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Abstract Dynamic behavior of spindle-holder taper joint is
critical in the spindle system of machine tool, related to the
machining process. The parameters of the holder joint are
significant for the spindle—holder system. This paper devel-
oped a new approach to investigate the dynamic behavior of
the taper joint in modeling and parameters identification.
Firstly, dynamic model is illustrated in both radial and axial
directions based on the pairs of spring and damping. And
frequency response function is used to identify the unknown
modal parameters of frequencies and damping ratios. Sec-
ondly, a platform is designed and manufactured to establish
the testing system in order to investigate the taper joint.
Furthermore, taper joint of a BT50 holder is investigated,
and the pre-force at the end of holder is the main consider-
ation during the testing. The results show that the dynamic
stiffness increases with the increasing of pre-force at the end
of the holder. In addition, the paper discusses the phenom-
enon in microstructure based on peak-hollows model and
the joint parameters are proved to be workable through
simulation. The joint parameters are instructive to the design
and manufacturing of the spindle.

Keywords Taper joint - Dynamic modeling - Parameters
identification - Machine tool

1 Introduction

The taper joint of spindle-holder is widely applied in spin-

dle system of machine tool to support the holder and achieve
automatic tool changing. David reported that about 25 to
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50 % of the total deformation of the spindle system derived
from spindle—holder taper joint [1]. Some researchers intro-
duced that the chatter which would lead to poor surface
quality especially in high-speed machining is related to the
dynamic behavior of the spindle [2, 3]. The weak dynamic
stiffness of the spindle—holder joint will influence the vibra-
tion of the spindle during the machining. The dynamic
performance of spindle influences the machining process
directly, which makes it necessary to study the behavior of
spindle-holder joint [4, 5].

Literatures about spindle—holder system suggest that dy-
namic modeling and parameters identification are the major
aspects to study the performance [6—8]. Several methods are
used to investigate the issue, and the common way is to
consider it as the assembly of linear springs and dampings
[9, 10]. And the parameters are calculated from the frequen-
cy response function (FRF) which carries most information
of the joint. It is necessary to predict the FRF of the spindle
before a real machine tool is manufactured in order to
shorten production cycle [11-15]. Moreover, the finite ele-
ment method (FEM) is a popular way to simulate the dy-
namic system. But the boundary condition of contact cannot
meet the requirements without an effective model, so it is
significant to understand the joint condition of the spindle—
holder joint. In addition, the receptance coupling (RC) is
widely used to analyze the dynamics and predict FRF as
well, which is applied in the tool point dynamics prediction,
especially in high-speed machining [15, 16]; accordingly,
the joint parameters of spring and damping are helpful to
deduce the dynamic equations. Notably, Ertiirk et al.
[16—18] used averaged RC translational and rotational stiff-
ness to describe the interface. Namazia [19] simplified the
spindle and holder with Timoshenko beam element model,
and the interface is regarded as uniformly distributed trans-
lational and rotational springs. In this way, it is difficult to
apply in solid element FEM for the parameters focused on
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the total effect. Hence, the joint parameters are the bottle-
neck to restrict the accuracy of simulation.

In this paper, a standard BT 50 spindle-holder joint is
studied to explore the spindle—holder of dynamic model and
parameters identification. This holder is widely used in actual
using and its taper is standard 7/24 without self-locking [20].
And the pre-force at the end of the spindle-holder is the main
consideration among all the influencing factors, which direct-
ly determines contact condition of joints.

2 Dynamic modeling

Dynamic model is to describe the characteristics of
complex system, which is approximate to characteristics
of the original one and contain unknown parameters.
Then, it is necessary to obtain the unknown parameters
from experiments and calculation. In addition, the model
should be as simple as possible if the model can repre-
sent the true system to some extent. It is necessary to
model the dynamic system, derivate the identification
algorithm, obtain the predefined parameters, and simu-
late the dynamic characteristics during the whole analy-
sis of the spindle-holder system.

Some assumptions are proposed to model the dynam-
ic system. Firstly, the holder and spindle are Axially
symmetric around the center. So it is enough to study
one section separated by the plane through the central
axis. Secondly, the deformations of holder and spindle
themselves are assumed to be smaller than those of
taper joint under forces. Therefore, the spindle and
holder are regarded as rigid bodies. Additionally, the
natural frequencies of unrestraint holder are higher than
those with the taper joint considered.

From microscopic perspective, mechanical joint consists
of innumerable interactional peak-hollow contacts due to the
roughness surface generated from machining process or
others [21], which is shown in Fig. 1. Each contact has the
characteristic of elasticity and resistance when normal force
was applied on the bodies. In other words, each small
contact can be considered as a pair of spring and damping,
and the total model can represent the original system if
sufficient accuracy parameters of springs and damping are
identified.
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Fig. 1 Microscopic description of mechanical joints
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Moreover, peaks and hollows are distributed in the joint
randomly and evenly. And the directions of spring and
damping are perpendicular to the contact regions. The tan-
gential effect of them is distributed randomly and evenly as
well, which has less effect on the total normal direction.
Therefore, the normal direction is the main constraint of the
total effect. As a result, the pairs of normal spring and
damping are equivalent to the micro regions and take the
place of the whole joint.

In this paper, the dynamic characteristics of the BT50
(Fig. 2a) taper joint are the major consideration. The taper
surface is the only contact region, shown in Fig. 2b. The
pressure distributed in the taper joint is perpendicular to the
normal surface, which is dragged by the pre-force at the end
of the spindle-holder. Each contact region is regarded as
both elastic and viscous element. In this way, the total effect
of spindle-holder is equivalent to the innumerable degrees
of freedom system with the direction perpendicular to the
normal surface. However, it is difficult to analyze the com-
plicated system without any simplifications. So it is neces-
sary to simplify dynamic model to meet the requirements of
calculation and simulation.

The spindle-holder system is analyzed in one axial
direction and two radial directions in terms of structure
feature and force conditions. In radial direction, the
dynamic behaviors in X direction and Y direction are
theoretically the same because the holder and spindle is
Axially symmetric. There are two aspects to discuss: the
location of spring and damping and the acquisition
method of unknown parameters. The locations are de-
termined by the vibration shapes under forces. In prac-
tice, the pressure or stress at the big end and small end
are greater than that in the middle, which can be
explained by the phenomena that the holder would be
severely worn and torn after long time use. Moreover,
the first several orders of modal shapes have something
to do with the two support ends. In axial direction, the
holder shows the only axial translation with a single
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Fig. 2 Analysis of spindle-holder joint
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Fig. 3 Equivalent modeling of the spindle—holder system

degree of freedom. In this way, the dynamic model of
taper joint is shown in Fig. 3.

Pairs of spring and damping are the virtual elements
relevant to dynamic system, which is influenced by external
conditions. The taper joint in radial direction is equivalent to
the two pairs of spring and damping located at the big and
small ends, respectively. And the axial restraint is connected
by the spring and damping at the big end for the stability. As
is well known, 6 degrees of freedom at least are needed to
make an object fully constrained. The pairs of spring and
damping constrain 5 degrees of freedom of the holder while
another degree of freedom is fixed by the axial block.

3 Parameters identification method

The joint parameters identification method proposed in this
paper is based on the experiment. The method is based on the
FRFs between the locations of excitations and pickups, which
can express the spindle—holder behaviors. Theoretically, the
spindle-holder system is a whole system, so every point
except the static modal nodes on the holder can express the
dynamic characteristics which convey information influenced
by the joint. Therefore, when excitation applies on the holder,
most nodes on the holder will express all dynamic character-
istics which couple with each other. So, it is available to study
taper joint and obtain dynamic parameters by measuring the
holder when the vibration signal is decoupled.

In radial direction, dynamic analysis for identification
with stiffness and damping involved is proposed in Fig. 4.
The mass and the moment of inertia of the holder are the m
and [, respectively. After an excitation at a small tip in
radial direction, the whole system will vibrate freely influ-
enced by system including joint feature, where the modal
characteristics are coupled and mixed in response.

Fig. 4 Dynamic analysis in the radial direction

The holder in the model suggests two motions in this
section: one is translation and the other is rotation. Xc
and 6 are time-variant variables, which stand for dis-
placement and angular displacement of the holder. The
mass, damping and stiffness matrixes contain both the
known geometric and property parameters and undeter-
mined ones.

The dynamic equation of the radial section is presented as
follows:

m Xc n Cx1 + Cxz Cx1Ly + Cx2Ls Xc
Ic 0 CxiLy — CxoLy  Cx1L} — CxoL3 0
n Kx1 + Kx> Kyi1Ly + KoLy | [ Xe | _ 0
Ky1Ly — Kx2Ly  Kyx1L? — Ky L2 0

(1)
Where, the mass matrix is

=" ?)

The damping matrix is

(] = Cx1 + Cx2 Cx1Ly + CxsL,
CxiLy — Cxaly  CyiL3 — Cxal3
Cn Cn
= 3
l:CZI sz} 3)

The stiffness matrix is

K] = Kx1 + Kx» Kx1Ly + Kx2Lo
Ky1Li — KxaLo Ky (L3 — Ky»L3

Ky K2
- 4
|:K21 Kzz} “)
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Accordingly, the dynamic equations are simplified as
follows:

" e
Srated
—0 (5)

To change the form of the equations

mXc = —C11 XC _Clze_KllXC — K129
IC 0= —C21 Xc —C22 0 —Kz]XC — Kzz@
To make

u = [ur, uz, u3, us)" (7)

where, u;=Xc, u,=0, us = Xc, uy =0
So, the second derivative of displacement and rotation
angle is expressed as below:

X.. _ _Cu,, _Cn, _ Kn _Kp _

C m U3 m U4 m Y1 m Y2 = U3 (8)
_ _Cu,,  Cn, Ky _ Ky _

0= Ic us Ic Ug Ic uj Ic 125} Uq

To make a new matrix with the above equations

u 0 0 1 0 u
y 0 0 0 1
. u uz
u=|2|=|_Kki _ko _Cui _Cn 9)
us m m m m us
< _Kn _Kn _Cn _Cu|\,
Uy Ic Ic Ic Ic 4

So, the equation above is equivalent to the next form:
u = Au (10)
Where,

0 0 1 0
0 0 0 1

A=|_Ki _Ko _Ci _Cp (11)
m m m m
_Kn _Kn _Cu _Cn
Ic Ic Ic Ic

This is the modal characteristic matrix of taper joint
in the radial direction. Generally, the force between
holder and spindle is the sum of elastic force and
damping force, but elastic force is much larger than
damping force [22]. In this way, joint modal character-
istics equations are mainly determined by stiffness
matrix. So, firstly, the joint can be considered approx-
imately as an undamped system to obtain the elastic
parameters. And then, the damping factors can be
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Fig. 5 Dynamic analysis in axial direction

calculated based on the natural frequencies and damp-
ing ratio by half-power method. The similar conclusion
can be drawn in the Y section for the axisymmetric
structure.

—

?9 = 47r21c7>, ° ?,

— —

Co=A4nlcf, e ¢,

In axial direction, the joint is regarded as a single degree
of freedom system shown in Fig. 5.

In this way, the dynamic equation in axial direction is
given as following, where equivalent stiffness and damping
is Kz and Cy;:

mXz; + Cn X7 +KnXz1 =0 (12)

Accordingly, the characteristic matrix is given as below.

0 1
A

m m

(13)

So, it is easy to get the stiffness and damping in axial
direction.

K7 = m(zﬂfn)z (14)

CZI = 47tmf,,§ (15)

The dynamic characteristics with natural frequencies and
damping ratios are obtained from FRF by impacting at the
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Fig. 6 Procedure of parameter identification

holder tip, and the joint parameters can be calculated from
the above dynamic equations. Figure 6 shows the procedure
of parameter identification.

First of all, the testing system measures the excitation and
response at the same time to get the FRFs. Natural frequen-
cy and damping ratio are calculated from the FRFs by half-
power point method. Moreover, combined with dynamic
equations, the expressions between joint parameters and
modal parameters are deduced. According to analysis
above, it is available to calculate the unknown dynamic
parameters of the joint if the FRFs can be obtain from
experiment.

4 Experiment procedures

In order to obtain the parameters, the experiment plat-
form for the spindle and holder is designed to meet the
requirements of different pre-force and contact condi-
tions, and the testing system of spindle—holder is shown
in Fig. 7.

Holder
Accelerometer Spindle
Hammer
Indicator
PC
Force
Assistor
Wheel

Data Acquisition
System

Fig. 7 Experiment setup
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Fig. 8 Schematic of the testing system

This platform is designed for the analysis of spin-
dle—holder system. Spindle and holder are both inter-
changeable parts to meet contact conditions of joint.
And pre-force is generated by a wheel and transmit-
ted to the end of holder by a stretchable universal
joint, a turbine worm, and a screw. By this means,
the platform generates pre-force from 0 to 40 kN
easily, and the force is enough for the experiment.
The schematic of the testing system is shown in
Fig. 8.

Several accelerometers are installed on the end and
the side of holder to measure the vibration signals.
When hammer impacts on the holder, the translational
and rotational movements are measured by the acceler-
ometers because the end of holder express all the
vibration modes including translation and rotation,
where the rotation can be regarded as the product of
the translation and the arm. Meanwhile, the data acqui-
sition system (LMS test lab) collects the vibration sig-
nals of the hammer and accelerometers and transmits
them to the PC. And it is necessary to set the pre-force
at the end of the spindle through the wheel to ensure
the stability. In this experiment, the pre-force varies
from 0 to 25 kN, and the step is 1 kN. What is more,
signals are averaged to identify FRFs to reduce random
errors.

Theoretically, all points except for some static modal
nodes are feasible to measure the response because those
nodes vibrate in the same frequencies but different
amplitudes.

The measure parameters are the most important pre-
requisites to obtain the real responses. In the study, the
sample frequency is 20,480 Hz and the frequency reso-
lution is 20 Hz. Ten impacts are averaged to reduce the
random errors. The frequency spectrum generated by
hammer requires even distribution to make sure that
the power in all the frequency range is consistent. The
hammer impacts on the holder in axial and radial inde-
pendently. Especially, the hammer impacts the end face
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Fig. 9 Frequency response function generated by hammer. a In axial
direction. b In radial direction

of the holder in axial direction and the side face in
radial direction. And the FRFs are shown in Fig. 9a,
b, respectively, when the pre-force is 20 kN. From the
FRFs, the natural frequency and damping are calculated
by half-power method. The FRF in axial direction is
early to identify the signal peak.

5 Experimental results

This section synthesizes the stiffness and damping with
pre-force changing in axial and radial direction, re-
spectively. All of the data are calculated from the
experimental data to investigate the dynamic behav-
iors. It is found that the curves of FRF are similar in
shape under the same condition except for the chang-
ing pre-force. And the peaks of FRF move to higher
frequency as the pre-force increases. In this way,

@ Springer

Pre-force (KN)

Fig. 10 Axial stiffness with different pre-force

parameter data are collected and synthesized in the
followings figures.

5.1 In axial direction

The stiffness of axial equivalent spring is varying
from 4.8x10° to 5.0x10°N/m. The parameters of
equivalent springs and damping with the changing
pre-force are calculated and illustrated in Figs. 10
and 11.

It is illustrated that the stiffness increases together
with the pre-force increasing. Furthermore, the change
rate of stiffness dK/dF rises along with the pre-force
increasing.

The damping ratios are calculated from the FRF by
using the half-power method. By this means, the damp-
ing in axial direction varies from 1,000 N-s/m to
2,000 N-s/m. It is illustrated that the damping increases
stably as the pre-force increases if it is less than

2500 T T T T T

2000 4

1500 4

1000 4

Damping (N*s/m)
3

500 4

0 1 1 1 1 1
0 5 10 15 20 25

Pre-force (KN)

Fig. 11 Axial damping with different pre-force
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10 kN, but the damping is unstable when it is more
than that.

5.2 In radial direction

Accordingly, the radial stiffness and damping are
given in Figs. 12 and 13. The stiffness value in
radial direction shows the same characteristics with
that in axial direction, except that the rate of stiffness
change dK/dF descends along with the pre-force
increasing.

From the results, it is early to find that the pre-force
influence the stiffness and damping to some extent.
And the stiffness increases with the pre-force in both
directions. Moreover, the damping increases in axial
direction but decrease in radial direction. Specially,
the variation law of the joint stiffness is called positive
reinforce in this paper, which will influence the dy-
namic behavior in the machining process.

5.00x10° T T T T T

4.95x10°

4.90x10°

Stiffness (N/m)

4.85x10°

4.80x10° L L L L L
Pre-force (KN)
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3.40x10°
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3.39x10° F g

3. 8 1 1 1 1 1
38x10°; B 10 15 20 25

Pre-force (KN)
Stiffness K x,

Fig. 12 Radial stiffness with different pre-force. a Stiffness Ky;. b
Stiffness Ky»
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Fig. 13 Radial damping with different pre-force a Damping Cy;. b
Damping Cy,

6 Discussions and validation

Based on the experiment results, this section discusses the
change rule of stiffness in microstructure, and the simulation
of the holder joint with the identified parameters for
validation.

From the microscopic point, each joint can be
regarded as rough surface with several peaks and hol-
lows. When the normal force is applied on one part, the
peaks and hollows contact with each other [23], which
is shown in Fig. 14a. And it is assumed that the
deformation of the structures themselves is smaller than
the joint, so most of the deformation occurs in the joint.
With the increase of normal force from F; to F,, the
deformation of the top edge is AX, shown in Fig. 14b.
At the same time, the contact number increases accord-
ingly, together with the increasing contact area. In this
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Fig. 14 Microstructure explanation of stiffness characteristic

way, the small regions are reinforced to hinder the
deformation.

So the conclusion is drawn that the contact stiffness
rises more quickly because more contacts join in the
interaction and larger area involves in the contact with
the force increasing. Therefore, the change rate dK,/dF
increases as the increasing normal force. However, it is
difficult to identify the variation of the damping because
the stiffness effect covers the damping effect. To con-
clude, the damping is less important in the spindle—
holder system, so the effect of the damping can be
ignored in future analysis.

Similarly, the stiffness in the spindle holder system varies
in the rule that the stiffness increases with the increasing
external force. However, the holder can glide along the
internal surface due to the 7/24 taper surface when impacted
in the radial direction. Consequently, the stiffness increasing
ratio reduces as a result of sliding.

In order to validate the accuracy of the joint parameters,
FEM simulation is used to obtain the natural frequencies of
spindle-holder system, and there are two models of joint
parameters and bonded joint calculated respectively in this
paper. The model of joint parameters is coupled with recep-
tances, where the inner taper interface is connected with
spring and damping elements, whose parameters are
obtained from identification results. Figure 15a shows the
way of model of joint parameters, where the pairs of spring

a b

Fig. 15 Model of spindle-holder system for simulation
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and damping are located at the big and small end of the
holder interface, and they are distributed equally on the
interface according to the elements and nodes. However,
the sum of the effect is as the same as that of located at
the two ends. While, the joint in the model of the bonded
joint connects the two parts tightly; consequently, the joint
stiffness is equivalent to the stiffness of the material approx-
imately. And this model is applied to verify the effectiveness
of the joint parameters.

The FE model shown in Fig. 15b is calculated in ANSYS
workbench for simulation, where the two different models
are different from the joint setup and the fundamental model
is the same for the comparison.

Furthermore, the two models keep the same boundary
conditions and meshing. The cylindrical surface of the
holder is fixed in order to keep the same conditions
with those in the experiment. For the accuracy, the
holder and the spindle is meshed with 3D 20-nodes-
solid elements and shell elements. It is worth mention-
ing and investigating the natural frequency with the
change pre-force because the frequency is the most
important indicator for dynamic system.

In this way, the modal analysis is studied to obtain natural
frequencies, where the joint parameters in simulation are
based on the identification parameters from the experiment,
and the joint in bonded is contact with each other closely
just like one part without connections. The calculated results
are shown is Fig. 16.

On one hand, it shows that the frequencies of simu-
lation increase with the pre-force and the variation is
consistent with the experiment, and the calculation
errors are about 10 %. However, there is a difference
between simulation and experiment because of the ex-
perimental error and assumptions. On the other hand,
the bonded condition shows that the frequencies vary
slightly with the pre-force increasing. Because the bond-
ed joint makes the two parts contact closely together
and the joint stiffness is close to that of the material. In

10000 T T T T
—=—Experiment
—e—Simulation of joint parameters
9000 —a—Simulation of bonded joint

8000 .

7000 M

6000 .

Frequency (Hz)

5000 L L L L
0 5 10 15 20 25

Pre-force (N)

Fig. 16 Frequencies validation of different conditions
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this way, there will be more errors if joint parameters are
ignored, but it is commonly used in some simulation software
for its convenience. However, the frequencies with joint
parameters are lower than those from the experiment. It is
because of the assumption that the part is considered to be
rigid body. The large stiffness of the parts themselves makes
the small stiffness of the joint parameters values.

Even so, the precision of simulation is higher than bond-
ed condition, furthermore, the pre-force is considered to
improve the simulation. So, the joint parameters play an
important role in improving the accuracy of the simulation.

7 Conclusions

This paper presents a new methodology to study the dynamic
behaviors of the spindle—holder taper joint in dynamic mod-
eling and parameters identification, where the pre-force at the
end of holder is the main consideration. Firstly, a new dynam-
ic model is proposed for the parameters identification of the
spindle-holder taper joint, and the equivalent pairs of spring
and damping are used to take the place of the original contact.
Accordingly, the dynamic equations are given to describe the
dynamic system. Secondly, this paper takes a BT 50 holder for
example to carry out the experiment on the particular platform
to identify parameters of stiffness and damping. Lastly, the
rule of the dynamic stiffness with changing pre-load is dis-
cussed, and the positive reinforce effect suggests that the joint
stiffness is increased along with the increasing normal force.
Additionally, the precision of the joint parameters is con-
firmed in the way of FEM with obtained parameters.

The result shows that the joint parameters are applicable
to simulate the dynamic behaviors of it before the real object
is manufactured. For example, the harmonic response of the
spindle system is calculated from the dynamic model with
joint parameters to satisfy the stiffness requirement. In ad-
dition, we will pay more attention on how to use the param-
eters especially in simulation. More parameters related to
more different spindle—holder system with different condi-
tions are needed. Furthermore, all the parameters will be
synthesized to find the mutual law for predicting behavior of
a new holder. Above all, the parameters will be helpful for
the designer to discover the advantages and the disadvan-
tages before a real spindle is manufactured.
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