 
requirements for computing power when individual cutting 
edges are considered. In the voxel model, the workpiece is 
described by small volume elements that either contain material 
or are empty [5]. However, the memory requirement grows 
cubically with the resolution [2], so this model is rarely used. 
The third mentioned approach, which is also applied in this 
paper, is dexel-based. Here the workpiece model is described 
by a grid of parallel line segments, which describe the upper 
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and lower boundaries of the body [6]. To improve the accuracy, 
three redundant dexel grids that are aligned with the coordinate 
axes are used in the so-called multi-dexel-models [6]. The two 
main advantages of dexel models are the simple to calculate 
line-surface intersection as well as the reduced memory 
requirement, which grows only quadratically with the 
resolution [2]. 

However, most of the mentioned approaches only subtract 
the sweep volume of the tool envelop instead of the rake face, 
which is necessary for the optimization of complex cutting 
tools. Work has already been carried out on the intersection of 
individual cutting edges or a representation of the rake face 
[6, 7], but the subsequent analysis of the shape of the uncut chip 
is computationally intensive. Therefore, this paper presents a 
new approach for a computationally efficient calculation of the 
tool-workpiece-contact area allowing a high temporal and 
spatial resolution needed for tool design.  

2. Workflow and subject of optimization 

The following work consists of three different parts. First, 
the above mentioned new dexel-based intersection algorithm is 
presented. This algorithm accelerates the analysis of the tool-
workpiece-contact area and enables high temporal and spatial 
resolution as well as efficient consideration of single cutting 
edges. Second, experimental cutting tests are carried out with 
porcupine milling cutters in order to calibrate a force model and 
to validate the intersection calculation algorithm. Finally, a 
novel tool geometry is developed and optimized using the new 
intersection algorithm and the force model.  

2.1. Subject of optimization 

The experimental cutting tests as well as the optimization 
are conducted with porcupine milling cutters (Fig. 1. (a)). 
These cutters are used as a reference for a novel tool geometry 
invented at the Institute of Production Engineering and 
Machine Tools (IFW) (Fig. 1. (b)) [8]. This tool uses round 
indexable inserts instead of rectangular ones. This leads to a 
geometry similar to serrated endmills mentioned above, where 
a reduction of the radial force compared to conventional tools 
is expected. However, little is known about this new tool 
concept and the relation between the tool-workpiece-contact 
area and the positions of individual inserts. Thus, this is the 
ideal subject for an analysis and optimization with the 
presented approach. 

Fig. 1. (a) conventional porcupine milling cutter; (b) novel tool. 

3. Simulation approach 

As already mentioned, the approach considered in this paper 
is dexel-based. Therefore, the simulation consists of 
intersection calculations between the lines of the dexels and the 
surface of the tool (Fig. 2.). The envelope of all intersection 
points on the tool represents the cross-section of undeformed 
chip A. In contrast to other works, which usually describe the 
surface as a triangular mesh, the tools rake face is discretized 
with quadratic elements or quadrilaterals.  

Fig. 2. Tool and workpiece discretization. 

During the simulation, the quadrilaterals of the rake face are 
transformed with discrete time steps according to the 
movement of the tool. To calculate the sweep volume between 
two consecutive time steps, the four corners of two 
corresponding surface elements are also connected with 
quadrilaterals (Fig. 3. (a)).  

Fig. 3. (a) sweep volume generation; (b) intersection calculation 

Therefore, the sweep volume consists of cubes, where each 
of the six bounding quadrilaterals is intersected with every 
dexel within the axis aligned bounding box of the element. For 
each dexel-quadrilateral intersection, the equation system (1) 
must be resolved. Here, the variables 𝑢𝑢 and 𝑣𝑣{0 ≤ 𝑢𝑢, 𝑣𝑣 ≤ 1} are 
the barycentric coordinates of the quadrilateral and the vector 
𝐷⃗⃗𝐷  contains the coordinates of the dexel. 

𝐷⃗⃗𝐷 = 𝑢𝑢(𝑃𝑃2⃗⃗⃗⃗  ⃗ − 𝑃𝑃1⃗⃗⃗⃗  ⃗) + 𝑣𝑣(𝑃𝑃3⃗⃗⃗⃗  ⃗ − 𝑃𝑃1⃗⃗⃗⃗  ⃗) + 𝑢𝑢𝑢𝑢(𝑃𝑃4⃗⃗⃗⃗  ⃗ + 𝑃𝑃1⃗⃗⃗⃗  ⃗ − 𝑃𝑃3⃗⃗⃗⃗  ⃗ − 𝑃𝑃2⃗⃗⃗⃗  ⃗) (1) 

The line (𝑃𝑃2⃗⃗⃗⃗  ⃗ − 𝑃𝑃1⃗⃗⃗⃗  ⃗) represents a segment of the cutting edge 
to which the vectors (𝑃𝑃3⃗⃗⃗⃗  ⃗ − 𝑃𝑃1⃗⃗ ⃗⃗  ⃗)  and (𝑃𝑃4⃗⃗⃗⃗  ⃗ − 𝑃𝑃2⃗⃗⃗⃗  ⃗)  are 
approximately perpendicular. The idea behind this approach is 
that the barycentric coordinate 𝑣𝑣 is directly proportional to the 
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uncut chip thickness h as both point in the same direction 
(Fig. 3. (b)). For the calculation of the tool-workpiece-contact 
area, only the maximum value of 𝑣𝑣 for each element needs to 
be found and multiplied by the distance |𝑃𝑃3⃗⃗⃗⃗  ⃗ − 𝑃𝑃1⃗⃗⃗⃗  ⃗|. This can be 
fully interleaved within the intersection calculation, thus 
reducing the computational effort by removing subsequent 
engagement calculations. 

The force model from Altintas et al. is used for the following 
force calculation and given in equation [9] (2). It consists of 
three differential cutting forces, which are calculated for each 
quadrilateral. The radial force 𝑑𝑑𝑑𝑑𝑟𝑟  is parallel to the vector 
(𝑃𝑃3⃗⃗⃗⃗  ⃗ − 𝑃𝑃1⃗⃗⃗⃗  ⃗)  and the axial force 𝑑𝑑𝑑𝑑𝑎𝑎 is aligned to the vector 
(𝑃𝑃2⃗⃗⃗⃗  ⃗ − 𝑃𝑃1⃗⃗⃗⃗  ⃗) , which corresponds to the cutting edge. The 
tangential force 𝑑𝑑𝑑𝑑𝑡𝑡 is perpendicular to both other force 
components. The resultant cutting forces are calculated by 
summarizing the incremental forces of each element. The 
incremental cutting edge length 𝑑𝑑𝑑𝑑  is defined equal to the 
length |𝑃𝑃2⃗⃗⃗⃗  ⃗ − 𝑃𝑃1⃗⃗⃗⃗  ⃗| if the quadrilateral intersects any dexel.  

[
𝑑𝑑𝑑𝑑𝑡𝑡
𝑑𝑑𝑑𝑑𝑟𝑟
𝑑𝑑𝑑𝑑𝑎𝑎

] =  [
𝐾𝐾𝑡𝑡𝑡𝑡 ∙ ℎ ∙ 𝑑𝑑𝑑𝑑 + 𝐾𝐾𝑡𝑡𝑡𝑡 ∙ 𝑑𝑑𝑑𝑑 
𝐾𝐾𝑟𝑟𝑟𝑟 ∙ ℎ ∙ 𝑑𝑑𝑑𝑑 + 𝐾𝐾𝑟𝑟𝑟𝑟 ∙ 𝑑𝑑𝑑𝑑
𝐾𝐾𝑎𝑎𝑎𝑎 ∙ ℎ ∙ 𝑑𝑑𝑑𝑑 + 𝐾𝐾𝑎𝑎𝑎𝑎 ∙ 𝑑𝑑𝑑𝑑

] (2) 

Both, the calculation of the tool-workpiece-contact area as 
well as the following force calculation are easy to implement 
and computationally inexpensive with the presented 
discretization using quadratic elements. Unfortunately, solving 
equation (1) leads to a quadratic equation that is slightly more 
complex than the linear equations of triangular meshes. 
However, this is compensated by replacing two triangles with 
one quadrilateral intersection. Quadratic elements also fit better 
in an axis aligned bounding box thus reducing the number of 
falsely tested dexels. The efficiency of the algorithm is 
demonstrated by the fact that the simulation is carried out in 
real time with a performance of 33,000,000 dexel intersections 
per second and a dexel resolution of 0.05 mm on an Intel Core 
i7 4790 processor. 

4. Experimental studies 

4.1. Experimental setup 

All experimental tests were performed on a Heller H5000 
machine tool using a porcupine milling cutter type M3255-050-
B22-05-46 with indexable inserts of the type P4500-7461332 
from Walter AG. The tool has a diameter of 50 mm and five 
rows with four indexable inserts each. The test material used 
was Ti-6Al-4V, which was attached directly to a piezoelectric 
force measuring device type 9255C from Kistler. During all 
tests, the effective spindle power was recorded directly by the 
machine control. 

4.2. Design of experiments 

In order to take into account the different engagement 
conditions between the inserts located at the face and the 
circumference of the tool, two different workpiece geometries 
were processed. Fig. 4. (a) shows the process end-milling, in 
which only the frontal cutting edges are engaged. In contrast to 
this, only the circumferential inserts are engaged in the 

peripheral milling (Fig. 4. (b)). During all cutting tests, the feed 
rate is gradually increased to fit a suitable force model. The 
corresponding process parameters are given in table 1.  

Fig. 4. (a) end-milling; (b) peripheral milling 

Table 1. Variation of process parameters 

Process parameter Face milling Peripheral 
milling 

Axial depth of cut ap 1, 3, 5, 10 mm 21 mm 

Radial depth of cut ae 5, 15, 30 mm 

Feed per tooth fz 0.04, 0.06, 0.08, 0.10, 0.12 mm 

Cutting speed vc 45 m/min 

4.3. Experimental verification 

With the milling test of the last section, the force coefficients 
of equation (2) are identified mechanistically according to 
Gradisek et al. [10]. Therefore, all experimental cutting test are 
simulated with a dexel resolution of 0.025 mm and an angular 
step of the tool of 0.5°. To validate the mentioned force and 
engagement calculation, the process forces are compared in 
time domain (Fig. 5.). As shown in the figure, experimental and 
simulation results are in good agreement.  

Fig. 5. Verification in time domain 

In addition, the measured spindle power from the machine 
control minus the idling power was compared with the 
calculated average power of the simulation (Fig. 6.). Again, the 
simulation and the measurement are in good agreement. 
However, the measured effective power consumption is 
slightly higher when the process parameters increase. This is 
explained by higher friction in the spindle at higher forces. In 
summary, it can be said that the discretization with 
quadrilaterals and the calculation of the tool-workpiece-contact 
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and lower boundaries of the body [6]. To improve the accuracy, 
three redundant dexel grids that are aligned with the coordinate 
axes are used in the so-called multi-dexel-models [6]. The two 
main advantages of dexel models are the simple to calculate 
line-surface intersection as well as the reduced memory 
requirement, which grows only quadratically with the 
resolution [2]. 

However, most of the mentioned approaches only subtract 
the sweep volume of the tool envelop instead of the rake face, 
which is necessary for the optimization of complex cutting 
tools. Work has already been carried out on the intersection of 
individual cutting edges or a representation of the rake face 
[6, 7], but the subsequent analysis of the shape of the uncut chip 
is computationally intensive. Therefore, this paper presents a 
new approach for a computationally efficient calculation of the 
tool-workpiece-contact area allowing a high temporal and 
spatial resolution needed for tool design.  

2. Workflow and subject of optimization 

The following work consists of three different parts. First, 
the above mentioned new dexel-based intersection algorithm is 
presented. This algorithm accelerates the analysis of the tool-
workpiece-contact area and enables high temporal and spatial 
resolution as well as efficient consideration of single cutting 
edges. Second, experimental cutting tests are carried out with 
porcupine milling cutters in order to calibrate a force model and 
to validate the intersection calculation algorithm. Finally, a 
novel tool geometry is developed and optimized using the new 
intersection algorithm and the force model.  

2.1. Subject of optimization 

The experimental cutting tests as well as the optimization 
are conducted with porcupine milling cutters (Fig. 1. (a)). 
These cutters are used as a reference for a novel tool geometry 
invented at the Institute of Production Engineering and 
Machine Tools (IFW) (Fig. 1. (b)) [8]. This tool uses round 
indexable inserts instead of rectangular ones. This leads to a 
geometry similar to serrated endmills mentioned above, where 
a reduction of the radial force compared to conventional tools 
is expected. However, little is known about this new tool 
concept and the relation between the tool-workpiece-contact 
area and the positions of individual inserts. Thus, this is the 
ideal subject for an analysis and optimization with the 
presented approach. 

Fig. 1. (a) conventional porcupine milling cutter; (b) novel tool. 

3. Simulation approach 

As already mentioned, the approach considered in this paper 
is dexel-based. Therefore, the simulation consists of 
intersection calculations between the lines of the dexels and the 
surface of the tool (Fig. 2.). The envelope of all intersection 
points on the tool represents the cross-section of undeformed 
chip A. In contrast to other works, which usually describe the 
surface as a triangular mesh, the tools rake face is discretized 
with quadratic elements or quadrilaterals.  

Fig. 2. Tool and workpiece discretization. 

During the simulation, the quadrilaterals of the rake face are 
transformed with discrete time steps according to the 
movement of the tool. To calculate the sweep volume between 
two consecutive time steps, the four corners of two 
corresponding surface elements are also connected with 
quadrilaterals (Fig. 3. (a)).  

Fig. 3. (a) sweep volume generation; (b) intersection calculation 

Therefore, the sweep volume consists of cubes, where each 
of the six bounding quadrilaterals is intersected with every 
dexel within the axis aligned bounding box of the element. For 
each dexel-quadrilateral intersection, the equation system (1) 
must be resolved. Here, the variables 𝑢𝑢 and 𝑣𝑣{0 ≤ 𝑢𝑢, 𝑣𝑣 ≤ 1} are 
the barycentric coordinates of the quadrilateral and the vector 
𝐷⃗⃗𝐷  contains the coordinates of the dexel. 

𝐷⃗⃗𝐷 = 𝑢𝑢(𝑃𝑃2⃗⃗⃗⃗  ⃗ − 𝑃𝑃1⃗⃗⃗⃗  ⃗) + 𝑣𝑣(𝑃𝑃3⃗⃗⃗⃗  ⃗ − 𝑃𝑃1⃗⃗⃗⃗  ⃗) + 𝑢𝑢𝑢𝑢(𝑃𝑃4⃗⃗⃗⃗  ⃗ + 𝑃𝑃1⃗⃗⃗⃗  ⃗ − 𝑃𝑃3⃗⃗⃗⃗  ⃗ − 𝑃𝑃2⃗⃗⃗⃗  ⃗) (1) 

The line (𝑃𝑃2⃗⃗⃗⃗  ⃗ − 𝑃𝑃1⃗⃗⃗⃗  ⃗) represents a segment of the cutting edge 
to which the vectors (𝑃𝑃3⃗⃗⃗⃗  ⃗ − 𝑃𝑃1⃗⃗ ⃗⃗  ⃗)  and (𝑃𝑃4⃗⃗⃗⃗  ⃗ − 𝑃𝑃2⃗⃗⃗⃗  ⃗)  are 
approximately perpendicular. The idea behind this approach is 
that the barycentric coordinate 𝑣𝑣 is directly proportional to the 
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uncut chip thickness h as both point in the same direction 
(Fig. 3. (b)). For the calculation of the tool-workpiece-contact 
area, only the maximum value of 𝑣𝑣 for each element needs to 
be found and multiplied by the distance |𝑃𝑃3⃗⃗⃗⃗  ⃗ − 𝑃𝑃1⃗⃗⃗⃗  ⃗|. This can be 
fully interleaved within the intersection calculation, thus 
reducing the computational effort by removing subsequent 
engagement calculations. 

The force model from Altintas et al. is used for the following 
force calculation and given in equation [9] (2). It consists of 
three differential cutting forces, which are calculated for each 
quadrilateral. The radial force 𝑑𝑑𝑑𝑑𝑟𝑟  is parallel to the vector 
(𝑃𝑃3⃗⃗⃗⃗  ⃗ − 𝑃𝑃1⃗⃗⃗⃗  ⃗)  and the axial force 𝑑𝑑𝑑𝑑𝑎𝑎 is aligned to the vector 
(𝑃𝑃2⃗⃗⃗⃗  ⃗ − 𝑃𝑃1⃗⃗⃗⃗  ⃗) , which corresponds to the cutting edge. The 
tangential force 𝑑𝑑𝑑𝑑𝑡𝑡 is perpendicular to both other force 
components. The resultant cutting forces are calculated by 
summarizing the incremental forces of each element. The 
incremental cutting edge length 𝑑𝑑𝑑𝑑  is defined equal to the 
length |𝑃𝑃2⃗⃗⃗⃗  ⃗ − 𝑃𝑃1⃗⃗⃗⃗  ⃗| if the quadrilateral intersects any dexel.  

[
𝑑𝑑𝑑𝑑𝑡𝑡
𝑑𝑑𝑑𝑑𝑟𝑟
𝑑𝑑𝑑𝑑𝑎𝑎

] =  [
𝐾𝐾𝑡𝑡𝑡𝑡 ∙ ℎ ∙ 𝑑𝑑𝑑𝑑 + 𝐾𝐾𝑡𝑡𝑡𝑡 ∙ 𝑑𝑑𝑑𝑑 
𝐾𝐾𝑟𝑟𝑟𝑟 ∙ ℎ ∙ 𝑑𝑑𝑑𝑑 + 𝐾𝐾𝑟𝑟𝑟𝑟 ∙ 𝑑𝑑𝑑𝑑
𝐾𝐾𝑎𝑎𝑎𝑎 ∙ ℎ ∙ 𝑑𝑑𝑑𝑑 + 𝐾𝐾𝑎𝑎𝑎𝑎 ∙ 𝑑𝑑𝑑𝑑

] (2) 

Both, the calculation of the tool-workpiece-contact area as 
well as the following force calculation are easy to implement 
and computationally inexpensive with the presented 
discretization using quadratic elements. Unfortunately, solving 
equation (1) leads to a quadratic equation that is slightly more 
complex than the linear equations of triangular meshes. 
However, this is compensated by replacing two triangles with 
one quadrilateral intersection. Quadratic elements also fit better 
in an axis aligned bounding box thus reducing the number of 
falsely tested dexels. The efficiency of the algorithm is 
demonstrated by the fact that the simulation is carried out in 
real time with a performance of 33,000,000 dexel intersections 
per second and a dexel resolution of 0.05 mm on an Intel Core 
i7 4790 processor. 

4. Experimental studies 

4.1. Experimental setup 

All experimental tests were performed on a Heller H5000 
machine tool using a porcupine milling cutter type M3255-050-
B22-05-46 with indexable inserts of the type P4500-7461332 
from Walter AG. The tool has a diameter of 50 mm and five 
rows with four indexable inserts each. The test material used 
was Ti-6Al-4V, which was attached directly to a piezoelectric 
force measuring device type 9255C from Kistler. During all 
tests, the effective spindle power was recorded directly by the 
machine control. 

4.2. Design of experiments 

In order to take into account the different engagement 
conditions between the inserts located at the face and the 
circumference of the tool, two different workpiece geometries 
were processed. Fig. 4. (a) shows the process end-milling, in 
which only the frontal cutting edges are engaged. In contrast to 
this, only the circumferential inserts are engaged in the 

peripheral milling (Fig. 4. (b)). During all cutting tests, the feed 
rate is gradually increased to fit a suitable force model. The 
corresponding process parameters are given in table 1.  

Fig. 4. (a) end-milling; (b) peripheral milling 

Table 1. Variation of process parameters 

Process parameter Face milling Peripheral 
milling 

Axial depth of cut ap 1, 3, 5, 10 mm 21 mm 

Radial depth of cut ae 5, 15, 30 mm 

Feed per tooth fz 0.04, 0.06, 0.08, 0.10, 0.12 mm 

Cutting speed vc 45 m/min 

4.3. Experimental verification 

With the milling test of the last section, the force coefficients 
of equation (2) are identified mechanistically according to 
Gradisek et al. [10]. Therefore, all experimental cutting test are 
simulated with a dexel resolution of 0.025 mm and an angular 
step of the tool of 0.5°. To validate the mentioned force and 
engagement calculation, the process forces are compared in 
time domain (Fig. 5.). As shown in the figure, experimental and 
simulation results are in good agreement.  

Fig. 5. Verification in time domain 

In addition, the measured spindle power from the machine 
control minus the idling power was compared with the 
calculated average power of the simulation (Fig. 6.). Again, the 
simulation and the measurement are in good agreement. 
However, the measured effective power consumption is 
slightly higher when the process parameters increase. This is 
explained by higher friction in the spindle at higher forces. In 
summary, it can be said that the discretization with 
quadrilaterals and the calculation of the tool-workpiece-contact 
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area is suitable for the prediction of process forces for complex 
tool geometries. 

Fig. 6. (a) Verification end-milling; (b) verification peripheral milling 

5. Optimization of the tool geometry 

Based on the results of the last sections, the new tool 
geometry is developed and optimized. Therefore, simulations 
are carried out with different positions of the indexable inserts. 
For analysis, circular inserts with a diameter of 12 mm were 
selected because they are available with the same micro-
geometry and carbide grade as the reference inserts. It should 
be mentioned that there are initially no force coefficients for 
this new geometry available, so the values from the reference 
experiments were chosen. However, the difference is expected 
to be small as the micro-geometry as well as the process 
parameters are kept constant.  

For the two-dimensional optimization, the radial and 
angular offset between two indexable inserts was selected. The 
parameter range examined was based on the manufacturability 
of the tool body and can be found in table 2. The maximum 
radial force was selected as the target parameter, because the 
torque Mc = 300 Nm and cutting power Pc = 9 kW of the 
reference tool are not the limiting factors for the machine tool 
(Mmax = 2292 Nm, Pmax = 60 kW). 136 simulations were 
performed with an angular resolution of 0.5°, a dexel resolution 
of 0.025mm, a axial depth of cut ap = 40 mm and a radial depth 
of cut ae = 30 mm. The results of the optimization can be found 
in Fig. 7. An optimum was found with an angular offset of 36° 
and an axial offset of 7.4 mm with a maximum radial force of 
13.1 kN. Compared to the reference tool with a maximum 
radial force of 14.9 kN, the force was reduced by approx. 12% 
at the same process parameters.  

Fig. 7. Optimization of the tool geometry 

Table 2. Variation of tool parameters 

Tool parameter starting value end value increment 

Angle offset ∆φ 34° 38° 0.25° 

Axial offset ∆z 7.3 mm 8.0 mm 0.1 mm 

4. Conclusion 

In this study, a new approach for computationally fast and 
efficient analysis of the tool-workpiece-contact area of discreet 
cutting edges has been presented and successfully validated. 
This algorithm has been used to analyze a novel tool geometry 
developed at the Institute of Production Engineering and 
Machine Tools (IFW). The new geometry transfers the concept 
of serrated endmills to porcupine milling cutters. In the 
following optimization step using the mentioned simulation, an 
optimum for the tool geometry was found and the expected 
reduction of the radial force was shown. The high nonlinearity 
of the relation between the process forces and the tool geometry 
shows the effectiveness of the mentioned algorithm. In further 
work, the found tool geometry will be manufactured and 
further optimized. 
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