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Abstract—Friction heat generated in the linear 

guide will degrade its transmission precision and 
greatly affects the motion accuracy of a high-
precision mechanical system. This paper 
investigates the thermal behavior of a lubricant- 
starved linear rolling guide during operation. The 
equivalent heat flux generated at the contact 
interface of the linear guide was calculated by 
considering sliding friction, spinning friction and 
elastic hysteresis friction. A finite element (FE) 
model was established, and the temperature field 
of the linear guide was obtained by heat transfer 
analysis. As a validation of the numerical model 
with analytical heat flux and convection 
parameters, we setup a simple linear guide 
system to obtain the temperature at the specified 
monitoring points with NI measuring system. The 
numerical results agree well with the experimental 
data, which indicates that the proposed FE model 
and analytical method can accurately quantify the 
heat generation and transfer processes of the 
linear rolling guides during operation. This paper 
is useful for predicting the thermal behavior of the 
linear guides and also can be seen as a 
foundation for the thermal dynamics analysis of a 
wide range of ball bearings. 
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I.  INTRODUCTION 

Thermally induced err can account for as much as 
70% of the total machining err of a high-precision 
machine tool [1,2], which greatly degrade the dynamic 
performance of the system. The frictional heat 
generated from joints is one of the principal heat 
sources of the internal heat of the system. In practical 
engineering, ball screw and linear rolling guide are the 
most commonly used joints in modern machine tools. 
However, previous studies mainly focused on the 
thermal behavior of the former, although they have the 
same contact characteristics [3-12]. By contrast, little 
research on liner rolling guides has been discussed 
due to their low heat generation. In fact, when the 
linear rolling guide system under starved lubrication 
and abnormal operating conditions, the thermal effect 
will be significant and cannot be ignored. 

The complexity of the structure increases the 
difficulty of quantifying the heat transfer process of the 
linear rolling guide during operation by an analytical 
method. In fact, it is also impractical to establish a real 
semi-closed structure of the linear rolling guide with 
recirculating balls to model the heat generation and 
heat transfer process, because the poor and mismatch 
mesh, complicated contact condition and convergence 
problem will greatly degrade the precision of the 
numerical simulation, and make the results unreliable 
[13,14]. This paper investigates the heat generation 
and heat transfer process of the linear rolling guides by 
an analytical method combined with finite element (FE) 
thermal analysis. The heat flux generated at the 
contact rolling interface of the linear guide was 
calculated by considering sliding friction, spinning 
friction and elastic hysteresis friction, and then the FE 
model was established to obtain the temperature field 
of the whole structure by heat transfer analysis with 
the analytical heat flux. Finally, we established a 
simple linear guide system, and the temperature tests 
were performed to validate the FE model and the 
calculated thermal parameters. 

II. THERMAL MODELING 

We established a FE thermal model to obtain the 
steady state temperature of the linear rolling guide 
during operation. Here, the friction heat generated at 
the contact interface between the ball and raceway 
was replaced by heat flux directed to the contact 
surface of elliptical region. In addition, the convection 
effect of the whole structure was also considered in the 
numerical model. 

A. Frictions and Heat Source Indensity 

There exist three major types of friction at the ball-
raceway contact of the linear rolling guides during 
operation: Sliding friction, Elastic hysteresis friction 
and Spinning friction. They are described below. 

Fig. 1 shows the geometry of the contact ellipse of 
ball-raceway contact and sliding directions in contact 
zones. It can be seen that there exist two opposite 
sliding motions within the contact ellipse. The sliding 

friction 𝑓𝑐 in the contact between ball and raceway is 

   , ,f p x y ds p x y ds
  

   Ⅰ Ⅱ
             (1) 
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where 


 is the friction coefficient, p is the contact 

pressure inside the elliptical region, and can be 
described as 
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where suffixes i and j are the raceway number and ball 

number, and 
ij

a ,
ij

b are the semi-major axis and semi-

minor axis of the contact ellipse of the jth ball-raceway 
contact in the ith raceway, respectively. 
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Fig. 1. Geometry of contact ellipse and sliding directions in 
contact zones. 

Substituting (2) into (1), the
ij

f


of the jth ball in the 

ith raceway can be calculated as: 

 3
  3 1

ij ij ij ij
f P
 

                             (3) 

where
ij

 is position parameter, which represents the 

position of the jth ball in pure rolling in the ith raceway, 
as shown in Fig. 1, and it can be calculated as follows. 

Without loss of generality, the raceway number i 
and ball number j in the following equations are not 
represented to simply the calculation. Assuming the 
linear guide is in motion with constant velocity, the 
angular acceleration of the ball is zero. We have 

     
1 2

 ,  , 0
p p

dw
I p x y r h ds p x y r h ds

dt
 

      Ⅰ Ⅱ

(4) 

where 𝑟𝑝  is the vertical distance from the ball center 

 𝑂𝑜1 to the transient rotation axis X-X,
1

h and
2

h are the 

distance from the point in contact zone I and the point 
in zone II to the rotation axis X-X, respectively. 
According to Fig. 1, they can be expressed as 
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According to (4), we have  
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Substituting (5) into the right side of (6), we can 
obtain 

     
1 2 1 2 3

,  ,  p x y h ds p x y h ds P R R R
  

      Ⅰ Ⅱ
(7) 
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According to (1), (3), (6) and (7), we have 

 3

1 2 3
3 1

p
r R R R                      (9) 

Assuming   / 2cR d , and letting   /cR a D . 

Substituting (5) and (8) into (9) 
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Using the Taylor formula 
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Neglecting the high order terms of (11), (10) can be 
rewritten as 

 5 2 3 2 2
6 16 8 48 16 1 0D D D                (12) 

Equation (12) is solved by a Matlab script, and the 
numerical results of   is shown in the following Fig. 2. 

It can be seen that the value of   tends to reach a 

constant value of 0.347 with the increasing of D (0< D 

<20). For the linear rolling guide, D and   are ia  

dependent ( /c i iR a A ). In general, 0.347 can be used 

for the friction calculation in (3). 
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The equivalent friction due to elastic hysteresis of 
the rolling ball is induced by the loss of the 
intermolecular friction energy, and it can be obtained 
by calculating the difference between the work done by 

the rolling moment (
ij

P related) and the work done by 

the elastic restoring torque due to the material 
deformation [15] 
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where
f

  is elasticity loss coefficient, 
0

d is the ball 

diameter,  , / 2E e  are the complete elliptic integrals 

of the second kind, 
b c


 is the curvature sum of the 

carriage
0

4 / 1 /
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d R

  ,

c
R is the raceway groove 

radius of the carriage, 
b

E ,
b

 ,
c

E and
c

 are the Young’s 

modulus and Poisson’s ratio of the ball and carriage. 
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Fig. 2. The value of  with respect to constant D. 

The ball of bearings rolling in a raceway with 
nonzero contact angles will rotate about the normal of 
the contact surface, and the spinning force generated 
during the spinning contact motion can be calculated 
as [16] 
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where 
s

  is the friction coefficient,
ij

e  is the eccentricity 

of the contact ellipse of the jth ball-raceway contact in 
the ith raceway. 

The heat generated at the contact rolling interface 
can be obtained by the calculation of the work done by 
the three frictions as mentioned above. It is assumed 
that the total work is converted to heat, and it is divided 
equally between the ball and raceway. Then, the 
equivalent heat flux at the contact surface of the ith 
raceway can be calculated as 

1

1
  1  2  3  4

2

N

ij

i

j ij

f v
q i

a L

  ， ，，，                   (15) 

where fij is the sum of three frictions, N is the number 
of the loaded balls in a raceway, v  is the velocity of 

the linear guide, L is the length of the loading zone of 
balls. 

B. Convection Parameter 

The major heat loss of the linear rolling guide 
during operation is on its surfaces exposed to air. The 

convection parameter h is defined as /
u S

h N k L , 

where k is the heat conductivity of air, 
S

L is the scaling 

length of the flow surface,
u

N is the Nusselt number. 

For the surfaces of the carriage parallel to the air flow, 

u
N can be calculated as [17] 

1/3 1/2
0.332

u r e
N P R                           (16) 

where 
r

P  and 
e

R  are Prandtl number and Reynolds 

number. For the surfaces of the carriage perpendicular 

to the air flow, 
u

N can be calculated as [18] 

1/3 0.731
0.228

u r e
N P R                           (17) 

C. Boundary Conditions and Numerical Results 

In practical engineering, the linear rolling guide will 
reach a thermal equilibrium after running a certain 
distance. The frictional heat generated at the contact 
rolling interface of the linear guide was obtained by (3), 
(13)-(15). Then the steady state heat transfer analysis 
was performed to obtain the temperature field of the 
system with the calculated heat flux. Here, the average 

velocity of the linear guide was 1.2/m/s, and the sink 

temperature was 25℃. When the vertical load F=0, Pi 

for i=1 and i=4 were calculated as P1=156N, P4=147N, 
and the heat flux qi at the surface of the elliptical region 
of the ith raceway for i=1, 4 were calculated as 
q1=2.86×10

3
w/m

2
 and q4=2.72×10

3
w/m

2
, respectively. 

According to (16), (17), the convection coefficient of 
the top (side) surfaces of the carriage was calculated 
as 8.28 W/m

2
/°C, and the front surface was 21.6 

W/m
2
/°C. In addition, heat radiation was ignored in the 

numerical model due to the relatively low surface 
temperature of the structure. 

Fig. 3. shows the steady temperature field of linear 
rolling guide during operation. It can be seen that the 
contact elliptical region shows high temperature 
gradient. The peak temperature of the carriage is 
32.1℃, and the maximum temperature rise is about 7℃. 
In addition, the local temperature of the upper raceway 
is similar with lower raceway, which can be ascribed to 
the similar reaction force generating similar frictional 
heat. 
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Fig. 3. Temperature field of the linear rolling guide. 

III. EXPERIMENTAL SETUP 

In order to verify the FEM thermal model and the 
analytical heat flux qi used in this work, the surface 
temperature of the carriage under the same operating 
conditions with FEM analysis (no vertical load) was 
measured with the NI test system, as shown in Fig. 4. 
The measurement data were acquired by NI PXI-4351 
module installed in a PXI-1033 signal acquisition 
system. The pt100 thermal sensors were attached to 
the surfaces of the carriage, which has a measuring 

resolution of 0.001℃. The tests were divided into two 

groups with the velocity of the carriage of 1.2m/s (Set 
1) and 2.5m/s (Set 2) to quantify the temperature 
variations of the linear guide under different operating 

conditions. The environmental temperature is 25℃ , 

and each test was continued until the steady state 
condition was attained. 

 

Fig. 4. The measurement of temperature and pt100 
thermal sensors. 

IV. RESULTS AND DISCUSSION 

Fig. 5 and Fig. 6 show the locations of the thermal 
sensors and the measured temperatures of the 
carriage with a velocity of 1.2m/s. The experimental 
data show that all the surface temperatures of the 
carriage reach thermal equilibrium about half an hour. 
For the convenience of comparison, the numerical 
predicted and measured equilibrium temperatures of 
the carriage with velocities of 1.2m/s and 2.5m/s at the 
specified four monitoring locations  are summarized in 

table Ⅰ. It can be seen that when the environmental 

temperature is 25℃, the average temperature rise of 

the whole structure of set 1 and set 2 obtained by 

these two methods are (6.98, 7.88)℃  and (10.76, 

11.85)℃, respectively. Both of these results also show 

that the temperature of the lateral side of the carriage 
is higher than that of the top side. In addition, the 

measured temperatures of the carriage are a little 
higher than the FEM calculated, this may be because 
the viscosity-related heat and frictional heat in non-
load zone is ignored in the calculation of heat flux. On 
the whole, the FEM calculated temperatures of the 
carriage show good agreements with the experimental 
data, the percentage errs between the two methods 
results of the two sets data are no more than 3.24% 
and 3.17%, which indicates that the calculated heat 
flux and convection parameters are reliable, and the 
presented analytical method and FEM thermal model 
can accurately predict the heat generation and transfer 
processes of the linear rolling guide during operation. 

 

Fig. 5. The locations of the four monitoring thermal 
sensors. 

 

Fig. 6. The measured temperature of the sliding carriage at 

monitoring locations. 

V. CONCLUSIONS 

This paper presents a FE model combined with an 
analytical method to quantify the heat generation and 
transfer processes of the linear rolling guides during 
operation, which were validated by a simple linear 
guide system with NI temperature tests. The heat 
generated at the contact rolling interface considers the 
sliding friction, spinning friction and elastic hysteresis 
friction, and the FE model considers the convection 
effect of the structure. The numerical predicted surface 
temperatures of the carriage under different operating 
conditions show good agreements with experimental 
results, and the maximum percentage errs between 
them of the two sets data are within 3.24% and 3.17%, 
which indicates that the proposed FE model with the 
calculated analytical thermal parameters can 

NI system 

Carriage 

PXI-4351 

1 
2 

3
3 4 
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accurately predict the heat generation and transfer 
processes of the linear rolling guide during operation. 
Future work will focus on the temperature 
characteristic of the linear rolling guide under different 
lubrication conditions. 

TABLE Ⅰ. TEMPERATURE OF THE CARRIAGE AT 

SPECIFIED LOCATIONS WITH DIFFERENT OPERATING 
CONDITIONS 

Method 
Temperature（℃） 

T1 T2 T3 T4 

Set 
1 

FEM 31.99 32.03 31.97 31.94 

Test 33.06 32.95 32.78 32.71 

Err 3.24% 2.79% 2.47% 2.35% 

Set 
2 

FEM 35.76 35.86 35.72 35.68 

Test 36.93 37.02 36.78 36.65 

Err 3.17% 3.13% 2.88% 2.65% 
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