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Abstract

The tool-point frequency response function (FRF) of a spindle-tool system plays a crucial
role in predicting machining stability. Among the factors influencing the FRE, the inter-
face characteristics between the spindle and the tool holder are particularly significant,
especially when different holder designs are used. This study focused on identifying these
interface characteristics for two common tool holder types—BT and BBT—to improve FRF
prediction accuracy. The receptance coupling substructure analysis (RCSA) method was
employed in conjunction with finite element modeling (FEM) to characterize the spindle—
tool holder interfaces without needing extensive experimental tapping tests. Finite element
models were developed to generate receptance components for various tool holder—tool
assemblies, enabling efficient and accurate coupling within the RCSA framework. The
identified interface parameters were applied to predict the tool-point FRFs of the cutter
clamped in a BT tool holder with different overhang lengths. The predicted and measured
tool compliances differed by 3-6.4%, demonstrating high agreement and reliability. The
proposed methodology provides a powerful tool for predictive modeling of dynamic behav-
ior in spindle-tool systems under varying tooling conditions, enhancing process planning
and evaluation of the cutting stability in high-precision machining.

Keywords: frequency response function; interface characteristics; receptance coupling
substructure analysis; spindle-tool holder—tool system

1. Introduction
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Machining chatter is a self-excited vibration phenomenon caused by the interaction
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deflection behaviors under cutting forces, thereby directly affecting machining accuracy
and stability [4]. Previous studies have shown that the mechanical characteristics of the
tool holder—spindle interface are influenced by multiple factors, including drawbar force,
taper contact conditions, and manufacturing precision [5-9].

Enhancing the dynamic characteristics of machine tools and improving cutting sta-
bility are, therefore, essential for increasing machining performance. For a given machine
tool, optimal cutting parameters are commonly determined using stability lobe diagrams
derived from the tool-point frequency response function (FRF) of the spindle-tool system.
Traditionally, the tool-point FRF is obtained using experimental impact (tapping) tests.
However, when multiple cutting tools or tool holder configurations are involved, repeated
experimental measurements become time-consuming, costly, and inefficient. To address this
limitation, numerous studies have proposed the use of receptance coupling substructure
analysis (RCSA) to rapidly predict the FRFs of different spindle-tool assemblies [10-16].

Schmitz et al. [10,11] first introduced the receptance coupling technique, which syn-
thesizes the dynamic behavior of an assembled system by coupling the experimentally
obtained FRFs of individual substructures, such as the spindle, tool holder, and cutting tool.
This approach eliminates the need for repeated vibration experiments for each tool assembly
and significantly improves the efficiency of machining stability prediction. Subsequent re-
search extended this technique to analyze the influence of the tool overhang length and tool
geometry on the dynamic response and cutting stability of spindle-tool systems [12-14].

In early implementations of RCSA, only translational (linear displacement) receptance
components were considered, while rotational displacement components were neglected.
This simplification resulted in reduced prediction accuracy, particularly for systems sub-
jected to bending moments at the interfaces. To overcome this limitation, later studies
incorporated both lateral translational displacement and rotational displacement at the
interfaces between substructures [15-20]. Park et al. [15] introduced lateral and rotational
receptances at the spindle-tool holder interface under applied lateral forces and bending
moments, using beam theory to analytically derive rotational FRFs. Albertelli et al. [16]
employed finite-difference methods to compute both translational and rotational FRFs of
spindle—tool holder substructures. Ahmadi and Ahmadian [18] modeled the spindle-tool
holder interface as an elastic layer to investigate the effect of contact pressure on dynamic
behavior. Erturk et al. [19] and Ozsahin et al. [20] applied RCSA to simplified spindle-tool
holder—tool models and proposed parameter identification methods for interface dynam-
ics, which were validated using experimental analysis. Schmitz et al. [21] developed a
third-generation RCSA framework for shrink-fit tool holders, in which position-dependent
translational and rotational stiffness and damping parameters were obtained from finite
element simulations and distributed along the tool holder contact length. Their approach
significantly improved tool-point FRF prediction accuracy and reduced reliance on em-
pirical fitting parameters by introducing multiple coupling locations and FEM-derived
interface properties.

Budak et al. [22,23] simplified the spindle, tool holder, and cutting tool geometries by
modeling them as Timoshenko beams with varying cross-sections to further reduce the
experimental effort required to obtain substructure FRFs. They used analytical formulations
to derive the required receptance components while accounting for interface contact char-
acteristics. In these studies, interface properties were represented by normal and rotational
stiffness and damping coefficients, which were assembled into interface stiffness matrices.
This modeling framework enabled investigating the influence of drawbar clamping force
on interface stiffness and damping characteristics [24].

Introducing interface stiffness matrices also allows interface properties to be identified
using inverse receptance coupling calculations based on experimental data. Once identified,
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these parameters can be reused to predict the dynamic responses of different tool holder
modules mounted on the same spindle [25]. Yin et al. [26] proposed an improved joint
parameter identification approach based on substructure synthesis methods to predict
assembled structural responses from substructure FRFs.

Recent studies have further advanced inverse receptance coupling techniques to
reduce experimental effort while improving interface parameter identification accuracy.
For example, Sulitka et al. [27] proposed a single-artifact inverse RCSA approach that
explicitly accounts for cross-receptance terms between translational and rotational degrees
of freedom. By introducing an improved cross-receptance formulation, their method
enhances the numerical stability and accuracy of assembled tool-point FRF predictions
while requiring only a limited number of experimental measurements. This work highlights
the importance of accurately modeling coupling effects in inverse RCSA frameworks,
particularly for bending-dominated dynamic responses.

Despite these advancements, experimental identification of rotational receptances
remains challenging and time-consuming. Standard impact testing procedures typically
provide only translational displacement responses to normal forces, while rotational re-
sponses to forces or translational responses to bending moments must be estimated using
approximation techniques, often requiring multiple trials and careful selection of measure-
ment points [28-31]. To address these challenges, Montevecchi et al. [29] and Ji et al. [31]
proposed advanced RCSA methods that enable the computation of rotational receptances
from a reduced number of impact tests. Hung et al. [32] demonstrated that finite element
analysis (FEA) can be effectively used to improve bending moment response prediction,
thereby enhancing receptance coupling accuracy. More recently, inverse receptance cou-
pling techniques and novel contact parameter identification methods have been developed
to improve FRF prediction accuracy for tool holders combined with tools of different
lengths and clamping conditions [32,33]. More recently, Zhao et al. [34] proposed a method
to identify contact parameters at the tool holder—tool interface for predicting the frequency
response functions (FRFs) of assembled tool systems. Their results show reduced tool-point
FRF prediction errors, particularly when variations in tool clamping length are considered.
Chaux et al. [35] developed a numerical framework for free—free tool FRF prediction by
combining finite-difference methods, reciprocity principles, and data-driven techniques,
thereby reducing experimental effort and improving receptance estimation accuracy. While
effective for tools with complex geometries, their approach focuses on free—free tool dy-
namics and does not address assembled spindle-tool systems.

Previous studies have confirmed that receptance coupling substructure analysis
(RCSA) is an effective and efficient approach for predicting tool-point frequency response
functions. Nevertheless, most existing research has primarily addressed the coupling
behavior of tool holder—tool assemblies, whereas the dynamic characteristics of the spindle
nose—tool holder interface have received comparatively limited attention. This gap is par-
ticularly important for milling machines, where tool holders with different specifications
are frequently required to accommodate diverse machining tasks, leading to interface
dynamics that vary significantly with holder design.

In this work, the influence of different tool holder specifications, specifically BT and
BBT modules, on the tool-point FRF of a milling spindle is systematically investigated. An
interface-centered inverse RCSA framework is proposed, in which the coupling interface is
explicitly defined at the physical spindle holder clamping location. Unlike conventional
RCSA-based approaches that are often configuration-specific or rely on identical holder
shank geometries, the proposed method enables direct identification and reuse of spin-
dle holder interface dynamics across tool holders with different shank geometries and
dimensions. By integrating experimental measurements with validated three-dimensional
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finite element models, the approach allows realistic representation of complex geometries
and mass—stiffness distributions while avoiding algebraic reconstruction of receptances.
As a result, accurate tool-point FRF prediction is achieved with reduced experimental
effort, which enhances the generality and practical applicability of RCSA for industrial
spindle-tool systems.

2. Basic Theory of Receptance Coupling Method

In this study, the dynamic properties of the assembled structure were obtained by cou-
pling the receptances of individual substructures. The assembled structure (AB) consisted
of a milling spindle (substructure B) and a tool holder (substructure A), connected through
the bonding interface between the spindle nose and the tool holder taper, as illustrated in
Figure 1a. Milling spindle tooling systems with different tool holders, featuring varying
shank geometries and dimensions, were investigated.

Structure AB __ Structure B N Coupling  Structure A
Spindle -tool holder system —  Milling spindle joint Tool holder

(@)

—F—

_@_
~WW~

Structure B Identified Stucture A
Milling spindle ' Coupling joint 100! holder +Cutter

(b)

Structure AB =
Milling spindle-holder-cutter

Figure 1. (a) Schematic of the coupling of substructures, including spindle unit and tool holder;
(b) coupling operation of milling spindle with tool holder—cutter module.

Given the dominant influence of the spindle holder interface on the dynamic behavior
of the spindle—tool system, the coupling joint was assumed at the contact interface between
the spindle nose inner taper and the tool holder outer taper. The coupling operation was
performed between the milling spindle and the complete tool holder module. Unlike
Schmit’s approach [25,36,37], substructure B in the present study was defined as the milling
spindle without the upper portion of the holder, allowing different tool holder—cutter
assemblies to be accommodated, while substructure A comprised the entire tool holder,
including the taper and shank.

The spindle holder interface was modeled as an elastic joint with dynamic charac-
teristics. Once identified, these interface parameters were used to predict the tool-point
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frequency response functions (FRFs) of the milling cutter through receptance coupling
between the spindle and the tool holder—cutter assembly, as shown in Figure 1b.

For substructure (A) or the tool holder, the displacements at endpoints 1 and 2 (X; and
XAj) can be related to the applied forces (F; and FAj) in the following expression:

X1 | _ |HAn HAp| ] F 1)
XA, HA,, HAy | | FA,

For the spindle (substructure B), the compliance at the spindle nose (point B;) is

expressed as
{XBz} = [HBx]{FBy} )

The above equation shows the relationship between the displacement {XB;} at the
spindle nose (point By) and force {FB,}.

As illustrated in Figure 1, the coupling interface in the present study is explicitly
defined at point 2, corresponding to the physical clamping location between the spindle
nose and the tool holder. By formulating the inverse RCSA directly at this interface, the
identified spindle-side receptance [HB,;,] represents an equivalent boundary compliance
that is independent of the specific holder shank geometry, enabling application to tool
holders with different shank dimensions and geometries.

When substructures A and B are coupled, displacement compatibility and force equi-
librium at the interface require

Fy =Fao + Fpo, Xo = Xa2 = Xp 3)

Substituting Equations (1)-(3), the generalized displacement at tool point 1 due to an
external force F; can be obtained as follows:

X1 = [HA1|Fy — [HA ] ([HAp] + [HBy]) ' [HA 5, ]Fy (4)

where [HA»,] + [HBy,] represents the coupled receptance components of the tool holder—
cutter module (substructure A) and milling spindle (substructure B). The frequency
response function at the tool end due to the excitation F; can then be obtained from
Equation (4).

At each measurement location on the structure, the displacement response comprises
both linear translational displacement (x) and rotational displacement (¢), corresponding to
the applied force (f1) and moment (M), respectively. The generalized relationship between
the displacement vector {Xj } and the force vector {F; } is, therefore, expressed as follows:

) = {;‘;}; (B} = {Af}l} ®)
x| fi | _ [Hann Lap f
ot =l = [ ] L) ®

1 )

X1 X1 61
— —;Najg = —~;Paj; = Mo
1

fi M, f

where [HA ;| denotes the receptance component matrix or the frequency response matrix

Hajy = —,Laj; =

of substructure A. A general form of the receptance matrix of [HA;;] and [HBy,] can be
expressed as

Hlll'j L(li]' Hb22 Lb22‘| (8)

HA;] = d [HByp| =
[ 1]] [Nal-j Plll']"|an [ 22} |}\]b22 szz
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Considering the elastic interface between the tool holder (A) and the spindle nose
(B), the interface force is related to the relative interface motion by the interface dynamic
stiffness matrix [19]:

_ Kxf+iwaf K9f+iZUC9f

[Ksh] . .
Kim +iwCypy Koy + 1wCopym

©)

where K, ¢, Kgr, Kym, and Kyp are the interface dynamic contact stiffness under transverse
force f and bending moment M, and C,¢, Gy, Cxm, and Cyy are the damping coefficients
of the contact interface. Upon inclusion of contact characteristics in the receptance coupling
formulation, the resulting coupling equation for predicting the compliance matrix of the
assembled structure is given as

[GTH] = |:[HA11] — [HAlz] * [Hz]il * [HA21]1| (10)
in which [Hy] = [HAg] + [HBg] + [Kg] "

3. Experimental Measurements of Frequency Response Functions

In this study, four different kinds of tool holders were adopted to investigate the
interface characteristics, including one BBT holder (TYPE-IV BBT40-MEGA20DS-75A) and
three BT40 holders with different shanks (TYPE-I BT40 NH20-90, TYPE-II BT40 ASK20-120,
and TYPE-III BT40 C32H-090), as shown in Figure 2. The required compliance matrices of
the substructures—namely, the tool holder and the spindle nose of the milling machine—
must be evaluated to identify the interface characteristics. The frequency response functions
(FRFs) corresponding to the translational displacement-to-force components needed for the
coupling operation were obtained using impact (tapping) tests.

BT40 NH20-90 (TYPEI) BT40 ASK20-120 (TYPE II)

BT40 C32H-090 (TYPE III) BBT40-MEGA20DS-75A (TYPE IV)
Figure 2. Tool holder modules with different specifications.

The instruments used for impact testing included the following: (1) an accelerometer
(PCB Inc., Tonawanda, NY, USA, 352A25; mass: 0.6 g; sensitivity: (£15%) 2.5 mV/g; and
natural frequency: 1 to 10k Hz); (2) an impact hammer (PCB Inc. 086C03; sensitivity:
2.25 mV/N; and measurement range: 222 N pk); (3) a data acquisition module (National
Instruments Co., Austin, TX, USA; NI-9234; AC/DC coupling; 4-input channel; 24 bit;
51.2 kSPS; and BNC); and (4) an FFT spectrum analyzer (PROWAVE Engineering Inc.,
Kaohsiung City, Taiwan; PW 700 series). The experimental configurations are illustrated
in Figure 3. In the test of the spindle—tool holder structure, it was suspended by very
soft cords, as in a free state. The impact hammer was applied to the end of the tool
holder (point al) and the clamping point a2, as shown in Figure 3c. The response was
measured with an accelerometer, which was attached to the backside of the excitation
point. The vibration signal was assessed via the DAQ module and then processed with
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an FFT spectrum analyzer. Similarly, in assessment of receptance components of spindle
nose [HBy;], denoting the direct FRF at the point 2, was measured by tapping tests on
spindle nose. The experimental configuration is illustrated in Figure 3a. The accelerometer
was mounted at point 2, where the clamping point of the spindle nose with holder was.
The other sensor was mounted on point 2c on the inside surface of the spindle nose. The
responses at point 2 and 2c, Hby, and Hby,., were measured under excitation applied on
the spindle nose. Other components such as the rotational displacement against moment
loading, Lbyy, Nbyy, and Pby, were estimated by using the finite-difference method.

-

r G
{  Hammer |

e

Point a2 Pointal

Excitation

(b) (©)

Figure 3. Vibration experiment for assessing the FRFs of the structural components (a) at the spindle
nose (substructure B), (b) at the spindle-tool holder interface (structure AB), and (c) the tool holder
module (substructure A).

Figures 4 and 5 depict the frequency response functions of the tool holders, which
were measured at the end of the holder (point al) and the clamping point (point a2), termed
as Haj; and Hayy, respectively. Figure 4 shows that the primary natural frequency of the
tool holder ranged from 5000 to 7000 HZ, varying with the holder dimensions. The three
BT holders and the BBT holder also showed different compliance at the critical modes. The
BBT holder had a higher frequency and rigidity than the other BT holders.

FRFs of tool holder (HA11)
T T T

0.08 T T
= —BT40-NH20-90
€ 0.04| —BT40-ASK20-120 .
3 ~—BT4-C32H-090
3 O} —BBT40-MEGA20DS p=
; -0.04 // :
w -0.08 1 1 1 1 1 1

0 1000 2000 3000 4000 5000 6000 7000 8000

Frequency (Hz)

002 T T T T
—-0.04 i i i J
-0.08 I 1 1 I 1 I I

0 1000 2000 3000 4000 5000 6000 7000 8000
Frequency (Hz)

o

FRF, Imag (um/N)

Figure 4. Comparisons of the FRFs measured at the collet nuts of the tool holders with different
geometric designs.
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FRFs of tool holder (HA22)
T T T

0.02
= =—=BT40-NH20-90
£ 0.01 | =—BT40-ASK20-120 |
2 ==BT4-C32H-090 / |
g 0 | —BBT40-MEGA20DS
'4
w—0.01} b T
4
“-0.02 : : : :

0 1000 2000 3000 4000 5000 6000 7000 8000
Frequency (Hz)
~ 0.04
Z
5 0.02
g 0
g Y
1—0.02 al
o
LL_0_04 I 1 | I 1 |
0 1000 2000 3000 4000 5000 6000 7000 8000

Frequency (Hz)

Figure 5. Comparisons of the FRFs measured at the retention knobs of the tool holders with different
geometric designs.

The direct FRFs measured at the point 2 and point 2c on the spindle nose, termed
as HBy, and HByy, respectively, are illustrated in Figure 6, which shows two funda-
mental modes at 1766 and 2366 Hz, with compliances of 0.024 um/N and 0.01 um/N.
The rotational displacement against the applied force, Nbyy, can be calculated as
Nby, = (Hbyy — Hbyy.)/S, where S is the distance between point 2 and point 2c. Given
Hby; and Nbyp, the components Lby, and Pby, can be obtained, that is Lbyy = Nby, and
Pbyy = (Lby2-Nbyy)/Hbo,.

FRFs at spindle nose - HB22
T T T

_0.02 — : : —
z —Measured curve
€ 0.01 —Fitted curve |
= 0
4
[T
-0.01 | 1 1 | 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Frequency (Hz)
0.02 T T
z
€ 0.01 9
2
E 0
ox
&—0.01 *
[T
-0.02 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Frequency (Hz)
(@
FRFs measured at spindle nose (Hb22 and Hb22c)
0.02
= —Point 2 (Hb22)
E oo —Point 2¢ (Hb22c)
5
2 0.00
(4¢3
&
£ —0.01
L.
—0.02 T T T T T T T

0 500 1000 1500 2000 2500 3000 3500 4000

Frequency, (HZ)

(b)

Figure 6. Frequency response functions measured at the spindle nose: (a) real part and imaginary
part of FRF and (b) comparisons of FRFs, HByy, and HBpy,.
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The FRFs (G11) measured at the end of each tool holder on the spindle are shown in
Figure 7. This figure reveals that the spindle with a different tool holder demonstrated
different dynamic characteristics with different compliance at different modes. The max-
imum compliance values of the spindle-tool system with TYPE-I, TYPE-II, and TYPE-
IIT tool holders were 0.068 um/N (1030 Hz), 0.058 um/N (1290 Hz), and 0.150 pm/N
(1080 Hz), respectively. The spindle-tool with the BBT holder had a maximum compliance
of 0.086 um/N at 1250 Hz. Moreover, the comparison of the modal-fitted curves of the orig-
inal FRFs in Figure 8 demonstrates that the spindle—tool with the third BT holder (TYPE-III)
showed a higher compliance at a lower frequency compared with the BBT holder, despite
having a similar shank in its geometry. These results indicate that the type of tool holder
greatly affected the dynamic characteristics of the spindle-tool system. The discrepancy
was probably caused by the interface characteristics between the spindle nose and the
tool holder.

FRFs measured at the end of tool holder on spindle

0.16
0.14
0.12
0.10
0.08
0.06
0.04
0.02
0.00

—BT40 NH20-90

—BT40 ASK20-120
—BT40 C32H-090
—BBT40-MEGA20DS-75A

FRFs, compliance (um/N)

0 500 1000 1500 2000 2500 3000 3500 4000
Frequency, (HZ)

Figure 7. Frequency response functions (G11) measured at the end of each tool holder on the spindle.

Fitted curves of FRFs of the tool holder on spindle

0.10
0.08 -
0.06
0.04
0.02
0.00
-0.02
~0.04
-0.06
-0.08
-0.10 : ‘ ‘ ‘ : : ;
500 1000 1500 2000 2500 3000 3500 4000

Frequency, (HZ)

—BT40 NH20-90 —BT40 C32H-090
—BT40 ASK20-120 —BBT40-MEGA20DS-75A

FRFs, raal part (um/N)

o

Figure 8. Comparisons of modal-fitted curves of experimentally measured FRFs of different
tool holders.

4. Estimation of the Receptance Compliance Matrix

Within the receptance coupling procedure, the compliance matrices of the tool holder,
including [HA 1] and [HA;], as well as the spindle nose compliance matrix [HB,;], appear-
ing in Equation (9), are required. The general compliance matrix formulation comprises
four subcomponents, as presented in Equations (6) and (7). For each substructure, the
direct and cross-translational displacement-force components, such as Ha;; and Hayj, were
experimentally identified via impact (tapping) tests performed on the milling machine. The
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remaining components, namely, Laj1, Najj, and Pa;;, were obtained using the numerical
procedure described in [25].

To lessen the approximation errors, this study applied the finite element method to
calculate the compliance components associated with points 1 and 2 of the structures. The
main procedures are stated as follows:

1. The finite element model of the substructures was created, using the tool holder of the
BBT type as an example, as shown in Figure 9.

2. Harmonic analysis was conducted to predict the frequency response functions Haj;
and Hayp, which are linear displacements of points 1 and 2 under forces F; and F,, as
shown in Figure 9a.

3. The receptance components, the FRFs obtained from the finite element computation
and tapping test, were compared to validate the finite element models. As shown in
Figure 10a, the predicted FRFs of the tool holder agreed well with the measurements.
Figure 9c illustrates the bending vibration of the tool holder at a frequency of around
7100 Hz, which dominated the FRF.

4. Using the validated finite element model, compliance components, such as Laj; and
Lapy, which are related to the linear displacements of points 1 and 2 against the
moments M; and My, were calculated via harmonic analysis, as shown in Figure 10b.
After that, other terms, such as Naj; and Pa;;, were obtained.

(a) Solid model (b) FE model (c) Bending vibration mode

Figure 9. Finite model for predicting the compliance components of the tool holder.

FRFsof the BBT type tool holder (Ha11) FRFs of the BBT type tool holder (La11 & La22)
0.05 0.003
5 003 | —Tapping test S 0002
= —FE modeling = b
E g 0.001 4
2 0.01 A = 7 i
z § 0000 -
£-—0.01 A = &
. s —0.001 ~
é; ~0.03 - £ —0.002 - —La22 —Lall
= _0.05 T T T T T T T T T = _0003 * ¥ T T T T T 1 T
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10,000 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10,000
Frequency, (HZ) Frequency, (Hz)
(a) (b)

Figure 10. Frequency response functions of the tool holder. (a) Comparison between finite element
computations and tapping tests; (b) finite element-predicted FRFs (Laj; and Lap)).

It is noted that the coupling interface was defined at the spindle holder clamping
location (point 2 in Figure 1). Therefore, the receptance matrices [HA,| and [HBy;] are
consistently defined at the same coupling location, avoiding ambiguity associated with
internal or mid-point excitation. As shown in Figure 9a, receptance components Hap, and
Lay; can be obtained by conducting harmonic analysis under lateral force F, and bending
moment M, respectively, which are applied at the interface endpoint DOFs.
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In the finite element modeling, the tool holder was meshed using hexahedral and
tetrahedral elements with a global element size of 3 to 4 mm, comprising 19,436 elements
and 32,806 nodes in total, which ensured a convergent solution. The tool holder was made
of structural steel with the following material properties: Young’s modulus E = 210 GPa,
density p = 7700 kg/m3, and Poisson’s ratio p = 0.30. In the modal and harmonic analysis,
the model was assumed to be in a free—free state without any constraints to approximate
a “free” state of the tool holder in the tapping tests, where it was suspended by very
soft cords.

The computational efficiency of FEA depends on the balance between the mesh density,
element type, and geometric complexity. To optimize this, our study employed eight-node
tetrahedral elements to mesh various tool holder—tool assemblies. Convergence testing
determined that a range of 35,000 to 50,000 nodes provided high accuracy with minimal
processing time. On hardware featuring an Intel Core i9 CPU and 128 GB of RAM, each
harmonic analysis (0-5000 Hz; 5 Hz increments) took less than 10 min. Assessing all
necessary FRFs for a full RCSA operation required approximately one hour per module.
This FEA-based approach proved significantly more effective than traditional tapping tests,
especially when evaluating multiple tool holder configurations for RCSA.

5. Identification of Interface Characteristics
5.1. Inverse RCSA

Inverse receptance coupling procedures were employed to identify the dynamic
interface characteristic matrix [Kyj| of the bonded interface between the tool holder and the
spindle nose.

[Kon] = [[HAlz]fl([GTn] — [HAy;)) ' HAy] ' — [HAy) — [HBzz]} - (11)

Equation (11) represents a matrix inverse operation in the frequency domain; indi-
vidual FRF terms are transfer functions and are not treated as algebraic ratios. The terms
[HA11], [HA1], [HA12], and [HA»,] are compliance matrices of frequency response func-
tions associated with the tool holder; [HBy;] is the compliance matrix of the frequency
response functions associated with the spindle nose; and [GT1;] is the compliance matrix
associated with the spindle-tool holder system.

Equation (10) is solved with [HA;] and [HBy,] known, such that [Kgp] is the only
unknown. No algebraic reconstruction of receptance components is performed; all required
translational, rotational, and cross receptances are either directly measured or obtained
from validated three-dimensional finite element models. Consequently, the inverse problem
is well-posed, and the identified interface parameters are governed by physically consistent
experimental and numerical data rather than algebraic assumptions.

The interface characteristics between the substructures of the assembled structure
can be identified from the compliance matrices of the substructures and the assembled
structure via the following procedures, as shown in Figure 11. Using this algorithm, the
assembled spindle-tool holder configuration was employed as the reference model in the
inverse receptance coupling analysis to identify the interface dynamic characteristics. The
identified interface properties were subsequently applied to predict the tool-end frequency
response functions of tool holder-tool modules with different rod lengths installed in the
milling spindle.
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For existing spindle tool modules

(1) Tapping tests

To assess linear receptance components

+ Substructure (A) Specific tool holder H11, H12,....

¢ Substructure {B) Spindle nose HB22/HB12

+ Assembled structure (AB) Spindle tool holder G11/ G21
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(11) Approximation approach
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Figure 11. Architecture of the interface characteristics” identification between the spindle nose and
the tool holder.

The inverse RCSA workflow is summarized below:

(a) Define the interface DOFs: [x, 0] at the holder end (a2) and the spindle nose (b2).

(b) Measure the assembly FRF [Gr] for the spindle + holder (reference configuration).

(c) Obtain the holder receptance matrices [HAZ-]-]: measured Hajj terms + FEM-derived
L, N,and P terms (validated).

(d) Obtain the spindle nose receptance [HBy,] at B2 (from the reference configuration
using inverse coupling).

(e) Solve for the interface dynamic stiffness [Ky, (w)] using the inverse coupling equation.

(f)  Apply [Ky,(w)] with FEM-generated receptances of new holder-tool combinations to
predict the tool-point FRFs.

Inverse RCSA becomes underdetermined if insufficient receptance components are
available. In this study, this issue was addressed by supplementing experimental data with
validated FEM-based receptances. Without such additional information, the identification
of interface parameters would not be unique.

5.2. Interface Characteristics

The dynamic interface characteristics between the spindle nose and various types of
tool holders are quantified and summarized in Table 1. For the BT40 NH20-90 tool holder,
the linear translational stiffness and damping coefficient of the interface associated with
the dominant vibration mode were 1.93 x 107 N/m and 4100 N-s/m, respectively. For the
BT40 ASK20-120 tool holder, the corresponding linear translational stiffness and damping
coefficient were 1.06 x 107 N/m and 8490 N-s/m, respectively. For the BT40 ASK20-120
tool holder, the interface exhibited a linear translational stiffness of 2.38 x 107 N/m and a
damping coefficient of 4930 N-s/m for the dominant mode.

For the BBT40-MEGA20DS-75A tool holder, the linear translational stiffness and
damping coefficient of the interface were 2.68 x 107 N/m and 9830 N-s/m, respec-
tively. The rotational stiffness and damping coefficients of the BT40 NH20-90 holder
were 1.94 x 10 Nm/rad and 530 Nm-s/rad, respectively. For the BT40 ASK20-120 tool
holder, the rotational stiffness and damping coefficients were 0.89 x 10’ Nm/rad and
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483 Nm-s/rad, respectively. For TYPE III, the rotational stiffness and damping coef-
ficients were 1.16 x 10’ Nm/rad and 563 Nm-s/rad, respectively. For the BBT tool
holder, the rotational stiffness and damping coefficients were 1.0 x 10’ Nm/rad and
832 Nm-s/rad, respectively.

Table 1. Contact characteristics at the spindle-tool holder interface.

Tool Holder Normal Normal Rotational Rotational
Stiffness (N/m) Damping (N-s/m)  Stiffness (Nm/rad) Damping (Nm-s/rad)

BT40 NH20-90 1.93 x 107 4100 1.94 x 107 530

BT40 ASK20-120 2.38 x 107 4930 0.89 x 107 483

BT40 C32H-090 1.06 x 107 8490 1.16 x 107 563

BBT40-MEGA20DS-75A 2.68 x 107 9830 1.00 x 107 832

The results show that the identified interface characteristics of the BT tool holders
with various shanks were different and inconsistent, despite being designed with the same
geometric tapered surface to be connected to the spindle nose taper, but with different
shanks. This may be because the holder’s shank geometry slightly affected the frequency
responses of the spindle holder. Furthermore, Table 1 demonstrates that the contact stiffness
of the BBT tool holder was slightly higher than those of the BT-type tool holders, and it
showed superior damping coefficients in the linear and rotational directions compared
with the BT-type tool holders. Considering the similar geometrical constructions of the
holders, BT Type I and BBT type had comparable interface characteristics, enabling them to
demonstrate a similar frequency response when inserted into the spindle.

6. Application of RCSA for Prediction of Tool-Point FRFs

The tool-point FRFs of the milling spindle with different tool specifications could be
predicted based on the identified interface characteristics. In this prediction, the four-flute
cutter had a diameter of 20 mm and a length of 100 mm, which was clamped in the BT tool
holder (collet ER32) with overhang lengths of 68, 73, and 78 mm, respectively. To predict
the tool-point FRFs [GT11], the compliance matrices required for coupling operation in
Equation (9) are given as follows. [HBy,] is a compliance matrix of frequency response
functions associated with the spindle nose, which is given in Section 3.

The terms [HA11], [HA1], [HA13], and [HAj;] are compliance matrices of frequency
response functions associated with a specific tool holder—tool assembly. The receptance
components in the compliance matrix [HA11], including Hay1, La;1, and Lap;, were obtained
from finite element modeling, instead of the tapping tests. For this, the 3D solid model and
finite element models of different tool holder—cutter modules were first created, as shown
in Figure 12.

These models were validated by comparing the FRFs measured from vibration tests
and finite element harmonic analysis. The linear and angular displacement compliances
associated with the forces and moments, respectively, were predicted for subsequent cou-
pling analysis using the validated models. Details for assessing the receptance compliance
matrices of tool holder—tool modules are available in a previous study [33]. Figures 13-15
illustrate the FRFs (Haj1, Laj1, and Lay;) of the holder—cutter with overhang lengths of
68, 73, and 78 mm, respectively. Haj; represents the receptance components associated
with the linear displacement to the force. Laj; and Lay; are the linear displacements to the
moment applied at the tool end.
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Cutter Tool holder Collet Assembled module
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Applied force on tool tip ~ Applied moment on tool tip

Finite element model

Figure 12. Finite element models of tool holder-tool module.
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Figure 13. FRFs (Haj1) of the tool holder—tool modules with different overhangs.
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Figure 14. FRFs (Laj) of the tool holder-tool modules with different overhangs.
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Figure 15. FRFs (Lay;) of the tool holder-tool modules with different overhangs.

For the final validation of the coupling prediction of the tool-point FRFs, tapping tests
were conducted on the spindle—tool system, which was clamped in the BT tool holder with
overhangs of 68, 73, and 78 mm, respectively, as shown in Figure 16a. The FRFs (GHj1)
measured at the tool end of the spindle system are illustrated in Figure 16b. GHj; was asso-
ciated with the linear displacement of the spindle-tool system excited by the force applied
at the tool end. As observed in Figure 16b, the maximum compliance values at the dominant
mode were 0.3348 um/N (at 1296 Hz), 0.4077 um/N (at 1288 Hz), and 0.4574 um/N (at
1266 Hz) for cutters with overhangs of 68, 73, and 78 mm, respectively. The clamped range
of the milling cutter in the tool holder significantly influenced the modal characteristics that
dominated the machining stability of the machine tool. This also suggested that adjusting
the tool’s overhang length could improve the cutter’s dynamic characteristics to obtain a
more stable machining region with a higher material removal rate [38].

FRFs measured at spindle tool tip (GH11)
T T T
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&
‘0.2
| | | | |
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Frequency (Hz)
0.5 T T

204

20.3

3

£0.2

0.1

w

0 Il Il —
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Frequency (Hz)
(a) Tool holder (ER32) with cutter (b) Tool-point FRFs of milling cutters

Figure 16. FRFs (GHj;) measured at tool end of milling cutters with different overhang lengths:
(a) tapping test; (b) tool-point FRFs.

The tool-end frequency response functions (FRFs) of the spindle-tool system with
different tool specifications were subsequently predicted based on the identified interface
characteristics using the RCSA algorithm illustrated in Figure 11. Figure 17 presents the
predicted tool-point FRFs (Gy1) of the spindle-tool system equipped with four-flute cutters
with overhang lengths of 68, 73, and 78 mm, respectively. The predicted FRFs showed good
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agreement with the experimental results obtained from vibration tests conducted on the

milling cutters.

Predicted tool point FRF for 4 flutes cutter with overhang of 68 mm
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(c) Spindle-tool system with overhang of 78 mm

Figure 17. The RCSA-predicted tool-point FRFs (Gj1) of the spindle-tool system with different

tooling conditions.

As summarized in Table 2, for different tool clamping lengths, the dominant natural
frequencies predicted by the receptance coupling operation closely match the measured
values, with discrepancies of less than 3.2%. This result clearly indicates that the vibration
behavior of the assembled structure was predominantly governed by the tool holder—tool
interface. In contrast, the difference between the predicted and measured tool compliance
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ranged from 3% to 6.4%. These discrepancies can be primarily attributed to variations in the
actual contact characteristics, including contact stiffness and interface damping between
the spindle and tool holder, which may slightly change with different tool overhang lengths.
Nevertheless, the results suggest that the interface characteristics identified in this study are
only marginally influenced by tool holder geometry, implying relatively limited variation
in the contact interface properties.

Table 2. Comparisons of the modal parameters of tool-point FRFs obtained using tapping test and
RCSA predictions.

Maximum Compliance Dominant Frequency
(um/N) (Hz)

Overhang Ta%;f;:: ® PrIzgiigon Error T?FI;I;:: ® Prl:cﬁ?t?on Error
68 mm 0.3348 0.3504 4.7% 1296 1285 <1.0%
73 mm 0.4077 0.4215 3.3% 1288 1275 <1.0%
78 mm 0.4574 0.4870 6.4% 1266 1255 <1.0%

Another case is presented to demonstrate the application of RCSA with FE modeling
for predicting tool-tip FRFs. As shown in Figure 18, the BT40-ASK20-120 tool holder
(Type II) had a longer shank overhang of 120 mm compared with the BT Type III tool
holder with an E32 collet. The measured FRFs (Figures 4 and 5) revealed that the FRFs of
the BT40-ASK20-120 tool holder were more flexible than those of the BT40 C32H-090 tool
holder (Type III). A four-flute cutter with a diameter of 20 mm and a length of 100 mm was
clamped in the holder with an overhang length of 78 mm. We created a 3D model and a
finite element model, which was meshed with a tetrahedral element with a mesh size of
3 mm, to predict the FRF of the tool holder-tool when mounted on the milling spindle. The
receptance components of the substructure B (tool holder—tool assembly) were obtained by
conducting the harmonic analysis under direct force and moment loadings, respectively.
The FRFs associated with displacement responses (LA1; and LA1;) of the cutter endpoint
under moment loading are shown in Figure 19.

Figure 18. Finite element model of tool holder (BT40 ASK20-120) with cutter.

The endpoint FRF of the spindle-tool holder—tool assembly was obtained using the
proposed method and is illustrated in Figure 20, in which the measured FRF is depicted
for comparison. The coupling prediction was compatible with the tapping test measure-
ment. The maximum compliance and frequency of the predicted and measured FRFs were
0.5964 um/N at 728 Hz and 743 0.5651 um/N at 743 Hz, respectively, with a difference
of approximately 5.2%. In these case studies, different combinations of the holder—tool
assembly were used to validate the proposed method in predicting the tool-tip FRFs when
mounted on the milling spindle. The accuracy of RCSA with FE modeling was affected
by the holder—tool interface characteristics to some extent, which changed with the holder
geometry and the receptance components, as well as the FRFs obtained via FEA, which
required the model to resemble the real one.
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Predicted FRF of tool holder-tool assembly (BT40 ASK20-120)
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Figure 19. FRFs associated with displacement responses (LA11 and LA12) at endpoint of cutter under

moment loading.

Predicted FRF of 4 flutes cutter with overhang 78 mm (BT40 ASK20-120)
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Figure 20. Comparison of endpoint FRFs of spindle-tool holder-tool assembly predicted using RCSA
and measurements.

The tool-point FRFs can be used to visualize the machining stability of the milling
tool. Taking the cutter with an overhang of 73 mm as an example, the stability diagrams
were evaluated based on the experimentally measured and RCSA-predicted FRFs at the
dominant mode at approximately 1288 Hz, as illustrated in Figure 21 for comparison. In
the calculation of the machining stability [39], the cutting force coefficients of the carbide
tool against Al6060T6 alloys were calibrated as Kt = 800 N/mm? [40,41]. Figure 16 shows
that the stability lobes assessed with the predicted FRF showed good agreement with
those assessed with the measured FRF, with a difference of approximately 5% in the axial-
limited cutting depth. Therefore, the results show that implementing the identification
of the spindle-tool holder interface characteristics in the receptance coupling method
can effectively predict the tool-point frequency response functions of a milling spindle
with different tooling conditions, which also provides an efficient and accurate method to
evaluate the machining stability of a milling cutter.
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Stability lobes of milling cutter with overhang of 73 mm
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Figure 21. Comparisons of the stability lobes based on the experimentally measured and RCSA-
predicted FRFs, respectively.

This study confirmed that accurate identification of spindle nose-tool holder interface
characteristics is critical for reliable tool-point FRF prediction. Both translational and
rotational interface stiffness and damping were identified by applying inverse RCSA,
resulting in close agreement between predicted and measured tool compliances, with errors
limited to 3-6.4%. A major strength of the proposed approach is the hybrid experimental—
numerical strategy. Experimental tapping tests are required only for reference assemblies,
while full 3D finite element modeling is used to generate complete receptance matrices
for tool holder—tool substructures. Compared with beam theory- or simplified artifact-
based models, the 3D FEM approach enables accurate representation of complex holder
geometries, realistic mass and stiffness distributions, and flexible tool holder combinations
without additional analytical assumptions. This contributes directly to improved prediction
fidelity, particularly for bending-dominated vibration modes.

The comparative analysis of BT and BBT tool holders demonstrates that interface
design significantly affects dynamic behavior. BBT holders generally exhibit higher contact
stiffness and damping, leading to reduced compliance amplitudes and improved dynamic
stability. The similarity observed between BT Type I and BBT holders further indicates that
subtle geometric differences can result in comparable interface dynamics, underscoring the
importance of quantitative interface characterization. In contrast with free—free tool FRF
prediction methods and inverse RCSA approaches based on simplified artifacts, the present
framework explicitly targets assembled spindle—tool systems under practical machining
conditions. Reusing identified spindle holder interface parameters and combining them
with FEM-generated tool receptance enables tool-point FRFs to be efficiently predicted
for multiple tooling configurations without repeated system-level testing. In addition,
it is worthy to note that dummy-tool-based procedures reported in the literature [40]
are particularly suited to configurations in which the holder shank geometry remains
unchanged and only tool length or diameter varies. In contrast, by defining the coupling
interface at the spindle holder clamping location (point 2 in Figure 1), the proposed inverse
RCSA framework enables reuse of the identified interface dynamics across tool holders with
different shank geometries. This interface-based formulation therefore provides greater
generality for practical industrial tooling systems.

Although the proposed method showed strong performance, interface characteristics
were identified under fixed assembly conditions, and the effects of variable clamping force,
thermal loading, and nonlinear contact behavior were not considered. Future work will
address these factors and extend the approach to other holder systems and machining
configurations. Despite its advantages, several limitations should be noted. The identified
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References

interface characteristics correspond to specific assembly and clamping conditions, and
variations in drawbar force, thermal effects, and interface wear were not explicitly consid-
ered. In addition, the FEM models assume linear elastic behavior at the interfaces, whereas
nonlinear contact phenomena may arise under severe cutting loads. Future work will
focus on incorporating variable clamping forces, nonlinear interface effects, and thermal
influences, as well as extending the framework to other holder systems and multi-axis
machining configurations.

7. Conclusions

This study presents an effective and practical framework for predicting tool-point
frequency response functions (FRFs) of spindle—tool systems by explicitly characterizing
the dynamic interface between the spindle nose and the tool holder. An inverse receptance
coupling substructure analysis (RCSA) method was employed to identify both translational
and rotational stiffness and damping parameters at the spindle holder interface, while
finite element modeling (FEM) was used to generate complete receptance matrices for tool
holder-tool assemblies. The proposed approach achieved high prediction accuracy, with
differences between predicted and measured tool compliances limited to 3-6.4%.

The key novelty of this work lies in shifting the focus of FRF prediction from tool-only
or tool holder interfaces to the spindle nose-tool holder interface, which is a major yet often
overlooked source of variability in practical milling systems. In addition, the adoption
of full 3D FEM for tool holders enables accurate representation of complex geometries
and flexible tool holder combinations, overcoming the limitations of beam theory-based or
simplified artifact models commonly used in previous studies.

The comparative investigation of BT and BBT tool holders further demonstrates that
interface design significantly influences contact stiffness, damping, and dynamic compli-
ance, directly affecting machining stability. By reusing the identified interface parameters,
the proposed framework allows efficient FRF prediction for multiple tooling configurations
without repeated system-level experimental testing. Overall, this study provides a robust,
general, and industrially relevant methodology for dynamic characterization and stability
prediction of spindle-tool systems, offering valuable support for process planning and
performance optimization in high-speed milling applications.
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