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Abstract
Bearing stiffness exhibits non-linear characteristic when the bearing is subjected to a certain external load, which will inevitably
cause changes in the spindle stiffness, since bearing stiffness has a decisive impact on the spindle stiffness. In this paper, the axial
stiffness softening and hardening characteristics of machine tool spindle were studied. A novel spindle axial load automatic
applying device and the spindle stiffness test bench were proposed. Meantime, an axial stiffness model for the experimental
spindle was established based on the bearing load–displacement model and mechanical analysis of spindle. Then, the axial
stiffness of fixed position preload spindle under different preload was measured experimentally and the evolutionmechanismwas
analyzed. The results show that when bearing preload reaches a certain relatively large threshold, a “sag” shape occurs in the axial
stiffness curve, indicating the “stiffness hardening” characteristic of the spindle. On the other hand, for a small preload, no “sag”
shape occurs in spindle stiffness curve, indicating the “stiffness softening” characteristic of the spindle. This phenomenon is of
great significance for the acquisition of the excellent spindle stiffness properties.
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Nomenclature
Ao Distance between groove curvature centers
db Ball diameter.
dm Bearing pitch diameter
E Young’s modulus of material
E* Equivalent Young’s modulus
Fab Axial load applied to bearing
ka1 Axial stiffness of front bearing
ka2 Axial stiffness of rear bearing
ka Axial stiffness of spindle
Kf Load-deflection coefficient of bearing
ki Load-deflection coefficient of inner ring
ko Load-deflection coefficient of outer ring
R Groove curvature radius
Z Number of balls

Greek letters
α Operating contact angle of bearing
αf Initial contact angle of bearing
δ1 Pre-deflection of front bearing
δ2 Pre-deflection of rear bearing
δ1′ Deflection of front bearing
δ2′ Deflection of rear bearing
δa Displacement of spindle
δab Axial deflection of bearing
δp Initial deflection of bearing
δz Critical deflection of bearing
ν Poisson’s ratio of the material
ρ1 Principal curvature in lateral direction
ρ2 Principal curvature in rolling direction

Subscripts
b ball
i inner ring
ir inner ring material
o outer ring
or outer ring material
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1 Introduction

Spindle-bearing system is the core component of high preci-
sion machine tools, which greatly affects the accuracy of the
whole manufacturing process [1]. Spindle stiffness, as one of
the most important indicators for evaluating spindle perfor-
mance, directly influents the processing quality of the ma-
chine tool during the machining process [2]. For drilling ma-
chine, vertical spindle surface grinder and machining centers
for boring and drilling operations, the axial stiffness of spin-
dle–bearing system becomes the primary factor affecting spin-
dle performance because the axial load is the main cutting
force of the spindle during its operation [3]. The design of
spindle stiffness faces several critical issues. One of them is
on the acquisition of the excellent stiffness properties.
Generally, preload is provided for the spindle–bearing system
to adjust spindle stiffness [4]. However, the preload will
change with the operating condition of a spindle–bearing sys-
tem [5–7]. It, therefore, creates the need to gain the required
spindle stiffness by quantitatively applying the preload.

Bearing is the major component of the spindle, and its
stiffness has a decisive impact on the spindle stiffness [8].
Tlusty et al. [9] found that the stiffness of preloaded bearing
has the characteristics of “softening” spring. Similarly, Chen
et al. [8] found that the bearing stiffness presents a non-linear
effect during the operating condition. Soon and Stone [10]
studied the nonlinear characteristics of the bearing stiffness.
Different operating conditions will cause softening and hard-
ening effects of the bearing stiffness. Lin et al. [6] predicted
that the bearing preload influences the bearing stiffness. The
above research on bearing stiffness provides the basis for the
study of spindle stiffness. Moreover, the non-linear character-
istic of the bearing stiffness will inevitably cause changes in
the spindle stiffness, since the bearing stiffness determines the
overall spindle-bearing stiffness [11, 12].

In the stiffness research on machine tool spindle,
Matsubara et al. [1] proposed a non-contact measurement
method of spindle radial stiffness by using magnetic loading
device. Similarly, Sarhan et al. [13, 14] investigated the effects
of temperature and speed on the spindle radial stiffness by
using displacement sensors. The study of radial stiffness pro-
vides a reference for the measurement of the spindle axial
stiffness. In addition to speed and temperature, the external
load can also affect the spindle stiffness due to the non-
linear property of the bearing stiffness. Tsuneyoshi [15] pro-
posed a contact type loading device for the measurement of
spindle axial load. The axial load–displacement curve obtain-
ed by that loading device exhibits a nonlinear relationship.
The work provided a basic approach for the further analysis
of the relationship between external load and spindle axial
stiffness. Li et al. [16] proposed a mathematical model for
spindle axial stiffness analysis. However, only constant pres-
sure preload was discussed. As fixed position preload method

and constant pressure preload method are totally different, the
axial stiffness evolution mechanism of fixed position preload
spindle is much different with that of constant pressure pre-
load spindle [17]. It is a pity that, in all the above researches,
the stiffness softening and hardening characteristics of the
machine tool spindle caused by nonlinear bearing stiffness
have not been revealed.

In this paper, a novel testing method was proposed to ex-
perimentally study the spindle stiffness softening and harden-
ing properties. For experimental purpose, a new spindle axial
load automatic applying device and axial displacement mea-
surement approach were proposed, and a special test bench
was designed to measure the spindle stiffness under different
preload. In order to explain the experimental results, the axial
stiffness model of the experimental spindle was established by
considering the non-linearity of spindle bearing stiffness, and
the evolution mechanism of spindle axial stiffness was theo-
retically analyzed.

2 Experimental study on spindle axial
stiffness

At present, there are mainly two methods for measuring the
spindle stiffness: force deflection method and natural frequen-
cy method [18]. The former calculates the spindle stiffness by
measuring the acting force and the corresponding displace-
ment of spindle, while the latter first gets the natural frequency
of the spindle, and then obtains the spindle stiffness by inquir-
ing the predefined frequency–stiffness relationship. Generally,
natural frequency method is greatly affected by many factors
such as the installation of the spindle or the connection stiff-
ness of the spindle and the base, so its test accuracy is limited
[15], and force deflection method is widely used in the field of
spindle stiffness testing.

2.1 Design of the stiffness testing equipment

Force deflection method involves two key technologies: load
applying technology and displacement measurement technol-
ogy. Currently, loading unit of the stiffness testing equipment
includes magnetic, pneumatic, and hydraulic types [1, 19].
The magnetic type can easily cause electromagnetic interfer-
ence to the displacement sensors of the spindle test system,
thereby reducing test accuracy [20]. The loading stability is
poor for pneumatic type loading unit due to the relatively large
compressibility of gas. Compared with the other two types,
the hydraulic loading unit has strong loading capacity and
stability, but its accessory system is more complex and incon-
venient to use [21]. In order to measurement displacement
accurately, high precision eddy current, inductive, or capaci-
tive displacement sensors are normally used [22]. Due to the
limitation of the frequency response of the inductive
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displacement sensor and the susceptibility to dust and oil of
capacitive displacement sensor, eddy current displacement
sensor is the first choice for displacement measurement of
spindle in stiffness testing experiments [23].

In this paper, a novel spindle axial stiffness test device was
designed, in which a mechanical load applying unit and three
eddy sensors were adopted, as shown in Figs. 1 and 2.
Figure 1 gives the basic structure of the load applying unit,
which is mainly composed of a tool holder, loading compo-
nents, a ball guide sleeves, a force knob, a motor, etc. The tool
holder is used to connect the experimental spindle and the
motor drives the force knob to rotate so as to apply the axial
load to the spindle through the loading components. The ball
guide sleeves are adopted to constrain the loading components
to move axially within the cylindrical sleeve so as to eliminate
the interference of the eccentric load. In addition, the loading
components involve the disc springs, pull-pressure sensor, and
ball bearings. The disc spring plays the buffer effect and re-
duces the loading increment through its own deformation. The
pull-pressure sensor is used for measuring the load applied to
the spindle, while the ball bearings provide the basis for the
future study on the effects of speed on the spindle stiffness.
Figure 2 shows the displacement measurement scheme of the
spindle stiffness. The displacement of the target plate fixed to
the tool holder is monitored and measured by the eddy current
displacement sensor uniformly distributed in the circumferen-
tial direction since axial centerline displacement of the spindle
cannot be directly measured. The measured results are aver-
aged to be defined as the actual displacement of the spindle.
Finally, the axial load and axial displacement data are auto-
matically uploaded to the computer software via the acquisi-
tion equipment (MÜLLER-BBM®). The specific parameters
of the pull-pressure sensor and displacement sensor are shown
in Table 1.

2.2 Experimental test of spindle stiffness

In the aspect of the spindle stiffness data processing and anal-
ysis, the traditional test method is to acquire the load and
corresponding displacement data of the spindle based on the
larger thrust load increment (namely, the number of test points
is less). Then, the least square method is adopted to fit the load
and displacement data, and the slope of the fitted curve is
supposed to be the spindle stiffness (illustrated in Fig. 3)
[24]. However, the spindle stiffness is considered to be con-
stant in this method and the nonlinearity of the bearing stiff-
ness is ignored [25]. In fact, external load affects the load
distribution and ball–raceway contact state of bearing [26],
which in turn affects the bearing stiffness as well as the stiff-
ness of the spindle [27]. It is a pity that the external load
applied to the spindle is often not enough to fully reflect the
variation of the spindle stiffness based on the traditional test
method.

For the sake of analyzing the spindle stiffness more com-
prehensively and accurately, a novel spindle stiffness test
method was proposed. In order to comprehensively study
the evolution of spindle stiffness, it is necessary to increase
the range of external load applied to the spindle, and the max-
imum load must exceed the unloading load of the spindle
bearing. Specifically, the maximum load should not exceed
6 times than initial preload. Moreover, the maximum load
cannot exceed the axial limit load of bearing to avoid damage
to the bearing. Considering the possible difference in the bear-
ing type between the two ends of the spindle, tension and
thrust loads are applied to the spindle to obtain two-way stiff-
ness in the test. At the same time, in order to increase the
density of the data to observe the nonlinear property of the
stiffness, relatively high sampling frequency is adopted to
acquire the load and displacement data. The stiffness of

Fig. 1 The structure of the novel
load applying unit
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spindle is calculated from detailed load–displacement data
with the derivative method, as given in Eq. (1).

ka ¼ dFa

dδa
ð1Þ

where ka is the spindle axial stiffness; Fa means the axial load
applied to the spindle, and δa indicates the spindle axial
displacement.

A test rig was constructed to experimentally study the spin-
dle axial stiffness, as shown in Fig. 4. The experimental spin-
dle is a fixed position preload mechanical spindle, and its
structure is shown in Fig. 5. The spindle is supported by two
angular contact ball bearings; this kind of bearing has advan-
tages of high stiffness, high accuracy and ability to withstand
axial loads, and therefore is widely used in high-speed spindle
[28]. The preload of bearing can be controlled by adjusting the
width difference between the inner and outer spacers. In this

paper, the spindle axial stiffness at three different preload
levels (see Table 2) is tested respectively to observe the influ-
ence of preload on spindle axial stiffness.

2.3 Experimental results

The axial stiffness of the experimental spindle under different
preload was tested, and the experimental results are shown in
Fig. 6. It can be found that the overall rigidity of spindle
increases as the preload increases. For example, in case of
the same axial displacement, the axial stiffness of the spindle
under preload 290 N is greater than 145 N, and the axial
stiffness under preload 740 N is the largest. At the same time,
it can be seen from Fig. 6 that the stiffness curve is asymmetric
with respect to zero point of the displacement since the stiff-
ness of draw bar mechanism is coupled into the spindle stiff-
ness during the pulling process.

It is also found that at the mutation point of the spindle
stiffness curve, the greater the preload is, the larger the axial
displacement of the spindle becomes. For example, the muta-
tion of the stiffness curve for preload of 145 N, 290 N, and
740 N occurs at about − 0.007 mm, − 0.010 mm, and −
0.019 mm separately. This means that, in the spindle design
stage, the appropriate preload should be selected according to
the operating load of the spindle. Otherwise, the mutation of
spindle stiffness will affect the machining quality of the
workpiece.

Furthermore, before the spindle stiffness mutation occurs,
there is a very obvious “sag” phenomenon in the stiffness
curve of the spindle with a preload of 740 N, which is known
as the “stiffness hardening” characteristics of the spindle (the
spindle stiffness increases with the increase of axial load after
ignoring the tilted trend caused by draw bar mechanism’s
stiffness). In contrast, this phenomenon does not appear for
the situation of preload of 145 N and 290 N. For the case of
preload 145 N, the stiffness decreases with the increase of the
axial load in both pulling and pushing process. That is, the
spindle has the characteristics of “stiffness softening”. While

Fig. 2 The displacement
measurement scheme of the
spindle stiffness

Table 1 The specific parameters of the pull-pressure sensor and
displacement sensor

Sensor Pull-pressure
sensor

Displacement
sensor

Type HBM® U3-5KN KAMAN®

KF2306-5SUM

Measurement range − 5000 N–5000 N 500 μm

Sensor resolution 0.5 N 0.1 μm

Allowable overload
measurement range

50%

Relative zero signal
deviation

< 1%

Effect of temperature on
sensitivity/10 K (by
reference to nominal
sensitivity)

< 0.1% The sensor is equipped
with a temperature
compensation
module

Effect of temperature on
zero signal/10 K (by
reference to nominal
sensitivity)

<0.1%
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Fig. 3 Comparison of spindle stiffness test methods (schematic diagram)
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for the case of preload 290 N, the stiffness presents a relatively
constant value with the change of the axial load.

The spindle stiffness would exhibit the characteristics of
softening or hardening as the external load changes, which is
related to the applied preload. It can be inferred that there must
be a suitable preload so that the spindle stiffness remains rel-
atively constant over a certain range.

3 Theoretical analysis of experimental results

In this section, the load–displacement model of the bearing is
first established to theoretically explore the above experimen-
tal phenomenon. Base on the bearing model, the axial stiffness
model of the spindle is proposed. Through changing the pre-
load parameters in the spindle model, the variationmechanism
of the spindle axial stiffness under different preload is studied.

3.1 Axial load–displacement model of bearing

The bearing model established in this section is under the
condition of pure axial load and no radial load. This model
can be solved by the following steps (illustrated in Fig. 7).
Firstly, the operating contact angle of the bearing is obtained
through Eq. (2). Then, bearing normal deflection constant is
calculated by Eq. (3). Finally, the bearing axial load can be
obtained.

According to Ref. [29], bearing operating contact angle
under pure axial load can be calculated as:

α ¼ arcsin
Aosinα f þ δabffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

A2
ocos

2α f þ Aosinα f þ δab
� �2q

0
B@

1
CA ð2Þ

where α is the operating contact angle of the bearing; Ao

means the distance between raceway groove curvature

Fig. 4 Spindle stiffness test rig

Fig. 5 Structure of experimental
spindle
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centers;αf indicates the initial contact angle of the bearing; δab
is the axial displacement of the bearing.

Kf, bearing normal deflection constant, can be derived from
the load-deflection coefficient of bearing inner ring and outer
ring ki, ko:

K f ¼ 1

ko

� �2=3 þ 1

ki

� �2=3

" #−3
2

ð3Þ

where load-deflection coefficient of inner ring and outer
ring ki, ko can be obtained by Eqs. (4) and (5), ρ1 and ρ2 are
principal curvatures, the subscripts i and o respectively denote
bearing inner ring and outer ring, which can be calculated by
Eqs. (6) and (8) and Eqs. (7) and (9). db means the ball diam-
eter, dm is the bearing pitch diameter, and R equals the groove
curvature radius. E*

i and E*
o are the equivalent Young’s mod-

ulus and can be calculated by Eq. (10) and Eq. (11). ν denotes
the Poisson’s ratio of the material, E denotes Young’s modulus
of material, and subscripts ir, or, and b are the material of inner
ring, outer ring, and balls, respectively.

ki ¼ 0:5973
ρ2i
ρ1i

� �0:345

ρ−0:52i E*
i ð4Þ

ko ¼ 0:5973
ρ2o
ρ1o

� �0:345

ρ−0:52o E*
o ð5Þ

ρ1i ¼
2

db
−
1

Ri
ð6Þ

ρ2i ¼
2

db
þ 2cosα

dm−dbcosα
ð7Þ

ρ1o ¼
2

db
−

1

Ro
ð8Þ

ρ2o ¼
2

db
−

2cosα
dm þ dbcosα

ð9Þ

1

E*
i

¼ 1

2

1−ν2b
Eb

þ 1−ν2ir
Eir

� �
ð10Þ

1

E*
o

¼ 1

2

1−ν2b
Eb

þ 1−ν2or
Eor

� �
ð11Þ

Finally, bearing axial load Fabcan be obtained by Eq. (12)
[30, 31]:

Fab

ZK f A
3
2
o

¼ sinα
cosα f

cosα
−1

� �1:5
ð12Þ

where Z refers to the number of balls.

3.2 Axial load–displacement model of fixed position
preload spindle

Fixed position preload means that the axial position of spindle
bearings keeps constant during spindle operation, as shown in
Fig. 5.

The relation between the axial load Fab and the axial dis-
placement δab of the angular contact ball bearing, under pure
axial load, can be obtained according to Section 3.1. Here, Fab

and δab satisfy the following relationship for convenience:

Fab ¼ f δabð Þ ð13Þ

where f (·) means the nonlinear mapping function.

Table 2 Preload level of bearing 7014CTYNSULP4 [18]

Preload level EL L M

Spindle preload (N) 145 290 740

Fig. 6 The experimental results
of spindle axial stiffness

Int J Adv Manuf Technol (2018) 99:951–963 957



For two back-to-back mounted bearings with preload Fp,
the relation between bearing load and the external axial load
Fa applied to the spindle is shown in Fig. 8.

As shown in Fig. 8a, the intersection of the bearing load–
displacement curves determines the amount of preload Fp and
pre-deflections δ1, δ2, which satisfies the following relation-
ship:

Fp ¼ f δ1ð Þ ¼ f δ2ð Þ ð14Þ

where δ1 donates the pre-deflection of front bearing; δ2
means pre-deflection of rear bearing.

When the axial thrust load Fa is applied to the spindle
(defined as a positive value), the spindle moves δa toward rear
bearing direction, and the axial deflections of the front and
rear bearings are changed to:

δ1
0 ¼ δ1 þ δa

δ2
0 ¼ δ2−δa

	
ð15Þ

Fig. 7 Calculation flow chart

Fig. 8 Load distribution of fixed position preload spindle
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Accordingly, the load applied to the front bearing increases,
while the load applied to the rear bearing reduces gradually.
The force balance equation of the spindle is given as:

f δ1 þ δað Þ ¼ Fa þ f δ2−δað Þ ð16Þ

As shown in Fig. 8b, as the axial thrust load increases, once
the axial deflection δa of the spindle is greater than pre-
deflection δ2 of the rear bearing, the rear bearing is completely
unloaded. Thus, the axial thrust load is completely borne by
the front bearing, and the force balance equation of the spindle
is as follows in this situation:

f δ1 þ δað Þ ¼ Fa ð17Þ

The analysis process is the same when the spindle is sub-
jected to axial tension (defined as a negative value). Before the
front bearing is fully unloaded, the force balance equation of
the spindle is given as:

Fa þ f δ1−δað Þ ¼ f δ2 þ δað Þ ð18Þ

After the front bearing is completely unloaded, the relation
can be written as:

Fa ¼ f δ2 þ δað Þ ð19Þ

Eqs. (14)–(19) are the load–displacement models for the
fixed position preload spindle and the load–displacement
curve of the spindle can be obtained by solving the model.

3.3 Axial stiffness of fixed position preload spindle

The axial stiffness of the spindle can be calculated with Eq. (1)
after obtaining the load–displacement data. The axial stiffness
curve of the spindle was calculated, seen in Fig. 9. Spindle
bearing types are all NSK® 7014CTYNSULP4. The bearing
parameters are shown in Table 3.

As shown in Fig. 9, the whole loading process can be
divided into four stages. In stages A and B, the spindle is
subjected to axial tension, while in stagesC andD, the spindle
is subjected to axial thrust load. It can be seen from the spindle
stiffness curve that there is stiffness mutation point at the curve
junction of stages A(C) and B(D). It can be also understood
that the spindle stiffness is equal to the single-end bearing
stiffness in stages A and D since only single bearing bears
the load in these stages.

In order to analyze the evolution of spindle stiffness, the
relation between the bearing axial stiffness and the bearing
axial displacement was studied. As shown in Fig. 10, the
stiffness ratio, which is the first derivative of stiffness versus
displacement, means the change rate of bearing axial stiffness.
It can be seen that the stiffness ratio of the bearing is positive.
As the axial displacement increases, the stiffness ratio of bear-
ing decreases at first, and then it increases gradually. The
results show that bearing axial stiffness is proportional to axial
displacement. With the axial displacement gradually increas-
ing, the axial stiffness of bearing increases slower and slower,
then it gets faster and faster again.

Fig. 9 The stiffness curve of fixed
position preload spindle (the
preload is 200 N)

Table 3 The bearing parameters

Parameters Values Parameters Values

Z 20 Ri 6.19112 mm

db 11.906 mm Ro 6.19112 mm

dm 90 mm αf 15°

Int J Adv Manuf Technol (2018) 99:951–963 959



For the purpose of facilitating analysis of the spindle stiff-
ness, the front and rear bearings are described as nonlinear
springs in the stiffness analysis diagram (as shown in
Fig. 11). According to the mechanical analysis of the spindle,
the axial stiffness of the fixed position preload spindle exhibits
the parallel relationship between the front and rear bearings
stiffness (Fig. 9), namely:

ka ¼ ka1 þ ka2 ð20Þ
where kais the axial stiffness of the spindle; ka1 denotes the

axial stiffness of the front bearing; ka2 means the axial stiffness
of the rear bearing.

In stage C (stage B), the spindle is initially subjected to
axial load. At this stage, the axial load applied to the spindle

is shared by the front and rear bearings, so the axial stiffness is
determined by both of the bearings.

However, in the stageD (stageA), the axial displacement of
the spindle caused by the axial load is greater than the pre-
deflection of bearings, resulting in the complete unloading of
one side bearing. In the meantime, the axial load of the spindle
is borne by the other side bearing. Therefore, the spindle stiff-
ness is converted to the single-end bearing stiffness.
According to the relation between bearing axial stiffness and
axial displacement (shown in Fig. 10), the spindle axial stiff-
ness increases with the axial load at this stage.

The junction of stage C (stage B) and stage D (stage A)
means that load shared by both sides of bearing changes to
be borne by one side.

Fig. 10 Relation between axial
stiffness and axial displacement
of the single-end bearing

Fig. 11 Analysis diagram of fixed position preload spindle stiffness (axial tension)
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3.4 Model validation

The comparison of experimental result with simulation result
is shown in Fig. 12.The stiffness trend of the experimental
result is in agreement with that of the simulation result, the
maximum errors between the simulation result and the exper-
imental result are 18.5%, 17.4%, and 13.9%, respectively
(bearing preloads are 145 N, 290 N, and 740 N). There are
two main reasons for the errors. Firstly, the experimental data
after filtering is distorted, and the filtering algorithm can be
further improved to reduce the errors. Secondly, although the
spindle stiffness is mainly determined by the bearing stiffness,
the experimental spindle stiffness includes the stiffness of oth-
er spindle components, such as the draw bar mechanism. The
errors can be reduced by further improving the theoretical
model.

3.5 Effect of preload on spindle stiffness

As the operating conditions change, the spindle preload will
be changed accordingly. According to the axial stiffness mod-
el, the stiffness curves under different preload can be calculat-
ed by changing preload Fp in Eq. (14).

It can be seen from Fig. 13 that the overall rigidity of the
fixed position preload spindle increases as the preload in-
creases. The reason is as follows. As the bearing preload in-
creases, the pre-deflections of the front and rear bearings in-
crease, and the bearing stiffness will increase accordingly
(seen in Fig. 10). As shown in Eq. (20), the spindle stiffness
is the superposition of the front and rear bearing stiffness,
therefore the spindle overall stiffness would increase due to
the increase in preload.

In addition, from Fig. 13 one can observe that, once the
spindle stiffness changes abruptly (which means one of the
bearings is completely unloaded), large axial displacement
occurs in condition of large spindle preload. In other words,
the greater the preload is, the larger the axial load is needed to
unload single-end bearing. This is because, only when the
bearing pre-deflection is completely offset by the axial load
applied to the spindle, single-end bearings of the spindle will
be completely unloaded, and then the spindle stiffness chang-
es abruptly. Due to the difference in spindle preload, the pre-
deflection of the bearing is not consistent. The greater the
spindle preload is, the larger the pre-deflection of the bearing
becomes. Only when the displacement of the spindle and the
pre-deflection are equal in value, the single-end bearings of
the spindle can be completely unloaded. That is to say, the
spindle displacement corresponding to the mutation point of
the spindle stiffness in Fig. 13 is equal to the pre-deflection of
the spindle bearing.

At the same time, it is observed from Fig. 13 that there is an
obvious “sag” shape in the spindle stiffness curve with large

(a) bearing preload is 145N

(b) bearing preload is 290N

(c) bearing preload is 740N

Fig. 12 Comparison of experimental result with simulation result (the
preload is 330 N), a bearing preload is 145 N, b bearing preload is
290 N, c bearing preload is 740 N

Int J Adv Manuf Technol (2018) 99:951–963 961



preload. Moreover, the greater the preload is, the more obvi-
ous the “sag” shape is.

The “sag” shape of the spindle stiffness curve is dependent
on the spindle preload. The single-bearing axial stiffness curve
is shown in Fig. 10. The growth rate of single bearing axial
stiffness presents two phases, and it is related to the initial
deflection of the bearing δp, which decreases at first (δp < δz)
and then increases (δp > δz). Thereinto, the δz represents the
displacement corresponding to the minimum value of stiffness
ratio.

In the case of δp > δz, the growth rate of the bearing stiffness
increases as the displacement increases. Initially, with the ax-
ial thrust load increasing, the increment of front bearing stiff-
ness is greater than the reduction of rear bearing stiffness. So
the stiffness of spindle is increasing gradually. Since the axial
pre-deflection of spindle is much greater under a larger initial
preload, the “sag” shape becomes more obvious at the larger
preload as shown in Fig. 13. And then, with axial load con-
tinuing to increase, the rear bearing continues to be unloaded.
When δ2 < δz, the decreasing rate of rear bearing stiffness be-
comes larger, and the increasing rate of spindle stiffness grad-
ually slows. Once the decreasing rate of rear bearing stiffness
is greater than the increasing rate of the front bearing stiffness,
the spindle axial stiffness decreases with axial displacement
increasing. As the axial load continues to increase, the rear
bearing is completely unloaded, and the axial load is
completely borne by the front bearing. At this time, the stiff-
ness of the spindle changes into the stiffness of the front bear-
ing. As the axial load increases, the stiffness of the spindle
increases gradually.

In the case of δp ≤ δz, when bearing displacement changes,
the bearing stiffness decrement is greater than its increment.
So the axial stiffness of spindle decreases as the axial load

increases. When the axial thrust load is large enough to
completely unload the rear bearing, the axial load is complete-
ly borne by the front bearing, and then the axial stiffness of the
spindle increases gradually as the axial load increases. In this
case, the “sag” shape disappeared in the stiffness curve.

Finally, it can be seen from Fig. 10 that bearing stiffness
ratio is relatively constant near the axial displacement δz. At
this point, the bearing stiffness increase rate is about equal to
the stiffness reduction rate. If the spindle bearing initial pre-
deflection is within this range, the spindle stiffness under cer-
tain load conditions will remain relatively constant, which can
be used to guide the design of the machine tool spindle.

4 Conclusion

In this paper, the axial stiffness of fixed position preload spin-
dle under different preload is experimentallymeasured and the
evolution mechanism is analyzed. It was found in this paper
that when bearing preload reaches a certain threshold, the
“sag” shape appears in spindle stiffness curve, which refers
to the “stiffness hardening” characteristics of the spindle. As
the preload increases, the “sag” shape becomes more obvious.
Namely, the stiffness of spindle increases with the increasing
axial load within a certain load range.

For small preload, no “sag” shape occurs in spindle stiff-
ness curve, which indicates that the spindle has the character-
istics of “stiffness softening” (the spindle axial stiffness de-
creases as the axial load increases).

The paper reveals the evolution rule of spindle stiffness
with the change of axial load under different preload, which
is of great significance for understanding the spindle stiffness
properties and optimizing the preload design.

Fig. 13 The relation between the
stiffness and displacement of
spindle under different preload
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