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Eberhard Abele • Sören Dietz • Andreas Schiffler

Received: 4 May 2009 / Accepted: 1 September 2009 / Published online: 7 October 2009

� German Academic Society for Production Engineering (WGP) 2009

Abstract In recent years the modeling of dynamic pro-

cesses in milling has become increasingly important

especially in the determination of process stability. In the

future the importance of these models will increase in order

to establish a virtual machine tool technology. In literature

several mathematical models are used for the prediction of

cutting forces assuming simplified dynamic (chatter free)

conditions. These models are based on different parameters

which are identified in various ways. The aim of this paper

is to improve the identification process for the coefficients

of a basic state of the art cutting model by using a

numerical optimization method. Based on this optimized

model, which reflects the measured cutting force chart

more precisely, dependencies of the cutting force para-

meters on the penetration angle are proven.

Keywords Machine tool � Cutting forces � Modelling �
Coefficient identification

1 Introduction

Nowadays mathematical cutting simulations are used in

every kind of cutting process. The prediction of cutting

forces is essential for the calculation of machine power and

torque. Furthermore it is used to perform a stability anal-

ysis or for selection of the right cutting tool [2]. These

calculations determine the material removal rate and

quality, as well as the decision of investing in a new

technology.

The basic structure of all these models can be

empirical, semi-empirical or analytical. The first empiri-

cal models have been identified by observations on the

turning process in the 1960s. These consist of constant

cutting coefficients which are identified in different ways.

At the attempt to use these models at a noncontinuous cut

during milling which implies a changing chip cross sec-

tion during a single cut, researchers found out, that the

model does not fit precisely [9]. Based on these results

the characteristics during turning at different cutting

depths (cross sections) were analyzed [6]. The innovation

of high speed milling shifted the focus of research

towards the determination of stability limits (HSC-Mill-

ing). For most of those applications a simplified model is

used because it provides acceptable results at a tolerable

computing time [1].

Researchers spent time consuming studies on all kind of

different effects in milling. Nevertheless it’s not sure if the

feed rate effects the stability of the cut at low feed rates and

respectively circular tooth paths [3, 5]. This paper presents

a study dealing with the basic structure of the most com-

mon cutting force equations of Altintaş [3], Faassen [5],

Kienzle [9], Stépán [8] and Weck [10].

In order to guarantee the usability of the presented

approach a linear state of the art model is used. The linear

structure assures the applicability on computation of sta-

bility lobes. On the other hand it is not as precise as an

nonlinear equation regarding the identification of the cut-

ting force parameters. In order to compensate the usage of

a linear model an extended precise cutting force parameter

identification method has been implemented. The exact

characteristic chart was determined by using a special

experimental setup. So the influence of the penetration

angle on the specific cutting force parameters has been

analyzed.

E. Abele (&) � S. Dietz � A. Schiffler

PTW TU Darmstadt, Darmstadt, Germany

e-mail: abele@ptw.tu-darmstadt.de

123

Prod. Eng. Res. Devel. (2009) 3:483–487

DOI 10.1007/s11740-009-0170-4



2 Cutting force prediction based on existing theories

All common models for cutting force prediction, except for

FEM analysis, are based on the theory of orthogonal cut-

ting conditions and plain stresses as described in [4]. As a

consequence of these assumptions the particular mechani-

cal power used for the cutting process Wc has to be pro-

portional to the material removal rate Vc. This can be

derived by the product of cutting depths ap, chip thickness

h and cutting speed vc. The proportional gain is defined by

constants known as cutting coefficients kc which can be

identified by the relation of cutting Forces Fc over chip

geometry ap, h [4]

kc ¼
Wc

Vc
¼ Fcvc

ap h vc
¼ Fc

aph
: ð1Þ

The common definition of undeformed chip thickness

h(t) is considered to be a time-dependent sum of static and

dynamic terms [5], whereas static implicates a dependency

on the feed per tooth and penetration angle only.

hjðtÞ ¼ hj;statðtÞ þ hj;dynðtÞ ð2Þ

The index j indicates the cutting tooth number. The

dynamic part hj,dyn results in relative vibrations between

cutter and workpiece, which is the leading term at the

occurrence of unstable cutting conditions. In the assumed

case of steady and stable cutting conditions the chip

thickness hj(t) is always equal the static term hjðtÞ ¼
hj;statðtÞ8t at all presented results.

Due to the low feed rate a circular tool path which

results in a sinusoidal chip thickness hj;stat ¼ fzsin/ can be

considered [5]. For simplification the resulting cutting

force Fc acting on a flute of the cutter can be split by using

a coordinate system which is fixed to the cutter and consists

of the radial Frc and tangential Ftc direction. The level of

axial forces has been insignificant and therefore neglected.

The basic structure of all mechanistic models can be

written as follows [5]:

Frc ¼ krcap hxf ðtÞ þ kre

Ftc ¼ ktcap hxf ðtÞ þ kte:
ð3Þ

For different approaches these equations differ in the

usage of edge coefficients kre, kte and the exponential term

xf presented in Table 1.

Like mentioned before the analyses of a stable cut can

considerable vary among the different models even if using

only static terms. At a comparison of the radial and tan-

gential forces, the variation can easily be of a factor of ten

[7]. All models presented in Table 1 are applied with a

common set of cutting force coefficients ktc = 1,391

N/mm2, krc = 789 N/mm2, kte = 20 N, kre = 27 N, xf =

0.7 to create the corresponding trend which is shown in

Fig. 1. This result demonstrates the importance of the

parameter identification method which is different for each

model.

The first model of Weck corresponds to Eq. 1. Altintaş

extended the existing formula by an edge force coefficient

which mainly represents friction for h(t) = 0 and changes

the entry and exit level of the simulated cutting forces. The

following non linear models provide an additional possi-

bility to adjust the equation. Stépán and Faassen are using

an exponential factor xf \ 1 which increases the force at a

small chip thickness to obtain a improved consistency in

these zones. Faassen extended this cutting force prediction

by adding the edge coefficients introduced by Altintaş,

which assumes an unaccounted change of the cutting forces

at the start and end of the cut.

The oldest model introduced by Kienzle [9] is based on

empirical data. It consists of changing cutting force coef-

ficients depending on different immersion zones. At one

full immersion cut the chip thickness will vary from zero

thickness to maximum and back to zero. Kienzle is split-

ting up one immersion into three sections of different chip

thickness. Thereby it consist of sets of coefficients for thin,

medium and thick chips descripted in [10].

With regards to applicability the linear model of Alti-

ntaş has been combined with a novel concept of variable

cutting force coefficients.

Table 1 Parameters for different approaches for model (3)

Altintaş [3] kre [ 0 kte [ 0 xf = 1

Faassen [5] kre [ 0 kte [ 0 xf \ 1

Stépán [8] kre = 0 kte = 0 xf \ 1

Weck [10] kre = 0 kte = 0 xf = 1 Fig. 1 Comparison of different approaches for (3) transformed into

workpiece fixed coordinates
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3 Experimental setup

In order to determine the specific cutting coefficients three

things have to be paid special attention to in order to per-

form precise cutting experiments. Firstly the cut itself must

be stable and free of any major disturbances. Secondly the

tool must be in perfect conditions in order to guarantee a

valid cutting force trend. The third objective is an experi-

mental setup which contains of a precise measurement

device for cutting forces and process parameters with a

special interest on the immersion angle.

Two commonly used materials (steel ck-45 and alumi-

num alloy Al–Cu–Mg) identical in shape are milled to

assure the transferability of the results and provide the base

for detailed analysis of the thin chip sector.

The experiments have been carried out on a ‘‘Grob-BZ

500’’ high speed milling machine which is equipped by a

motor spindle. Its maximum power is 15 kW and the

maximum speed is 15,000 rpm. The tool used is a Sand-

vik/Coromant carbit face mill insert with a standard 90�
edge angle mounted on a CoroMill-Century 590 at 50 mm

diameter. In high performance cutting the feed per tooth is

raised to maximal values which results in a trochoidal tool

path [5] and the potential of self excited vibrations raises.

Yet another reason to limit the cutting speed is the

restricted bandwidth caused by the force measurement

device. Because of this the full slot milling test

(ae = 50 mm) was carried out at a cutting speed range of

100–214 m/min. The material removal rate (MRR) was

limited by the chosen depth of cut (ap = 0.5–1 mm) and

the feed per tooth (fz = 0.1–0.2 mm).

In order to calculate the radial and tangential forces

from the measured forces in feed and feed normal direction

a tool equipped by only one cutting insert has been used.

The usage of a single cutting edge provides great advan-

tages. Primarily the cutting teeth which are not in cut

cannot cause any force-error because of different cutting

depts ap [5]. Secondary a decay of mechanical vibrations at

the non cutting partial revolution was observed.

By means of the special equipment used precise mea-

sured process data has been recorded. For the measurement

of cutting forces a well known Kistler dynamometer type

9257A has been used. The possible error caused by the

vertical mounted dynamometer was neglected because of

the small height of the work piece in z-direction (see Fig. 2).

Additionally the experimental setup consists of a very

accurate measurement system for the rotation angle /.

Therefore an inhouse designed sensor has been mounted at

the spindle head (see Fig. 2). This proximity sensor detects

the position of the single cutting edge by a change in the

signal state at a fix angular position for every revolution.

The signal-peak is aligned with the cutting edge and

therefore detects the point of the theoretical start of cut at

every immersion. Also this position will be aligned with the

internal angular measurement system of the spindle unit to

acquire the present rotation angle / at every sample point.

The spindle speed was measured during cutting and

assumed to be constant due to the maximum over all

variation of less than 1%.

4 Identification process

First of all the identification of the cutting force parameters

(3) starts by a transformation of the measured cutting for-

ces Fx and Fy aligned with the workpiece into the rotating

coordinate system fixed to the cutting tool. The transfor-

mation uses the measured angle / and results in the forces

F�r
F�t

� �
¼ cosð/Þ sinð/Þ

sinð/Þ � cosð/Þ

� �
Fx

Fy

� �
: ð4Þ

The data recorded for several revolutions were used to

generate an averaged revolution by sorting the force

samples according to the immersion angle /. This was

done because of the accurate knowledge of the measured

and aligned immersion angle like descripted above in Sect.

3. For the identification of the coefficients according to (3)

we can define the model error for each sample

e ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Fr � F�r
� �2þ Ft � F�t

� �2
q

ð5Þ

and

Frc ¼ krcap fz sinð/Þ þ kre

Ftc ¼ ktcap fz sinð/Þ þ kte

In [3] the identification of the cutting force coefficients

is done by using the averaged forces �F�r ; �F�t which result of

Fig. 2 Setup with dynamometer, coordinate system, cutting edge

detection sensor
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the integration with respect to the angle /. This approach

makes use of every sample point to perform a least square

minimization of the error e in h ¼ ½ktc krc kte kre�T. In Fig. 3

the results for these two methods are presented by using

data of one cutting experiment (CK45, ap = 1 mm, fz =

0.2 mm, n = 1,000 min-1). Figure 3 shows the measured

forces, estimated forces and the error normalized at the

peak force.

5 Dependence of cutting force to penetration angle /

Based on precise measured force charts and an accurate

identification of the cutting force parameters we are now

reducing the minimized error using least square sense e (5)

by analysing its variation in respect to the immersion angle.

At this approach only the main cutting force parameters krc

and ktc are analysed because these are directly linked to the

chip thickness h(t) (3). Figure 4 presents the radial and

tangential force error normalized to the maximum of the

measured cutting force. Furthermore all cutting tests car-

ried out present a similar error trend. Always the minimal

error is located at / = p/2; h = fz at full slot milling tests.

This is indicating the angular position of the highest cutting

force level. That’s caused by the least square identification

process which attempts to approximate this particular

section as good as possible in order to reduce the resulting

local high force error.

The analysis of the model error for several experiments

lead to the approach of an increasing respectively

decreasing of the specific cutting force function depending

on the angle /. Therefore a weightening function is pro-

posed by the authors.

wð/Þ ¼ p tan /� p
2

� �
ð6Þ

This weightening function has been established which is

multiplied by the already identified cutting force constants

to create a specific cutting force function for each of the

main constants. The factor p is chosen to the half of the

maximum error p = 0.1 = 10%. The resulting

equations for the radial and tangential force model are

Fr ¼ ktcð1þ wÞ fz sinð/Þ þ Kte

¼ ktc fz sinð/Þ � p cosð/Þð Þ þ Kte

Ft ¼ krcð1� wÞ fz sinð/Þ þ Kre

¼ krc fz sinð/Þ þ p cosð/Þð Þ þ Kre

ð7Þ

The weightening function w(/) was empirical modified

at its percentual effect on the parameter p at the specific

cutting force function and adjusted for two different

materials. For an appropriate approach p is identified to

be less than 0.2.

Figure 4 presents the result after applying the weigh-

tening function on the cutting force coefficients. By using

an extended identification method the error can be reduced

at all angular position as seen in Fig. 3. On basis of the

Fig. 3 Identification results for two different methods compared to

measured data (coordinates fixed at workpiece)

Fig. 4 Forces over / in tooth fixed coordinates. Forces are fitted with

and without novel weightening function w
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introduced weightening function w defined in (6) the error

could be reduced significantly Fig. 4.

6 Outlook

The approach presented in this article is based on a state of

the art milling model which was extended by a different

identification method using the instantaneous chip thick-

ness. This method requires only one cutting test at a fixed

feed rate and provides better results in terms of the average

error.

Furthermore a set of milling tests were carried out by

using a very precise configuration for the determination of

the rotation angle which enables an immersion angle

depending variation of specific cutting coefficients. By

using a variation gradient similar to the chip thickness

variation a better result for the cutting force estimation has

been established.

Further research has to be done on the verification of the

presented results in various cutting test at different radial

and axial depth of cut. At such experiments the accurate

correlation of specific cutting force function and immersion

angle has to be the focus. For this reason the tooth entry

and exit area has to be analyzed because of its huge vari-

ation in chip thickness.
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