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Chapter 13    
Numerical Computation Methods for Modeling 
the Phenomenon of Tool Extraction 

B. Denkena, E.P. Stephan, M. Maischak, D. Heinisch, and M. Andres 

Abstract. Tool extraction is a phenomenon, where the end mill slips out of the 
shrink-fit chuck in axial direction during the cutting process. This leads to severe 
damage of the workpiece, the tool and in some cases even the machine spindle. So 
far, this is an unexplained problem with no repeatability. In this article, experi-
mental investigations such as scanning electron microscopy (SEM) and residual 
stress measurements on the clamping surface of shrink-fit chucks affected by tool 
extraction are presented. Furthermore, results from experiments on a special test-
rig and a mathematical approach, which aims at the prediction of failures due to 
Process Machine Interaction, are described. Within the mathematical approach, a 
finite element model of the tool and the tool holder is linked with a cutting force 
simulation. The dynamic behavior of the spindle is determined by frequency re-
sponse function measurements. From these measurements, a modal model is de-
duced and coupled with the finite element model of the tool holder. The presented 
mathematical model is used to compute the resulting stresses in the interface of 
those components due to process forces.  

13.1   Introduction 

Thermal shrink-fit tool holders are widely used in high speed (HSC) and high per-
formance cutting (HPC), where high torque transmission and excellent concentric-
ity is required [1]. The clamping mechanism of shrink-fit chucks is based on an  
interference fit between the chuck and the tool shank. By heating up the chuck, 
typically by a high-frequency inductor, the inner diameter extends and the tool can 
be fed into it. At cooling down, the chuck reverts to its original size and thus 
clamps the tool. In comparison to other tool holders the clamping forces of shrink-
fit chucks are very high and concentricity typically is below 3 µm at 3 times the 
tool diameter. Hence, especially for HSC milling operations, where spindle speeds 
exceed 10,000 rpm, shrink-fit tool holders are commonly used due to the simplici-
ty of the tool holder’s design, which contributes to its balance. There are no 
clamping mechanisms, which have to be counterbalanced (Fig. 13.1) [2].  

Analytical dimensioning of shrink-fits can be found in DIN 7190 [3], which is 
adequate for calculating the main parameters such as the joint pressure and the re-
quired interference depending on the intended loads. Rondé [4] performed  
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extensive experimental investigations on thermal shrink fit holders and developed 
analytical approaches for the calculation of transferable forces and the deforma-
tion behavior of collet chucks. Furthermore, he pointed out that shrink-fit chucks 
are excellent for transferring the highest torque compared to the other investigated 
collet chucks and are therefore well-suited for HSC and HPC. 

 

 

Fig. 13.1 Shrink-fit tool holder Ø 16 mm [Schunk] 

Tool extraction is a phenomenon, where the end mill slips out of the shrink-fit 
chuck during the cutting process, which leads to severe damage of the workpiece, 
the tool and in some cases even the spindle [5, 6]. There is also the risk of injury 
to the worker by splintering parts. Tool extraction is a problem mainly reported 
from high speed or high performance cutting [7].  

 

 

Fig. 13.2 Extracted milling cutter 

Figure 13.2 shows a milling cutter, which slipped out of the shrink-fit chuck 
and broke off during high speed milling of aluminum. From reported cases it is 
known that an extraction of several millimeters sometimes occurs after only a few 
minutes of operating time. In other cases, shrink-fit malfunction appeared after 
months of operation. Until now, no specific repeated pattern has been recognized. 
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The appearance of tool extraction can also not be connected to obvious chatter vi-
brations. Furthermore, there are no obvious faults related to the shrinking process. 

Hence, the cause of this phenomenon is presently unknown but it is legitimately 
assumed that it is an effect from the interaction of the cutting process and the 
tool/tool holder/spindle dynamics. Thus, for investigating the phenomenon of tool 
extraction the dynamic behavior of the spindle as well as the milling process have 
to be considered. 

Solution Approach   

The objective is the comprehension and subsequently the prediction of critical 
machining conditions (see Fig. 13.3). Therefore, after analyzing damage cases, the 
phenomenon is analyzed by creating a simulation model of the tool and the shrink-
fit holder. This model enables the transient calculation of the stresses in the con-
tact zone between the tool shank and the holder’s clamping bore. The interaction 
with the cutting process and the spindle dynamics is performed by coupling the 
tool/tool holder model with a cutting force calculation on one side and a dynamic 
model of the spindle on the other side. 
 

 
 

Fig. 13.3 Solution approach 

Supplementary to the simulations, experimental investigations are performed. 
Shrink-fit holders and tools from damage cases are analyzed. Experiments for the 
verification of the simulation models are carried out, and test series on a test rig 
are conducted to reproduce the phenomenon of tool extraction. The comprehen-
sion as to which circumstances make the interface between the tool and the tool 
holder fail enables the prediction of critical machining conditions.  
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The next section presents selected damage cases and shows results from ana-
lyses of the accordant shrink-fit holders. Furthermore, the test-rig for reproducing 
the tool extraction experimentally is described as well as results from those expe-
riments. Subsequently, the simulation model of the tool and the tool holder is in-
troduced, followed by simulation results and a short summary.  

13.2   Experimental Investigations 

As the phenomenon of tool extraction is not yet known in detail, the analysis of 
damage cases may help to understand the interaction between the tool shank and 
the tool holder’s clamping surface. In this section, two damage cases are de-
scribed, where tool extraction occurred. Furthermore, the clamping surface of sev-
eral shrink-fit tool holders subjected to tool extraction has been analyzed and the 
results are discussed here. Finally, a test-rig for reproducing tool extraction under 
pre-determined conditions is shown and results are presented. 

13.2.1   Damage Cases 

The following damage cases occurred at high speed milling of aluminum work-
pieces for aerospace parts. In aerospace industry, integral components made from 
aluminum are widely used. To avoid joints those parts are manufactured from sol-
id blocks. The advantage is the optimal usage of the material properties at a mini-
mum weight. As integral components typically have a material removal rate of 
more than 95 %, high cutting speeds and feed rates are required for economic cut-
ting processes. In those high speed cutting processes tool extraction is a known 
problem and leads to severe damage, not only to the tool and the workpiece but in 
some cases also to the spindle and, thus, causes a significant economic loss. 
Figure 13.4 shows a workpiece of Al7075, where the tool, a Ø25 mm serrated end 
mill, slipped out of the holder by 5 mm at a revolution speed of 16,000 rpm and a 
feed rate of 21 m/min. The depth of cut was continuously increased by a 5°-angled 
tool path at 15 mm width of cut. At the corner, where the direction of feed changes 
by 90 degrees and an increase of the immersion angle occurs, the cutter started to 
move out of the shrink-fit holder in axial direction. After approximately 30 mm 
the cutting forces exceeded the material limits and the tool broke off. The marks 
on the workpiece right before the point of process interruption indicated severe vi-
brations of the tool. At that point, the end mill had slipped out of the shrink-fit 
holder by approximately 5 mm. 

In contradiction to the previous case, the tool damage described in the follow-
ing occurred at high performance cutting of titanium during a test series. As 
shown in Figure 13.5, the workpiece was machined by slot milling with an overlap 
of 17 mm with a Ø25 mm three-edged end mill. The depth of cut was 50 mm at a 
spindle speed of 636 rpm and a feed rate of 0.15 mm per tooth. 
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Fig. 13.4 Aluminum workpiece subjected to tool extraction  

 

 

Fig. 13.5 Tool extraction at titanium workpiece and broken tool with tool holder 

As titanium is a high-tensile material, machining is carried out at comparatively 
slow cutting speeds and the cutting forces are much higher compared to the ma-
chining of aluminum. In this case, a reinforced shrink-fit holder with a wall thick-
ness of 17 mm was used. The interference of the tool shank and the holder is 
24 µm and thus lies within the tolerance compared to other shrink-fit holders. 
Measurements with a tri-axial dynamometer mounted between the workpiece re-
vealed that process forces were increasing from line to line due to increasing wear 
of the cutting edges. 

13.2.2   Analysis of Shrink-Fit Chucks Subjected to Damage 

In order to investigate the causes of tool extraction, shrink-fit holders from several 
damage cases were analyzed by geometry measurements, scanning electron mi-
croscopy (SEM), residual stress measurements, hardness testing as well as surface 
and roughness measurements. For comparison, new and normally used tool hold-
ers were also analyzed in the same manner. Measurements of the interference be-
tween tool shank and the holder’s clamping bore showed that the tool holders in 
the damage cases do not have significant lower interference fits than other holders. 
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The subsequent analyses concentrated on the clamping surface of the shrink-fit 
holders. Therefore, the holders were serrated into smaller parts as shown in Figure 
13.6 in order to gain access to the clamping surface. With these parts surface mea-
surements at different positions were performed using SEM. Moreover, measure-
ments of the residual stresses in the clamping surface were performed at the five 
axially-ordered spots designated in Figure 13.6. 

 

 

Fig. 13.6 Shrink-fit holder subjected to tool extraction  

 
With an X-ray diffractometer of the type GE XRD 3000 P the stresses were 

measured in axial (x) and circumferential (y) direction. For the presented data, 
damaged shrink-fit chucks with different tool diameters were analyzed. The re-
sults were compared to new shrink-fit chucks and to those already subjected to 
several clamping cycles. 

Figure 13.7 shows the mean values of the residual stresses divided into three 
groups. New shrink-fit chucks, those subjected to several clamping cycles for ref-
erence and holders from damage cases. Subdivided by circumferential and axial 
direction, mean values for each of the three groups were calculated and related to 
the mean stresses of the new shrink holders. 

The mean stress amplitudes proved that – compared to the new and normal-
lyused – the residual stresses in holders affected by tool extraction are significant-
ly higher than in new or normally used chucks. Especially in the circumferential 
direction, the residual stresses increased at a higher percentage than in axial direc-
tion. This indicates that the material properties in the clamping surface are not  
only affected in axial direction when tool extraction occurs but rather in circumfe-
rential direction. 
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Fig. 13.7 Measurements of residual stress in clamping surfaces  

Thus, with the help of SEM measurements the clamping surface is further in-
vestigated. In Figure 13.8 a) a section of the clamping surface of a shrink-fit chuck 
being used for several clamping cycles without tool extraction is shown. On the 
surface, the grinding grooves from the manufacturing process can clearly be iden-
tified in circumferential direction. Moreover, the surface is flattened due to the 
previously applied clamping pressure.  

The bright marks on the clamping surface of the shrink-fit chuck in Figure 13.8 
b), which was subjected to tool extraction, corroborate the theory of the tool shank 
revolving and flexing in the clamping bore and piece-wise slipping in the axial di-
rection. 

 

Fig. 13.8 SEM measurement of new and damaged clamping surface   
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Thus, neglecting thermal effects so far, it seems that not only axial slipping be-
tween tool shank and shrink-fit chuck but rather circumferential slipping is a main 
phenomenon when tool extraction occurs. Hence, it is assumed that, due to dy-
namic interaction between the tool and the workpiece, tool extraction is a combi-
nation of axial and circumferential slipping. Once static friction is lost, axial force 
induced by the right-handed helix angle of the milling cutter leads to a relative  
axial movement. 

13.2.3   Experimental Investigations on Test Rig 

In order to experimentally determine the dynamic conditions, which lead to tool 
extraction, a special test-rig has been designed and built up (Fig. 13.9). With this 
test-rig, different tool holders can be exposed to dynamic loads at revolution 
speeds of up to 20,000 rpm. The tool holder is mounted on a conventional milling 
spindle and a carbide cylinder is clamped in the holder as a dummy tool. The car-
bide cylinder itself is connected to a rotor shaft designed for transferring the loads 
to the tool/tool holder interface. The loads are applied via electromagnetic actua-
tors in radial and axial direction. With a second milling spindle, connected by an 
axially-elastic clutch, torque loads can also be applied. The displacement of the ro-
tor shaft is measured at the radial lamination core in radial and axial direction with 
five eddy current sensors. The rotational displacement between tool and tool hold-
er is measured via rotary-pulse generators in the spindles. The test-rig is controlled 
via a rapid prototyping system, which allows fully-automated operation and the 
deterministic application of harmonic and non-harmonic load spectra.  

 

 

Fig. 13.9 Spindle test-rig at IFW  
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More than 100,000 tests were performed with diameter 12 and 16 mm tool-
tool-holder combinations at usual interference fits. However, test results showed 
that dynamic loads applicable by the test-rig are too low to enforce shrink-fit fail-
ures in terms of relative axial or rotational displacement of tool shaft and tool-
holder. This might not only be explained by the forces but also by differences in 
the structural dynamic behavior of the tool/tool holder/spindle assembly in the 
test-rig compared with that in a cutting process. Thus, widened shrink-fit chucks 
were used for further tests. At these chucks, the clamping bore was previously wi-
dened by honing. With this process, the cylindricity and surface quality of the 
clamping bore are only minimally affected as honing is also the finishing process 
in the production of shrink-fit chucks.  

In the following, results from tests with widened shrink-fit chucks with a no-
minal diameter of 16 mm are presented. In these tests, tool extraction occurred 
under several dynamic loads. The parameters defining the dynamic load are ampli-
tudes of radial and axial force, excitation frequency and torque. The loads in radial 
(Fr(t)) and axial (Fa(t)) direction are then defined as a harmonic function: 

 
( ) ( ) ( )
( ) ( )
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sin 2 sin 2
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The torsional load is defined as constant (M). The interference-fit as a parameter is 
induced by using shrink-fit chucks with different widening. Furthermore, proper-
ties of the clamping bore have to be considered, such as cylindricity, surface 
roughness and the coefficient of friction between tool shank and clamping surface. 
During the tests, the radial, axial and angular displacement of the rotor shaft is 
measured. Radial displacement is measured on the left and right side of the radial 
laminaton core. As the measurement location on the right is closer to the tool/tool 
holder assembly its amplitude y2 is used within the analysis of the test results. In 
Figure 13.10, the ranges of the varied parameters and the discrete parameter val-
ues are shown. As the system of rotor shaft, tool, tool holder and spindle shows 
frequency-dependent dynamic behavior when excited by harmonic loads, the exci-
tation frequency is an important parameter. Within only small frequency ranges 
large variations in the resulting amplitude may occur. Thus, frequency is the pa-
rameter with the most variation. In order to reduce the number of experiments on-
ly few parameters were varied, as shown in Figure 13.10. Other parameters  
remained constant or zero, i. e. the tests were performed at a constant revolution 
speed of 1,000 rpm, only radial force in y-direction, constant axial force and  
torque. 

Analyzing the amplitude y2 (near the tool) reveals the dynamic behavior of the 
system under forced vibration in radial y-direction. In Figure 13.11 (top), the y2 is 
plotted against the excitation frequency fy for Ay = 1,250 N and F0,z = 250 N and 
M ≥ 30 Nm. The diagram clearly shows some of the resonances of the system. A 
modal analysis of the rotor shaft shows the first bending eigenfrequency at 130 Hz 
with a very high amplitude so that no tests are possible around this frequency. The 
second and third eigenfrequency can be found at 335 and 417 Hz, both with a sim-
ilar mode shape, where bending occurs at tool and tool holder. The histogram in  
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Fig. 13.10 Ranges and values for varied parameters 
 
 

Figure 13.11 (bottom) shows the distribution of failure occurrence related to exci-
tation frequency. The histogram includes all experiments, where an axial dis-
placement and/or a rotational displacement between tool shank and tool holder  
occurred (both referred to as “failure”). Obviously, more than 90 % of the failures 
occurred around an excitation frequency of 400 Hz, the third resonance in  
y-direction of the rotor shaft/tool/tool holder/spindle system, even though there are 
higher amplitudes at other frequencies. Thus, it can be concluded that frequencies 
exciting mode shapes with high bending at tool and tool holder promote tool ex-
traction. Furthermore, test analyses revealed that the rotational load also plays an 
important role as tool extraction has only happened under significant torque so far. 
Of course, other parameters, especially the interference fit, are also responsible for 
the combination of load parameters leading to tool extraction. 

In Figure 13.12, an example of tool extraction occurring during a test is shown. 
The excitation frequency fy is 398 Hz with an amplitude Ay of 1,250 N and a tor-
que load M of 35 Nm. The bottom right plot shows the rotational displacement be-
tween tool shank and tool holder. At the time the torque load is applied, the tool 
starts revolving in the shrink fit chuck. At approximately the same time, the tool 
moves axially out of the holder, both movements slightly decrease with time. It is 
characteristic within this test that an axial displacement can occur even without an 
axial load. In most of the tests, the rotational displacement is much higher than the 
axial displacement.  
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Fig. 13.11 Amplitude y2 against frequency (top) and occurrence of failures (bottom) 

 

 

Fig. 13.12 Example of single analysis of tool extraction  
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In Figure 13.13, the clamping surfaces of a shrink-fit chuck subjected to expe-
rimental tests but without tool extraction (a) is compared to surfaces from shrink-
fit chucks, where tool extraction occurred (b - d). In Figure 13.13a, only the 
grooves from honing can be seen whereas b, c and d all show significant stripes in 
circumferential direction, apparently caused by the revolving of the tool shank. In 
axial direction, no significant marks can be found. This is due to the fact that the 
ratio of circumferential displacement and axial displacement related to the clamp-
ing surface in all experiments with tool extraction lies between 3.5 and 20,000. 
The ratio tends to rise with increasing interference fit. Comparing these results 
with the analysis of the damage cases presented in section 13.2.2, it is assumed 
that in the case of tool extraction a sudden increase of torque first leads to a re-
volving of the tool followed by an axial movement primarily caused by axial 
process force. In order to understand what happens in the interface of the tool and 
the tool holder, finite element simulations are performed with a mathematical 
model of the tool and the tool holder is described in the following sections. 

 

 

Fig. 13.13 Clamping surface of shrink-fit chuck without (a) and with tool extraction (b - d) 

13.3   Mathematical Modeling  

For a numerical simulation allowing the prediction of tool extraction during a cut-
ting process a finite element model of the tool holder and the shrunk tool is essen-
tial. The governing equation describing the cutting process is the visco-elastic  
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wave equation. Equipped with appropriate boundary and initial conditions, the 
displacement field u(x,t) occurring in the system of tool and tool holder during the 
process satisfies the following boundary and initial value problem (BIVP). 
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In the above problem, the domain Ω represents the structure of tool and tool hold-
er and its boundary ∂Ω is decomposed into the two disjoint sets ΓN and ΓD. The 
given data is the density function ρ(x), which is assumed to be independent of 
time. Moreover, volume forces f(x,t) as well as boundary tractions T(x,t) on the 
Neumann boundary part ΓN and inhomogeneous displacements U(x,t) on the Di-
richlet boundary part ΓD are assumed to be given during the whole process. More 
precisely, the boundary tractions result from the cutting process and act at the tip 
of the tool and the inhomogeneous displacements result from the dynamic beha-
vior of the spindle interacting with the tool holder. Both the cutting forces and the 
vibrations of the spindle were modeled separately to save a time-consuming finite 
element model consisting of all of the four mentioned structures (spindle, tool, 
tool holder and workpiece), see also the upper right image in Figure 13.3. In the 
following sub-sections, the finite element model of the tool and the tool holder, 
the model of spindle dynamics, the cutting force model and the coupling of the 
three models are described in detail. 

13.3.1   Finite Element Model of Tool and Tool Holder 

In the above BIVP, the associated material law is Hooke’s law for linearly-elastic 
material. The tool is made of carbide and since the considered workpiece is alumi-
num no plastic deformations are assumed to occur in the tool or in the tool holder. 
A transient three-dimensional finite element model is used to approximate the 
BIVP for the structure of tool and tool holder. The time discretization is performed 
with the Discontinuous Galerkin Method (DGM), see [8], using piece-wise qua-
dratic basis functions. Frictional contact conditions on the contact interface be-
tween tool and tool holder within the model have been neglected since the two 
structures are assumed to stick along the whole contact interface after the shrink-
ing process up until critical tangential stresses are exceeded, i. e. tool extraction 
occurs. Hence, in the above problem, the domain Ω represents the compound of 
tool and tool holder owning inhomogeneous material parameters, see Figure 
13.14. 
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Fig. 13.14 Cross-section of the FE-model of tool and tool holder 

 
The shrinking process is approximated by a linear heat strain law. The corres-

ponding contact pressure is modeled by applying a negative change of temperature 
to the tool holder. The required temperature change is computed with the follow-
ing formula 

 
ΔΔ

α
=

T i

r
T

r
 (13.3) 

where ∆r denotes the interference fit, αΤ represents the coefficient of thermal ex-
pansion of the tool holder and ri considers the inner radius of the tool holder. This 
approach leads to a volume force denoted by f(x,t) in the BIVP, which is indepen-
dent of time. In the weak formulation, the volume force reads 

 ( ) (3 ( ) 2 ( ))div( ( ))α ψ λ μ ϕ
Ω

Δ +T T t x x x dx  (13.4) 

where ψ(x) and ϕ(x) denote temporal and spatial basis functions respectively and 
λ(x) and μ(x) are the Lamé coefficients depending on the materials.  
To simulate the process numerically a transient three-dimensional finite element 
method is implemented considering the close-to-process structure of tool and tool 
holder. Therefore, the elastic wave equation is re-written into a system of first or-
der equations in time by introducing the velocity v as an additional unknown vari-
able such that the DGM in time can be applied 

 ( ) ( ) ( )( ) ( )( ) ( ), ,   ,  , .x x t div x t div x t x tρ β σ σ
− =

− − =

u v 0

v v u f




 (13.5) 

By applying the DGM in time and standard FEM in space to the above problem, 
the corresponding discrete weak formulation results in a linear system of equa-
tions for the coefficients of the finite element basis functions of displacement and 
of velocity. To circumvent large displacements due to the rotation of the system 
the displacements and the velocities are described in rotational coordinates. By 
further applying the approach of Li and Wiberg [9] the system can be decoupled 
into a system concerning the velocity and three linear equations for the displace-
ment coefficients. Finally, the stiffness matrix resulting from the divergence term 
in the elastic wave equation is used to approximate the material damping with 
damping factor β within the process. Let ⊗ be the tensor product, then the two li-
near systems are: 
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Within the systems the matrix Mρ denotes the mass matrix, MC the mass matrix 
resulting from the coriolis force and A = K – ω2MZ the sum of the stiffness matrix 
K and the mass matrix MZ resulting from the centrifugal force multiplied by the 
square of the revolution velocity ω. The three by three matrices Cρ, CC, and CA 
(see 13.8) are the corresponding coefficient matrices resulting from the analytical 
time integration of the DGM and the decoupling of the system, where ϕι are the 
hat basis functions and the first bubble function in time. 
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The time step is denoted by k and the vectors u– and v– represent the coefficient 
vectors of the displacement and the velocity at the end of the previous time inter-
val respectively. Finally, the vectors F1, F2, and F3 correspond to the right hand 
side vectors resulting from the volume force and the boundary conditions. The two 
linear systems have to be solved in each time step. 

A prediction of an extraction of the tool can be made by observing the stresses 
occurring at the interface of tool and tool holder during the process simulation. 
Using the DIN 7190 norm [3], which concerns the necessary contact pressure of 
shrunk tools, an extraction may be possible, if the ratio of contact pressure and 
tangential stresses falls below a determined bound. Of course, this may occur only 
locally so that experimental tests have to be made to validate the simulations. 

13.3.2   Model of Spindle Dynamics 

Since the spindle is not close-to-process a direct implementation of the whole 
structure into the transient finite element model described in Section 13.3.1 seems 
unnecessary. However, the dynamic behavior of the spindle may lead to devia-
tions and vibrations of the whole system, which cannot be neglected. 
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For this reason, a sub-structure modeling technique using experimental modal 
analysis (EMA) is applied. General techniques for sub-structure modeling are de-
scribed in [10–12]. Receptance coupling techniques for the tool/tool hold-
er/spindle assembly are especially subject to numerous works related to stability 
prediction for cutting processes [13–20]. 

The model of the spindle dynamics obtained from EMA is characterized in 
modal degrees of freedom. In order to integrate such a model in a finite element 
simulation it is transformed to a model containing physical degrees of freedom re-
ferred to a virtual point P at the joint between the tool holder and the spindle, see 
Figure 13.15a.  

 

 

Fig. 13.15 Measurement of spindle dynamics with HSK flange from separated tool holder  

To derive the model in modal degrees of freedom 24 frequency response func-
tions (FRFs) were measured on an HSK-A-63 flange of a separated shrink-fit 
chuck, as depicted in Figure 13.15b. The system was excited at two reference 
points in radial direction by using an impact hammer with integrated force sensor. 
The resulting excitation of the structure was measured by four tri-axial accelera-
tion sensors mounted on the HSK-A-63 flange. The obtained acceleration FRFs 
were integrated twice in order to obtain the receptances. A modal model with 34 
degrees of freedom within the frequency band of 200 to 2,500 Hz was created us-
ing a poly-reference parameter estimation method.  

By using the modal mass, damping and stiffness matrices MΦ, DΦ, KΦ and the 

incomplete mode shape matrix Φ  obtained from the EMA, the system can be 
transformed into the following ordinary differential equation (ODE) with both 
physical and modal degrees of freedom representing the dynamic behavior of the 
spindle at the HSK flange: 
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Within this system, MT, DT, and KT denote the transformed mass, damping and 
stiffness matrix respectively. F(t) is the force vector resulting from excitation of  
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Fig. 13.16 Comparison of measured and modeled FRFs   
 
 

the interface between tool holder and spindle. The first six components of x(t) de-
note the three translational and rotational degrees of freedom at the center point P. 
Figure 13.16 compares the drive point measurements with the estimated main de-
grees of freedom in radial x and y-direction from the transformed modal model. 
As can be clearly seen, the FRFs estimated from the transformed modal model re-
produce the measurements well. 

13.3.3   Cutting Force Model 

The boundary tractions T(x,t) in the BIVP resulting from the cutting process are 
computed by a cutting force model [21–23]. They correspond to the cutting forces 
of the process and are indispensable as they cause an excitation of the structure of 
tool and tool holder. The cutting force model is based on the assumption that the 
forces are proportional to the infinitesimally small cross-sectional surface i

jA  and 

the associated arc length i
jb . The part of the cutting edge indenting the workpiece 

from the tip of the tool to the cutting depth ap is divided into n chips, where i de-
notes the chip number and j the number of the cutting edge, see Figure 13.17. To 
compute the surface i

jA the cutting edge trajectory is used to determine the chip 

thickness i
jh . According to Altintas [24], the proportionality of the tangential, 

radial and axial force components Ftra to i
jA  and i

jb
 
is linear and demands the  
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experimental determination of shear force coefficients Ktra,c as multipliers to the 
surface and cutting coefficients Ktra,e as multipliers to the arc length. 

Once the coefficients are determined for the process the forces acting at each 
cutting edge j are computed to 

 { } , , .= +i i i
tra tra c j tra e jj

A bF K K  (13.10) 

As the revolution velocity is assumed to be constant the tool rotation angle φ is a 
linear function of time t. 
 

 

Fig. 13.17 Model for determining the cutting edge trajectories and the cutting forces [23] 

If the forces are transformed into Cartesian coordinates by the transformation 

matrix xyz
traT , i. e. 

 { } { }=
i ixyz

xyz tra tra jj
F T F  (13.11) 

the corresponding process force at rotation angle φ can be computed as the sum 
over all chip numbers and all nz cutting edges to 

 { }
1 1

( .)ϕ
= =

=
zn n

i

xyz xyz j
j i

F F  (13.12) 

However, this procedure assumes an ideal stiff tool, which is not the case in reali-
ty. For this reason, the model is extended considering self-excitations of the tool, 
which may be caused by the process forces. In this way, the chip thickness i

jh  is 

computed by considering the cutting edge trajectory at the rotation angle φ as well 
as a given deviation of the cutting edge at the same position and time. This will re-
sult in changes of the undeformed chip cross-section i

jA  and therefore in different 

process forces. 

13.3.4   Coupling of the Models 

To predict a possible tool extraction during a cutting process the excitation of the 
structure of tool and tool holder resulting from the process forces has to be taken 
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into account. Furthermore, the structure is affected by the vibrations of the spin-
dle, which also result from the process forces. Hence, it is essential to couple the 
cutting force model on one side and the model of spindle dynamics on the other 
side with the transient finite element model of tool and tool holder, see Figure 
13.18. 

 

 

Fig. 13.18 Coupling of the models 

 
The coupling of the process forces is accomplished via a Dirichlet-to-Neumann 

mapping (DEN). The cutting edges in the cutting force model are discretized as n 
force vectors acting on the corresponding point of the cutting edge. Therefore, the 
finite element mesh at the tool tip is discretized such that the element edges of the 
mesh follow the cutting edges in the helix angle α, see also the left image of Fig-
ure 13.18. In this way, the n force vectors can be interpolated along the edges to a 
line force corresponding to the boundary traction T(x,t) in every time step. By ap-
plying the DGM the cutting forces contribute to the three vectors F1, F2, and F3 on 
the right hand side of the system (13.6). 

The implementation of the interaction of the structure of tool and tool holder 
with the cutting force process is explained in the following. The coupling process 
starts with an ideally stiff tool in the cutting force model, i. e. the deflection of the 

tool is 0
0( ) 0.=xyz tU  The starting deflection of the tool for all subsequent time steps 

is determined by the deflection of the previous time step. The computed cutting 

forces 0 ( )xyz itF depending on the process parameters result in a deflection 1 ( )xyz itU of 

the tool for every time step ti. By using this deflection within the cutting force 
model in the same time step as described at the end of Section 13.3.3, the new 

forces 1 ( )xyz itF  are calculated with the effective tool deflection. This procedure is 

repeated until the residual of two consecutive forces 1( ) ( )−−j j
xyz i xyz it tF F falls below 

a given bound. When the iteration loop has converged, the stresses on the interface 
of tool and tool holder can be computed. The coupling procedure at time step ti is 
visualized in Figure 13.19. 
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Fig. 13.19 Coupling of the cutting force model and the FE-simulation of tool and tool  
holder [6] 

 
On the other side, the vibrations of the spindle excited by the cutting forces in-

teract with the tool holder at the corresponding interface, see Figure 13.18. When 
the dynamic behavior of the spindle is known in terms of the ODE (13.9), it is 
coupled via a DEN mapping with the FE model of tool and tool holder by the in-
homogeneous Dirichlet data U(x,t) in the BIVP (13.2). Here, the Dirichlet boun-
dary ΓD is defined as the interface between tool holder and spindle. Starting with 
U(x,0) = 0 the displacement U(x,ti) is approximated by the solution x(ti) of the 
ODE (13.9). In detail, for every x on ΓD and every time step ti, the corresponding 
displacement is the sum of the translation in the first three components of x(ti) and 
the rotation of x around the center point P with rotation angles in the fourth to 
sixth component of x(ti)  

The force vector F(t) is necessary to solve the ODE (13.9). The deflection of 
the tool, which is caused by the cutting forces, results in an oscillation of the Di-
richlet boundary ΓD. Hence, the forces and moments in the first six components of 
the force vector F(t) on the right hand side of (13.9) are computed by the solution 
vectors u1, u2,, and u3 of the linear system (13.7). By computing the stress tensor 
σ(u) due to Hooke’s law, the forces and moments are computed to 

 

{ }

{ }

1 3

4 6

( ) : ( ( , ))

( ) : ( ) ( ( ( , )) )

σ

σ
Γ

Γ

= ⋅

= − × ⋅









D

D

i i

i i

t x t dx

t x x t dx

F u n

F P u n
 (13.12) 

where n denotes the normal outward to the Dirichlet boundary ΓD. Since the ei-
genfrequencies expressed by the model of spindle dynamics are not affected by an 
excitation the last 28 components of F(ti) are set to zero. To ensure that the correct 
data is exchanged within the coupling an iterative loop, as shown in Figure 13.19, 
is applied for every time step. This leads to a series of force vectors Fj(ti). Again 
the inner iteration stops, if the difference of two consecutive force vectors 

1( ) ( )−−j j
i it tF F falls below a predefined bound. The cycle for a fixed time step 

it is visualized in Figure 13.20. 
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Fig. 13.20 Coupling of the spindle dynamics and the FE-model of tool and tool holder [6] 

13.4   Application of Simulation Methods 

To approximate a cutting process with the help of the simulation methods de-
scribed in Section 13.3 the coupling of the different models has to be validated. 
For the coupling of the cutting force model with the finite element model of tool 
and tool holder the cutting forces of a cutting process are measured. These meas-
ured forces were compared with the forces resulting from the cutting force model 
when the coupling of the two models mentioned above is applied to the same 
process. 

 

 

 

Fig. 13.21 Transient simulation of process forces considering dynamic tool deflection  

The effect of the coupling, i. e. the consideration of the tool deflection within 
the cutting force model is visualized in Figure 13.21. The figure shows the forces 
in radial (Fr), axial (Fa) and tangential direction (Ft), which act on the cutting 
edges of the tool during one revolution of the cutting process. The continuous 
lines represent the forces from the cutting force model considering tool  
deflections, whereas the dashed lines are computed by the cutting force model 



306 B. Denkena et al.
 

considering an ideally stiff tool. It turns out that the consideration of the tool dy-
namics has significant influence on the amplitude of the cutting forces, which 
should not be neglected. Furthermore, effects such as regenerative chatter can only 
be considered, if the models are coupled. 

With the help of the coupled models, simulations with various load cases are 
performed to investigate the stresses in the contact zone of the tool and the shrink-
fit chuck. As an example, Figure 13.22 shows the change in tangential stress in 
axial direction related to the initial stress state of the shrunk tool during a transient 
process simulation for a single time step. 

 

 

Fig. 13.22 Change in tangential stress in tool/tool holder interface due to cutting process 

The prediction of relative movement of the tool and the tool holder is made 
possible by observing the stresses in the contact zone. If the tangential stress ex-
ceeds a certain limit defined by the normal stress and a friction coefficient tool ex-
traction is assumed, the simulation is stopped.  

Summary 

The article shows experimental and mathematical approaches for the investigation 
of the phenomenon of tool extraction. The analysis of damage cases exhibits that 
tool extraction is caused by the dynamic interaction of the tool/tool holder/spindle 
structure with the cutting process. SEM and residual stress measurements of the 
clamping surface of damaged shrink-fit holders corroborate the thesis that the tool 
shank revolves in the clamping bore while simultaneously slipping out in axial di-
rection. With the help of a test-rig the phenomenon of tool extraction is repro-
duced under various load cases and main parameters are analyzed. 

Furthermore, simulations with a finite element model of the tool and the tool 
holder are performed concentrating on the stresses in the interface between the 
tool shank and the tool holder. In order to consider the dynamic behavior of  
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the spindle a modal model is deduced from frequency-response-function-
measurements and coupled with the FE-model. The cutting process is simulated 
by geometrical intersection of the tool trajectory with the workpiece. The process 
forces are determined according to a cutting force model presented by Altintas 
[24]. The coupling of these models takes into account the tool deflection induced 
by the process forces and vice versa. Within transient simulations, the change of 
the stresses in the interface region resulting from the process machine interaction 
are computed aiming at the prediction of tool extraction. 
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