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Abstract 

Increasing demands regarding productivity and component quality are a major challenge in turning. To 
meet these demands, complex multiaxial turning processes like enhanced variants of the trochoidal turn-
ing processes are increasingly used. For these processes, the tool path is optimized to achieve advanta-
geous cutting conditions and thus higher productivity. However, the process forces and their relations to 
the process parameters for these processes are currently unknown, which complicates the process de-
sign and calculation of required clamping forces. 
This paper presents a simulation based approach to estimate the process forces of complex multiaxial 
turning processes. Therefore, a dexel based material removal simulation is used to calculate the chip 
parameters, e.g. undeformed chip thickness, and the chip cross-sectional area. On this basis, the process 
forces are modelled as a function of the undeformed chip thickness and undeformed chip width. By this, 
the force model is parameterized and the calculated process forces are validated by comparison with 
process force measurements. 
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1 INTRODUCTION 

The accurate prediction of the occurring process forces in 
turning is crucial for the right dimensioning of the workpiece 
clamping, the machine drives or the optimization of the cut-
ting parameters. For conventional turning processes, vari-
ous process force models exist. Most of these process force 
models are based on the chip cross sectional area and pro-
portionality force coefficient, usually referred to as specific 
process force [Arrazola 2013].  

An example of a model, which is widely used in the industry 
to estimate the process forces of turning processes, is the 
process force model of Victor and Kienzle in [Victor 1952]: 

𝐹𝑐 = 𝑘𝑐1,1 ∙ 𝑏 ∙ ℎ1−𝑐 (1) 

The cutting force Fc is modelled as proportional to the un-
deformed chip width b and the thickness of the undeformed 
chip thickness h with an exponential slope value 1-c. The 
slope value is used to take into account that the specific 
cutting force decreases with rising h [Victor 1952]. For the 
other components of the process force, this model can be 
used accordingly. While the Victor-Kienzle model can be 
used with conventional turning processes, it is not suitable 
for processes with h less than 0.1 mm and a ratio of b to h 
of less than 4, because large deviations compared to the 
measured forces occur. Additionally, it has to be noted that 
the model is inaccurate when the corner radius of the tool 

is large compared to the cutting depth or a round tool is 
used [Koehler 2010].  

In [Altintas 2012] two different approaches to calibrate the 
force coefficients of a process force model are described, 
namely the mechanistic approach and the use of an oblique 
cutting force model. The oblique cutting force model starts 
from the measured forces of the orthogonal cut, which then 
are adapted regarding e.g. the shear behaviour and tool ge-
ometry for the considered process. For the mechanistic ap-
proach, several cutting experiments with varying cutting pa-
rameters and a specific cutting tool are made, from which 
the force coefficients are inversely calculated. The oblique 
model has the advantage that the force coefficients can be 
calculated for arbitrary tool geometries. Compared to this, 
the mechanistic cutting model has the advantage of being 
usually more accurate and easier to implement since the 
models are parameterized with the specific cutting tool ge-
ometry [Altintas 2012]. 

An approach to expand the model of Kienzle is presented 
in [Köhler 2010]. The extension aims to apply the process 
forces model of Kienzle for smaller h and smaller ratios of 
b to h and to take the effect of the corner radius into ac-
count. The model is based on the effective width of the un-
deformed chip b* and the effective undeformed chip thick-
ness h*, which are displayed in Fig. 1 [Köhler 2010]. With 

those parameters, a more precise definition of the shape of 
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the undeformed chip is possible. This results in the follow-
ing function to calculate the cutting force: 

𝐹𝑐 = 𝑘𝑐1,1 ∙ 𝑏∗ ∙ (ℎ∗)𝑚𝑐
∗
  (2) 

Here, 𝑚𝑐
∗ is used as the material specific slope value. Since 

material and process specific correction factors are used, 
the transferability to other applications is limited. Further-
more, round inserts with their very large ratio of tool radius 
to cutting depth were not investigated. 

 

Fig. 1: Concept of effective undeformed chip thickness 

[Zaeh 2009] displays a combined model of the process 
forces and the behaviour of the machine tool. The process 
force model is based on an oblique cutting force model, 
which uses a FEM simulation of the material flow to esti-
mate the flow stress and the process forces. Additionally, 
nonlinear friction conditions are taken into account [Zaeh 
2009]. 

In [Lorong 2011] the chatter behaviour of turning of thin 
walled workpieces is investigated. The model introduced 
there consists of two parts, a FEM-model to calculate the 
dynamic behaviour of the workpiece and a material removal 
simulation, to calculate the acting process forces. A dexel 
model with radial dexels is used to simulate a cylindrical 
turning process. The process forces are calculated based 
on the process force model of Kienzle [Lorong 2011]. 

[Dorlin 2016] presents a cutting force model for turning op-
erations on Ti6Al4V titanium alloy, where especially the in-
fluence of the distance between the clearance face and the 
centre of the workpiece, here called the clearance face con-
tact radius, is investigated. Based on experiments the influ-
ences of various factors on the process forces are investi-
gated. Here cylindrical turning, face turning and boring pro-
cesses are investigated. From these experiments, a mech-
anistic cutting force model based on the undeformed chip 
geometry, which takes the clearance face contact radius 
into account, is derived [Dorlin 2016]. 

In [Weng 2017], an analytical process force model for round 
inserts is introduced. The process force model is derived 
from an oblique force model. Due to this, a detailed geo-
metrical analysis of the undeformed chip cross-section is 
made. Additionally, the shear and friction behaviour and the 
chip flow direction are investigated for the used round cut-
ting insert [Weng 2017]. 

In this paper, process forces of an enhanced trochoidal 
turning process are analysed in detail. For this process, the 
toolpath of a round cutting insert is optimized to constantly 
achieve a maximum cutting edge angle κ and thus a con-

stant maximum undeformed chip thickness. This is possi-
ble, because for round inserts the cutting edge angle and 
the undeformed chip thickness are set by the cutting depth. 

The knowledge of the process forces is thereby very im-
portant for the process design, e.g. for the dimensioning of 
the clamping. For this process, the occurring process forces 
are not possible to be calculated with simple cutting force 
models. Due to the complex and time-dependent unde-
formed chip geometry, a new approach to model the pro-
cess forces is required and proposed in this paper. 

2 EXPERIMENTAL SETUP 

 

Fig. 2 Experimental setup 

In order to investigate the process forces occurring during 
enhanced trochoidal turning processes, a reference pro-
cess was conducted with varying cutting parameters. The 
experiments were carried out on a DMG MORI NTX 1000 
turn-mill centre. The process forces were recorded using a 
spindle integrated strain gauge measuring system de-
scribed in [Denkena 2018], which is shown in Fig. 2. In pre-
vious investigations, suitable positions for the strains of the 
spindle head were identified and the strain gauges were 
placed in notches at these positions. Since the strain 
gauges measure the force only by measuring the strain of 
the part, the achieved accuracy depends strongly on the 
stiffness of the used measurement points. Here, the meas-
urement uncertainty of the force is between 30 N in Z-direc-
tion and 110 N in Y-direction, whereby the differences can 
be explained with higher stiffness of the spindle head in Y-
direction [Denkena 2018]. Furthermore, the axis positions 
can be recorded during the process, which allows an exact 
simulation of the machine movements during the process.  

TiAlN/AlTiN+TiN-coated groove-turn inserts of the type 
ISCAR TAGB 840Y IC808 were used. The workpiece ma-
terial was quenched/tempered 42CrMo4 with a tensile 
strength of Rm = 975 N/mm2 and a diameter of 64 mm. A 
large cutting edge rounding of Sα = 114 μm and Sγ = 72 μm 
was chosen, which leads to an increased cutting edge 
strength necessary for the cutting conditions in this process 
[Denkena 2014]. 
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Fig. 3: Tool path of the enhanced trochoidial turning pro-
cess  

The tool path and the used cutting parameters are shown 
in Fig. 3. As described before, the tool path is optimized to 
achieve a constant maximum undeformed chip thickness. 
Due to this, the entry of the tool into the workpiece is per-
formed in a smooth circular movement. To achieve an opti-
mal maximum cutting edge angle, the movements during 
the cuts are performed as a combination of elongated cir-
cles.  

3 PROCESS FORCE MEASUREMENT 

 

Fig. 4: Forces measured in Y-direction 

In Fig. 4 the forces measured in Y-direction, which are the 
cutting forces, at various feed rates are shown. To allow an 
easy comparison of the forces at the different feed rates, 
the time is adjusted to the time of the process with a feed 
rate of 0.5 mm. First of all, the data shows a low difference 
between the different cuts for each of the different feed 
rates, which can be explained with the concept of the ad-
vanced trochoidal turning process, which pursues a con-
stant maximum undeformed chip thickness. As expected, 
the differences between the forces measured at different 
feed rates are less than proportional for the respective feed 
rate changes.  

The forces measured in X- and Z-direction, shown in Fig. 5 
and Fig. 6, can be seen as the components of the thrust 

force. Thus, they are a combination of the passive force and 
the feed force. Due to the tool path shown in Fig. 3, it can 

be noted that FX is equivalent to the passive force over most 
of the time, while FZ is equivalent to the feed force. It should 
be mentioned that the changes of the feed direction at the 
beginning and end of each cut can explain the change of 
the processes forces in these areas. It is also evident that 
these forces only change slightly for the different feed rates, 
which might indicate that they are for the selected range of 
feed rates independent from the undeformed chip thick-
ness. As stated in [Denkena 2014], this can be attributed to 
the high cutting edge rounding. 

 

Fig. 5: Forces measured in X-direction 

 

Fig. 6: Forces measured in Z-direction 

4 SIMULATION APPROACH 

The approach proposed in this paper consists of two parts. 
First, a dexel-based model is used to estimate the shape of 
the undeformed chip for discrete time-steps. Thereafter, 
these geometries are used in a process force model, based 
on the process force model of Altintas [Altintas 2012], to 
calculate the process forces. 



 

MM Science Journal | 2021 | NOVEMBER - Special Issue on HSM2021 

5026 

4.1 Material removal model 

The dexel-based material removal simulation is done in the 
software “IFW CutS” developed at the IFW. The software 
also includes the options to export the calculated dexel data 
and to control the toolpath from saved process data.  

In conventional dexel models, the workpiece is approxi-
mated by equidistant grids of “bars”, the length of which is 
determined by the surfaces of the workpiece. To achieve a 
greater accuracy, the grids in different coordinate directions 
are entangled [Ammermann 2017]. Since in turning pro-
cesses, the workpieces are rotationally symmetrical and the 
relevant cutting parameters have to be calculated per revo-
lution, a more efficient approach can be chosen by approx-
imating the workpiece as a row of equidistant “discs”, 
whose diameter is determined by the current surface of the 
workpiece. Similar to the conventional dexel model, the 
contact points between the dexel and the tool are identified 
and the diameter of the respective disc is changed accord-
ingly. The cut dexels are used to estimate the shape of the 
undeformed chip. The workpiece is discretised with a reso-
lution of 0.1 mm, while the time is discretised based on a 
2 ms time step. The material removal simulations were per-
formed on an Intel i7 9700 processor, where it took 30 
minutes each, including the export of the dexel data. The 
analysis was performed by MATLAB scripts. 

 

Fig. 7: Simulated shape of the uncut chip 

In Fig. 7 the result for the shape of the uncut chip for one 
exemplary simulation step is shown. Based on the contact 
points between the dexels and the tool, parameters of the 
undeformed chip can be defined and calculated. These are 
especially the cross-section of the undeformed chip A, the 
width of the undeformed chip b and the undeformed chip 
thickness h. The chip thickness is calculated based on the 
perpendicular to the cutting edge.  

 

Fig. 8: Simulated maximum undeformed chip thickness 

Fig. 8 shows the maximum undeformed chip thickness over 
the time. To allow a better comparison between the different 
measurements, the time is adjusted to the time of the meas-
urement at f = 0.5 mm. As expected, the shape shows a 
general similarity with the measured process forces, espe-
cially the cutting forces. It also clearly illustrates the idea of 
the enhanced trochoidial turning concept, where the tool 
path is optimized, to achieve a constant maximum unde-
formed chip thickness. It should be noted, that the slight 
changes in the simulated undeformed chip thickness be-
tween the distinct points of times might be caused by inac-
curacies due to the discretisation of the model and numeri-
cal uncertainties.  

 

Fig. 9: Average undeformed chip thickness 

The average undeformed chip thickness, which is shown in 
Fig. 9, is calculated as a weighted average based on the 
respective length of the cutting edge. Thus, the influence of 
the curved cutting edge can be taken into account, espe-
cially since the data for h is only available at the discrete 
cutting points of the cutting edge, which are equidistant on 
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the Z-axis. As expected, the average undeformed chip 
thickness follows the course of the maximum undeformed 
chip thickness shown before. As well, its course follows the 
measured cutting forces. 

 

Fig. 10: Simulated cross-section of the undeformed chip 

Similar to the maximum and average undeformed chip 
thickness, the cross-section of the undeformed chip, which 
is shown in Fig. 10, displays only little variation between the 
different cuts and remains constant during each cut. Notice-
able is the lower chip cross-section for the first cut, espe-
cially, when compared to the undeformed chip thickness, 
which is only slightly lower for the first cut. This might be 
explained by the optimization of the maximum undeformed 
chip thickness, whereby the cross-section of the unde-
formed chip is not considered.  

 

Fig. 11: Simulated minimum and maximum engaged cutting 
edge in φ 

As described before, the investigated process is based on 
an optimization towards a constant maximum cutting edge 
angle which depends on the cutting depth. Therefore, a 
nearly constant width of the undeformed chip is to be ex-
pected. Furthermore, nearly the same length of the cutting 

edge should be engaged. Since the process consists of 
cuts in various directions, the engaged area of the cutting 
edge should change permanently, while the length of the 
cutting edge engaged should remain virtually constant. For 
a round cutting insert, the engaged cutting edge can as well 
be described by the wrap angle. In Fig. 11 the wrap angle 
Δφ as well as the position of the engaged cutting edge, de-
scribed by the angular coordinates φmin and φmax, is dis-
played. As expected, the wrap angle remains largely con-
stant during the process. Regarding the position of the en-
gaged cutting edge, first of all the different directions of the 
different cuts and the usage of the cutting edge on both 
sides of the tool can be clearly seen. Furthermore, the en-
trance and exit movements of the tool can also be clearly 
seen in the changes of φmin and φmax at the beginning and 
end of each cut. With this, also the shifts between the forces 
in X and in Z-direction seen in the measurements can be 
explained. While in Fig. 3 the toolpath composition of 
smooth circular movements is nearly not recognisable, it 
can be clearly seen due to the constant changes of the po-
sition of the engaged cutting edge.  

In Fig. 12 the uncut chip forms for the time 19 s (tool entry) 
and 23 s (tool exit) of the reference process with a feed rate 
of 0.5 mm are shown. Here, the mentioned effect of the 
movement of the engaged part of the cutting edge during 
the process can be clearly seen. As expected, the uncut 
chip form for the different points of time is nearly the same, 
despite a rotation according to the respective direction of 
the feed.  

 

Fig. 12: Comparison of uncut chip shapes 
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4.2 Process force model 

 

Fig. 13: Direction of force components 

The used process force model is based on an approach in-
troduced in [Denkena 2019] and adapted to turning pro-
cesses: 

∫ 𝑻

𝑑𝐹𝑡

𝑑𝐹𝑎

𝑑𝐹𝑟
𝑺

= ∫ 𝑻 (

𝐾𝑡,𝑐 ∙ ℎ(𝑡) ∙ 𝑑𝑆 + 𝐾𝑡,𝑒 ∙ 𝑑𝑆

𝐾𝑎,𝑐 ∙ ℎ(𝑡) ∙ 𝑑𝑆 + 𝐾𝑎,𝑒 ∙ 𝑑𝑆

𝐾𝑟,𝑐 ∙ ℎ(𝑡) ∙ 𝑑𝑆 + 𝐾𝑟,𝑒 ∙ 𝑑𝑆

)
𝑺

= ∫

𝑑𝐹𝑥

𝑑𝐹𝑦

𝑑𝐹𝑧
𝑺

 (3) 

In this approach, the active cutting edge S is divided in in-
cremental elements dS. For each of these incremental ele-
ments, a local coordinate system is defined, as seen in Fig. 
13. With these local coordinate systems, the different orien-
tations of the cutting edge elements and thus the process 
forces are taken into account. To transform these forces, 
given in the respective local coordinate system, into the ma-
chine coordinate system, the transformation matrix T is 
used: 

𝑻 = (
sin(𝜑∗) 0 cos (𝜑∗)

0 1 0
−cos (𝜑∗) 0 sin(𝜑∗)

) (4) 

It should be noted that here the angle of the cutting edge is 
described as φ*, which is zero in the positive Z-axis, while 
the previous used φ is zero in the negative X-axis. 

The process force in the respective direction is derived from 
the force coefficients Kc and Ke. While Kc represents the 
shearing forces during cutting, which are influenced by 
both, the chip thickness and the length of the engaged cut-
ting edge, Ke represents the edge forces, which are influ-
enced by the length of the engaged cutting edge. [Altintas 
2012] 

To parametrize the model, a mechanistic approach instead 
of an oblique cutting model is chosen. This choice is due to 
the advantages of the mechanistic model mentioned above, 
especially the greater accuracy of the mechanistic model 
compared to the oblique cutting model. 

Since the force coefficients in this linear force model are 
independent from the cutting conditions, they can be ex-
cluded from the integral: 

∫

𝑑𝐹𝑥

𝑑𝐹𝑦

𝑑𝐹𝑧
𝑺

= (∫ 𝑻 ∙ ℎ(𝑡)
𝑆

𝑑𝑆) (

𝐾𝑡,𝑐

𝐾𝑎,𝑐

𝐾𝑟,𝑐

) + (∫ 𝑻 ∙
𝑆

𝑑𝑆) (

𝐾𝑡,𝑒

𝐾𝑎,𝑒

𝐾𝑟,𝑒

) (5) 

By using a numerical summation instead of an integration 
over the cutting edge, this can be written as the variable of 
the cutting parameters ci in the workpiece coordinate sys-
tem. The parameter ci is thereby the result of the transfor-
mation matrix, the undeformed chip thickness h and the in-
cremental cutting edge length dS. This can be written for 
each time step as: 

∑ 𝑐𝑖,𝑐(𝑡) ∙ 𝐾𝑖,𝑐

𝑖=𝑡,𝑟,𝑎

+ ∑ 𝑐𝑖,𝑒(𝑡) ∙ 𝐾𝑖,𝑒

𝑖=𝑡,𝑟,𝑎

= 𝑭𝒔𝒊𝒎(𝑡) = 𝑭𝒆𝒙𝒑 (6) 

Here Fexp are the measured process forces, which are used 

to calibrate the process force model.  

Based on this we have a linear system of equations with the 
six force coefficients Ki as unknown variables. Since the 
process force has three different components, two meas-
ured process forces with different feed rate are needed. 
Theoretically, the evaluation of a single rotation of the work-
piece would be sufficient. Because this would ignore statis-
tical uncertainties, like inhomogeneities in the material 
properties, small stochastic deflections of the tool or the sto-
chastic error of the measurement, the measurements are 
evaluated for multiple points of time.  

The equation system was solved using the feed rates of 
0.4 mm and 0.5 mm. Since the forces FX and FZ are hardly 
changing for the different investigated feed rates, it is im-
plied that the forces corresponding with h are primarily act-
ing in the direction of Fa. Especially the friction forces on the 
rake face, caused by an increasing h, are low. Due to this 
the factors Kt,c and Ka,c can be neglected. The resulting 
force coefficients are shown in Table 1. 

Table 1: Force coefficients 

Kt,c Ka,c Kr,c 

0 N/mm2 2613 N/mm2 0 N/mm2 

Kt,e Ka,e Kr,e 

-91.84 N/mm 58.04 N/mm 15.27 N/mm 

 

4.3 Validation 

To validate the derived model, the process forces of the ref-
erence process are calculated for a feed rate of 0.6 mm and 
compared with the measurement. As shown in Fig. 14, a 
quite accurate modelling of the process forces is possible. 
Especially the changes in the direction of the forces in X- 
und Z-direction, when entering into the workpiece or when 
exiting from the workpiece, can clearly be seen. 

Of interest is, that the modelled forces in Y-direction show 
a much closer match then the forces for X and Z. For this, 
the measurement method based on strain gauges has to be 
taken into account, which always includes a certain level of 
measurement noise independently from the load. Since 
only the strain part is measured, of course the absolute 
value of noise due to the strain gauges depends on the stiff-
ness of the spindle head. Even though, as mentioned 
above, the stiffness of the spindle head in X- and Z-direction 
is much lower than the stiffness in Y-direction, the meas-
ured forces in X and Z-direction are also much lower. There-
fore, the ratio between noise and desired force is much bet-
ter for Y than it is for X and Z. This effect is increased by 
the fact that the force coefficients are also based on meas-
urements with strain gauges. Thus, they are also disturbed 
by the stochastic error of the strain gauges.  

In general, the proposed model reflects the characteristics 
of the investigated process, e.g. behaviour during the tool 
entry and exit. Hereby, different uncut chip shapes occur, 
which are modelled by the simulation and applied to calcu-
late the forces. With this, the process characteristics (e.g. 
feed rate) can be optimized with respect to available spindle 
power, tool limits or maximum clamping forces. 
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Fig. 14: Comparision of simulated and measured process 
forces 

5 SUMMARY 

This article presents an approach for the modelling of pro-
cess forces of enhanced trochoidal turning processes. First, 
a reference process with the feed rate varied in three steps 
was conducted to gain insights on the process forces. 
Based on a material removal simulation, which is specially 
adapted for turning processes, a process force model 
based on the model introduced by Altintas is proposed. The 
model parameters of the process force model are calibrated 
with measurement data of the reference process. Further-
more, the model is validated by calculating the process 
forces for the reference process with a different feed rate. 
Measured and simulated process forces are in good agree-
ment. In further works, the model has to be expanded for 
different process parameters, like higher feed rates and 
other cutting speeds. Furthermore, other complex multiaxial 

turning processes and combinations of tools and materials 
should be investigated and implemented in the model. 
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