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a b s t r a c t   

In this paper, a new approach for the identification of tool-holder contact parameters is proposed. The 
identification strategy is based on the sound emitted from the tool-holder combination when impacted in 
free-free conditions. Additionally, a new contact model, which takes the non-uniform pressure distribution 
between tool and holder along the tool axes into account, is introduced. Contrary to previous approaches, 
the proposed method does not require any expensive measurement equipment but only a microphone and a 
hard object for the impact. The sound spectrum is recorded and model parameters are tuned in a nonlinear 
optimization until an agreement between the measured sound spectrum and the modeled receptance is 
observed. The proposed approach is validated in several application cases. Significant improvements in the 
predicted tooltip dynamics as well as in predicted stability charts are achieved when comparing the results 
obtained with the new approach against results obtained with a contact model and contact values proposed 
in literature. 

© 2022 CIRP.    

Introduction 

Stability lobe diagrams are a powerful tool to visualize the 
boundary between stable and unstable process conditions in milling. 
Nevertheless, they are barely used in industry due to the significant 
measurement and modelling effort that is required for their creation. 
Stability models, which exist in analytical [1,2] and numerical [3,4] 
form, typically require the relative dynamics in the tool-workpiece 
contact zone, the radial engagement conditions, the number of flutes 
as well as the cutting force coefficients, that relate the uncut chip 
thickness with the resulting forces. The required dynamics at the 
tool center point (TCP) can either be obtained by measurement, e.g., 
by means of an impulse hammer, or by modeling. The measurement 
approach typically has a drawback that the measurements need to 
be repeated for every tool-holder combination used in the shop- 
floor. On the other hand, modeling of the whole machine tool 
structure including the tool and holder is very difficult, due to some 
of the information not being available (such as the bearing locations) 
and the unknown damping characteristics of the numerous joints of 
the machine tool structure [5,6]. An often chosen path is to combine 
the experimentally measured dynamics of the machine tool sub-
structure with the analytically modeled dynamics of the tool-holder 

combination. This approach is known as the Receptance Coupling 
Substructure Analysis (RCSA) which was first introduced to the field 
of machining by Schmitz and Donalson [7] and has grown in po-
pularity among researchers in various applications in machine tool 
dynamics [8–11]. The advantage is that the tool and holder are 
usually geometrically relatively simple structures which can be 
modeled e.g. through Timoshenko beams and be coupled through an 
elastic contact interface. When following this approach, one of the 
biggest challenges is to assume the right contact interface between 
the tool and holder. In a widely used contact model by scholars, a 
lumped spring-damper contact is considered at the location where 
the tool sticks out of the holder [7]. The corresponding contact 
parameters can often play a crucial role for the resulting TCP dy-
namics. Many attempts have been made to identify these contact 
parameters. Matthias et al. [12] for example measured tool-holder 
combinations in free-free boundary conditions using an impulse 
hammer and a laser vibrometer, and tuned the contact parameters 
until a good agreement between model-predicted and measured 
receptances was observed. Despite the recurrent report of contact 
parameter values in the past literature [9,12–15], the wide range of 
the reported values for similar tool and holder combinations makes 
any initial assumptions of the contact parameters tricky. On the 
other hand, although the lumped-contact assumption simplifies the 
modeling and calculation effort significantly, the identified contact 
parameter values are valid only for that specific assembly of tool- 
holder and are not transferable to other tool stickout lengths or to 
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combinations with other tools. This flaw is the consequence of 
compensating all model uncertainties, e.g. contact behaviour, ma-
terial properties, geometry simplifications, etc., merely through ad-
justing values of oversimplified-contact parameters. 

Compared to the single lumped contact between the tool and 
holder, a more realistic but also more complex approach involves a 
multi-point elastic coupling between a pair of components. In a 
study by Namazi et al. [16], the connection between the tapered 
surface of spindle and tool holder is modeled by uniformly dis-
tributed springs in orthogonal directions whose parameters are 
identified through a least-squares curve-fitting algorithm. Similar 
approaches have been applied to the joint between tool and holder. 
In a publication by Schmitz et al. [17], a multi-point receptance 
coupling in a tool-holder interface is assumed and a finite element 
modeling approach is employed to determine variant stiffness and 
damping behavior in thermal shrink-fit connections. Despite that the 
disturbed contact models have more satisfactory performances in 
predicting assembled dynamics, the simplicity and computational 
efficiency are compromised. 

This paper presents an industry-friendly and accurate identifi-
cation method for the contact parameters at the tool-holder inter-
face. In this identification method, a tool-holder assembly is 
impacted by an arbitrary object with a hard tip in free-free boundary 
conditions and the sound emissions are recorded by an ordinary 
microphone. The contact parameters and material properties of the 
tool-holder model are tuned in a nonlinear optimization to achieve a 
match between the peaks of the recorded sound spectrum and the 
model-predicted free-free tooltip Frequency Response Function 
(FRF). This tooltip FRF is based on Timoshenko beam theory and 
substructure coupling. The proposed approach completely elim-
inates the need for any expensive measurement equipment and 
skilled staff. The objective function of the optimization takes into 
account the peak location of the dominant modes as well as the 
shape of the sound spectrum in the vicinity of the peaks. Since a 
distributed contact between holder and tool is assumed, contact 
parameters identified for one tool clamping length can be trans-
ferred to different clamping lengths without additional measure-
ments. 

The remainder of this paper is structured as follows: In Section 2, 
the tool-holder modeling strategy is discussed. In particular, the 
distributed contact model, consisting of translational and rotational 
spring and damper elements, is introduced. In Section 3, the 

measurement procedure and the optimization problem are pre-
sented. In Section 4, experimental results are discussed. This section 
is split in three parts. In the first part, the proposed method is va-
lidated in free-free boundary condition tests. Contact parameters are 
identified and predicted free-free receptances of different tool- 
holder combinations are compared against measurements where an 
impact hammer and a lightweight accelerometer are used. In the 
second part, tooltip FRF predictions are made by analytically cou-
pling the tool-holder combinations to previously identified spindle 
FRFs. In the third part, tooltip FRF predictions are used for stability 
boundary predictions, which are then validated in chatter tests. Fi-
nally, the paper is concluded in Section 5. 

Modelling strategy 

The variety of tools and holders used in shop-floors has made 
manufacturing industries deal with a very large number of different 
tool-holder combinations. This diversity led to a strong effort to 
develop analytical models for the prediction of tool-holder dynamic 
behavior. Researchers usually preferred the decomposition of a tool- 
holder geometry into a series of cylindrical beam segments. The 
beam components can be modeled using Euler-Bernoulli [7,9,18] or 
Timoshenko beam theory [10,19,20]. The major advantage of the 
Euler-Bernoulli beam theory is that both translational and rotational 
receptances of the beam segments are available in closed form, 
which makes the receptance calculation computationally efficient. 
However, this beam theory yields inaccurate receptances if non- 
slender elements or high frequencies are considered. Still, complex 
geometries of some tool-holder combinations require a very detailed 
segmentation, which inevitably leads to non-slender elements. 
Hence, the Timoshenko beam theory has attracted more attention in 
tool-holder modelling. However, since the calculation of Ti-
moshenko beam elements requires an iterative finding of the natural 
frequencies, the calculation time can become excessive. 

This section introduces a finite-element-based implementation 
of the Timoshenko beam theory. This approach leads to the com-
putation of FRFs for all Degrees of Freedom (DOFs), mode shapes, 
and natural frequencies while reducing the computation time sig-
nificantly (in some cases by 50 times faster compared to an iterative 
solution of differential equations) which makes it ideal for optimi-
zation algorithms. 
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Fig. 1. Tool-holder modelling scheme through Timoshenko finite beam elements and a distributed elastic contact. The stickout and clamping length are denoted as Ls and Lc, 
respectively. The hashed elements correspond to the tool’s fluted portion. 
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Modelling individual components through finite Timoshenko-beam 
elements 

The modelling scheme for a given generic tool-holder assembly is 
illustrated in Fig. 1. In the first place, the tool and the holder are 
decomposed into multiple beam elements with a maximum length 
of 10 mm. The holder’s model (colored in gray) is represented as a 
series of hollow or solid cylindrical Timoshenko beam elements ri-
gidly interconnected at the nodes in terms of translational (we) and 
rotational (φe) displacements. The tool’s model (colored in light red) 
is developed in a similar manner with the fluted part replaced by a 
dummy cylinder with a reduced diameter. Although this approach 
may, depending on the tool of interest, simplify the fluted geometry 
significantly, it is convenient since it does not require any informa-
tion about the actual flute geometry. In this regard, studies by Kops 
and Vo [21] found that the static deflection of the investigated two- 
and four-flute tools can be best replicated with cylinders having an 
equivalent diameter of 80% of the nominal tool diameter. This rule of 
thumb is frequently used by other researchers [19,22,23]. 

Principally, in a finite element method, the actual structure is 
replaced by several pieces or elements, each of which is assumed to 
behave as a continuous structural member under a prescribed de-
formation, a so-called shape function [24]. Considering the vector of 
joint displacement containing the DOFs at the two neighbouring 
nodes of Timoshenko beam element e as w w{ , , , }e e e e

T
1 1 and 

imposing a linear shape function on the deformations of the ele-
ment, the mass matrix of the element is derived through the ele-
ment’s translational and rotational kinetic energies as [25]. 

= +m
Al

l l
l l l l

l l
l l l l

Ix
[ ]

420

156 22 54 13
22 4 13 3
54 13 156 22

13 3 22 4
6

0 0 0 0
0 2 0 1
0 0 0 0
0 1 0 2

e( )
2 2

2 2 (1) 

where ρ stands for density, A for cross-section area, l for element 
length, and Ix for moment of inertia perpendicular the element axis. 
All these parameters correspond to the eth element. Similar as-
sumptions for bending and shear strain energies lead to the fol-
lowing stiffness matrix [26]. 
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where =g EI AG˜ with I as second moment of area of the circular 
cross-section. The young’s modulus is assumed to be complex-va-
lued = +E E i˜ (1 ) with loss factor η to consider energy dissipation 
due to structural damping. The shear coefficient κ for hollow cy-
lindrical beams is computed from the following equation [27]. 
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where ν, R and r represent poisson’s ratio, outer and inner diameter 
of the element, respectively. Since the complete structure is an as-
sembly of multiple elements, computed mass and stiffness matrices 
of single elements are extended to the complete structure with Ne 

number of elements using the following equations [24]. 

=
=

M A m A[ ] [ ] [ ] [ ]
e

N
e T e e

0

( ) ( ) ( )
e

(4)  

=
=

K A k A[ ] [ ] [ ] [ ]
e

N
e T e e

0

( ) ( ) ( )
e

(5) 

where A[ ]e( ) is a rectangular matrix composed of zeros and ones 
which maps global DOFs of the assembly to local DOFs of the single 
element e. This matrix is further explained in [24]. 

Tool-holder assembly through multi-point elastic coupling in spatial 
domain 

The spatial coupling method [28], which is mostly used in finite 
element software packages, is a feasible approach in this case since 
the properties of both tool and holder are themselves derived from a 
suitable assembling of the mass and stiffness matrices of their ele-
ments. As a result, the model of the assembled tool-holder structure 
is obtained through simple matrix operations which is advantageous 
over RCSA-based approaches in the literature [18,29] in term of 
modelling simplicity and computational efficiency. 

The equation of motion for the holder part denoted by left sub-
script h, based on the derivations in Section 2.1, can be written in the 
following way 

+ =
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where u{ }ch is a subset of the holder’s displacement vector con-
taining translational and rotational displacements of Nc number of 
coordinates involved in the physical connection to the tool. Likewise, 
the vector u{ }ih contains the holder’s remaining interior coordinates, 
which are not involved in the physical connection. The mass and 
stiffness matrices are partitioned to submatrices according to the 

Microphone Hard-tip object

Fig. 2. Experimental setup arrangement for recording sound emissions of a tool- 
holder assembly in free-free boundary conditions using an arbitrary hard-tip object 
and an ordinary microphone. 
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selected interior and connection coordinates. Following the same 
terminology, the tool’s equation of motion, denoted by left subscript 
t, is derived as 
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M M
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Note that force vector terms ( f{ }ch and f{ }ct ) were assigned to the 
coordinates involved in the physical connection. Therefore, the 
compatibility of displacements and equilibrium of forces between 
the tool and holder undergoing free vibrations are expressed in the 
following equations: 

= =K u u f f[ ˜ ]({ } { }) { } { }ht ch ct ch ct (8) 

where properties of the contact between tool and holder are de-
termined by the complex-valued diagonal matrix of K[ ˜ ]ht . The diag-
onal terms of this matrix consist of translational and rotational 
stiffness coefficients of all involving elements in the clamping zone. 
These coefficients are assumed to be complex-valued to include a 
displacement-dependent energy dissipation mechanism in the joint 
interface. 

The contact stiffness is not necessarily uniformly distributed over 
the clamping length due to e.g. angular tolerances in conical collet 

face which leads to a non-uniform distribution of clamping normal- 
pressure. Studies by Schmitz et al. [17] and Hanna et al. [30] have 
obtained typical functions for the normal pressure distribution be-
tween tool, holder and spindle through numerical simulations. They 
also showed that the stiffness of the elastic interface layer is pro-
portional to the normal pressure. To take this factor into account, a 
linearly varying contact stiffness is distributed across the clamping 
length. This linear variance is defined by the Slope α. A pair of 
translational and rotational springs is assigned to each of the Nc 

clamped nodes. The complex-valued stiffness matrix corresponding 
to element e is defined as 
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where δ(e) is the distance of coupling node e from the contact origin 
in mm (see Fig. 1) and other contact-related terms are defined in the 
following way:  

1. Translational stiffness intensity: ktt
N m
mm

2. Rotational stiffness intensity: krr
Nm rad

mm
3. Translational displacement-dependent energy dissipation in-

tensity: tt
1

mm

4. Rotational displacement-dependent energy dissipation in-
tensity: rr

1
mm

5. Linear intensity slope: [%]

As an example, a 20% slope means that the stiffness for the upper 
clamping node (close to tooltip) is 20% higher than the middle 
clamping node, and for the lower clamping node (close to HSK) is 
20% lower than the middle clamping node. 

Eventually, by invoking the constraints in Eq. (8), the equation of 
motion for the assembled tool-holder structure is obtained as 
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By solving the eigenvalue problem explained in [31] for the mass and 
stiffness matrices of the assembled structure, the natural fre-
quencies (ωr) and mass-normalized mode shapes ({ }r ) of the tool- 
holder assembly are evaluated. Further calculations leads to the 
computation of the FRF matrix of H(ω) by the following formula [32]. 

=
+=

H ( )
{ }{ }

r

N
r r

T

r1
2 2

m

(11) 

where ω is the angular frequency and Nm is the number modes to be 
considered in FRF computations. Since the derivation of the system’s 
equation of motion initially includes the coupling of translational 
and rotational dynamics in Eqs. (1) and (2), the resulting FRF matrix 
in Eq. (11) also contains direct and cross FRFs between all transla-
tional and rotational DOFs, that are required for coupling to spindle 
structure. 

On the other hand, the constant machine-spindle structure al-
lows one-time experimental characterization of its dynamics by 
performing impact tests on a cylindrical dummy holder mounted to 
the spindle. The analytical model of the dummy holder is subtracted 

Fig. 4. Finite element simulation of HSK interface in COMSOL and the mode shapes 
corresponding to the peaks of the sound spectrum at a) 9.7 kHz and b) 10.2 kHz. 

Table 1 
Distribution of parameters in the model parameter identification.      

Uncertain model parameter Unit Expression GA search space  

Translational stiffness 
intensity 

N m
mm

=k 10tt
p1 p1 = (+ 4, + 10) 

Rotational stiffness intensity Nm rad
mm

=k 10rr
p2 p2 = (+ 2, + 5) 

Translational damping 
intensity 

1
mm

= 10tt
p3 p3 = (− 7, − 1) 

Rotational damping intensity 1
mm

= 10rr
p4 p4 = (− 7, − 1) 

Linear intensity slope [%] α = p5 p5 = (− 25, 25) 
Holder’s density [kg m ]3 ρh = p6ρn p6 = (0.95, 1.05) 

Holder’s young’s modulus [GPa] Eh = p7En p7 = (0.90, 1.10) 

Table 2 
Holder types and their interfaces.      

ID Type Interface Picture  

A Zürn HSK-A63 63.11.20.2 Collet ER32 

B REGO-FIX PG25×100H powRgrip PG25 

C Schunk 208123 50161717 Thermal shrink fit 

D Zürn HSK-A63 11.16.23 Collet ER25 

E Swiss Flex HA6. E32. K01–100 Collet ER32 
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through inverse RCSA to obtain the dynamics at the spindle inter-
face [1,33]. 

At the end, the predicted tool-holder FRFs are used in a trans-
lational-rotational receptance coupling with experimentally mea-
sured spindle FRFs to obtain the TCP FRFs. The dynamics at TCP are 
fed into stability models for the derivation of stability boundaries 
and chatter frequencies. 

Sound-based tool-holder model updating framework 

In physics, sound is the propagation of an acoustic wave origi-
nated from a vibrating object through a transmission medium. The 
sound carries the same frequency information of the vibrating object 
while transmitting through the air. This motivates the exploitation of 
the tool-holder assembly sound emissions, after it is impacted by a 
lightweight hard-tip object, for updating the tool-holder models. In 
the experimental setup shown in Fig. 2, the sound is recorded via the 
microphone of a low-cost headphone connected to the laptop’s 
audio jack. The tool-holder assembly was impacted at the tooltip by 
a carbide cylinder. 

Microphone designs target the human hearing frequency range 
up to 20 kHz, which usually covers up to the 4th bending mode in 
typical tool-holder combinations. Since the power spectral density of 
the excitation may drop in high frequencies [34], the model updating 
relies on up to the third bending modes of the tool-holder assembly. 

Fig. 5. Optimization framework for identification of tool-holder model parameters based on spectrum analysis of emitted sound.  

Table 3 
Solid carbide end mills used in the experimental studies.          

Diameter Length Number  
ID Type [mm] [mm] of flutes Picture  

f Voha 2002805 16 93.5 4 
g Voha 022456160 16 92.5 4 
h Voha 12032456120 12 110.5 4 

Table 4 
Tool-holder combinations used for the model validations in free-free boundary con-
ditions.      

Combination Holder Tool Ls [mm]  

a A f 53.50 
b B h 60.90 
c C h 62.60 
d D f 60.00 
e E g 52.50    

Table 5 
Identified model parameter values from the impact sound optimization.          

Holder ktt krr ηtt ηrr α ρh Eh 

ID N m
mm

Nm rad
mm

1
mm

1
mm

% [kg∕m3] [GPa]  

A 1.90E+ 9 9.37E+ 3 1.98E-3 8.20E-3 -10 7478 210 
B 3.98E+ 9 2.95E+ 3 3.93E-3 6.19E-3 4.5 8045 200 
C 4.70E+ 9 4.83E+ 4 6.17E-3 1.99E-7 11 7591 211 
D 2.81E+ 9 1.59E+ 4 1.21E-2 8.45E-3 -19 7428 213 
E 1.80E+ 9 1.51E+ 4 4.57E-3 1.12E-7 -23 7666 205 
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The impacts on the structure of the tool-holder assembly excites 
bending and local modes of the HSK interface. The spectrum of the 
emitted sound contains a significant presence of frequency contents 
corresponding to the modes of interests. Since the physical quan-
tities of the sound spectrum and tooltip receptance are not com-
parable, an appropriate scaling factor is introduced to bring their 
absolute values into the same order of magnitude in the vicinity of 
the first mode. This enables a proper shape match over the fitting 
area in the optimization stage. Regarding Fig. 3, peaks number 1, 2, 
and 3 correspond to bending modes of the assembly. Peaks 4 and 5 

are related to local modes of the HSK interface. They are always in 
the same range of frequency which makes their detection and ex-
clusion possible. The corresponding mode detection is based on 
impacting various locations on the tool-holder assembly and mon-
itoring the relative amplification of the sound spectrum dominant 
peaks. For instance, a direct impact on the HSK tapered part am-
plifies the peaks 4 and 5 at 9.7 kHz and 10.2 kHz, respectively, which 
is also verified through finite element simulations. The HSK interface 
was modeled in the finite element software of COMSOL and the 
corresponding mode shapes are depicted in Fig. 4. Since these modes 
are not influenced by the contact parameters between tool and 
holder, they are not of interest for the subsequent optimization. 

A Genetic Algorithm (GA) is employed for the nonlinear optimi-
zation used in model updating and contact identification. The opti-
mizing parameters of the proposed tool-holder model in Section 2 
and their uncertain ranges, corresponding to ranges typically re-
ported in literature, are listed in Table 1. 

Tuning the nominal values of holder’s density and young’s 
modulus ( = 7800[kg m ]n

3 and =E 210[GPa]n for the stainless 
steel holders listed in Table 2) is considered in the optimization to 
compensate for geometrical simplifications of the holder and also for 
uncertainties in actual values of the material properties. However, 
the consideration of nominal material properties for the simple 
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Fig. 6. Experimental evaluation of free-free tooltip FRF predictions for the five tool-holder combinations in Table 4. Lumped-contact parameters are listed in Table 6.  

Table 6 
Reported contact parameters for lumped holder-tool contact models from literature.        

Combination ktt krr ctt crr  

Holder/tool [N∕m] [Nm∕rad] [Ns∕m] [Nms∕rad] Reference  

A/h 2.10E+ 7 1.40E+ 6 130 35 [9] 
A/f 3.45E+ 7 2.30E+ 6 105 28 [9] 
E/g 3.45E+ 7 2.30E+ 6 105 28 [9] 
B Not found 
C/h 6.50E+ 7 3.40E+ 6 520 3540 [35] 
D Not found    
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geometry of the tools provides sufficiently accurate model-predicted 
dynamics, so their tuning is excluded from the optimization. The 
above-mentioned parameters are tuned by the GA to match model- 
predicted natural frequencies of the first three bending modes with 
the corresponding peaks in the sound spectrum (peaks denoted by 1, 
2, and 3 in Fig. 3) as well a shape match in a 200-Hz fitting area in 
the vicinity of the first bending resonant frequency to capture the 
joint damping. The optimization framework is demonstrated in  
Fig. 5 and the resulting updated models are validated experimentally 
in the next section. 

Experimental validations 

This section investigates validation of the proposed modelling 
and model-updating strategies in several case studies. The studies 
are focused towards the commonly used holder types, whose details 
are demonstrated in Table 2, in different combinations with the tools 
in Table 3. The tools are made of solid carbide with the material 
properties of = 15600[kg m ]t

3 and =E 580[GPa]t . 

Experimental validations for sound-based tool-holder model updating 

The most convenient way to estimate contact parameters is by 
taking reported values from the literature. While the reported values 
scatter significantly, they are not necessarily reported for all tool- 
holder combinations. Therefore, performing further experimental 
studies is inevitable. The experimental procedure employed in the 
literature is based on careful setup preparations and costly mea-
suring equipment. This section investigates the effectiveness of re-
lying on the sound information in a proper model updating and 
contact identification of a tool-holder assembly, while in this ap-
proach the magnitude of the excitation force is unknown and the 
values measured by the microphone does not correspond to vibra-
tions of any particular point. 

The typically-used holder types in manufacturing industries, 
listed in Table 2, are assembled to tools with a determined stick-out 
length. These combinations, listed in Table 4, are impacted (through 
the experimental setup shown in Fig. 2) and their models are up-
dated through the approach introduced in Section 3. The best-found 
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Fig. 7. Predicted and measured tooltip FRFs for spindle-mounted assembly of holder A and tool f with stick-out lengths of a) 53.5 mm b) 63.5 mm c) 73.5 mm. Lumped-contact 
parameters are listed in Table 6. 
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values by the GA optimization are reported in Table 5 for the con-
tributing holders. 

The identified contact parameter values for holders A and E, both 
with collet type ER32, are expected to be consistent. The minor 
discrepancies in the identified contact parameter values may cor-
respond to different manufacturing tolerances in the collet interface 
(e.g., angular tolerances of the taper surface) that lead to a different 

clamping pressure distribution and resulting contact stiffness values. 
Nevertheless, experimental case studies have shown that the iden-
tified values of holders A and E are sufficiently close and inter-
changeable for an accurate prediction of the tooltip dynamics. 

In this experimental validation stage, the model-predicted tooltip 
FRFs for the five combinations are plotted in Fig. 6 versus the ex-
perimentally measured tooltip FRFs using a PCB lightweight accel-
erometer of model 352A91 (weight of 0.17 g) and a Kistler miniature 
impulse hammer of model 9130B21. Predictions for rigid contacts 
and for literature-reported lumped contacts are also included 
wherever applicable. The lumped-contact parameter values for ER32 
collet and thermal shrink fit interfaces are taken (or interpolated) 
from the reported values in [9] and [35], respectively. Further details 
are provided in Table 6. 

The agreements between the new model predictions and the 
measurements confirm the capability of sound-based model up-
dating and generality of the modeling approach for the various joint 
interface types. 
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Table 7 
Summary of the machine and process configurations in validation cutting tests.             

Ls Feed  ae ft 

Case Holder Tool [mm] direction Strategy [mm] [mm/tooth]  

1 B h 60.9 Y+ Slotting 12.0 0.05 
2 B h 65.9 X + Up-milling 8.4 0.05 
3 A h 70.5 Y+ Slotting 12.0 0.05 
4 A h 73.5 Y+ Slotting 12.0 0.05 
5 C h 62.6 Y+ Slotting 12.0 0.05    

V. Ostad Ali Akbari, M. Postel, M. Kuffa et al. CIRP Journal of Manufacturing Science and Technology 37 (2022) 359–369 

366 



Experimental validations of knowledge transferability in prediction of 
tooltip dynamics on machine tools 

The proposed tool-holder modelling strategy is evaluated in six 
different tool-holder assemblies. Various tool-holder setups are 
mounted into the spindle of a GF Mikron HPM 800U 5-axis milling 
machine. Tooltip measurements are performed for each case using 
an impulse hammer and the results are compared against the pre-
dicted FRFs, obtained by coupling analytically computed receptance 
of the tool-holder models with previously measured spindle 
dynamics.Note that the values of the contact parameters reported in  
Table 5 are independent of the tool diameter. It is experimentally 
concluded that the identified contact values are transferable to other 

tool diameters within a reasonable range with precise prediction 
accuracy. Therefore, all case studies in this section use the same 
model parameter values corresponding to holder A in Table 5. 

In this validation procedure, holder A is selected (introduced in  
Table 2). The corresponding model parameters for all the six com-
binations in this section are identical to the ones reported in Table 5.  
Fig. 7a concerns the assembly of holder A and tool f with a stick-out 
length of 53.5 mm, the same combination that was used in the 
sound-based optimization in Section 4.1 in free-free boundary con-
ditions. The agreement verifies that a directly updated tool-holder 
combination is also precise for the prediction of tooltip dynamics 
when mounted on a machine tool. Further cases in Fig. 7b and 7c 
differ in their stick-out lengths by significant increases of 10 mm and 
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20 mm. The agreements between the predictions and measurements 
confirm that the proposed modelling strategy is capable of handling 
different stickout lengths and the identified model parameters are 
transferrable to different tool stickout lengths. 

A combination of holder A and tool h is considered in Fig. 8. The 
agreements between predictions and measurements reveal that the 
identified model parameters are also transferrable to other tool 
diameters. In other words, a holder which is updated once could be 
transferred to any tool-holder combinations involving that holder. 

Experimental validations in the precision improvement of stability lobe 
diagrams 

As stated earlier, the machine dynamics at the tip of end mills is a 
decisive input to stability models. As the result of inaccurate dy-
namics into stability models, stable pockets may shift which may 
lead to severe chatter and following consequences. This section in-
vestigates the improvements in prediction accuracy of stability 
boundaries gained by the inclusion of the updated tool-holder 
models in the computation of tooltip dynamics and resulting sta-
bility charts. These investigations are performed in several experi-
mental case studies on a GF Mikron HPM 800 U 5-axis milling 
machine with different process and machine configurations given in  
Table 7. 

The cutting force coefficients are calibrated once using a table 
dynamometer and their values are utilized in derivations of the 
stability charts. The tangential cutting coefficient Ktc= 902 MPa and 
radial cutting coefficient Krc= 243 MPa are obtained for milling op-
erations by tool h on Aluminium 6082 blocks with a constant feed 
per tooth of ft = 0.05 mm/tooth. These conditions are kept constant 
to eliminate the variance of cutting forces and to narrow the focus 
towards the contribution of tool-holder models in improvement of 
stability predictions. At the end, the stability boundaries are calcu-
lated through a zero-order approximation (ZOA) solution [2]. As can 
be seen in Fig. 9, mere inclusion of a precise tool-holder model, 
whose uncertainties and contact parameters are characterized 
through the emitted sound spectrum, makes a significant improve-
ment in the precision of stability predictions. 

Conclusions 

Machining instability due to chatter has been the main factor 
limiting productivity in manufacturing industries for years. The so-
lution to prevent chatter cutting states through predictions of sta-
bility lobe diagrams has not yet been successfully implemented in 
manufacturing industries; therefore, the milling operations are 
performed in low-productive conservative machining conditions. 
Although some techniques e.g. RCSA have reduced the measurement 
efforts by coupling measured spindle FRFs to analytical tool-holder 
model predictions, the remaining experimental effort in the identi-
fication of tool-holder contact parameters for the large number of 
possible of tool-holder combinations cannot be justified for a shop 
floor application. 

In this paper, these obstacles are addressed by presenting solu-
tions in the two main topics: .  

• The sound-based model updating and contact identification 
completely eliminates any need for skilled operators and ex-
pensive equipment, e.g. laser vibrometers, impulse hammers, or 
even data acquisition cards, which makes it suitable for industrial 
implementations. 

• Consideration of a distributed joint model with proper assump-
tions enables transferring the gained knowledge for a given 
holder from a sound test to its other combinations with different 
tools in diameter or stickout length. This is extremely useful since 

it eliminates the need to repeat even the sound test for other 
combinations of the updated holder. 

In the end, the experimental investigations revealed that by the in-
clusion of a proper tool-holder model, a significant improvement in 
the prediction accuracy of stability charts is achievable in an in-
dustrial-friendly manner. 
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