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Abstract: With the application of finite element method on structure design and engineering analysis
more and more widely, this paper presents a response surface model hybrid artificial bee colony
method to optimize the thermal boundary conditions in finite element thermal analysis of a machine
tool spindle to improve its finite element simulation precision. Initially, the thermal experiment
and finite element thermal analysis of the machine tool spindle with initials that were calculated
by empirical formulas were conducted, respectively. Additionally, focusing on thermal boundary
conditions, a response surface model is designed to establish the explicit expression between thermal
boundary conditions and the simulation errors; then, an artificial bee colony algorithm is used to
solve the mixed-variable optimization problems of a response surface model. Finally, the optimized
thermal boundary conditions are brought into the finite element method of a machine tool system,
and the simulation accuracy has been greatly improved .

Keywords: machine tool; spindle; response surface model; artificial bee colony algorithm;
thermal analysis

1. Introduction

The spindle system, as the core component of machine tools, is crucial for machining.
In high-speed milling, such as computer, communication, and consumer electronics (3C) product
processing, mechanical spindles are widely used. However, the thermal conditions of spindle, which
are caused by the heat flow from internal and external sources, seriously affect the position accuracy
of machine tools and the dimensional accuracy of manufactured parts [1–5]. According to statistics,
the responsibility of thermal error on the total geometrical error of workpiece is as high as 70%. In Li
and Liu’s research, they found that the thermal error of numerical control lathe can be as high as 80 µm
when n = 2000 rpm and NC machining center can be as high as 50 µm when n = 8000 rpm, which is
obviously unacceptable for NC machining [6,7]. Therefore, it is very important to study the thermal
characteristics of spindle and reduce its influence on the machining precision of machine tools.

At present, there are mainly two methods to study the thermal characteristics of the
spindle:experimental method and simulation method; analytical methods are rarely used. Because
the mechanical structure of spindle is three-dimensional and its heat transfer and thermoelastic
deformation are very complex, it is difficult to obtain the analytical solution of its thermal characteristics.
Compared with the experimental method, the simulation method is more economical and has become
a better choice for studying spindles’ deformation as long as the thermal boundary conditions (TBCs)
are correctly defined and the spindle structure is properly meshed. Especially in design stages,
simulation methods can avoid costly design modifications based on experimental studies. In addition,

Symmetry 2020, 12, 361; doi:10.3390/sym12030361 www.mdpi.com/journal/symmetry

http://www.mdpi.com/journal/symmetry
http://www.mdpi.com
https://orcid.org/0000-0003-1788-3121
http://dx.doi.org/10.3390/sym12030361
http://www.mdpi.com/journal/symmetry
https://www.mdpi.com/2073-8994/12/3/361?type=check_update&version=2


Symmetry 2020, 12, 361 2 of 19

the experimental method can only measure the temperature of limited points in the temperature field
of a spindle unit, while the simulation method can comprehensively analyze the distribution of the
temperature field of spindle without blind angle. In recent years, finite element method (FEM) has been
frequently used by researchers to study the thermal problems of machine tools. Zhao et al. [8] studied
the thermal errors of a turning center spindle at 2000 rpm by FEM, and recorded the thermal errors
change at the spindle nose and temperature change at the selected points. Ultimately, the results show
that the simulation results are satisfying to replace the experiment results. In Liu [9] and Ma’s [10]
research, they considered the influence of thermal contact resistances (TCRs) on the temperature field
& thermal deformation (TF&TD) of spindle system in the FE simulation, and verified the reliability of
simulation results by experiments. Satisfactory results have been achieved in the above studies.

However, without a single exception, these studies are all carried out at relatively low spindle
speeds and the TBCs in FE analysis are obtained directly from empirical formulas. According to
Chen’s research, ref. [11] the calculated heat power of bearing by empirical formulas will exceed
the actual value with the increase of rotational speed. The commonly used empirical formulas
summarized 70 years ago for calculating bearing heat generation power are applicable to medium and
low speed [12]; it is recommended to be reevaluated with the increase of bearing speed. In the past few
years, the manufacturing technology of bearings has been constantly improved and the manufacturing
accuracy has been improved too. For example, high-speed bearing is widely used in the machining
of spindle nowadays, whose rolling element is made of ceramic material, which is lighter in weight,
smaller in centrifugal force, and lower in heat than traditional steel balls, and its value of dn can
reach 4× 107. It seems too ideal to estimate the heating power of bearings based on the past heat
generating power of bearings. Moreover, the performance of bearings with different precision grades
differs greatly, including heat generation power. Therefore, the empirical values of bearing generation
power and convective heat transfer coefficients (CHTCs) will make spindle temperature’s simulation
results different from the actual ones. In addition, the health status of spindles are different from
each other, the CHTCs on the surfaces of the spindle are calculated on the basis of many assumptions,
which will also have an impact on the results of analysis. In the study of the thermal characteristics
of a lathe spindle, for the uncertainty of TBCs, Li et al. [13] introduced an inverse heat conduction
theory to optimize the CHTCs of spindle system, and then get a satisfactory simulation results of
thermal characteristics of spindle in ANSYS software. In addition, they also proposed a mean impact
value method to select the thermal key points in the spindle system. Zhang et al. [14] introduced a
biogeography optimization algorithm to optimize the heat transfer coefficient of a motorized spindle,
and got an accurate predication of thermal deformation of motorized spindle using the experimental
data of the spindle surface temperature. The average prediction error of thermal deformation of
spindle is 0.72 µm. Compared with the traditional prediction model of thermal deformation of spindle,
the model has higher accuracy. Tan et al. [15] used a surrogate assisted differential evolution method
to seek more accurate CHTCs in thermal analysis of spindle; then, the optimized CHTCs were brought
into the finite element model of spindle, which improves the simulation accuracy of the finite element
model, and its validity was verified by experiments. However, in the above optimization analysis,
only CHTCs are considered, and the unreliability of thermal power of spindle bearing calculated by
empirical formula was not considered. This being taken into account in this paper because of the
thermal power of bearing is a very important boundary condition in the TD and TF analysis of spindle.

Since the simulation accuracy of spindle’s thermal characteristics can be improved by optimization
algorithms. Based on the previous studies, a 9-variable, 1-output experiment was designed by a central
composite design (CCD) method in this research, and an response surface model (RSM) is designed to
establish the explicit expression between TBCs and the simulation errors; then, the response surface
function is employed as the fitness function of ABC and the optimized solutions are obtained. Finally,
the simulation accuracy of TF of spindle unit is improved, and the good effectiveness of the proposed
RSM and ABC method is verified. The method proposed in this research can be used not only to assist
in the design stage of spindle to reduce design cost and design time, but also to help engineers to find



Symmetry 2020, 12, 361 3 of 19

the thermal sensitive points of MT, which can be used to establish thermal error compensation model
of MT.

2. Initial Thermal Boundary Conditions (TBCs) of Spindle

The objective of this study research around is a BT30 mechanical spindle of a FANUC a-D14MiA
machining center in our lab. The shaft of the spindle is a multi-diameter and hollow part. As shown in
Figure 1, the front bearing of the spindle is a pair of angular contact ball bearings, 7009C, whereas the
rear bearing is a pair of 7008C, with a double back to back (DBB) assembly way and axial positioning
preload. It can bear radial load and axial load in two directions. Under the same internal clearance,
the pre-tightening force and stiffness are twice as large as those of double back (DB) combination, and
the ultimate axial load is also larger. The heat transfer between the spindle and the environment is
mainly completed by forced convection on the surface of the rotating units and natural convection on
the surface of the fixed units. Unlike motorized spindles, the motor of the mechanical spindle is set
externally, and the angular contact ball bearings are the only heat source. When the spindle unit is in
rotational state, (usually more than 20,000 rpm), the generating power of a single bearing can exceed
400 W. The direction of heat flow is shown by the red arrow in the figure. The first step in solving the
temperature field of the spindle is to accurately set the TBCs of the spindle.

Spindle

Figure 1. The mechanical structure of spindle.

2.1. Bearing Heating Power

By studying the influence of bearing radial load, axial load, moment, lubricant viscosity, and
bearing speed on the load distribution of a rolling element, Palmgren [12] summarized the empirical
formula for the heating power of rolling bearing. The generated power of bearing friction can be
calculated as

H = 1.047× 10−4 ×M× n (1)

where H is in W, M is in N.mm and using bearing speed n in units of rpm. To simplify the analysis
method, Palmgren considered that the friction torque of bearings mainly consists of two parts, namely,
the mechanical friction torque M1 and the viscous friction torque Mv; M1 mainly lies on the structural
parameters of the bearing itself

M = M1 + Mv (2)

M1 can be expressed as
M1 = f1 × Fβ × dm (3)

where f1 is a factor related to the bearing type and load, Fβ is the bearing load, and dm is the average
diameter of the bearing

f1 = z× (
Fs

Cs
)y (4)
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where Fs is the static equivalent load, Cs is the basic static load rating, y is 0.33, and z is 0.0013 for
angular contact ball bearings. {

Fβ = Fα − 0.1× Fr

Fs = X0 × Fr + Y0 × Fα

(5)

where X0 and Y0 are values of the spindle bearing and equal to 0.5 and 0.46, respectively. In this
research, the bearing group consists of two 7008C and two 7009C bearings installed back-to-back, and
the spindle of the vertical machining is set vertically. For the spindle bearings, the inner ring and
the shaft are under an interference fit. Hence, an assembly force acts on the bearings in the radial
direction, whereas the radial resultant force is zero because the structure of the spindle is symmetrical.
The bearings are under moderate preload, and the preload forces of the bearings are 340 N. The forces
of gravity that can be withstood by each 7008C and 7009C bearing is 42 N, respectively. The axial
loads that can be withstood by each 7008C and 7009C bearing are 382 N, respectively. According to
the previous formulas and data, the values of M1 are shown in Table 1. Mv can be obtained by the
following formula: {

Mv = 10−7 × f0 × (v0 × n)
2
3 × d3

m, v0n ≥ 2000

Mv = 160× 10−7 × f0 × d3
m, v0n ≤ 2000

(6)

where f0 is a factor related to the type of bearing and lubrication method, v0 is the kinematic viscosity
of the lubricant at corresponding temperature, (mm2·s), and n is the spindle speed (rpm). The spindle
bearing is lubricated by Kyodo Yushi Multemp PS No.2 grease, which has a kinematic viscosity of 16
mm2/s at 40 ◦C. It is worth noting that, due to the different dynamic viscosity of the selected grease,
bearing type, and axial size of spindle, the thermal elongation of different spindles vary greatly [16–18].
Equation (6) is applicable when the spindle speed exceeds 63 rpm and v0n ≥ 2000 . For the single-row
angular contact bearing with grease lubrication, f0 = 2, while for a pair of bearing, f0 = 4. The bearing
viscous friction torque can be obtained by the first formula of Equation (6).

Table 1. Parameters of the spindle bearings.

Bearing Type 7008C 7009C

Cs (kN) 15.9 19.3
dm (mm) 54 60

Preload force (N) 290 340

2.2. CHTCs of Spindle

There are three forms of heat transfer in the spindle system: heat conduction, heat convection,
and thermal radiation. Among the above heat transfer forms, heat convection between the spindle
and the surrounding environment is the core factor affecting the spindle TF and TD. In this part,
the dimensional analysis method is employed to calculate the spindle CHTCs. For the rotating units
surfaces of the spindle, (A f 1 − A f 5 in Figure 2), moving at high speed in the air and producing relative
movement between the surfaces and nearby air. For the convenience of calculation, the CHTCs of the
rollers and the inner ring surfaces of front and rear bearing group are treated as unified values, and the
convection coefficients are calculated as forced convection using Nusselt’s Equation (7). The stationary
units of the spindle, An1 and An2, mainly interact with the surrounding air by natural convection, and
the CHTCs is hn = 9.7 W/m2·K, which is provided by reference [19]. This value is the same order of
magnitude as the theoretical free convection coefficient on flat plane [20]

h f =
Nuair × λair

di
(7)
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In Equation (7), 
Nuair = 0.133R

2
3
e P

1
3

r

Re =
uairρdi

µair

uair =
πdin

60

Pr =
Cpµair

λair

(8)

where h f is the forced CHTCs between the rotating units (A f 1 − A f 5) and the ambient air, λair is the
thermal conduction of the ambient air; di is the equivalent feature size of the forced convection surfaces.
Pr is the Prandtl number of air and Re is Reynolds number. For simplicity, the equivalent diameter of
the outer face of shaft can be calculated using formula:

ds =
d1L1 + d2L2 + d3L3 + d4L4

L1 + L2 + L3 + L4
(9)

d d1

d3

Af1 An1 An2

Af2

Af4 Af5

Af3

d2

L1
L2 L3 L4

d4

Figure 2. Setting of convection heat transfer coefficients.

The empirical calculation methods of the seven CHTCs occurring on the spindle and the bearing
thermal load were shown in Table 2. As shown in Figure 3, the thermal power of bearing increases
rapidly with the increase of the spindle speed and the relationship between them is nonlinear. This
phenomenon can be easily explained by the principle of bearing kinematics. As shown in Figure 4,
ignoring the impact of gyroscopic moment (DmN < 1 × 106), there are four forces acting on the
bearing in total. Fa is axial preload force, Fi and Fo are the acting loads between the rolling elements
and the inner and outer rings of bearing, and Fc is centrifugal force. These forces will form a closed
force polygon when the system is in an equilibrium condition. When the bearing rotation speed
increases, the centrifugal force of rolling elements increases too. To remain balanced, Fi and Fo must
also be increased. As a result, the contact load between the roller elements and the raceway increases,
the power to overcome friction force increases, and then the heat generating power of bearing increases.
In addition, the forced CHTCs on the surface of the spindle rotating unit also increase rapidly with the
increase of bearing rotation speed.
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Table 2. TBCs of spindle.

Spindle
Speed (rpm)

Heat Transfer Coefficients (W/m2 ◦C)
H08 (W) H09 (W)

A f 1 A f 2 A f 3 A f 4 A f 5 An1 An2

2000 42.2 43.3 44.0 32.8 40.6 9.7 9.7 6.8 9.2
4000 66.4 68.3 69.7 52.1 64.5 9.7 9.7 21.3 29.2
6000 85.4 89.4 91.4 68.3 84.5 9.7 9.7 41.8 57.2
8000 102.3 108.3 110.7 82.7 102.4 9.7 9.7 67.5 92.4

10,000 123.3 126.6 128.4 95.9 118.8 9.7 9.7 97.7 133.8
12,000 139.2 143 145.2 108.3 134.2 9.7 9.7 132.4 181.3
14,000 154.4 158.5 160.8 120 148.7 9.7 9.7 171.1 234.4
16,000 168.7 173.3 175.7 131.3 162.6 9.7 9.7 213.6 292.7
18,000 182.5 187.4 190 142 175.8 9.7 9.7 259.9 356.1
20,000 195.8 201 203.9 152.3 188.6 9.7 9.7 309.7 424.4

n (rpm) #104
0 0.5 1 1.5 2

Po
w

er
 (

W
)

0

100

200

300

400 7009C
7008C

Figure 3. Bearing rotating speed and its heat power.
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Figure 4. Forces acting on a bearing ball and force equilibrium graph.

2.3. Thermal Experiment and Finite Element Thermal Analysis (FETA)

In order to research the thermal characteristics of spindle unit, firstly, the thermal experiment
of spindle at n = 20,000 rpm is conducted, as shown in Figure 5. Two PT100 temperature sensors
(T1 and T2) are fixed on the spindle front bearing surface and MT structure to measure the temperature
change of the spindle and environment, respectively. The change of spindle and ambient temperature
is shown in Figure 6. The temperature recording experiment lasted 18,000 s. It is worth noting that,
before the experiment, the dynamic balance of the spindle should be normal; otherwise, the abnormal
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temperature rise of the spindle will occur, and the ideal experimental results will not be obtained.
The environmental temperature in the finite element (FE) software was set to be 17.5 ◦C, the same as
average temperature of environment during measurement. The experiment is set up in the climate
chamber, and the temperature change is not significant, thus the impact of environment change is
ignored in this research. However, when the ambient temperature changes greatly, its influence on
the thermal characteristics of the spindle cannot be ignored. In this experiment, the bearing groups
are the only heat source of the spindles, and its temperature rise is different from that of motorized
spindles [21,22].

Thermocouple 

temperature sensor

PT100 temperature

sensor

Spindle

Temperature

Environment

temperature

T1

T2

Figure 5. Experiment set up.

Time (s)
0 5000 10000 15000

16

18

20

22

24

26

28

30

Environment Temp
Spindle Temp

Figure 6. Temperature rise process of spindle.

Secondly, we simulated the temperature field and thermal deformation of the spindle unit
according to the TBCs obtained by empirical formulas before. It is worth noting that spindle and MT
systems are composed of many units. It is not recommended to mesh it directly because this will
lead to over dense meshing in some unimportant places, (e.g., bolts) and results in long calculation
that can affect the accuracy of the results. To ensure the correctness of the analysis results, the 3D
structure of the spindle should be simplified. In this research, the spindle bolt connection, chamfers,
and small steps are ignored.To get satisfying FEA results, the spindle region with a larger temperature
gradient is meshed to be more refined, such as in the regions near the bearings. There are 676,665
elements and 589,914 nodes of the FE model. The thermal loads of bearings are evenly distributed
on the rolling elements and raceways, as shown in Figure 7a. In addition, the TCRs between bearing
inner rings and shaft, between bearing outer ring and housing, are both set, as shown in Figure 7b,c,
and the values of them can refer to Table 3. (By defining the material properties, surface morphology,
and pressure on both sides of the joint, the TCRs of for the joints can be obtained.) In FE software
ANSYS Workbench, the TCRs of corresponding contact surfaces can be assigned by its reciprocal
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value, thermal contact conductance (TCC). In previous TF analysis of spindles, the bearing groups are
usually simplified as a thick-walled ring, and the thermal load of the bearing can only be added to
the ring wall surfaces. However, according to the heating generation principle of bearings, the heat of
bearings is mainly caused by the friction moment of the rolling elements to overcome the grease and
the friction between the rolling elements and the inner and outer raceways and cages, so it is too ideal
to add the thermal load of bearings directly to the ring wall surfaces. The material properties of the
spindle system are set according to Table 4. When n = 3000 rpm, Tan [15] takes a certain type of electric
spindle as the research object, and does not consider the instability of empirical formula calculation,
the temperature simulation error of the front bearing surface (T1) of the spindle is as high as 54.37%.
In fact, we also find that the simulation error is about 50% when the spindle is at n = 3000 rpm when
the instability of empirical formula is ignored. However, with the increase of the rotating speed,
the simulation error of the temperature field of the spindle will be larger and larger after the boundary
condition without optimization is brought into the finite element model. Thus, it reaches 124.5% at
n = 20,000 rpm. Therefore, it can be concluded that, with the increase of the spindle speed, the thermal
boundary conditions of the spindle obtained by the empirical formula and the simplified equation will
deviate from the actual boundary conditions seriously.

Table 3. TCRs of spindle joints.

Joint Surface Thermal Resistance (m2 ◦C/W)

Bearing inner ring/shaft 1.46× 10−4

Bearing outer ring/housing 5.73× 10−4

Rolling elements/raceways 6.46× 10−4

Other contact surfaces 8.46× 10−4

(a) (b)

(c)

Figure 7. Temperature field of spindle (a) heat load; (b) TCRs between bearing inner ring and shaft;
(c) TCRs between bearing outer ring and housing.

Table 4. Material parameters of spindle unit.

Spindle Structure (45) Bearing (GCr15) Bearing (Coolants (air))

Density (kg/m3) 7800 8000 1.1796
Thermal conductivity (W·m−1·K−1) 60.5 40.1 1.0069

Young’s Modulus (GPa) 210 200 −
Poisson’s ratio 0.28 0.3 −

Linear expansion coefficient (K−1) 1.2 × 10−5 1.3 × 10−5 −
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2.4. FETA Results

From Figure 8a, the results show that temperature of the outer surface of spindle near the front
bearings is 62.5 ◦C. However, the experimental result is 28 ◦C when the spindle reaches thermal
balance, as shown in Figure 6. Because the bearing is heat source, the highest temperature area is at the
front bearing groups. In addition, due to the existence of TCRs between the contact surfaces, there is a
significant temperature drop between the contact surfaces of the spindle temperature field. Figure 8b
shows the axial TD of spindle shaft; the maximum deformation happens to the nose of it, nearly 75.5 µm.
The comparison of the simulated and experimental results are shown in Table 5. Obviously, the FEA
results deviate from the experimental results seriously, which indicates that the TBCs calculated by
the empirical formulas are inaccurate. This can be attributed to the heat generation of bearing being a
very complex problem. The calculation value of empirical formula is not always reliable, let alone the
CHTCs’ empirical formulas which are based on a series of assumptions. According to Chen’s research,
the calculation result of the formula will be far greater than the actual situation with the increasing
of bearing rotational speed [11]. In addition, in the past few years, the manufacturing technology of
bearings has improved significantly. Moreover, the performance of bearings with different precision
grades and material differs greatly, including heat generation power [23]. For example, the calculated
empirical heat power value of ceramic ball bearing is the same as that of a metal ball bearing at the same
rotational speed. However, due to the lightweight quality of ceramic bearing rolling elements, small
centrifugal force, its heat power is lower than a metal ball bearing at the same speed. Therefore, it will
make the spindle temperature’s simulation results different from the actual ones by directly bringing
the values calculated by empirical formulas to the finite element model. In addition, the health statuses
of spindles are different from each other, which will also influence the thermal analysis results of
FEA. It is clearly seen that there exist significant differences between them and the maximum relative
simulation error was up to 128.1%. Accordingly, it is essential to increase the simulation accuracy, and,
in this research, we concentrate on optimizing the TBCs to achieve that goal.

Table 5. Comparison of simulated and experimental temperatures with initial empirica TBCs.

Temperature Points Experimental (◦C) Simulated (◦C) Error (◦C) Error (%)

T1 27.4 62.5 35.1 128.1

62.5℃

(a)

Figure 8. Cont.
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(b)

Figure 8. Thermal characteristics of spindle (a) temperature field; (b) thermal deformation of shaft.

3. Optimization of Thermal Boundary Parameters

According to the previous analysis, the accuracy of the FE model by directly substituting the
parameters calculated by empirical formulas into the FE model is not satisfactory. This can be attributed
to the structure of the spindle being simplified and the thermal boundary conditions (TBCs) set in
FEM software were inevitably different from the actual situation. This problem is difficult to solve
with traditional methods. However, it can be solved by establishing the mathematical model between
simulation error and TBCs. Abstract the problem into an optimization problem, and then use intelligent
algorithms to solve it. This section will describe how to use an RSM hybrid ABC algorithm to correct
the TBCs of the finite element thermal analysis model and improve its simulation accuracy. In this
research, the TBCs, [A f 1 A f 2 A f 3 A f 4 A f 5 An1 An2 H1 H2], are abstracted as the optimization variables,
[x1 x2 x3 x4 x5 x6 x7 x8 x9 ], of the ABC algorithm, and the simulation errors are set as the fitness value.
The main steps are described as below:

(1) Establishing the simplified digital model of spindle unit based on the design parameters and
meshing it.

(2) Setting the TBCs according to simplified empirical formula, such as bearing heat power, thermal
contact resistances between the contact surfaces, and CHTCs of the spindle units’ surfaces.
The ambient temperature is 17.5 ◦C, and spindle rotating speed is 20,000 rpm.

(3) According to the simulation error, correct the TBCs based on an RSM hybrid ABC algorithm.
(4) Then, the optimized TBCs are substituted to the FEM for analysis and compared with the

experimental results.

3.1. DE and RSM

To establish the explicit expression between TBCs and the simulation errors with RSM, we need to
design an experiment (DE) first, and the experimental design method should be determined according
to the characteristics of the objects. Ref. [24] If the experimental design is not reasonable, it will be
difficult to get the ideal results. For example, for a 9-factor and 3-level experiment, if one experiment is
conducted at each level of each factor, the total number of experiments is at least 39 = 19,683 times. It is
a very time-consuming work to collect the data from experiments. To obtain the relationship between
TBCs parameters, usually, the commonly used experimental methods in RSM are central composite
design (CCD) and Box–Behnken design (BBD) method, which will greatly reduce the number of
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experiments and simplify the analysis of experimental data. For the BBD method, the number of
experimental factors is usually 3 to 7. When the experimental factor increases, the CCD method is
usually used. In this work, there are nine experimental factors in total, so the CCD method, which can
reflect the intrinsic characteristics of the entire design space with fewer sample points, is employed
to design the experiment. RSM is a method that replaces the implicit constraints in the original
design problem by constructing explicit approximate expressions. Usually, the response surface
approximation function used in engineering is a second-order model, although the higher the order of
the polynomial, the higher the fitting degree between the response surface equation and the actual
data. However, the higher the order, the greater the accumulation of rounding errors in the calculation
process. Ref. [25] Therefore, when the order is too high, the accuracy of the equation will decrease,
or even the reasonable results can not be obtained. The second-order response surface model can be
expressed as below: {

Y = β0 + ∑k
i−1 βixi + ∑i ∑j βijxixj + ε

ε ∼ N(0, σ2), i = 1, 2, · · ·, k, j = 1, 2, · · ·, k
(10)

where Y denotes the dependent variable; ε denotes the normal random error; k is the number of design
variables; β0, βi, and βij denote the undetermined coefficients, respectively; βi denotes the linear effect
of xi, βij denotes the interaction effect between xi and xj, βii denotes the secondary effect of xi. N
shows that ε obeys standard orthogonal distribution. In this research, the objective function is the
simulation error of the simulated and experimental values of three temperature measuring points at a
certain time (thermal steady state). Assuming that the simulated and measured temperatures can be
expressed as T and T

′
respectively, the objective function can be expressed as below:

fTemp(x) =
√
(T1 − T′1)

2 (11)

Therefore, the corresponding values of min ( fTemp) are the optimal approximation values of fTemp.
The parameter modification problem of spindle FE model can be transformed into the optimization
problem of formula (12):

Fitness = min( fTemp) (12)

The variable parameters to be optimized have been shown in Table 2. There are nine design
variables in the RSM in total, as shown in Table 6, and the design variables [x1 x2 x3 x4 x5 x6 x7 x8 x9]
have been converted to standardized levels. For such a five level, nine variable parameters, they will
have 540 groups of experiments for full implementation in CCD, which is extremely time-consuming.
To save time and ensure the reliability of the experiment, 1/4 of the experiment was carried out, and
its response values are listed in Table 7.

Table 6. Variable parameters and their levels.

Number −1.732 −1 0 1 1.732

x1 33.4 55.4 85.4 115.4 137.4
x2 37.4 59.4 89.4 119.4 141.4
x3 22.1 51.4 91.4 131.4 160.7
x4 16.3 38.3 68.3 98.3 120.3
x5 15.2 44.5 84.5 124.5 153.8
x6 1 4.7 9.7 14.7 18.4
x7 1 4.7 9.7 14.7 18.4
x8 7.2 21.8 41.8 61.8 76.4
x9 5.2 27.2 57.2 87.2 109.2
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Table 7. CCD method of the spindle system.

Number
Design Variable (Normalized)

fTemp(x)
x1 x2 x3 x4 x5 x6 x7 x8 x9

1 1 1 1 −1 1 1 1 −1 1 36.2
2 −1 1 −1 −1 1 1 1 −1 1 26.9
· · · · · · · · · · ·

155 −1 1 −1 −1 −1 1 1 1 1 38.6
156 1 −1 1 1 −1 −1 −1 1 −1 22.2

The expansion of the second order RSM can be expressed as:

fTemp(x1, x2, · · ·, x9) = β0 + β1x1 + β2x2 + β3x3 + β4x4 + β5x5 + β6x6 + β7x7 + β8x8 + β9x9

+β11x2
1 + β22x2

2 + β33x2
3 + β44x2

4 + β55x2
5 + β66x2

6 + β77x2
7 + β88x2

8 + β99x2
9

+β12x1x2 + β13x1x3 + β14x1x4 + β15x1x5 + β16x1x6 + β17x1x7 + β18x1x8 + β19x1x9

+β23x2x3 + β24x2x4 + β25x2x5 + β26x2x6 + β27x2x7 + β28x2x8 + β29x2x9 + β34x3x4

+β35x3x5 + β36x3x6 + β37x3x7 + β38x3x8 + β39x3x9 + β45x4x5 + β46x4x6 + β47x4x7

+β48x4x8 + β49x4x9 + β56x5x6 + β57x5x7 + β58x5x8 + β59x5x9 + β67x6x7 + β68x6x8

+β69x6x9 + β78x7x8 + β79x7x9 + β89x8x9

(13)

Assuming that x2
1 = x10, x2

2 = x11, · · ·, x2
9 = x18, x1x2 = x19, · · ·, x1x9 = x26, x2x3 = x27, · · ·,

x2x9 = x33, x3x4 = x34, · · ·, x3x9 = x39, x4x5 = x40, · · ·, x4x9 = x44, x5x6 = x45, · · ·, x5x9 = x48,
x6x7 = x49, · · ·, x6x9 = x51, x7x8 = x52, x7x9 = x53, x8x9 = x54. Then, Equation (13) can be rewrittrn
as a multiple linear regression model:

f (x1, · · ·, x9) = β0 + β1x1 + β2x2 + · · ·+ β9x9

+ · · ·+β51x51 + β52x52 + β53x53 + β54x54
(14)

The total number of the test is n = 156, and then the RSM can be rewritten as matrix form

Y = Xβ + ε (15)

where

Y =



y1

y2

·
·
·

yn


; X =


1 x11 . . . xi1
1 x12 . . . xi2
. . . . . . . . . . . . . . . . . .
1 x1n . . . xin

 (16)

β =



β1

β2

·
·
·

βn;


; ε =



ε1

ε2

·
·
·

εn;


(17)

According to the standardized variables shown in Table 6, the coefficient vector β of the RSM
can be obtained. By substituting β into Equation (13), the RSM can be obtained. The determination
coefficient of fTemp is R2 = 0.89, which reflects the outstanding fitting performance of the RSM model.
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In this case, x1, x2, x3, x5 , x6, x7, x8, x9, x6x9 are significant model terms. According to the
different influence degree of each design variable on the output variable, the two parameters with the
greatest influence degree are selected. Based on the experimental design data points, the response
surface contour of x6x9 and the output variable are fitted, as shown in Figure 9.
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Figure 9. RSM between X6X9 and FTemp.

3.2. ABC

According to the obtained RSM, the TBCs and the simulation error are treated as the variables
to be optimized and the objective function value respectively, thus the searching for optimal TBCs
can be equivalent to a constraint optimization problem and various optimization methods can be
used to solve it, such as Particle Swarm Optimization (PSO) and genetic algorithm (GA). PSO is the
abbreviation of particle swarm optimization. It is a kind of stochastic optimization technology based
on population. It was proposed by Eberhart and Kennedy in 1995. PSO mimics the swarm behavior of
insects, herds, birds, and fish. These groups search for food in a cooperative way. Each member of the
group changes its search mode by learning its own experience and the experience of other members.
GA is a computational model simulating the natural selection and genetic mechanism of Darwinian
biological evolution. It is a method to search the optimal solution by simulating the natural evolution.
However, the performance of the conventional PSO and GA method will become sensitive to the
mutation strategy and the associated parameters; in addition, it has premature convergence, dimension
disaster, and can be easily trapped in local extreme value. Refs. [26–28] Moreover, these optimization
methods usually need generous assessments of finite element thermal analysis, which is not economical
because a single assessment of finite element thermal analysis is always time-consuming. ABC is an
optimization algorithm based on the intelligent behavior of honey bee swarm, compared with PSO
and GA, and the ABC algorithm has the advantages of simple operation, less control parameters, high
search accuracy, and strong robustness [29,30].

It has been proved by Griewank function, Rastrigin function, Rosenbrock function, Ackley
function and Schwefel function, whose value is 0 at its global minimum [30]. By comparing the
optimization results of ABC, PSO, and GA algorithm for these functions, the global minimum values
of the ABC algorithm are 0.000329, 0, 0.012522, 4.6×10 −11, and 27×10 −9, respectively, in 500 search
cycles. The global minimum of PSO algorithm is 0.079393, 2.6559, 4.3713, 9.8499×10 −13, and 161.87.
The global minimum values of GA algorithm are 0.050228, 1.3928, 46.3184, 0.59267, and 1.9519,
respectively. The comparison shows that ABC algorithm is better than GA and PSO algorithms. In this
paper, the RSM hybrid ABC method is proposed to optimize the TBCs of the FE model, and its main
steps are described below:
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4. Comparison of FEA Results of Spindle before and after Optimization

In this section, the TBCs optimized by the proposed RSM assisted ABC method were given and
brought into the finite element model of spindle unit. Then, compared with the previous analysis results
which directly brought into empirical formulas, the effectiveness of the optimization method is proved.

4.1. The Optimized TBCs

As shown in Figure 10, the optimization process of ABC can be seen. After 42 iterations,
the optimum solutions are obtained and given in Figure 11, reflecting the high efficiency of the
algorithm. All the optimized TBCs deviate from the calculated value of empirical formula to different
extents. x1, x2, and x6 are much smaller than the empirical values, x3 and x4 are much larger than the
empirical values, and x5, x7, x8, and x9 are close but less than the empirical values. It is worth noting
that, because of the randomness of the ABC intelligent algorithm, this group of solutions is not unique.
When the algorithm is run repeatedly, other solutions can be obtained.

Initialize system parameters，NP=20,limit=100,maxCycle=500

Compare food positions and retain the best one 

Output the optimized  TBCs

Memorize the best solution 𝑥𝑖

Initiate “food sources position” 𝑋𝑖

Evaluate the fitness values of 𝑋𝑖 with subject to constraints

Modify 𝑋𝑖 position by: 𝑣𝑖𝑗 = 𝑥𝑖𝑗 + ϕ𝑖𝑗 𝑥𝑖𝑗 − 𝑥𝑘𝑗 , and evaluate its fitness

Scout bees

Calculate the Pi values of 𝑋𝑖 position

Determine 𝑋𝑖 position response for Pi values  

Produce new food position 𝑥𝑖
𝑗
；

𝑥𝑖
𝑗
= 𝑥min

𝑗
+rand(0,1)(𝑥m𝑎𝑥

𝑗
-𝑥min

𝑗
)

Calculate the fitness value of 𝑥𝑖
𝑗

Onlooker  bees

Employed bees

Modify the determined position, 𝑋𝑖 by: 𝑣𝑖𝑗 = 𝑥𝑖𝑗 + ϕ𝑖𝑗 𝑥𝑖𝑗 − 𝑥𝑘𝑗 , and evaluate its fitness

Start

Reach Limit ?

Cycle = Max

i>NP/2
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Figure 10. Flowchart of artificial bee colony’s application on TBC optimization.
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Figure 11. Optimization process.

• Step1: Initialize system parameters and the population of solutions Xi, and Xi = [x1 x2 x3 x4 x5

x6 x7 x8 x9]i
• Step2: Evalute the population, which is to take the value of Xi into fTemp and compare the

fitness value.
• Step3: Cycle = 1
• Step4: repeat
• Step5: Produce new solutions ti for the employed bees by using vij = xij + φij(xij − xkj) and

evaluate them
• Step6: Apply the greedy selection process for the employed bees.
• Step7: Calculate the probability values Pi for the solutions Xi by pi = f iti/ ∑NP

n=1 f itn.
• Step8: Produce the new solutions vij for the onlookers from the solutions Xi selected depending

on Pi and evaluate them.
• Step9: Apply the greedy selection process for the onlookers.
• Step10: Determine the abandoned solution for the scout, if it exists, and replace it with a new

randomly produced solution Xi by xj
i = xj

min + rand[0, 1](xj
max − xj

min).
• Step11: Memorize the best solution achieved so far.
• Step12: cycle = cycle + 1.
• Step13: until cycle = MCN.

where NP = 20, limit = 100, maxCycle = 150, and D = 9. D is the number of optimization parameters,
where SN denotes the size of employed bees or onlooker bees, and maxCycle denotes the maximum
cycle number. The flowchart is shown in Figure 10.

4.2. Comparision of Finite Element Thermal Analysis Results

Since the optimal TBCs have been searched, as shown in Figure 12, then we brought it into the
FE model of spindle and calculated its TF&TD. Meanwhile, the comparison between the simulation
results and the experimental results of the average temperature of T1 point is shown in Figure 13,
compared with the TD and TF in Figure 8, which ignored the calculation error of TBCs. Obviously,
the optimized TBCs greatly improved the simulation accuracy of the FEM of spindle unit to 4.7%.
As shown in Table 8, the correctness and effectiveness of the RSM assisted ABC method’s application
on TBCs optimization are verified.
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Figure 13. Thermal characteristics of spindle (a) temperature field; (b) thermal deformation of shaft.
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Although the RSM assisted ABC algorithm improved the simulation accuracy of the FEM of
spindle unit to some extent, there are still errors between the simulation value and the experimental
value due to the environmental temperature change, thermal radiation, unreasonable structural
simplifications, and other factors, such as nonlinearity of thermal deformation of materials and
thermal radiation, which were not considered in this research. In addition, the FEM software itself has
calculation errors, so it is very difficult to completely match the simulation value with the experimental
value. Actually, it is impossible to completely eliminate the thermal error of the machine tool, but it
is very meaningful to predict and compensate the thermal error by some methods and control the
thermal error within the acceptable range.

Table 8. Comparison of simulated and experimental temperatures with optimized TBCs.

Temperature Points Experimental (◦C) Simulated (◦C) Error (◦C) Error (%)

T1 27.4 28.7 1.3 4.7

5. Conclusions

This paper presented an RSM hybrid ABC method to optimize the TBCs in finite element thermal
analysis of an MT system to improve its simulation accuracy. Firstly, the thermal experiment, FETA,
of the spindle with initial TBCs which was calculated by empirical formulas was conducted and
compared, respectively. It is found that the simulation error is notable. Secondly, focusing on TBCs,
the RSM hybrid ABC method was introduced. RSM is used to establish the explicit expression between
TBCs and the simulation error, and ABC algorithm is employed to look for the global optimal solution
of TBCs. Finally, the optimized TBCs are brought into the spindle FEM of spindle, and the simulation
accuracy of spindle unit is improved to 4.7%. This method can be used not only to assist in the design
stage of the spindle to reduce design cost and design time, but also to help engineers find the thermal
sensitive points and establish the thermal error model. The thermal error can be compensated in
advance by the numerical control system.

However, the thermal dynamic characteristics of the spindle are also worth studying. In the
second section, we simply analyzed the relationship between the bearing contact load and rotation
speed. With the increase of the rotation speed, the heat generating power of the bearing increases
rapidly due to the work to overcome friction. In addition, due to the uneven heating of the components
of spindle unit, different degrees of thermal deformation will occur, and the support stiffness of bearing
will also change, thus changing the natural frequency of the spindle unit. When the working frequency
of the spindle coincides with the natural frequency, the spindle will produce a large resonance, which
will directly affect processing quality of product, and even endanger the personal safety.
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