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Abstract

The performance of high-speed and high-precision machine tool spindle is quite sensitive to the variation of system parameters.
How to accurately predict the influences of key parameters on spindle characteristics is important for designers to achieve
required machining accuracy. In the assembly of spindle system, the interference fit, which is always used to connect bearing
and shaft, affects the performances of spindle system directly. Therefore, the quantitative investigation on the effects of interfer-
ence fit on spindle characteristics are of great practical significance. In this paper, the effect mechanism of interference fit on
spindle bearing system is explored and used to modify the analytical spindle bearing model. Firstly, the internal geometric
relationships among the assembly bearing parts and shaft is analyzed under the influence of assembly deformation and centrifugal
expansion. Then, the static and dynamic characteristics of spindle bearing system, including the bearing stiffness, maximum
loosing speed, spindle stiffness as well as modal characteristics, are predicted under different interference fit values based on the
modified spindle bearing model. The results show that the interference fit will stiffen the bearing and spindle system and result in
obvious increments on bearing stiffness, spindle stiffness as well as the natural frequencies. A specially designed spindle test rig is
built to verify the simulation results, and the variation of spindle stiffness and natural frequencies are measured under different
interference fit values. The maximum error of the system natural frequencies between the analytical results and the experimental
data is 7.36%, which confirmed the accuracy of the proposed analytical model.

Keywords Interference fit - Spindle bearing model - Assembly parameter - Loosing speed - Static and dynamic characteristics

1 Introduction

Spindle system is one of the key components of machine
tools, which will determine the machining quality directly.
With the increasing requirements for machining performance,
the spindle system is developing towards the direction of high
speed and high precision. However, the static and dynamic
characteristics of spindle system are greatly influenced by
the variation of system parameters. The accuracy of
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performance prediction of the spindle system is essential and
of great practical significance.

The research on the spindle bearing system has been wide-
ly conducted during the past several decades. High-speed and
high-precision spindle and bearing techniques are receiving
more and more attentions [1, 2]. In this process, some general
dynamic spindle bearing models are built to predict and im-
prove the system characteristics. The establishment of analyt-
ical model of spindle system is generally based on the rotor
dynamics combined with linear or nonlinear bearing models.
Researchers [3, 4] had established some spindle models to
predict the performances of spindle system in the design stage.
With the development of high-speed machine tool spindles [5,
6], the effects of centrifugal loading were gradually taken into
consideration. Cao [7, 8] built a spindle-bearing model con-
sidering the shaft, bearing, and housing assembly. The spindle
modal characteristics were analyzed and verified by experi-
ments. Jiang [9] presented a dynamic model based on the
traditional transfer matrix method coupled with a nonlinear
rolling bearing model to study the effects of the extended
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structure parameters on the vibration behavior of a high-speed
motorized spindle-bearing system. Frequency response func-
tion (FRF) is always used to reflect the dynamic characteris-
tics of spindle system. A high-speed dynamic spindle model
was described by Shaik [10], and the spindle FRFs were cal-
culated and verified by experiments. Similarly, the static stiff-
ness and FRFs of a spindle system under different bearing
preload mechanisms was calculated by Cao [11] using both
mathematical model and experimental method under various
bearing preload conditions. With the increase of spindle accu-
racy, the influences of some subassemblies on the spindle
system have been gradually taken into consideration. The in-
fluences of the spindle-holder-tool joints were fully investigat-
ed and coupled into the spindle bearing model [12—17] to
accurately predict the dynamic responses of the spindle sys-
tem. Besides, the effects of spindle housing and machine
frame on system dynamic characteristics were also considered
in the modeling of spindle bearing system [8, 18]. Some cou-
pling models further include the thermal or electromagnetic
influences on spindle system. Zivkovic [19] presented a
thermo-mechanical model to investigate the influence of bear-
ing friction heat on spindle machining accuracy. Moreover,
much more research was conducted considering the heat gen-
eration of both bearings and the built-in motor [20-25]. For
high-precision spindles, the unbalanced electromagnetic force
due to nonuniform air gap between the stator and the rotor was
further studied and coupled into the analytical spindle model
[26]. The general methods of modeling spindle system have
been investigated extensively. However, the influences of as-
sembling condition of bearing and shaft on spindle perfor-
mance are not considered in current literature.

In machine tool spindle system, angular contact ball bear-
ing is most commonly used for its excellent high-speed per-
formance and the good loading capacity both in radial and
axial directions. Some researchers have confirmed that the
performances of bearing have great influence on spindle sys-
tem [27, 28]. A lot of bearing fundamental investigations have
been conducted based on the models developed by Jones [29]
and Harris [30]. Xi [31] presented the influences of bearing
radial clearance on the system dynamic responses and con-
cluded that the natural frequencies of the spindle system in-
creased greatly with the decrease of the radial clearance of the
floating displacement bearing. Yan [32] investigated the ther-
mal characteristics of the spindle bearing system based on the
thermal network method, and the influence of bearing inter-
ference fit was taken into consideration in the calculation of
bearing heat generation. Cao [33] described the effects of
bearing clearance on bearing vibration, contact forces, and
reaction moments based on a combined finite element and
discrete element method dynamic gear-shaft model. A bearing
stiffness model was established by Zhang [34] considering the
influence of inner ring interference fit value and rotating
speed. Two different types of preload mechanisms of bearing
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were discussed in detail, and the results were validated by
comparing with other literature and experiments.

The current literature has studied the general modeling of
spindle bearing system and verified the great influences of
parameters, such as preload, centrifugal force, and gyroscopic
effects, on spindle static and dynamic characteristics.
However, the influences of interference fit, which is always
introduced in the assembly of bearing and shaft, are not inves-
tigated systematically, especially in the analysis of static and
dynamic characteristics of a whole spindle system.

The internal contact condition of the bearing as well as the
matching surface between bearing and shaft will be greatly
affected by the initial values of interference fit, which is cru-
cial for high-speed and high-precision bearing and spindle
systems due to its high sensitivity to system parameter varia-
tions. The precision of the bearing and spindle will reduce
seriously if the interference fit values are designed unsuitably.
Besides, the bearing heat generation, spindle vibration, and
noise will also increase rapidly with inappropriate bearing fit
values. Therefore, it is necessary to establish accurate analyt-
ical models to investigate the influences of interference fit on
bearing and spindle system quantitatively.

The outline of the paper is as follows. Section 2 contains
the modeling of bearing and spindle system considering the
effects of interference fit, which is the magnitude of interfer-
ence value between bearing inner ring and the mating shaft.
Based on the Harris’s quasi-static bearing model, the
interference-induced change of contact conditions and relative
positions among bearing assemblies are further reestablished.
The bearing stiffness under different interference fit values
could be predicted. Moreover, a spindle bearing model is pre-
sented and the influences of bearing interference fit are further
coupled into the spindle system. In Sect. 3, the variation of
bearing and spindle static and dynamic characteristics, includ-
ing the bearing stiffness, bearing-shaft losing speed, spindle
stiffness, natural frequencies, and frequency response func-
tions, are predicted with the changing of bearing interference
fit values based on the proposed model. In order to verify the
simulation results of the analytical model, a specially designed
spindle test rig is described in Sect. 4 to measure the spindle
static stiffness and modal characteristics. The overall conclu-
sions are given in Sect. 5.

2 Dynamic model of the spindle-bearing
system considering interference fit

The interference fit will result in an extra elastic deformation
on shaft and bearing parts. Then, the internal relationships
among the assembly parts will change with the variation of
the deformations, as shown in Fig.1a, b, which will have a
great effect on the bearing stiffness as well as the spindle static
and dynamic characteristics.
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Fig. 1 Assembly relationship Initial state of Assembly state
between bearing ring and shaft the ring and shaft A with speed
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In this section, considering the assembly elastic deforma-
tions and centrifugal expansion of the bearing inner ring and
shaft, a theoretical model of the interference fit is established
and then coupled into the spindle-bearing system to ascertain
its effect on the bearing model.

2.1 Interference fit model of the bearing ring
and shaft

The value of the interference fit should be designed properly
to make sure the connection reliability between the bearing
inner ring and the shaft under working conditions. Based on
the theory of the thermo-elasticity and the mechanical features
of'the parts, the bearing inner ring is assumed as a thin ring for
the calculation of radial deformation, while the shaft could be
assumed as an infinite cylinder.

The thickness and width of the bearing inner ring are small
compared with its diameter. So, the calculation of ring radial
deformation is a two-dimensional plane stress problem. The
equilibrium equation can be written as

do,
dr

g,—0¢ + pw2r =0

(1)

The geometric equations are

du
& = —
(%lr (2)
Ep = —
,
The stress-strain equations are
0 =17 [e/ + veg) 5)
_E
%9 =13 leg + ve,]

where E is the elasticity modulus, and v is the poisson ratio.

Shaft
(b)

Ring

Then, the differential relation between ring radial deforma-
tion « and radial position » can be derived as

d*u

du lg_u
dr?

1 u _ putr(1-17)
r dr

2 I3 (4)
where p is the material density, and w is the angular velocity of
the bearing inner ring.

The radial deformation of the bearing inner ring u,,5(r)
could be obtained by solving the differential equation and
shown as

C,

2.3 2
wr (1-v
u”-ng(r) e le’ + T—M

SE (5)

where C;, C, are the constants related to the boundary
conditions.

Assume that P is the contact pressure between the bearing
inner ring and shaft, hence the boundary conditions could be
determined as

r=b,
r=c,

where the b and c are the related ring inner and outer radii, as
shown in Fig. lc. Then, the constants C; and C, can be for-
mulated as

o, =—-P
o, =0

(6)

_ ()

8E(c2-b?)
(1 +v)ep?
- 8E(c2-b?)

C (8PB* + (3 + v)pu? (c*-bY))

(7)

) (8P + (3 + v)pu? (*-b%))

As for the shaft, the solving of its radial deformation can be
recognized as a plane strain problem. The shaft radial defor-
mation can be easily obtained on the basis of the ring defor-
mation result by replacing E, aand v in Eq. (5) with —£,(1 +

-2
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Uspqi(r) could be expressed as

v)a and respectively. The radial deformation of the shaft

Cy pur(120)(1 +v)

(r) = C s 8
ushaﬁ(}") 3}""— 7 SE(I_V) ( )
Similarly, the boundary conditions are
r=»b, o,=-P
{ r=a, o,=0 )
Then, the constants C; and C, can be determined as
(14+v)(12v) s 320 5,4 4
C3;=——">—=|-8Pb b*—
’ 8E(b2—a2) + - ™ (b=d")
(14 v)ab? ( 320 4,5 o )
Cho=———|8P+——pw (b—a
f T RE(D-a) oy ()
(10)

Thence, the radial deformation of the bearing inner ring
and the shaft can be expressed as a function of the contact
pressure P and their radial position 7.

According to the deformation compatibility condition, as
shown in Fig. 2, the relationship between the bearing and shaft
radial deformations should be

Uring (b)~Uspap(b) = A /2 (11)

whereAis the value of the interference fit.
The linear equations can be expressed as A-M =B by
adopting simultaneous Egs. (5), (7), (8), (10), and (11), where

M = [P, tying (b), tshas (b)] " (12)

=z~ .
Initial curvature géfiter of inner ring
7 TN

Fig. 2 Schematic diagram of bearing internal relationships
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A and B are constant matrices which could be obtained by
transposition.

Then, the parametric vector M is determined by calculating
the equation group and the deformations of the bearing inner
ring and shaft at any radial position could be obtained
afterwards.

2.2 Bearing model with the influence of interference
fit

Based on the Jones’ bearing model, a 5-DOF quisa-dynamic
model is established considering both the centrifugal forces
and gyroscopic moments from the rolling elements of the
bearing. In this model, the Hertizian contact theory is used
to compute the contact deformation between bearing balls
and bearing rings.

In this paper, the influence of interference fit is considered
in the bearing model. The radial deformation of the bearing
inner ring u,,,(c), which could be calculated by Eq. (5), is
actually the expansion of the contact diameter of bearing inner
raceway d;, which will further affect the initial bearing contact
angle and relative displacements of bearing inner and outer
rings. The relative motion of the bearing inner ring with re-
spect to the outer ring is used in the model, so the curvature
center of the outer ring groove can be assumed as being fixed.
The unloaded currvature centers of bearing rings are colinear
with the initial position of ball center. However, the loaded
ring curvature centers are noncolinear with the ball center
position due to the unequal change of the bearing inner and
outer contact angles. The geometry of an angular contact ball
bearing as well as the internal geometric relationships among
bearing parts under a specific bearing load are shown in Fig. 2.
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The initial contact angle of the bearing under the influence
of interference fit could be expressed as

du_ (d, + 2u,ing(c))—2D

2(r, + ri—D) (13)

o’ = arcos {1—

where d;,d, are the inner and outer raceway contact
diameters;r;,7,are the inner and outer raceway groove curva-
ture radii;Dis the diameter of bearing ball. According to the
Pythagorean theorem, the displacement equations are

ALX 1) (A X)) = [(£,70.5)D + 6] = 0 (14)
X2+ X3-[(f,05)D +6,)" =0

where
Ay; = BDsina’ + Ax (15)
Ayj = BDsina" + Ay
Ax = Ad,—Ay,Ricosp, + Ay, Risingy (16)
Ay = Ad,cosp, + Ad;sing;

The Aé,, Ad,, Ad,, Ay, andAry, are the relative displace-
ments between the inner ring and the outer ring.

The contact forces between the inner ring and the balls, and
the outer ring and the balls, can be derived by analyzing the
forces acting on the bearing rings, as well as considering the
centrifugal force and gyroscopic moment. The equilibrium of
the bearing ball could be expressed as

M M
—k sinoy,— Ql/cosa,j +— gk sinoy—Fe = 0
D D (17)

Mgy M
Mgk _
onsmauj—}— D COSQr;— Q,jsma,, D —=cosa;; = 0

Q,jc080—~

where Q;; and Q,; are the contact forces of the ™ bearing ball
with inner and outer ring, respectively; cyand «; are the con-
tact angles between bearing ball with inner and outer rings,
respectively. Mg and F are the gyroscopic moment and cen-
trifugal force on the bearing ball, and the detailed expressions
and derivations could be found in [35].

The relationship between the forces acting on the bearing
rings and the relative displacements could be established by
analyzing the global equilibrium of bearing rings. The forces
acting on the bearing inner ring could be expressed as

N M
F,= Z (stmaljJr ng cosalj>
'
= Zl (chosal, sma,,) coszpj
I=
N
= Zl (Qgcosa,] sma,j) sing; (18)
=
N o .
=X {r (chosa,, D cosal,) fngk} siny);
/:1
Mg
M = Z rie| Qyeosay + = cosay —f M gi| cost),;
Jj=1

where 1); = 2j/Nis the position angle of the ™ bearing ball.
(19)

D, is the pitch diameter of the bearing measured from the
ball center.

Then, the stiffness matrix of the bearing can be obtained by
finding the derivatives of forces with respect to displacement.

Fie = Dy /2 + (r;/D—0.5)Dcosa’

2.3 Dynamic model of spindle-bearing system

The beam element is still a good choice to model the motion of
axis-symmetry structures for its high precision and ease to
program. In this model, the Timoshenko beam element is used
to establish the shaft model. Five degrees of freedom are in-
cluded for each node of the elements, including three transla-
tional degrees of freedom and two rotational degrees of free-
dom. The torsional motion of the shaft is neglected.

The nondamping equation of motion for the beam element
could be expressed as follows:

pI{F} + QGI{3} + (K] + KM {x} = (£} (20)

where [M;] is the mass matrix, [M,] is the additional mass
matrix due to the centrifugal effect; [G,] is the antisymmetric
gyroscopic matrix; [K] is the stiffness matrix, [Ky] is the
additional stiffness matrix due to the axial force; [F\] is the
external force vector. € is the shaft rotational speed.

The attachments of the spindle system, such as the spacer,
locknut, are modeled as the rigid disks [35]. By coupling the
models of different kinds of parts, including the nonlinear
bearing model considering the influence of interference fit,
the analytical model of the spindle system can be expressed as
{3} + (€3} + K} = {F ()} 1)

The Newton-Raphson method is used to solve the equation
of motions. Based on the established model, the analysis of
spindle dynamic characteristics can be conducted, including
the calculation of bearing stiffness, spindle system static stiff-
ness, modal characteristics, and system frequency response
functions.

3 Simulation results and discussion

Based on the derivations of the spindle bearing analytical
model in the preceding section, the influences of the bear-
ing interference fit values on the bearing and spindle char-
acteristics could be simulated. In this section, the variation
of bearing stiffness, static stiffness of the spindle system as
well as the natural frequencies will be calculated under
different conditions.
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Shaft

Fig. 3 The structure and the assemble sketch of spindle system

A spindle system supported by a back-to-back group
bearing is chosen as the study case, as shown in Fig. 3.
The supporting bearing is angular contact ball bearing and
the detailed parameters are given in Table 1. The bearings
are mounted by fix-position preload mechanism and are
axially fixed by locknut. In the process of bearing assem-
bly, thin slices are used between the shaft and bearing
inner rings to adjust the value of interference fit, as shown
in Fig. 3.

3.1 Influence of interference fit on bearing stiffness

3.1.1 Influence of interference fit on bearing stiffness
under different preloads

The variation of bearing radial stiffness are shown on Fig.
4 with the changing of bearing preloads. In order to inves-
tigate the influence of interference fit between bearing in-
ner ring and shaft, different values are specified for the
comparison with the case without considering the influ-
ence of interference fit.

The results show that the bearing stiffness rise
nonlinearly with the increase of bearing preload. This phe-
nomenon has been investigated by many researchers.
However, if the interference fit is taken into consideration,
there will be an obvious increase in the bearing stiffness.
Besides, the influence of interference fit on bearing stiff-
ness is much more prominent in the low-preload cases. The

r
Spindle system

reason could be found by analyzing the influence mecha-
nism of the interference fit on bearing stiffness. According
to the derivation in the preceding section, the interference
fit affects the bearing stiffness through modifying the inte-
rior contact condition of bearing subassemblies, which is
similar to the influence of the bearing preload. For the light
preload bearing, the weighting of bearing interference fit is
comparable to the weighting of bearing preload, so the
bearing stiffness has a great rise with the increasing of
bearing interference fit. However, for the high-preload
cases, even though the preload dominates the increment
of bearing stiffness, the effects of interference fit are still
remarkable and nonnegligible. It is known that the light or
extra light bearing preloads are usually used in the spindles
with high rotating speed, which is just in line with the
request of the high efficiency and precision machine tools.
So, the interference fit must be considered in order to pre-
dict the bearing stiffness accurately.

3.1.2 Bearing stiffness variation under different interference
fit values

Much more detailed relationship between bearing stiffness
and bearing interference fits are investigated by continuously
changing the values of interference fit between bearing inner
ring and shaft. The variation of the bearing stiffness are shown
in Fig. 5. With the increasing of bearing interference fit, the
bearing stiffness shows a nonlinear rise swiftly.

Table 1 B7008CD angular
contact ball bearing parameters

Parameter Value Parameter Value
Inner diameter (mm) 40 Inner race contact diameter (mm) 46.058
Outer diameter (mm) 68 Outer race contact diameter (mm) 61.957
Ball diameter (mm) 7.938  Number of balls 18
Groove curvature radius of inner race (mm) 431 Groove curvature radius of outer race (mm) 4.158
Bearing width (mm) 15 Contact angle (°) 15
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Fig. 4 Influence of interference fit values on bearing stiffness with
different preloads

3.2 Influence of interference fit on spindle-bearing
system

In the spindle system, the existence of interference fit is es-
sential to ensure the stability of the whole system. If the initial
value of interference fit is too small, loosing or skidding be-
tween bearing inner ring and shaft will occur under high-speed
conditions. This may result in the fretting wear, high-vibration
of the shaft as well as eccentric of the spindle. Then, the
rotating accuracy of the spindle system will drop sharply,
and the vibration and noise will intensify at the same time.
The loosing speed in this paper is defined as the maximum
rotating speed of the spindle without skidding between bear-
ing inner ring and shaft.

In order to avoid the arising of loosing during system op-
eration, the quantitative relation between the initial values of

400

350

Bearing Radial Stiffness (N/um)

0 5 10 15 20 25
Interference fit (um)

Fig. 5 Bearing stiffness under different interference fits
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Fig.6 Deformations of shaft and ring and the contact pressure at different
rotating speed

interference fit and loosing speeds should be investigated. The
derivations are already shown in the previous section, and the
loosing will occur when the contact pressure between the
bearing inner ring and shaft reduces to zero.

3.2.1 Shaft-bearing loosing speed under different values
of initial interference fit

The bearing ring and shaft will deform under the actions of
interference assembly and the centrifugal expansion. It is
known that the bearing inner ring is quite thin, and its diameter
is larger than the shaft. With the increasing of rotating speed,
the expansion of bearing inner ring is much faster than the
expansion of the shaft under the influence of centrifugal force.

Figure 6 shows the variation of the deformations of the
matching bearing inner ring and the shaft, which is defined
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W
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Fig. 7 Relationship between initial interference fit values and the system
loosing speeds
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Fig. 8 The comparison of loosing
speeds for different bearing sizes
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as the diameter difference between the final state and
nonassembly state. The value of the interference fit is spec-
ified as 12 um in this case. Without loss of generality, the
inner diameter of the ring is assumed as the nominal value,
and the interference fit value is added on the diameter of
the shaft. For the nonideal cases, there will be just a paral-
lel transport on the curves if the diameters of both the inner
ring and shaft are not the nominal values. The results show
that with the increasing of rotating speed, the bearing inner
ring and shaft will expand gradually.

Moreover, two regions, which are separated by a verti-
cal dash-dotted line in Fig. 6, are clearly shown in the
process of increasing system rotating speed. In the left-
side region, the bearing inner ring and shaft are still under
interconnection. Due to the interaction between the ring
and shaft, which is also known as the boundary condition
of the assembly based on the geometrical analysis, the val-
ue of the difference between bearing inner ring diameter
and shaft outer diameter is a constant, i.e., the value of the
initial interference fit. In the right-side region, the bearing
inner ring and shaft lose contact as the value of difference
between bearing inner ring diameter and shaft outer diam-
eter is larger than the initial interference fit value. In this
region, the interaction between the bearing inner ring and

Table 2 Bearing parameters of different sizes and series

Bearing Bearing bore Inner diameter of Bearing width
numbers diameter (mm) outer ring (mm) (mm)
71,808 40 44.1 7
71,908 40 48.5 12
7008 40 49.2 15
7208 40 66.7 18
7010 50 59.2 16
7012 60 70.8 18
7014 70 82.3 20
7016 80 93.9 22
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Interference Fit (um)

shaft does not exist and the two parts will expand separate-
ly under the influence of centrifugal force.

Similarly, the contact pressure between the bearing inner
ring and shaft could also be used to describe the whole pro-
cess, as shown in Fig. 6. In the left-side region, the contact
pressure P is always present for the connection of the bearing
inner ring and shaft even though the values are continuously
declining for the inconsistent radial expansion of the assembly
parts. In the right-side region, the contact pressure P reduced
to zero for the disconnection between the bearing inner ring
and shaft. The value of the rotating speed at the hinge is the
loosing speed under a specific condition.

Figure 7 illustrates the relationship between initial interfer-
ence fit values and the system loosing speeds. The results
show that with the increasing of initial interference fit, the
loosing speed will increase correspondingly. Based on this
curve, it is known that the maximum of spindle speed should
be less than the loosing speed in order to ensure the basic
reliability of a spindle. This quantitative relationship is quite
helpful on the practical design of the shaft-bearing system,
especially for the high-speed spindles.

The interference fit is a quite important parameter in the
design of spindle systems. Based on the proposed analytical
model, much more simulations are conducted for spindle-
bearing system using different bearing sizes or series.

The loosing speed under a specific interference fit will vary
greatly with the changing of bearing sizes, which is obviously
shown in the Fig. 8. Several cases with the bearing inner
diameter changing in the range of 40~80 mm are investigated.
The parameters of the bearing with different sizes are listed in
Table 2. In order to ensure the comparability, the shaft is as-
sumed as solid, as the schematic diagram shown in Fig. 8. The
results show that the loosing speeds of shaft-bearing systems
with a larger diameter are less sensitive to the initial interfer-
ence fit, which means a tiny increment of the limiting rota-
tional speed requires a big increment of the initial interference
fit to ensure the reliability of the system connection.

Moreover, even for the bearings with the same inner diam-
eters, their interference fits will also differ from each other if
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Fig. 9 The comparison of loosing
speeds for different bearing series
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they belong to different bearing series. The parameters of the
bearing with different series are listed in Table 2. The curves in
Fig. 9 represent the loosing speeds of shaft-bearing system
with 718, 719, 70, and 72 SKF® bearing series, respectively.
For these bearings, the inner bearing diameters are the same,
40 mm for this paper. However, the thickness of the bearing
rings is different for different design purposes. The simulation
results show that the thinner the bearing inner ring is, the
higher the separation speed of the separation speed under the
same interference fit values. So, for different bearing series,
the interference fit values cannot be used mutually but should
be designed specially in order to guarantee a perfect operating
condition of the system.

3.2.2 Influence of interference fit on spindle static
and dynamic characteristics

The bearing stiffness will be influenced by the bearing inter-

ference fit directly. For the integration of bearing model into
the whole system, the spindle characteristics, such as the static
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stiffness, natural frequencies, and dynamic responses, will be
further affected by the interference fit.

The variations of spindle static stiffness are shown in Fig.
10 under different initial interference fit values. Meanwhile,
the influence of different bearing preloads is also taken into
consideration. A remarkable increment is observed for the
spindle stiffness when the initial value of interference fit in-
creases under a specific preload value. The gradients of the
spindle stiffness variation are greatly affected by the preload,
and higher bearing preload will result in an obviously lower
gradient of the spindle stiffness variation with the increasing
of interference fit.

Besides, the related dynamic characteristics are also greatly
influenced by the initial values of bearing interference fit.
Based on the integrated analytical model, the natural frequen-
cies of the spindle system are calculated under different inter-
ference fit values.

Figure 11 shows the variations of the first two natural fre-
quencies of the spindle system with the changes of bearing
initial interference fit values. The left graph gives the specific
values of the natural frquencies under different conditions, and
the right figure exhibits the spectra of the frequency response
functions in detail. In these cases, the bearing preload is spec-
ified as 240 N. With the increasing of the initial values of
interference fit, the system natural frequencies increase grad-
ually. This phenomenon indicates the significant stiffen effects
of the interference fit on the spindle system.

4 Experimental verification

In order to verify the analytical model and the conclusions
obtained from the corresponding simulation results, a spe-
cially designed spindle test rig is introduced to measure the
spindle characteristics under different parameters. The stat-
ic stiffness and the modal characteristics of the spindle are
tested experimentally and the results are compared with the
analytical simulations.
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Fig. 11 The variation of the first two natural frequencies of the spindle system with repect to the interference fit values

The schematic of the spindle test rig has been shown in
Sect. 3, the interference fit values between the shaft and bear-
ing could be adjusted by adding thin slices between the sur-
face of shaft and the bearing inner ring. The slice is made of
steel with a thickness of 5 pm. By changing the interference
fits of the shaft bearing system, the static and dynamic char-
acteristics of the spindle in different situations could be tested.
The original interference fit between the shaft and bearing is
2 um, and the using of the thin slice could increase the inter-
ference fit to 12 pum.

Limited by the thickness of the slice, only two cases are
included on the experiment, i.e., the cases with initial interfer-
ence fit values 2 and 12 pm, respectively. In this spindle sys-
tem, the bearing preload is designed as 240 N. For the

Fig. 12 Layout of the spindle
static stiffness testing system
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difference of the testing purposes, the testing process of the
spindle static stiffness and natural frequencies will be de-
scribed separately.

4.1 Static stiffness of the spindle system

The spindle static stiffness is tested by measuring the radial
displacements of the shaft front-end under different radial ap-
plied forces. A hydraulic cylinder, which is supported by an
oil hydraulic pump with a maximum 5-t pressure, is utilized to
provide variable forces in the vertical direction, and a force
sensor is settled between the hydraulic cylinder and spindle to
monitor the actual loading forces at a resolution of 1 N.
Meanwhile, a micrometer gauge is fixed on the bearing
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Fig. 13 Spindle stiffness under different bearing interference fits

housing for the recording of the relative displacement between
shaft and housing. The detailed layout of the instruments is
shown in Fig. 12.

The results of the spindle stiffness under different bearing
interference fit values are shown in Fig. 13. For a specific
value of interference fit, the measurements are repeated for
six times. The results show that an approximate linear rela-
tionship shows up between the applied spindle radial force
and the spindle reaction displacement in the radial direction,
which means the spindle stiffness is a constant value under the
loading range. For each specific measuring procedure, the
spindle stiffness could be obtained by calculating the slope
of the line, which could be constructed by linear data fit.
The final testing spindle stiffness under a given interference
fit value is the mean value of all the corresponding repetitive
measurement results.

By extending the testing lines in the direction of decreasing
force, we can find that the loading forces will not reduce to
zero when the spindle radial deformations reach zero, i.e., the
curves are not zero passage. This phenomenon is caused by
the small clearance under the mating face of bearing outer ring
and bearing housing.

The spindle stiffness is 35.7 N/um for the interference fit
valued =2 pm and 49.2 N/pum for § =12 pum. The testing
results show an obvious increment in the spindle stiffness
when a bigger bearing interference fit is applied, which agrees
well with the analytical simulation results.

Table 3  Comparison of analytical and experimental spindle stiffness
Interference fit Analytical Experiment Error

2 um 36.2 N/um 35.7 N/um —1.40%
12 pm 52.8 N/pum 49.2 N/um —7.32%

Nl

_e_lsl

measurement

[ere}
L

| —s%— ~nd
2" measurement

#— 3™ yeasurement

3
T

5 4™ measurement
5th

[o)}
T

measurement

W
T

—<— 6™ measurement

~

Deformation (um)
w

[\S)
T

Interference Fit = 12um

[
T

! L I L I ! L !

100 150 200 250 300 350 400 450 500 550
Force (N)

The analytical spindle stiffness under different interference
fits is calculated in the previous section, and the comparison
between analytical simulation and experimental results are
shown in Table 3. A good agreement is shown according to
the comparison. For the case with 12 um initial interference
fit, the error is much larger than the 2 um case. The possible
reason is that more mating faces will appear when the slice is
used in the mating face between bearing inner ring and the
shaft. The contact condition becomes more complex and is not
as good as the case without using the slice, which means the
using of slice reduced the contact reliability and connecting
stiffness to some extent. However, the analytical model is
ideal and without considering the new contacts introduced
by the slice. This may be the primary factor that results in
big difference between analytical and experiment results for
12 pm case.

4.2 Modal analysis: natural frequencies and frequency
response function

The dynamic characteristics of the spindle system could be
reflected by the system natural frequencies and frequency
response function. In this paper, a modal testing equipment
LMS Test. Lab, which is a kind of professional data acqui-
sition and analysis system shown in Fig. 14, is used to
capture the frequency response functions of the spindle
with different interference fits. An impact hammer (sensi-
tivity 0.21 mV/N) integrated with a force sensor (sensitiv-
ity 10 mV/g) is used to excite the spindle system in the
shaft front-end with an impact load, and an acceleration
sensor is employed to capture the system responses. In this
process, both of the impact force and the acceleration sig-
nal acquisition directions are vertical.

The first two natural frequencies of the spindle system are
obtained by the impact test and the comparison between
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Fig. 14 Layout of the spindle
modal testing system
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analytical and experimental results are shown in Table 4. For
both of the cases with different interference fits, the analytical
and experimental results show good agreements.

The detailed frequency response functions of the spindle
system under different bearing initial interference fit values
are also calculated and compared, as shown in Fig. 15. Both
of the FRFs are shown in the form of real and imag parts. For
each graph in Fig. 15, an obvious shift shows up with the
changing of interference fit values. The accuracy of the ana-
lytical model as well as the stiffen effects of the interference fit
on spindle system are verified by the experiments.

Table 4 Comparison of analytical and experimental spindle natural
frequencies

Interference fit / Analytical Experiment Error

2 ym Ist 1336 Hz 1384 Hz 3.47%
2nd 3089 Hz 3268 Hz 5.48%

12 um Ist 1623 Hz 1752 Hz 7.36%
2nd 3751 Hz 3948 Hz 4.99%
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(a) Analytical results
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5 Conclusions

In this paper, the influences of the bearing interference fit on
bearing and spindle system are investigated using both analyt-
ical and experimental methods. By analyzing the internal geo-
metric relationship among bearing parts, the influence of the
interference fit is considered in the bearing stiffness model,
and further coupled with the spindle model. The static and
dynamic characteristics of the spindle system are simulated
based on the proposed analytical model. In addition, the ap-
plication of the analytical model in spindle stiffness and modal
characteristic predictions is experimentally verified and the
analytical and experimental results agree well with each other.
The conclusions are summarized as follows:

The initial value of interference fit between bearing inner
ring and shaft has great influence on bearing supporting stiff-
ness. It is demonstrated that the low bearing preload cases are
more sensitive to the change of interference fit values com-
pared with high bearing preload ones due to the similar influ-
ence mechanism between the preload and interference fit.

The reliability of the connection between bearing inner ring
and shaft is largely guaranteed by the interference fit. With the
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(b) Experimental results

Fig. 15 Frequency response functions of the spindle system with different interference fit values. a Analytical results. b Experimental results
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increase of the initial values of interference fit, the maximum
limiting speed will increase correspondingly. Sufficient initial
values of interference fit should be well designed quantifica-
tionally according to the bearing size as well as series.

The static and dynamic characteristics of spindle system,
including the spindle static stiffness and natural frequencies,
are also greatly affected by the initial value of bearing inter-
ference fit. The results show that the increasing of bearing
interference fits will stiffen the spindle system and result in
an obvious increment in the spindle stiffness and natural fre-
quencies. The neglecting of this parameter will underestimate
the whole system.

The analytical results calculated by the spindle-bearing
model are experimentally verified using a specially designed
spindle experiment rig. The good agreements between analyt-
ical predicted results and experimental data validated the ac-
curacy of the proposed model in this paper.

For further research, the influence of clearance fits between
bearing outer ring and housing should also be taken into con-
sideration. Besides, the influence of thermodynamics is also
nonnegligible and challengeable for spindle system under
high speeds.
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