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Original Article

Coupled tribo-dynamic modelling of
linear guideways for high precision
machining application

Parivash Soleimanian1, Mahdi Mohammadpour2 and
Hamid Ahmadian1

Abstract

Linear guideways play a crucial role in determining precision of machine tools. Understanding their dynamic response is

essential for objectively controlling their behavior and performance in operation. Due to highly loaded lubricated con-

tacts, mixed-elastohydrodynamic regime is dominant. The mixed-elastohydrodynamic film maintains the coupling

between horizontal degree of freedom (feed velocity) and vertical degree of freedom (loading direction). This paper

presents a novel tribo-dynamic solution for linear guideways, taking in to account the lubricant effects and coupling

between horizontal and vertical degrees of freedom. An analytical tribology model is used implicitly within the dynamic

model. For in-depth tribological quantities including pressure and film thickness distribution, an explicit full numerical

solution for mixed-elastohydrodynamic is utilized. Results show that the coupled solution of vertical and horizontal

degrees of freedom taking in to account lubricated contacts is essential. It is shown that at moderate and light loads, the

effect of this coupling and presence of lubricant is more pronounced.
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Introduction

The Linear Guideway systems are widely used as an
alternative for slip components for high precision
machining applications. This is mainly due to low fric-
tion, high rigidity, and high precision.

Approximately 60% of the total dynamic stiffness
and 90% of the total damping of the gantry machine
tool comes from its joints, so the linear guideway con-
tacts are key conjunctions, determining system’s
dynamic and consequently its precision.1,2 The linear
guideway simultaneously undergoes transverse and
vertical motions. As a result, rollers in the linear
guideway undergo complex movements such as slip-
ping and mutual convergence (approach) or separ-
ation under oscillatory conditions. These movements
are caused by changes in the applied load transmitted
to the linear guideway, as well as the contact condi-
tions between the rollers and the raceway grooves,3

which results in instability of vibration,4–7 noise,8,9

fatigue10–12 and wear.13,14

On the other hand, the friction force affects the
precision of the linear guideway by acting as a damp-
ing force, the frictional heat generation leading to the
dynamic variation in stiffness and temperature

deformation of the machine tool (thermal distor-
tion).15 Hence, due to the combined transverse and
vertical motions, any predictions should be based on
the combination of dynamic analysis and the consid-
eration of tribological contact conditions.

Ohta and Tanaka16 analyzed the contact character-
istics and examined the vertical stiffness of preloaded
linear guides, assuming both the rail and the carriage
are flexible. Lynagh et al.17 developed a model for
studying ball bearing dynamic vibration and analyzed
the effects of nonlinear contact condition on vibration
characteristics based on the Hertz theory. The models
neglected the effect of lubricant film on the system
dynamics. Sarangi et al.18 evaluated the stiffness and
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damping characteristics of isothermal, elastohydrody-
namically lubricated point contact problems and con-
sidered the surface roughness effect and variation in
viscosity with pressure. The purpose of this work was
to obtain the coefficients of stiffness and damping of
the roller bearings. Considering some assumptions,
the pressure, oil film thickness, stiffness and damping
coefficients are extracted using linear perturbation.
Therefore, the actual dynamics and dynamic forces
of contact are not specified. Wu et al.19 analyzed the
dynamic behaviors of linear guides by modeling the
contact of ball to the rolling surface interface as a 3D
membrane element. Kong et al.6 studied the dynamic
behaviors and stability of the linear guide considering
contact actions. They derived the contact force
according to Hertz contact theory and formulated a
generalized time-varying and piecewise-nonlinear
dynamic model of the linear guide to perform an
accurate investigation on dynamic behaviors and sta-
bility. In this work, the effect of lubricant film was
ignored. The studies mentioned above have assumed
dry contact for rolling elements of linear guideway
with Hertzian contact conditions and the oil effect
was ignored. As already mentioned, frictional behav-
ior is one of the important factors which affect the
linear guideway dynamic characteristics. It is also
important to determine the friction in order to predict

Kasai et al.20 estimated the friction force in linear
rotary type ball bearings guideway and concluded the
total friction force at low speeds is equal to the sum of
the friction forces related to the elastic hysteresis and
differential slip. Tsuruta et al.21 employed the same
concept in modeling linear ball bearings guideway
and presented a nonlinear model associated with the
elastic deformation, Coulomb friction and Stribeck
effect in the guideway. There are various other
models representing the characteristics of friction in
the linear guidway. Tanaka et al.22 used the bristle
model, Fujita et al.23 employed the locomotive
multi-bristle model, and Al-Bender et al.24 suggested
the Maxwell slip model to represent these character-
istics. In all abovementioned studies, the oil effects are
ignored. These models also do not predict the dynam-
ical friction behaviors such as sliding and pre-sliding
friction and frictional lag in the sliding and pre-sliding
regimes for a lubricated roller guideway when the
system operates under oscillating velocity condition.

Studies on the subject of the normal dynamic
behavior of roller guideways have been conducted
using the Hertz contact model while the lubricant
effects are neglected25,26 and the coupling effect
between vertical and horizontal directions is not
considered.

As mentioned above, any model should include
solution of lubricated rolling contacts within the
linear guideways dynamic analysis. Incorporation of
a full numerical solution of the lubricated contact in
each step of the dynamic analysis is computationally
time consuming, although possible. Therefore, the

method used by Mohammadpour et al.3 for roller
bearings is followed in this work for linear guideways.
This model used an analytical tribological model
based on extrapolated oil film formula, incorporated
implicitly in the dynamic solution. The squeeze vel-
ocity (lubricant viscous friction) within the oil film
equation is obtained from the dynamic solution
implicitly.

Although the implicit analytical tribology model is
capable of accurately predicting film thickness, it
cannot predict the film and pressure distributions of
elastohydrodynamic contacts and asperity pressures
in the mixed lubrication regime. In order to obtain
these distributions, an initial dynamic analysis,
coupled with implicit analytical tribology model can
be enhanced by a full numerical explicit elastohydro-
dynamic solution. With contact load of the lubricated
roller contact obtained from implicit dynamic analysis
of linear guideway, an explicit elastohydrodynamic
analysis can be performed that provides all the
necessary tribological contact conditions, including
combined sliding motion, mutual approach and
squeeze effect.

This paper presents a new tribo-dynamic model for
linear guideways that considers the coupling effect of
transverse and vertical motions. The developed
dynamic model uses the implicit tribological method
described by Mohammadpour et al.3 for the lubri-
cated contact dynamics, in which an extrapolated oil
film equation is used for line contact predictions.
After calculating the load and contacts kinematics
for each roller contact through this implicit tribo-
dynamic analysis, a full numerical mixed-elastohydro-
dynamic analysis of a roller under oscillatory
conditions and is utilized to obtain detailed tribo-
logical parameters. Such a comprehensive tribo-
dynamic analysis for linear guideways, coupling
transverse and vertical motions has not been reported
in the literature hitherto.

Linear roller guideway dynamics

Each roller in the linear roller guideway contributes to
the total applied load. Therefore, under dynamic con-
ditions, the contribution of each roller varies. This
means that determining the contact load of each
roller using a quasi-static analysis is unrealistic. The
oscillating nature of the contact in the linear guideway
due to the machining and feeding dynamics results in
the rollers being exposed to oscillating horizontal and
vertical motions. The latter contributes to the squeeze
film motion from tribological point of view.

As shown in Figure 1, the linear guideway includes
rails, carriage and rollers that are in contact
with them.

In this paper, for the dynamic analysis of a linear
guideway, it is assumed that (1) the rail and carriage
are rigid, (2) there is no side leakage in the EHL con-
tact and (3) 3D edge effects including stress

2 Proc IMechE Part J: J Engineering Tribology 0(0)



concentration and edge deformations are negligible
and (4) the manufacturing errors, thermal expansions
and imperfections can be neglected.

A two degree-of-freedom linear guideway system
shown in Figure 2 is subjected to vertical force F
and horizontal oscillation velocity. In the cutting pro-
cess, the force Fand horizontal oscillation velocity
represent cutting force and feed velocity. The linear
guideway has four grooves annotated as 1, 2, 3 and 4.

The normal force on each roller of groove i is
Qi(i¼ 1,2,3,4). The initial deformation of the rollers
in each groove is �0 under preload F0. � is the angle
between the normal direction of the contact surface
and the x direction. Considering the symmetry of the
structure, the conditions of Q1 ¼ Q2 ¼ FU and
Q3 ¼ Q4 ¼ FL is assumed.

The horizontal degree of freedom is considered to
be kinematically constraint with the feed velocity.
Equation (1a) is the feed velocity considered.
Constant values in equation (1a) are obtained from
an experimental rig which is outlined in the
Experimental rig section. Hence, the linear guideway
equations of motion can be reduced to one vertical
degree of freedom under oscillating horizontal vel-
ocity as shown in equation (1b).

u ¼ A1 sin 2�fvtþ ’1ð Þ þ A2 sin 2�fvtþ ’2ð Þ ð1aÞ

M €yþ 2N sin �ð Þ FU � FLð Þ ¼Mgþ Fe ð1bÞ

Unlike a circular roller bearing which applies vari-
able load at different circular positions and hence dif-
ferent rollers, in the linear guideway all rollers are
subject to equal load. They are also designed to
ensure constant number of rollers in contact at all
times which is not the case for roller bearings with
variable loaded region. Hence, the number of rollers
in contact is constant and the load is share equally
which is the base of the current formulation. This is
inline with the current literature investigating the

normal dynamics of the linear guideway6,7 as well as
those investigating friction and horizontal motion27

which all neglect the localized dynamics of rollers.
In practice, there could be some effects from rollers
due to localized dynamics such as in the event of
defect on the rail which is not considered in the cur-
rent study.

In the equation of motion, N is number of rollers in
each groove and M is mass of rail. FU and FL are
contact forces of each roller in upper and lower
grooves of linear roller guideway. The coupling
between degrees of freedom is maintained via feed
velocity, contributing to the film thickness and conse-
quently FU and FL. Fe is the external force, which in
dynamic analysis can include zero, constant values or
harmonic behavior.

This contact force can be obtained from the load
and deformation relationship modeled by Sun et al.5

The contact deformation is considered as an elastic
deformation between a finite length and elastic cylin-
der and a rigid plate. This is a realistic assumption
under the conditions of elastohydrodynamic contacts.

FU ¼ k�10=9U

FL ¼ k�10=9L

ð2Þ

where K is the contact stiffness coefficient between
each roller and raceway groove. The contact deform-
ation of a roller relative to the raceway groove is due
to the normal dynamic motion (mutual approach) and
initial deformation related to preload, as well as the
lubricant film thickness.3

�U ¼
yþ 2 sin �ð ÞhminUð Þ

2 sin �ð Þ
þ �0

�L ¼ �0 �
y� 2 sin �ð ÞhminLð Þ

2 sin �ð Þ

ð3Þ

Figure 2. Loads of the linear guideway system.

Figure 1. Schematic of recirculating linear roller bearing

guideway.
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For line contact, the minimum film thickness in the
upper and lower grooves can be expressed as3

hminU ¼ R

13:924 �F�0:045U U0:647G0:46

1� 0:75e132
@hminU=@t

u

� �
2
4

3
5

hminL ¼ R

13:924 �F�0:045L U0:647G0:46

1� 0:75e132
@hminL=@t

u

� �
2
4

3
5

ð4Þ

The dimensionless parameters �FU, �FL, U and G are
given as

�FU ¼
FU

ERl

�FL ¼
FL

ERl

U ¼
�u

RE

G ¼ �E

ð5Þ

where u is sliding velocity of linear guideway,
applied as the kinematic constraint to the transverse
degree of freedom. These equations are solved
step by step using integration, Trapezoidal method
and ode45, yielding values of €y, y and other
parameters.

Quasi-static stiffness for linear guideway
considering EHL conditions

It is beneficial to calculate the stiffness of the system in
order to make interpretations of results. It will also
help to understand the effect of EHL film on stiffness.
In this section, the quasi-static calculations are under-
taken for a series of deformation values considering
EHL film thickness. The velocity values used for cal-
culation of EHL film thickness are obtained from a
representative steady-state cycle. The effect of squeeze
velocity is also neglected. The relationship between
the external normal force and the contact forces is
as follows

FN ¼ 2N sin �ð Þ FU � FLð Þ ð6Þ

The stiffness of linear guideway K yð Þ is then
obtained as

K yð Þ ¼
dFN

dy
¼ 2N sin �ð Þ

dFU

dy
�
dFL

dy

� �
ð7Þ

where

dFU

dy
¼ 10=9k

d�U
dy

�1=9U

dFL

dy
¼ 10=9k

d�L
dy

�1=9L

ð8Þ

and

d�U
dy
¼

1

2 sin �ð Þ
þ
dhminU

dy

d�L
dy
¼ �

1

2 sin �ð Þ
þ
dhminL

dy

ð9Þ

By placing equation (9) in equation (8), we get

dFU

dy
¼

10=9k�
1=9
U

2 sin �ð Þ 1� 10=9k�
1=9
U QU

� � ð10Þ

QU ¼ �0:045� 0:25

� 13:924RG0:46 ERlð Þ
0:045U0:647F

�1:045ð Þ

U

ð11Þ

and similarly for dFL

dy

dFL

dy
¼ �

10=9k�
1=9
L

2 sin �ð Þ 1� 10=9k�
1=9
L QL

� � ð12Þ

QL ¼ �0:045� 0:25

� 13:924RG0:46 ERlð Þ
0:045U0:647F

�1:045ð Þ

L

ð13Þ

The quasi-static linear guideway’s normal stiffness
in terms of vertical displacement is shown in Figure 3.
The stiffness–normal displacement curve obtained in
this paper is in line with the results of literature.5,6 As
the load and vertical displacement increase, the con-
tact forces in the upper grooves FU, increase and the
FL in the lower grooves decrease until they reach zero.
So, as it is clear from the curve, once the displacement
reaches a threshold value, the curve changes the
course and stiffness increases as the displacement
increases.

Quasi-static stiffness for linear guideway
considering dry conditions

Under dry conditions, hminU and hminL are eliminated
from equation (3). Therefore, the stiffness relationship
is written as follows

K yð Þ ¼ 10=9Nk �1=9U þ �
1=9
L

� �
ð14Þ

The linear guideway normal quasi-static stiffness
under dry conditions is shown in Figure 4.

EHL contact model

To determine the film thickness and pressure distribu-
tion as well as friction force, a numerical EHL contact
solution is required in the mixed lubrication regime.
By changing the contact load determined in the pre-
vious section and the sliding velocity of the roller
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contact, the solution for a roller is obtained during a
steady-state cycle of horizontal velocity.

The hydrodynamic pressure distribution and the
film thickness in EHL contact are obtained by solu-
tion of Reynolds and load equations, considering the
surface deformations. In mixed lubrication regime,
the load in rough EHL contact is shared between
the hydrodynamic film and asperities. As a result,
roughness changes the load equation. Therefore, it is
necessary to satisfy the asperity equation which relates
the asperity pressure to the film thickness. At any
point of contact due to the load sharing between the
lubricant and the asperities, the total pressure is the
sum of the hydrodynamic and asperity pressures

p ¼ ph þ pa ð15Þ

where p, ph and pa are the total, hydrodynamic and
asperity pressures, respectively. A schematic represen-
tation of EHL contact is shown in Figure 5 demon-
strating the contribution of asperities contact and
hydrodynamic forces in load sharing.

Greenwood and Tripp model28 can be used to
obtain surface asperity contact pressure. The
method assumes Gaussian distribution of asperities.
The share of contact pressure carried by the
asperities is

pa ¼
16

ffiffiffi
2
p

15
� n��ð Þ

2

ffiffiffi
�

�

r
E0F5=2

lð Þ l ¼
h

�
ð16Þ

where E0 ¼ 2
�E and the statistical function F5=2

lð Þ
for a Gaussian distribution of asperities can be
presented by a polynomial function as29,30

Hydrodynamic pressure of the contact is obtained
via solution of Reynolds equation. Below is the form
of Reynolds equation used in this study which
assumes thin film of Newtonian lubricant in a line
contact31

@

@x

	h3

�

@ph
@x

� �
� 12u

@ 	hð Þ

@x
� 12

@ 	hð Þ

@t
¼ 0 ð18Þ

In equation (18), both viscosity �ð Þ and density 	ð Þ
are functions of the hydrodynamic pressure. In this
study, Dowson and Higginson equation is used to
relate the dependency of pressure-density32

	

	0
¼ 1þ

0:6ph
1þ 1:7ph

ð19Þ

F5=2
lð Þ ¼ �0:004l5 þ 0:057l4 � 0:296l3 þ 0:784l2 � 1:078lþ 0:617 for l43

0 for l4 3

�
ð17Þ
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Figure 3. Stiffness vs. displacement in linear guideway con-

sidering EHL contacts.

Figure 4. Stiffness vs. displacement in linear guideway con-

sidering dry contacts.

Figure 5. Schematic representation of EHL contact in mixed

lubrication regime.
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For the dependency of pressure-viscosity, Roelands
equation33 which is valid to use at moderate pressures
is employed

�

�0
¼ exp ln�0 þ 9:67ð Þð

�1þ 1þ 5:1� 10�9 � ph
� 	Z� ��

Z ¼
�

5:1� 10�9 ln �0ð Þ þ 9:67ð Þ

ð20Þ

where 	0 and �0 are the density and viscosity at
atmosphere pressure, respectively.

In the modelling of EHL contact, the effect of tem-
perature on viscosity and density is neglected. Also,
the manufacturing errors, thermal expansions and
imperfections are assumed to be negligible.

The Reynolds boundary conditions is assumed for
equation (18) as

p ¼ 0 xin , p ¼ 0 xout ,
dp

dx
¼ 0 xout












 ð21Þ

In equation (21), xin and xout are the inlet and
outlet positions, respectively. The force balance equa-
tion normal to the contact interface is written as

w

l
¼

Z xout

xin

ph xð Þdxþ

Z xout

xin

pa xð Þdx ð22Þ

where w is the total normal load. The one-dimensional
film thickness equation of lubricant is then expressed as
a function of the geometry of surfaces and their elastic
deformation under pressure in the following form

h ¼ h0 þ
x2

2R
�

2

�E0

Z xout

xin

p ln x� x0ð Þ
2
dx0 ð23Þ

Equations (1) to (3) are solved simultaneously,
using the ODE45 solver in the Matlab. The results
provide the contact load required for the mixed-elas-
tohydrodynamic analysis. Then equations (16) to (23)
are discretized using the finite difference method and
Newton-Raphson method is also utilized for solving
this system of equations simultaneously which
includes EHL line contact and asperity contact
forces. As a result, pressure distribution and film
thickness are obtained.

Determination of friction

Greenwood and Tripp28 model is employed for pre-
diction of boundary friction contribution.

A proportion of load is carried by the asperities
when mixed or boundary regimes of lubrication are
encountered. The share of contact load carried by the
asperities is28

Wa ¼
16

ffiffiffi
2
p

15
� n��ð Þ

2

ffiffiffi
�

�

r
E0AF5=2

lð Þl ¼
h

�
ð24Þ

The asperity contact area is obtained as28

Aa ¼ �
2 n��ð Þ

2AF2 lð Þ ð25Þ

The statistical function F2 lð Þ can be expressed
through polynomial function as29,30

Boundary friction can be presented as34

Fb ¼ 
lAa ð27Þ

where 
l is the lubricant’s limiting shear stress30,34


l ¼ 
l0 þ �mPm ð28Þ

where Pm ¼
Wa

Aa
.

Hydrodynamic friction (viscous shear) is obtained
as


v ¼

Z
�
h

2

dp

dx
þ
�u

h

� �
dAv ð29Þ

where Av ¼ A� Aa � A.
Viscous friction can then be calculated as

Fv ¼

ZZ

vAv ð30Þ

Therefore, the total friction force becomes

F ¼ Fb þ Fv ð31Þ

Experimental rig

In order to validate the presented model of lubricated
roller guideways at system level, an experimental rig is
developed. The same rig is also used to obtain the
horizontal velocity excitation used in equation (1a).
Figure 6 shows the experimental set-up consisting of
a linear roller guideway system (INA RUE45-E35). In
the set-up the carriage was fixed, while the rail was
driven by a shaker. A force transducer B&K 8200 was
placed between stinger and the structure to measure
the driving force. The structure horizontal motion was
measured using an accelerometer of type DJB A/120/
V mounted at the tip of rail. Single harmonic

F2 lð Þ ¼ �0:002l5 þ 0:028l4 � 0:173l3 þ 0:526l2 � 0:804lþ 0:5 for l43
0 for l4 3

�
ð26Þ
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excitation forces at low frequencies were applied to
the rail. The force and response signals were measured
and transferred to the data acquisition (DAQ) system.
The force and response signals were measured with
the sampling rate of 1600Hz.

The guideway specification and parameters of fric-
tion model are presented in Tables 1 and 2,
respectively.

The contact friction force, Ff, was extracted as

Ff ¼ Fe �m €u ð32Þ

where Fe, m and €u are the driving force, mass and
acceleration of rail, respectively. A typical measured
friction force for the lubricated roller guideway
excited with a frequency of 5 Hz is shown in Figure 7.

The rail horizontal velocity is obtained by perform-
ing time integrations of measured acceleration. A
Fourier series with two harmonics, first and third mul-
tiples of excitation frequency is fitted to the measured
velocity signal for equation (1a), where A1 ¼ 0:2919,
A2 ¼ 0:0178, ’1 ¼ 2:0588 and ’2 ¼ 1:2679. The mea-
sured and fitted velocities for the excitation frequency
of 5 Hz are in excellent agreement as compared to
Figure 8. The obtained bi-harmonic fitted velocity
signal is then used as input in the model. The response
of system to a single harmonic excitation force is
multi-harmonic and it contains odd multiples of exci-
tation harmonic (first and third) as shown in Figure 8.
This is due to the fact that the nonlinear restoring
forces in the linear guideway contact are odd
functions.

Results and discussions

Validation

To validate the method presented in this paper, first
the EHL film thickness and pressure distribution of
the presented model are compared to the results of
Masjedi and Khonsari36 to provide conjunction level
validation. Figures 9 and 10 show this comparison at
W¼ 1� 10�4, U¼ 1� 10�11 and G¼ 4500. As shown,
the results of the present study are in close agreement
with those reported by Masjedi and Khonsari.36

In practical applications and under machining con-
ditions, the normal and horizontal dynamics of lin-
ear guideways are coupled. So, the direct and
meaningful methods of validation of the normal
dynamics model presented in this study are to derive
the horizontal friction force as its output and compare
with the experimental measurement. This will provide
the system level validation. The velocity oscillations
with nominal speed �u, amplitude a �u and frequency of
! are calculated according to the following
relationship

u ¼ u� au sinð2�fvtÞ ð33Þ

The friction is then calculated using the formula-
tion presented in the Determination of friction sec-
tion and equation (31) in which the normal and
numerical EHL outputs including oil film were
used and the results were compared to the experimen-
tal results of Hess and Soom.37 The comparison
is shown in Figure 11. Input parameters of fric-
tion model are presented in Table 1. As shown,
the results of the present study are also in close
agreement with this system level experimental
measurement.

For further system level validation of the pre-
sented model and case study in this paper, the
calculated friction is compared to the experimen-
tal results. These comparisons are shown in

Table 1. Input parameters of friction model and surface

properties.

Parameter Value

n 7� 109m�2

� 10� 10�6m

� 0:45e� 6m

E0 2� 1011Pa

� 2:2� 10�8Pa�1

�m 0.047


l0 3:5� 106Pa

u 0:25ms�1

au 0:2375ms�1

fv 5Hz

Figure 6. The experimental set-up.

Table 2. Guideway and roller specifications.

2.5 mm Roller radius

8 mm Roller length

V3 (High preload) Preload class

9200 N Preload

4 Number of grooves

20 Number of rollers in each groove

Soleimanian et al 7



Figures 12 and 13. Input parameters of friction model
including, linear guideway geometry, material and
lubricant properties are presented in Tables 2 and 3.
As shown, the results of the present study are
also in close agreement with this experimental
measurement.

Numerical investigations

First, an unloaded tribo-dynamic analysis is con-
ducted. The analysis provides clear understanding of
main frequencies of response. Then, a loaded tribo-
dynamic analysis is carried out and results

Figure 8. Sliding velocity vs. time at excitation frequency of 5Hz; Measured (solid line) and fitted response (dash line).

Figure 7. Measured friction force vs. time and at excitation frequency of 5 Hz.
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are investigated under different external loads and
preloads. Finally, the full numerical tribo-dynamic
results are presented and the effect of lubricant film
is examined.

Unloaded case. The equations of motion coupled
with implicit tribology model are solved with no

external load. Frequency spectrum of normal dis-
placement, y, is shown in Figure 14. The natural
frequency of linear guideway system and the exci-
tation frequency of sliding velocity can be observed
in Figure 14. The calculated natural frequency as
well as super and sub harmonics are shown in the
figure.

Figure 10. Validation of film thickness distribution, present model (solid), Masjedi and Khonsari (dash).36

Figure 9. Validation of pressure distribution, present model (solid), Masjedi and Khonsari (dash).36

Soleimanian et al 9



!n ¼

ffiffiffiffiffiffiffiffiffiffi
K 1ð Þ

M

r
fn ¼

!n

2�
¼ 6590Hz

The roller contact stiffness variation is observed by
the contribution of a roller contact load during a cycle
of sliding velocity. This is shown in Figure 15 for the
unloaded case. The figure reveals significant

nonlinearity of stiffness originated from the nonlinear
contacts. Figure 16 presents the contact load obtained
from the tribo-dynamic model. This load forms the
input to the full numerical explicit tribological
model discussed in the following section.

The FFT spectrum of contact load for a roller
of upper row is obtained after reaching steady-
state conditions, as shown in Figure 17. The natural

Figure 11. Comparison of friction coefficient versus velocity at w¼ 250 N and fv ¼ 5Hz, obtained from experiment(circle)37 and the

present model (solid).

Figure 12. Friction force time history, Experiment (solid line), Model predictions (dash line).
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linear guideway frequency and the horizontal velocity
frequency make the largest contribution to the
spectrum.

Figure 18 shows the minimum film thickness
obtained from the implicit solution of analytical trib-
ology and dynamics. It is revealed that the film thick-
ness always remains in the sub-micron region,
exhibiting a mixed-EHL regime. The horizontal line
in the figure shows Stribek parameter equal to 3, rep-
resenting the threshold for mixed regime of
lubrication.

External harmonic force. In this section, the tribo-
dynamic model is solved by considering the normal
excitation force with three different amplitudes.
Excitation frequencies before, during and after nat-
ural frequency and resonance are also analyzed.

It should be noted that the horizontal velocity fre-
quency is considered to be 5 Hz, defined by the
machining process for all cases.

Before resonance, 3000Hz and 9000N load: The
aim of this section is to understand the behavior of
the system away from resonance, which is meant to be
the safe zone for operation linear guideway system.
Frequency spectrum of normal displacement, y, for
case of 3000Hz (before resonance) and amplitude of
external force of 9000N is shown in Figure 19. The
natural frequency of linear guideway system and the
excitation frequency of sliding velocity can be
observed in this figure. Figure 19(b) shows more pro-
nounced effect of sliding frequency in compare with
the natural frequency of the system. This proves the
necessity of coupling between the horizontal and ver-
tical degrees of freedom.

Before, during and after resonance, low load of
6000N: In this section it is aimed to ascertain the
effect of the excitation frequency before, during
and after resonance on the contact conditions. The
contact load for each roller in the upper row for the
case of normal force amplitude of 6000N and
five excitation frequencies of 2500, 3000, 4500, 5000
and 9000Hz are shown in Figure 20. Figure 21 shows
the zoomed view of these time histories. Figure 22
presents the envelope of these time series. It is
revealed that the contact force observes its peak at
resonance frequency.

The film thickness of each roller in the upper row
for the case of normal force amplitude of 6000N and
the frequencies of Figures 20 and 21 are shown in
Figure 23. As is shown in this figure, the film thickness

Figure 13. Friction force vs. sliding velocity, Experiment (solid line), Model predictions (dash line).

Table 3. Lubricant, material and surface properties.

Parameter Value

n 0:54e9m�2

� 1:5e� 4m

� 0:45� 10�6m

E0 2� 1011Pa

�0 0:195 N:s
m2

� 2:2� 10�8Pa�1

�m 0.047


l0 2� 106Pa

fv 5Hz
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is almost insensitive to the load change observed in
Figure 21. This is due to the EHL nature of the con-
tact, being two to three orders of magnitude stiffer
than the contacting solids. Hence, in a system of
series stiffnesses of film and solids, the significant
change happens in solids. It is also observed that the

horizontal frequency has the biggest contribution to
the film thickness variations.

Before, during and after resonance, medium load of
9000N: The contribution of the contact load for each
roller in the upper and lower rows for the case of
normal force amplitude of 9000N and the frequencies

0 0.05 0.1 0.15 0.2
1.126

1.128

1.13
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x 1010
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]
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N[ ssenffitS

Figure 15. Time history of stiffness variation in the linear guideway.
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Figure 14. FFT Spectra of unloaded displacement.
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Figure 17. Magnification of spectrum of contact load in the upper row.
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(a)

(b)

Figure 19. FFT for case of before resonance frequency 3000 Hz and under 9000 N.
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Figure 18. Minimum film thickness of contact in the upper row.
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before, during and after the natural frequency at 2500,
4500, 5000 and 9000Hz are shown in Figure 24.
Figure 25 is the envelope of time histories. It is
revealed that the contact load reaches its maximum
during resonance frequency as expected. It is also
clear that the system response is more affected
during resonance at higher load of 9000N. It can be
seen from Figures 24 and 25 that at higher load of
9000N in comparison with 6000N, the effect of

natural frequency becomes closer and competing
with contribution of the horizontal velocity. The
main reason is the effect of horizontal degree of free-
dom and its coupling on the film thickness. The film
thickness is also affected by the contact load. At lower
contact loads, the film exhibits lower stiffness meaning
more contribution to the overall system’s dynamics
via coupling. It also means bigger film thickness
values and more contribution to deformation.

(a) (b)

(c) (d)

(e)

Figure 20. Contact loads under 6000N load and at (a) 3000 Hz, (b) 4500 Hz, (c) 5000 Hz, (d) 9000 Hz and (e) 2500 Hz.
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Hence, at higher loads and with increasing film stiff-
ness, the effect of film diminishes and the effect of the
system’s natural frequency originated from the solid
contacts increases. The above effect is even further
enhanced at resonance frequency where the contact
load is further increased by the effect of resonance.

The film thickness of each roller in the upper row
for the case of normal force amplitude of 9000N and

different frequencies before, during and after the nat-
ural frequency is shown in Figure 26. Although the
overall range of the film, governed by the horizontal
velocity is still insensitive to the significant load
change, the local peak-peak value governed by nat-
ural frequency gains more significance. This also con-
firms the more pronounced effect of natural frequency
at higher load.
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Figure 21. Zoomed view of contact loads under 6000 N load and at (a) 3000 Hz, (b) 4500 Hz, (c) 5000 Hz, (d) 9000 Hz and (e)

2500 Hz.
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(a) (b)

(c) (d)

(e)

Figure 23. Film thickness in upper row under 6000 N and for (a) 3000 Hz, (b) 4500 Hz, (c) 5000 Hz, (d)9000 Hz and (e) 2500 Hz.

Figure 22. Envelope of load for frequency sweep under 6000 N.
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(a) (b)

(c) (d)

Figure 24. Contact load under 9000 N at excitation frequencies of (a) 2500 Hz, (b) 4500 Hz, (c)5000 Hz and (d) 9000 Hz.

Figure 25. Envelope of load for frequency sweep under 9000 N.
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Before, during and after resonance, high load of
12,000N: The contribution of the contact load for
each roller in the upper row for the case of normal
force amplitude of 12000N and frequencies before,
during and after the natural frequency is shown in
Figure 27. Similar to the trend from 6000N to
9000N, the effect of increased load is less pronounced
effect of horizontal velocity frequency and coupling.
Figure 28 is the envelope of time histories presented in
Figure 27.

The film thickness of each roller in the upper row
for the case of normal force amplitude of 12000N
and different frequencies is shown in Figure 29.
The film thickness results also confirm the increasing
effect of the natural frequency in the tribo-dynamic
response and reduced effect of horizontal degree of
freedom.

Effect of dry and EHL contact assumptions. In this sec-
tion, it is aimed to clearly show the effect of
incorporation or neglecting the effect of lubricant
film thickness in the contact. The results for the
upper row contact loads are compared for the
case of tribo-dynamic model and only dynamic

model with the dry contact assumption. The com-
parison is made at 9000N and for 2500Hz and
4500Hz excitation frequencies. Results are pre-
sented in Figures 30 and 31. As is observed from
these figures, the incorporation of film thickness
increases the contact load due to the addition of
film thickness to the overall deformation. It also
adds the sliding velocity frequency to the system’s
dynamics. Although these effects change for differ-
ent loads and frequencies, they always exist and
affect the system’s response.

Explicit numerical tribology model. In this section, the
results of full numerical explicit EHL and asperity
models are presented for unloaded and loaded cases
with amplitude of 9000N.

Unloaded conditions: After performing a full
implicit tribo-dynamic solution, the contact load
presented in the previous section is used as the
input to this full numerical explicit model.
Figure 32 shows the time history of the contact
load for upper row rollers with the sliding velocity
frequency of 5 Hz for one sliding velocity cycle.
Three points along one cycle of high natural

(a) (b)

(c) (d)

Figure 26. Film thickness in upper row: (a) 2500 Hz, (b) 4500 Hz, (c) 5000 Hz and (d) 9000 Hz.
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frequency are selected and annotated by A1, B1
and C1 to perform full numerical analysis.

Input and surface parameters shown in Table 4 are
used to determine pressure and lubricant film thick-
ness distributions in roller contact at any instant
of time. Results are shown for A1, B1 and C1.
Figure 33 shows these distributions. It is revealed
that contact pressure and film thickness distributions

follow EHL behavior, confirming the use of incorpo-
rated analytical formulation in the implicit tribo-
dynamic model.

Central film thickness values from tribo-dynamic
model are presented in Figure 33. A good agree-
ment is observed between the implicit and explicit
tribological model. This also confirms the appropriate-
ness of the utilized formulation in the implicit model.

(a) (b)

(c) (d)

(e) (f)

Figure 27. Contact load under 12,000 N and at (a) 2500 Hz, (b) 3000 Hz, (c) 4000 Hz, (d) 4500 Hz, (e) 9000 Hz and (f) 9500 Hz.
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(a) (b)

(c) (d)

(e) (f)

Figure 29. Film thickness of upper row at (a) 2500 Hz, (b) 3000 Hz, (c)4000 Hz, (d) 4500 Hz, (e) 9000 Hz and (f) 9500 Hz.

Figure 28. Envelope of load for frequency sweep under 12,000 N
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(a) (b)

Figure 32. Contact load time history: (a) one cycle, (b) zoomed view.

(a) (b)

Figure 30. Comparison of contact load in upper rollers at frequency of 2500 Hz: (a) dry contact and (b) lubricated contact.

(a) (b)

Figure 31. Comparison of contact load in upper rollers at frequency of 4500 Hz: (a) dry contact and (b) lubricated contact/
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Central pressure values are in the region of 0.8–
1GPa, with higher values at secondary spikes reach-
ing up to 1.1GPa. Considering the complex EHL
pressure distribution, it is clear that the importance
of considering detailed EHL is crucial to obtain a
realistic pressure and shear values. This has particular
importance for durability and efficiency calculations

which can be done also explicitly and passively after
implicit tribo-dynamic solution.

Loaded condition under 9000N: Contact load for
upper row rollers with external force of 9000N and
frequency of 9000 Hz and the sliding velocity fre-
quency of 5 Hz for one sliding velocity cycle is
shown in Figure 34. As discussed in the previous sec-
tion, at higher loads the effect of high frequency is
more pronounced. Full numerical EHL solution is
conducted at A2-J2.

The pressure and film thickness distributions
are presented in Figure 35. The waviness on the dis-
tribution is originated from the squeeze effect
of Reynolds equation which is well understood
for EHL contacts. As can be seen from this figure,
the squeeze effect increases due to the increase in the
amplitude of high frequency fluctuations. Due to
higher load, the pressure in the contact can rise up
to central value of 1.1GPa and secondary spike of
up to 1.3GPa.

Figure 33. Pressure (solid line), film thickness (dash line) distribution and extrapolated film thickness obtained from implicit ana-

lytical solution (circle) at A1, B1 and C1.

Table 4. Surface parameters utilized in the

analysis.

Properties Value

�
� 3 e-3

n�� 0.0367

� 0.45 e-6

� 1.5 e-4

n 0.54e9


l0 2e6

�0 0.195
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Figure 35. Pressure (solid line), film thickness (dash line) distribution and extrapolated film thickness obtained from implicit analytical

solution (circle) under 9000N for A2-J2 points of Figure 34.

(a) (b)

Figure 34. Contact load time history: (a) one cycle, (b) zoomed view.
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Conclusions

A tribo-dynamic model for linear guideways is pre-
sented. The model couples the horizontal degree of
freedom, governed by feed velocity and the vertical
degree of freedom. The model takes into account
the presence of lubricant film, maintaining the cou-
pling between two degrees of freedom. An analyt-
ical tribology model is used implicitly within
dynamic model in order to consider effect of lubricant
film on the dynamic response. An explicit full numer-
ical model is used to obtain pressure and film
thickness distributions. The following points can
be concluded from the presented results in the
current work:

. The regime of lubrication in the contact is mixed-
EHL. This is verified by the results of full numer-
ical mixed-EHL model.

. The implicit analytical tribology model provides
accurate results for the central value of the film,
used in the dynamic solution.

. The effect of mixed-EHL film cannot be neglected
from the solution. This is shown by comparing the
results of dry contact assumption versus the lubri-
cated contact assumption.

. The main frequencies of the dynamic response are
the excitation frequency, natural frequency of the
contact and the feed velocity frequency.

. The coupling between two degrees of freedom is an
important factor. This effect is more pronounced at
moderate and low loads. This is due to less loaded
EHL film, providing lower stiffness and bigger film
thickness values which leads to a more pronounced
effect on dynamic response.

. The effect of lubricant film and coupling is further
reduced during resonance, when the load on the
contact is magnified further.
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Appendix

Notation

a half width of Hertzian contact (m)
A apparent contact area (m2)
Aa asperity contact area (m2)
E0 equivalent modulus of elasticity (Pa)
fb boundary friction (N)
fn linear guideway natural frequency (Hz)
fv frequency of sliding velocity (Hz)
Fe external force (N)
FU contact force of upper row roller (N)
FL contact force of lower row roller (N)
g gravitational acceleration (ms�2)
h film thickness in the EHL model (m)
hc central film thickness (m)
h0 constant in film thickness equation (m)
hminU film thickness of upper row roller (m)
hminL film thickness of lower row roller (m)
n asperity density (m�2)
p sum of asperity and fluid pressure (Pa)

Pm average contact pressure (Pa)
pa asperity contact pressure (Pa)
ph fluid hydrodynamic pressure (Pa)
PH maximum Hertzian pressure (Pa)
R equivalent radius of contact surface (m)
t time (s)
u sliding Velocity (m/s)
Wa asperity contact load (N)
x displacement (m)
Z viscosity–pressure index
� elastohydrodynamic pressure-viscosity

coefficient (1/Pa)
� asperity average radius (m)
� dynamic viscosity (Nsm�2)
�0 dynamic viscosity in atmospheric pres-

sure (Nsm�2)
� surface roughness(m)
	0 density in atmospheric pressure

(kgm�3)
	 density (kgm�3)

0 eyring shear stress (Pa)

L limiting shear stress (Pa)
:: number of rollers in each row (groove)

(m)
� Poisson ratio
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