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Modeling friction effects in lubricated
roller guideways using a modified LuGre
model

Parivash Soleimanian and Hamid Ahmadian

Abstract
Guideways accommodate tool or workpiece translations, and their dynamic behavior and associated sliding effects have

great impact on the precision, stability, and performance of the machine tool. During machining, guideway rollers ex-

perience oscillatory excitations because of cutting forces, which necessitate considering their pre-sliding behavior along

with the sliding characteristics to compensate for the associated tracking errors using the position control system. This

study considers friction effects in pre-sliding and sliding regimes of lubricated linear roller guideway systems to provide an

accurate dynamic model of the machine tool element. To model the dynamic characteristics of frictional contact in the

lubricated linear roller guideway, the LuGre model, commonly used in the machine tool positioning control system to

estimate the compensating drive force, is modified considering the roller-raceway contact physics and the lubricant film

dynamics. The proposed model also includes coupling effects between normal and tangential forces in the contact interface.

Experimental studies were performed on a lubricated linear roller guideway to verify the performance of the presented

modified LuGre model. In the experimental observations, the dynamic behavior of friction in the lubricated linear guideway

is well illustrated. A comparison of the experimentally measured data and proposed modified LuGre model predictions

shows the model can accurately predict dynamic behaviors of the frictional contact interface.

Keywords
Lubricated roller guideway, friction effects, lubricant film dynamics, modified LuGre model

1. Introduction

Guideways provide movement of tool/workpiece along
a predetermined path with precise positioning and low
friction resistance. Lubricated guideways include a set of
bearings that maintain the machine axis’s linear motion in
the machining process. Because of the mixed and elas-
tohydrodynamic lubrication (EHL) regime in the roller
guideway, these machine elements vibrate in both hori-
zontal and vertical directions, and their friction-induced
nonlinear behavior is the most significant source of un-
certainty in their models. The friction forces predicted by
these models are used to generate compensating feedback
or feed-forward forces to cancel out the effects of the
friction forces in the drive system (Fujita et al., 2011). The
surface roughness and fluid film in the roller guideway
contribute to its vibration in the vertical direction and its
load-carrying capacity. Consequently, in addition to the
frictional behavior in the sliding direction, investigation
of the vertical direction’s nonlinear dynamics is required.
Many researchers studied the transient EHL contacts
under conditions of load varying (Félix-Quiñonez et al,
2010), oscillating velocity (Venner and Hagmeijer, 2008),

and wavy or rough surfaces (Beheshti and Khonsari,
2012).

There is extensive research work on the friction effects of
linear guides. Kasai et al. (1989) estimated the friction force
in linear-rotary type ball bearing guideway. They concluded
the total friction force at low speeds is equal to the sum of
the friction forces related to the elastic hysteresis and dif-
ferential slip. Futami et al. (1990) studied friction force
characteristics in a linear ball bearing guideway. They
categorized the friction force characteristics in three dif-
ferent displacement ranges of below 100 nm, between
100 nm and 100 μm, and above 100 μm. They treated the
ball as a linear spring in the low displacement range,
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whereas in the mid displacement range, it was modeled as
a nonlinear spring. In a higher range of displacements,
a constant restoring force because of friction saturation was
suggested. Tsuruta et al. (2003) used the same concept in
modeling linear ball bearing guideway. They presented
a nonlinear model associated with the elastic deformation,
Coulomb friction, and Stribeck effect in the guideway. In
the same research line, Chen et al. (2003) considered the
micro-slip, due to nonlinear and plastic deformation, and
macro-slip, due to Coulomb friction and Stribeck effects, in
linear ball bearing guideway.

Various other models are representing the character-
istics of friction in the linear guideways. Tanaka et al.
(2006) used the bristle model, Fujita et al. (2011) used the
locomotive multi-bristle model, and Al-Bender and Symens
(2005) suggested the Maxwell slip model in representing
these characteristics. Oh et al. (2019) formulated an
explicit friction force model of the linear motion ball
guide (LMBG) with a two-point ball contact structure
considering the material and geometric parameters as well
as the assembling and operating conditions. The friction
force of LMBGs is formulated in terms of the elastic
hysteresis friction, sliding friction at the ball contact
surfaces, and viscous friction because of the lubricant in
the EHL region. Keck et al., (2017) suggested applying
a model-based feed-forward friction compensation system
based on the elastoplastic friction model. This nonlinear
feed-forward compensator, and a linear feedback con-
troller, is used to a linear drive axis with recirculating ball
bearings and a fine-positioning axis with crossed roller
bearings. The developed friction compensator estimates
the state of the elastoplastic friction model and thus the
friction force.

Studies on the subject of the normal dynamic behavior of
roller guideways have been conducted using the Hertz
contact model, whereas the lubricant effects were neglected.
Bell and Burdekin (1969) studied the coupling effects in
vibration interaction between the normal and tangential
motion of the lubricated plain slideway. They noticed the
amplitude of vibro-impacts, and the surface separation
reduces as the excitation frequency increases. Simulta-
neously, the phase lag between surface separation and the
instantaneous normal velocity increases, leading to sig-
nificant normal damping.

For accurate positioning, the micro and macro dynamic
behavior of the linear motion guides supported by rolling
elements is studied by many researchers. Yi et al. (2008)
used the LuGre model to simulate friction forces in the
guideways. Huang et al. (2017) used the LuGre friction
model in high-speed micro-motion control of a DYNA 1007
CNC machine. Miura et al. (2018) considered friction
fluctuations in a CNC machine table’s linear guideways and
studied their influence on the machine tool drives positional
deviations.

In most studies conducted to model friction character-
istics of roller guideways, the oil effects are ignored, and
provided models do not accurately predict the dynamical
friction characteristics such as sliding friction and frictional
lag in the global positioning. This is especially the case for
a lubricated roller guideway in oscillating velocity con-
ditions. The present study provides a physical-based model
to include the flat roller guideways nonlinear normal dy-
namic behavior and the dynamic behavior of lubricated
friction and sliding lubricated line contacts in the mixed
lubrication regime. The transient EHL and asperity contact
mechanics are considered simultaneously for a lubricated
contact of roller to the raceway, to obtain nonlinear normal
oil film and asperity forces, the friction forces, and coupling
effects between tangential and normal forces in mixed lu-
brication regime. Lubricated friction behavior characterized
in micro and macro position is defined using a proposed
modified LuGre model as the LuGre model is commonly
used in control systems of machining feed forces (Yanada
and Sekikawa, 2008). The proposed model considers both
the micro-slip behavior dominated by asperities deforma-
tions and the lubricant film effect on friction in the sliding
regime. Friction effects in pre-sliding and sliding regimes of
lubricated linear roller guideway systems are included in the
modified LuGre model considering the contact physics and
the lubricant film dynamics. The modified LuGre model
includes coupling effects between normal and tangential
forces in the contact interface. Experimental investigations
are performed on a lubricated linear roller guideway to
verify the presented modified LuGre model’s performance.

The remaining parts of this study are organized as fol-
lows. Section 2 introduces the roller guideway system and
presents the governing equations of a sliding lubricated line
contact in the mixed lubrication regime. The line contact is
modeled by a transient form of EHL and asperity me-
chanics. In Section 3, the friction forces are described using
the proposed modified LuGre model, and justifications for
LuGre model modification are presented in detail. Exper-
imental test setup and observed behavior of the roller
guideway system are provided in Section 4. The experi-
mental and simulation results are compared in Section 5,
demonstrating the proposed model’s superiority over the
existing ones in predicting the friction forces. Finally, some
conclusions are made in Section 6.

2. Roller guideway system

The considered recirculating linear roller bearing guideway
system is shown in Figure 1; it accommodates predictable
and repeatable positioning accuracy. In this study, its be-
havior is investigated when driven by a zero-mean oscillating
velocity. To determine friction (horizontal) and normal dy-
namic forces, EHL’s solution and asperity line contact of
roller-to-raceway in mixed lubrication regime is considered.
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2.1. Normal contact model

The hydrodynamic pressure distribution and the film
thickness in EHL are obtained using the Reynolds equation,
considering the surface deformations. In the mixed lubri-
cation regime, the load in rough EHL contact is shared
between the lubricating film and asperities. Therefore, it is
required to satisfy an additional equation that relates the
asperity pressure to the surfaces’ separation. At any point of
the contact because of load sharing between the lubricant
and the asperities, the total pressure is the sum of the hy-
drodynamic and asperity pressures

p ¼ ph þ pa (1)

where p, ph, and pa are total, hydrodynamic, and asperity
pressures, respectively. A schematic representation of EHL
contact is shown in Figure 2; it demonstrates the contri-
bution of asperities contact and hydrodynamic forces in
load sharing.

Greenwood andWilliamson’s model (Greenwood, 1966)
is used to obtain surface asperity contact pressure. In this
model, the equivalent surface roughness parameters such as
average radius of asperities, the standard deviation of as-
perity heights, and density of asperities are used to define
the asperity pressure as

paðxÞ¼ 2

3
ffiffiffiffiffi
2π

p nβσs

ffiffiffiffi
σs
β

r
E0
Z ∞

ðhðxÞ=σsÞ

�
s�hðxÞ

σs

�ð3=2Þ
e�ðs2=2Þds

(2)

where s is the normalized height of asperities by σs and
measured from the mean line of the contact surface. Next,
hydrodynamic pressure of the contact is considered. The
Reynolds equation calls the combination of mass and
momentum conservation equation as a second-order partial
differential equation for a thin film of Newtonian lubricant
(Hamrock et al., 2004). The Reynolds equation for transient
EHL line contact and its associated boundary conditions is

∂
∂x

�
ρh3

μ
∂ph
∂x

�
� 12u

∂ðρhÞ
∂x

� 12
∂ðρhÞ
∂t

¼ 0 (3)

ph ¼ 0jxin, ph ¼ 0jxout,
dph
dx

¼ 0jxout (4)

In equation (3), both viscosity μ and density ρ are
functions of the hydrodynamic pressure (Dowson and
Higginson, 1977; Roelands, 1966), u is the relative ve-
locity between contact surfaces, and in equation (4), xin and
xout are the line contact inlet and outlet positions,
respectively.

The force balance equation normal to the contact in-
terface is

w

l
¼

Z xout

xin

phðxÞdxþ
Z xout

xin

paðxÞdx (5)

Figure 2. Schematic representation of elastohydrodynamic lubrication contact in mixed lubrication regime.

Figure 1. Schematic of recirculating linear roller bearing

guideway.
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where w is the total normal load and l is the roller length.
The one-dimensional film thickness equation of lubricant is
expressed as a function of the geometry of surfaces and their
elastic deformations under pressure as (Hamrock et al.,
2004)

hðxÞ ¼ h0 þ x2

2R
� 2

π�E

Z xout

xin

pðx0Þlnðx� x0Þ2dx0 (6)

Equations (2), (3), (5), and (6), which include EHL line
contact and asperity contact forces (Hamrock et al., 2004),
are discretized using the finite difference method. The
Newton–Raphson method is utilized for solving this system
of discretized equations simultaneously.

2.2. Contact traction force and steady-state friction
characteristic

The contact traction force Ffb, in an EHL contact in mixed
lubrication regime, is obtained by summation of fluid
traction and asperity friction

Ffb ¼ Ffh þ Ffa (7)

where Ffh and Ffa are hydrodynamic friction and the as-
perity contact friction forces, respectively. Hydrodynamic
traction and asperity friction forces are expressed as (Kumar
and Khonsari, 2009)

Ffh ¼ 2aHl τ0arc sin h

�
μjuj
hcτ0

�
þ l

Z xout

xin

h

2

dph
dx

dx (8)

Ffa ¼ fcl

Z xout

xin

paðxÞdx (9)

To obtain the steady-state friction characteristic of
contact traction force Ffb, it is necessary to determine the
integration of asperity and hydrodynamic pressure field
over the domain.

The traction force Ffb defines line contact characteristics
in sliding and neglects the micro-slip forces when relative
velocity in the contact crosses zero. In the following,
a modified version of the LuGre model (Yanada and
Sekikawa, 2008) is developed that includes both mico-
slip and sliding characteristics of the line contact. The
Stribeck function, which defines sliding characteristics of
line contact in the modified LuGre model, is adopted based
on the contact traction force Ffb, whereas its micro-slip
parameters are identified from experimental observations.

3. Modified LuGre model

The LuGre model (Wit et al., 1995), utilized for adaptive
friction compensation, defines the friction force Ff , of dry
contact surfaces as

Ff ¼ σ0zþ σ1
dz

dt
þ σ2u (10)

where z is an internal friction state indicating the mean
deflection of the contact asperities, σ0 represents the stiff-
ness of the bristles, σ1 is the micro-viscous friction co-
efficient, and σ2 is the viscous friction coefficient. The
average asperities deflection is modeled as

dz

dt
¼ u� σ0z

gðuÞ juj (11)

gðuÞ ¼ Fc þ ðFs � FcÞe�ðjuj=usÞnL (12)

In the asperity deflection model, gðuÞ expresses the
Stribeck effect, Fc and Fs are the Coulomb friction force and
the maximum static friction force in the single roller, re-
spectively, and us is Stribeck velocity.

Yanada and Sekikawa (2008) modified the LuGre model
by introducing its Stribeck parameter as a function of oil
film thickness. Tran et al. (2011) have improved the
modified LuGre model of Yanada and Sekikawa (2008) by
replacing the usual fluid friction term, which is proportional
to velocity, with a first-order lead dynamics. Their proposed
model simulates the dynamic behaviors of friction of
a hydraulic cylinder in higher velocities. However, these
models do not consider coupling effects between normal
and tangential dynamics.

In this study, a modification to the LuGre model for
friction behavior of a lubricated linear roller guideway in the
sliding regime is proposed. The LuGre model is modified by
incorporating EHL effects into the Stribeck function as

gðu; hcÞ ¼ fcl

Z xout

xin

paðxÞdxþ l

Z xout

xin

h

2

dph
dx

dx

þ 2aHl τ0 arcsin h

�
μjuj
hcτ0

� (13)

The modified Stribeck function gðu, hcÞ takes into ac-
count the oil film and the asperity effects in the modified
LuGre model using the contact traction force Ffb.

To achieve an accurate and physically meaningful de-
scription of dynamic friction behaviors of lubricated roller
guideways in mixed lubrication regime, EHL and asperity
equations are solved simultaneously. This results in the
Stribeck function gðu, hcÞ, numerically. The remaining
unknown parameters of the proposed modified LuGre
model, that is, σ0 and σ1, which define the contact mico-slip
behavior, are identified using the system’s measured
behavior.

In the following, an experimental case study demon-
strates the properties of the proposed model, and its ad-
vantages over the existing models in the literature are
discussed.
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4. Experimental case study

To validate the presented model of lubricated roller guide-
ways and the capabilities of the proposed modified LuGre
model in predicting contacts friction behaviors, an experi-
mental case study was conducted. Figure 3 shows the ex-
perimental test setup and a block diagram of themeasurement
and data handling system consisting of a linear roller
guideway system (INA RUE45-E-H, Schaeffler Group, re-
circulating linear roller bearing guideway, 2018). In the
setup, the carriage was fixed, whereas a shaker drove the rail.

Single harmonic excitation forces at low frequencies
were applied to the rail. The force and response signals were
measured with the sampling rate of 1600 samples per
second and transferred to the data acquisition system. A
force transducer B&K 8200 was placed between stinger and
the structure to measure the driving force. The horizontal
motion of the rail was measured using an accelerometer of
type DJBA/120/Vmounted at the tip of the rail. A hydraulic
pump was used to ensure that the oil film is formed between
the carriage and the rail. The feed pressure of 5 bar was
established at the linear guideway based on the manufacture
recommendations. The guideway specifications are pre-
sented in Table 1.

The contact friction force Ff was extracted as

Ff ¼ Fe � ma (14)

where Fe, m, and a are the driving force, mass, and ac-
celeration of the rail, respectively. A typically obtained
friction force for the lubricated roller guideway excited with
a frequency of 5 Hz is shown in Figure 4.

The rail velocity in the horizontal direction is obtained by
performing time integrations of measured acceleration. A
Fourier series with two harmonics 1st and 3rd multiples of
excitation frequency is fitted to the measured velocity
signal as

u ¼ A1 sinð2πωt þ φ1 Þ þ A2 sinð6πωt þ φ2Þ (15)

The measured and fitted velocities for the excitation
frequency of 5 Hz are in excellent agreement as compared in
Figure 5. The obtained bi-harmonic fitted velocity signal is
then used as input in the modified LuGre model and nu-
merical solution of EHL and asperity equations. The re-
sponse of the system to a single harmonic excitation force is
multi-harmonic, and it contains odd multiples of excitation
harmonic (1st and 3rd), as shown in Figure 5. This is

Figure 3. Experimental test setup and a block diagram of the

measurement and data handling system.

Table 1. Guideway and roller specifications.

Roller radius 2:5mm

Roller length 8mm

Preload class V3 (High preload)

Preload 9200N

Kinematic viscosity at 20°C 210mm2=s

Kinematic viscosity at 40°C 68mm2=s

Number of grooves 4

Number of rollers in each groove 20

Figure 4. Obtained friction force versus time and at the exci-

tation frequency of 5 Hz.
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because the nonlinear restoring forces in the linear guide-
way contact are odd functions.

5. Results and discussion

In the proposed method to determine friction behaviors in
a lubricated linear roller guideway, a transient analysis of
the roller’s EHL sliding line contact is performed. Simul-
taneously, Reynolds’ solution, load balance, and asperity
equations are implemented in the state that the contact
is experiencing constant normal force while oscillating
horizontally.

Tables 1 and 2 tabulate the parameters used to simulate
the contact traction force, Ffb, including guideway and roller
specifications and surface properties.

In the present study, the asperity density n, average as-
perity radius β, and standard deviation of asperities heights σs
are used to consider the effects of roughness in the modeling.
The roughness product ðnβσsÞ is usually within the range of
0.03–0.07 for steel surfaces (Mohammadpour et al., 2015). In
the current study, the product nβσs assumed 0:045. The

lubricant used in the linear guideway is hydraulic oil HLP 68.
The parameter τ0 is tuned so that the frictional force am-
plitude obtained from the EHLmodel is equal to the obtained
friction force amplitude and within the range specified by
Kumar and Khonsari (Kumar and Khonsari, 2009). It is also
assumed that the Coulomb friction coefficient fC is 0.14 (Zhai
et al., 1997).

Figures 6 and 7 show the hydrodynamic and asperity
dynamic friction forces Ffh and Ffa when the excitation
frequency is 5 Hz. These figures indicate the hydrodynamic
friction force allocates a large percentage of friction force
compared to the asperity friction force. The hydrodynamic
friction forces take the maximum value at higher velocities,
whereas asperity contact friction forces are at their mini-
mum level at these velocities because of the changes in oil

Figure 5. Sliding velocity versus time at an excitation frequency

of 5 Hz; measured (solid line) and fitted response (dashed line) at

four quadrants of a cycle Qi, i = 1,…,4.

Table 2. Input parameters of the friction model and surface

properties.

Parameter Value

n 1010m�2

β 10 × 10�6 m

σs 0:45 × 10�6 m

E0 2 × 1011Pa

fC 0.14

α 2:2 × 10�8 Pa�1

τ0 7e4Nm�2

Figure 6. Hydrodynamic friction force variations at four quad-

rants of a cycle Qi, i = 1,…,4.

Figure 7. Asperity friction force variations at four quadrants of

a cycle Qi, i = 1,…,4.
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film thickness.
In this study, the LuGre model is modified to predict the

dynamic friction behavior of lubricated contact in the
sliding and pre-sliding regimes. Given the modified LuGre
traction force parameters are obtained analytically, only the
parameters σ0 and σ1 needed to be identified using observed
experimental behavior. These parameters were determined
by matching the measured data obtained with the velocity
amplitude of 0.26 m/s and at the excitation frequencies of
5 Hz. The identified parameters are tabulated in Table 3.

Figures 8 and 9, respectively, compare the obtained
friction force–time record, Ff versus time and the obtained
friction force versus sliding velocity, with those predicted
using the modified LuGre model at the excitation frequency
of 5 Hz. The results indicate the modified LuGre model
accurately predicts the system’s response, as shown in
Figure 8.

Also, Figure 9 shows the obtained and predicted friction
forces increase at higher velocities; this is because the hy-
drodynamic friction forces have dominant effects on the
tangential contact forces, and any velocity increase leads to
an increase in hydrodynamic forces. Reductions of friction
forces at the end of the second and fourth quadrants of
Figure 9 are because of changes in asperity contact friction
forces. In these instances, the sliding velocity is sharply
increased, as shown in Figure 5, and some asperities lose
contact. Therefore, the asperity contact friction force quickly

reduces in these quadrants, shown in Figure 7. Simulta-
neously, the magnitude of hydrodynamic friction force,
shown in Figure 6, marginally increases; thus, the friction
force is sharply decreased.

The results indicate that the proposed model simulates
the frictional lag behavior of lubricated dynamic friction
accurately. In any physically justifiable lubricated contact
model, such as the one presented in this study, to charac-
terize the friction lag, behavior related to both solid friction
and lubricant film must be well represented.

To verify the predictability of the modified LuGre model,
the model predictions are validated against test results
obtained from excitations frequencies of 7 and 10 Hz; the
results are shown in Figure 10. As shown in this figure, the
modified LuGre model accurately predicts the obtained
friction force at various sliding velocities and different
driving frequencies, which are not used to identify micro-
slip parameters.

This indicates the dynamic parameters of the proposed
modified LuGre model can represent the real behavior of
the contact in different conditions from those used in the
identification process.

The proposed modified LuGre model shows good corre-
lations with experimental observations, and at this stage, some
of its features may be reviewed. These features are demon-
strated by comparing dynamic friction characteristics obtained
from contact traction force Ffb, the LuGre model, and the one
simulated by the modified LuGre model. The comparison is
made using the lubricated roller guideway specified in Table 1
with a bi-harmonic input velocity, as shown in Figure 5. The
LuGre model steady-state friction characteristic parameters
defined in equation (12), that is, FC, Fs, us, nL, and σ2 , are
identified from the numerically obtained gðu, hcÞ using least-
squares regressions and are tabulated in Table 4.

Table 3. Identified pre-sliding parameters of the modified LuGre

model.

Excitation Frequency (Hz) σ0ðN=mÞ σ1ðN:s=mÞ
5 4e4 1

Figure 8. Friction force–time history. Experiment (dashed line)

and modified LuGre model predictions (solid line) at four quad-

rants of a cycle Qi, i = 1,…,4.

Figure 9. Friction force versus sliding velocity. Experiment

(dashed line) and modified LuGre model predictions (solid line) at

four quadrants of a cycle Qi, i = 1,…,4.
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The three model friction force predictions are shown in
Figure 11, which indicate the contact traction force, and
LuGre friction models do not follow the modified LuGre
model predictions. The LuGre model describes only the lag
behavior of solid friction, whereas to represent the real
behavior of the contact, it is necessary to incorporate not
only the lag behavior resulting from solid friction but also
the lag of lubricant film formation must be accounted.

The discrepancy between the LuGre and modified LuGre
models shown in Figure 11 results from a lack of the lu-
bricant film dynamics in the LuGre friction model. Also, the
contact traction force model of equation (7) differs from
modified LuGre model predictions as it cannot simulate the
pre-sliding behavior of the contact.

The effect of kinematic viscosity changes on the model
results is investigated and shown in Figure 12. This figure
shows the calculated friction force as a function of the
varying sliding velocity for the lubricant at two temper-
atures of 20°C and 40°C; the velocity varies at a frequency
of 5.0 Hz and amplitude of 0.26 m/s, as shown in Figure 5.
Damping forces are higher when the feed oil is at 20°C
compared to that of 40°C. However, the friction forces share

Table 4. LuGre model steady-state friction characteristic

parameters.

Parameter Value

FC 0:2687N

Fs 0:9817N

us 0:3087 m=s

nL 0:6789

σ2 1:8967N:s=m

Figure 10. Friction force versus sliding velocity. Experiment

(dashed line) and modified LuGre model predictions (solid line).

(a) Driving frequency 7 Hz and (b) driving frequency 10 Hz.

Figure 11. Friction force versus sliding velocity. Modified LuGre

model (dashed line), LuGre model (dash-dot line), and contact

traction force of equation (7) (solid line).

Figure 12. Friction force versus sliding velocity. Modified LuGre

model predictions at 20 °C (dashed line) and modified LuGre

model predictions at 40 °C (solid line).
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at 40°C is mainly because of asperity contacts; as the
temperature increases, the viscosity decreases. There will be
more metal-to-metal contact for lower viscosity, which
accompanies more contribution of asperities in carrying out
the applied load, which translates to a higher friction co-
efficient (Zhai et al., 1997). It can also be seen that the
damping effect will be lower for low viscosity, which is
related to the low squeeze term. Thus, there is less friction
force or hysteresis effect, that is, the hysteresis loop’s size
decreased, with decreasing dynamic viscosity. Physically, it
implies that within the context of lubrication, the squeeze oil
film effect is related to the lubricant viscosity through
damping.

In this study, uniform contact between rolling elements
and guide surfaces is considered, and the load is

distributed evenly on the rollers. The important point is
that in this study, each contact roller is modeled as EHL
contact in mixed lubrication regime and has a nonlinear
behavior. Changing the external load or preload causes
stiffness nonlinearity in the contact interface (Dunaj et al.,
2019; Pawełko et al., 2014). Increasing the preload in
EHL contact affects the hydrodynamic, asperity, and oil
film pressure distribution, that is, as the applied load
increases, the oil film thickness decreases, leading to
more load carrying share by asperity contact in the mixed
lubrication regime. An external load of 92000 N is applied
to the guideway to investigate the impact of this phe-
nomenon on the EHL contact behavior. The results are
compared with the preload of 9200 N, as shown in
Figure 13. When an external load is applied to a linear
guideway, preload in roller contacts of upper rows in-
creases, and lower rows’ roller contacts preload de-
creases. As shown in Figure 13, when an external load,
92000 N, is applied, an upward shift in the hysteresis
curve occurs. According to the result presented in
Figure 13 and consistent with the similar studies (Dunaj
et al., 2019; Pawełko et al., 2014), any changes in the
preload vary the nonlinearity of stiffness of the system
and the roller contact. The coupling effects between the
lubricated linear roller guideway’s normal and tangential
dynamics affect horizontal stiffness and contact restoring
forces because of vertical stiffness changes.

Next, the effect of variations of input harmonic velocity
amplitudes on the dynamic behavior of friction at various
driving frequencies of 5, 7, and 10 Hz is investigated.
Contact restoring force maps versus contact relative ve-
locity and displacement provide the drawing of a three-
dimensional plot of hysteresis loops; these plots are shown
in Figures 14–16 using experimental observations and
modified LuGre model predictions for different velocity
ranges.

Figure 14. Force-state map of the frictional force. Driving frequency = 5 Hz. (a) Measured and (b) predicted: umax ¼ 0:13m=s(solid
line), umax ¼ 0:18m=s(dashed line), umax ¼ 0:2m=s(dashed-dot line), umax ¼ 0:23m=s(dot line), and umax ¼ 0:26m=s(dot-square line).

Figure 13. Friction force versus sliding velocity. Preload 9200 N

(solid line) and applied external load, 92000 N at 20 °C (dashed

line).
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The results from model predictions and measurement
observations are in good agreement and indicate that
with increasing the velocity amplitude, the size of
frictional hysteresis is increased. This observation is
consistent with previous experiences (Fujita et al.,
2011), indicating that the proposed friction model can
predict lubricated linear roller guideways for a wide
range of velocity inputs. This capability is originated
from the nature of the proposed model, which is
physically based and is defined using actual dynamics
involved in the contact.

6. Conclusion

The dynamic of friction behavior of a lubricated linear roller
guideway in pre-sliding and sliding regimes is modeled
using a proposed modified LuGre model. The LuGre model

is modified considering the contact physics, the lubricant
film dynamics, and involved phenomena such as frictional
lag in the lubricated linear roller guideway. Validating the
friction effects predicted by the modified LuGre model and
those predicted by existing models against experimental
observations indicate the superiority of the proposed model
in representing actual characteristics of friction in the lu-
bricated linear roller guideway. This study illustrates the
proposed modified LuGre model:

1. Successfully simulates the dynamic friction behaviors
of lubricated roller guideway system in sliding as well
as pre-sliding regimes, whereas other models fail to
present the correct behavior of the contact in either
pre-sliding or sliding motions,

2. Considers coupling effects between normal and tangential
dynamics of the lubricated linear roller guideway, and

Figure 15. Force-state map of the frictional force. Driving frequency = 7 Hz. a) Measured and b) predicted: umax ¼ 0:11m=s(solid line),
umax ¼ 0:13m=s(dashed line), umax ¼ 0:16m=s(dashed-dot line), umax ¼ 0:18m=s(dot line), and umax ¼ 0:2m=s (dot-square line).

Figure 16. Force-state map of the frictional force. Driving frequency = 10 Hz. (a) Measured and (b) predicted: umax ¼ 0:072m=s(solid
line), umax ¼ 0:091m=s(dashed line), umax ¼ 0:11m=s(dashed-dot line), umax ¼ 0:125m=s(dot line), and umax ¼ 0:14m=s(dot-square line).
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3. Predicts the effect of velocity variations on the dy-
namical behavior of friction with reasonable accuracy,
and as the velocity amplitude increases, the size of
frictional hysteresis is increased.

In the conducted experimental study, similar modified
LuGre models represent the rollers’ behavior as their pre-
loads are equal. Because of applied external loads in many
applications, each group of rollers may experience a dif-
ferent preload. In these cases, assigned modified LuGre
models for each region may be specified considering
contact preload in that region.
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Appendix

Notation

R The equivalent radius of the contact surface (m)
h Film thickness (m)
n Asperity density (m�2)
w Dimensionless applied load
x Displacement (m)
z Internal friction state
fc Asperity friction coefficient

β Asperity average radius (m)
pa Asperity contact pressure (Pa)
fa Asperity contact force (N)

Ffa Asperity friction force (N)
hc Central film thickness (m)
h0 Constant in film thickness equation
Fc Coulomb friction force (N)
ρ Density (kgm�3)
μ Dynamic viscosity (Nsm�2)
nL Exponent for Stribeck curve
E0 Equivalent modulus of elasticity (Pa)
τ0 Eyring shear stress (Pa)
α Elastohydrodynamic pressure–viscosity coefficient

(1/Pa)
ph Fluid hydrodynamic pressure (Pa)
Ffh Hydrodynamic friction force (N)
aH Half-width of Hertzian contact (m)
PH Maximum Hertzian pressure (Pa)
umax Maximum velocity
Fs Maximum static friction force (N)
σ1 Micro-viscous friction coefficient for bristles

(N.s/m)
ν Poisson ratio
l Roller length (m)
p Sum of asperity and fluid pressure (Pa)
u Sliding Velocity (m/s)
σs The standard deviation of asperities heights (m)
us Stribeck velocity (m/s)
σ0 Stiffness of bristles (N/m)
t Time (s)

σ2 Viscous coefficient (N.s/m)
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