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Abstract 

The paper presents determination of dynamic cutting force coefficients by direct measurements of instantaneous cutting forces during vibratory 
cutting. The method exploits a special test rig consisting of a dynamometer supported by flat springs. The dynamometer with the cutting tool 
vibrates in the feed direction during orthogonal cutting. The measurements of the dynamometer acceleration allow elimination of the inertial 
forces influence on the feed force measurements. Thus, a direct measurement of instantaneous cutting force, uncut chip thickness and vibration 
speed allows determination of the dynamic cutting force coefficients dependence on cutting conditions and the tool wear. 
© 2016 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the International Scientific Committee of “10th CIRP ICME Conference". 
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1. Introduction 

Self-excited vibrations or chatter is a negative 
phenomenon, causing, among others, a significant 
deterioration in the quality of machined surfaces, rapid tool 
wear as well as the machine itself [1,2,3]. The most common 
way to avoid those vibrations, is the selection of cutting 
parameters, taking into account the previously calculated 
stability limit. The basic inputs for such calculations are the 
dynamic characteristics of the cutting process and a transfer 
function of the machine-tool-workpiece system (FRF). 
Characteristic of the machining process is defined as the 
dependence of dynamic cutting forces on the variation of 
cutting conditions caused by the self-excited vibration. The 
most important, most often taken into account are (see Fig. 1): 
 inner modulation of uncut chip thickness caused by 

relative displacement between the workpiece and the tool 
(in the direction r perpendicular to the cutting speed vc) rt 
and outer modulation of the uncut chip thickness caused by  
waves on the workpiece surface created in the previous 
passage rT. 

 velocity of vibrations in direction r: rt’ which causes 
interference of the tool flank surface and machining 
surface and indentation of the machined material. 

 

Fig. 1. Changes of cutting conditions caused by chatter, which influences the 
dynamic cutting forces [10] 

Thus instantaneous cutting fores under vibratory cutting 
can be described as: 

)'()(00 trcrkrrdrr rFhFFFFF    (1) 

)'()(00 ttctkttdtt rFhFFFFF   (2) 

Ttd rrhhhh 00   (3) 
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where: 
Fr0, Frd – static and dynamic radial cutting  force,  
Ft0, Ftd  – static and dynamic tangential cutting  force, 
Frk, Ftk  – stiffness components of the dynamic cutting forces 
dependent on the instantaneous uncut chip thickness h,  
Frc, Ftc  – damping components of the dynamic cutting forces, 
dependent on the of vibration velocity vc, 
h, h0,  hd – instantaneous, static (nominal) and dynamic uncut 
chip thickness, 
rt=r(t)  – inner modulation of uncut chip thickness , 
rT=r(t-T)  – outer modulation of uncut chip thickness, 
rt’ – vibration velocity in the uncut chip thickness direction, 
T  – time between subsequent passes of the tool. 

 
The most commonly used model of the cutting process is a 

simple linear Altintas model [2,4] where the components of 
dynamic cutting forces are proportional to the uncut chip 
thickness: 

drdrrd bhkhKF ,                dtdttd bhkhKF    (4) 

where: 
Kr,Kt   [N/mm] –stiffness coefficients of the cutting forces, 
kr,kt   [N/mm2] – specific stiffness coefficients of the cutting 
forces, related to 1 mm of width of cut, 
b  – width of cut. 

The cutting force coefficients are usually based on the 
steady-state machining process [2,4,5,6]. This approach is 
sufficient for turning, when the nominal uncut chip thickness 
h0 is constant. 

Since the beginning of the research on self-excited 
vibrations it was noted that the dumping process has a 
significant impact on the machining stability, in particular at 
low cutting speeds [7]. Despite the fact that penetration of the 
tool into the wavy workpiece surface occurs only when the 
tool moves towards the workpiece (rt’<0), in most 
publications the damping effect was averaged. Moreover, 
some authors insist that the damping effect depends not only 
of tool flank indentation into the workpiece, but also on 
changes of cutting direction ve (see Fig. 1) and rake and flank 
angle changes [5, 6]. Taking this into account leads to the 
relations describing the dynamic cutting forces in the form of 
[1,8,9]:  

)'(' trdrtrdrrd rchkbrChKF  (5)   

)'(' ttdtttdttd rchkbrChKF  (6) 

where: 
Cr,Ct  [Ns/mm] – damping coefficients of the cutting , 
cr,ct  [Ns/mm2]  – specific damping coefficients of the cutting 
forces related to 1 mm of the width of cut. 

This paper presents the experimental determination of 
cutting force coefficients by direct measurements of cutting 
forces during the orthogonal vibratory turning of steel. It 
allows for evaluation of the dynamic parts of cutting forces 
dependant on uncut chip thickness and the vibration velocity 
caused by self-excited vibrations. This method is based on the 
use of elastically supported dynamometer, which vibrates 
with the tool [10]. Preliminary results of applying the method 
based on free vibrations (without chatter) are presented in 
[11]. Here a description of improved method and results of 

applying it for measuring the cutting forces during vibratory 
orthogonal cutting of steel is presented. 

2. Direct cutting force measurement during vibratory 
cutting 

The new method of dynamic cutting force coefficient 
identification is based on direct measurement of the cutting 
forces during the actual chatter (see Fig. 2). The cutting tool is 
rigidly fixed to the dynamometer supported by flexible 
elements. Thus the dynamometer directly measures the 
cutting forces acting on the tool under vibratory changes of 
uncut chip thickness and the tool geometry. The measuring 
device consists of two plates (top and bottom) connected by 
two flat springs. They ensure that the stiffness of the system 
in x direction is much lower than in other directions and the 
system can be considered as 1DOF. 

 

Fig. 2. The concept of the device for measurements of the dynamic 
components of the cutting forces [10] 

As the dynamometer vibrates, the signal obtained from it 
Fx is proportional to the external (cutting) force Fr and inertial 
force Fa. The force Fa is proportional to the mass m of the 
upper part of the dynamometer and elements mounted on top 
of it and acceleration of this mass x”: 

"mxFFFF rarx ,           (7) 

The modal mass m might be calculated from the signal 
obtained during free vibration of the system, when only 
inertial force acts on the dynamometer sensors without any 
external force.  

In Fig. 3a signals obtained after a hit of the modal hammer 
without any other influences. As can be seen there, the 
reconstructed external force Fr is equal to measured modal 
hammer force Fh which validates the method. In Fig. 3b there 
are signals obtained after a hit of the modal hammer during 
cutting, thus here reconstructed external force is cutting force 
Fr acting on the tool during vibratory cutting. The same 
methodology was used for tangential force Ft in spite 
acceleration in the z direction was much smaller. 

3. Experimental setup 

The test rig being the actual realization of the concept is 
presented in Fig. 4. The 3-axial dynamometer Kistler 9257BA 
mounted on the top plate enables measurement of the radial 
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Fig. 3. Signals obtained after a hit of the modal hammer, a) without other 
influence, b) during cutting. Fx - measured signal, Fh - modal hammer signal, 

x” –acceleration, Fa - inertial force, Fr reconstructed external force.  

force Fr and tangential force Ft acting on the tool fixed to the 
top surface of the dynamometer. 3-axial accelerometer Kistler 
8763A50 it is also fixed on the top of the dynamometer. 
Contactless capacitive displacement sensor Lion Precision 
C23-C rigidly mounted to the base is used for measuring the 
displacements of the dynamometer and the tool. The 
experiments were conducted using the conventional TUD 50 
machine tool additionally equipped with the E2/CPPC 
encoder (150 pulse/rev.) mounted on the spindle. The signal 
from encoder allow for precise identification of the external 
modulation. The CTGPR2525 cutting tool with the TPGN 
160304 inserts, type 1025 (cemented carbide TiAlN PVD 
coated) was used for semi orthogonal cutting. 

 

 

Fig. 4. Device for measurements of the dynamic components of the cutting 
forces mounted on the lathe 

The tool geometry was: r = 90°, o = 5°, o = 6° 
r =0.4mm. The workpiece was steel C45. The depth of cut 
ap=2.5mm was applied with the feed f=0.08mm/rev and the 
cutting speeds: vc=40, 60, 80, 100, 120, 140, 160, 180, 200, 
220, 240m/min.. The experiments were carried out using the 
fresh, unworn tool, thus the tool wear was so small that it did 
not influence the measured values and can be neglected.   

4. Experimental results and discussion 

Examples of the radial force signals obtained during 
chatter are presented in Fig. 5. The registered dynamometer 
signal Fx (black line, Fig. 5a) consist of both cutting force 
signal in r direction (radial force Fr) and inertial force. The 
actual, reconstructed Fr force is shown in Fig. 5b with a red 
line. Bellow (Fig 5c) small part of both signals are shown in 
the moment, when the amplitude of chatter vibration is very 
high. The inner modulation crosses the outer modulation (see 
Fig. 1), so the tool leaves the workpiece momentarily so the 
instantaneous uncut chip thickness h and the Fr force drop to 
zero. 

 

 

Fig. 5. Example of the radial force reconstruction for vc=160m/min: Fx (a);  
converted to Fr (b) zoomed Fx and Fr (c). 

Dynamic cutting coefficients were determined from those 
parts of the signal, were tool did not jump out of the 
workpiece, e.g. at about 2 second in Fig. 5. The dependence 
of the radial force Fr on uncut chip thickness is presented in 
Figure 6a with a red line. The plot creates a closed loop which 
confirms existing of damping component of the force. The 
stiffness and damping coefficients were evaluated using linear 
regression and equation: 

'0 trdrrr rChKFF            (8) 

Now the stiffness component of the cutting force can be 
evaluated as Fr – Crrt’ (a dashed line in Fig. 6a) or Fr0+Krh 
(blue line in Fig. 6a). It can be seen there, that both 
evaluations are close one to each other. In the same way the 
damping forces can be evaluated as as Fr – Fr0 – Krh (a dashed 
line in Fig. 6b) or Crrt’ (green line in Fig. 6b).  
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Fig. 6. Determination of dynamic cutting coefficients based on direct 
measurement of cutting forces in vibratory cutting, here vc=160m/min. 

The same procedure was applied to tangential force, for all 
cutting speeds. All measurements were repeated three times, 
and average values are summarized in Fig 7.  
 

 

Fig. 7. Dynamic cutting force coefficients depenance on cutting speed. 

5. Conclusions 

Presented results prove that the developed method of direct 
measurement of the cutting forces during vibratory cutting 
can be applied for the experimental determination of the 
cutting forces dependence on cutting condition changes. In 
spite the simple, linear model of dynamic cutting coefficients 
(equation 5 and 6) was applied here, as it appeared to be 
sufficient enough for the example presented in Fig. 6, there 
are no any limitations for application any other model, better 
suited for another case.  
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