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Kurzfassung 
Die systematische Untersuchung von der Bewegung und der Reibung einer Linearführung 
mit rollenden Elementen, welche zur Nanopositionierung genutzt wird, zeigt einen deutlichen 
Unterschied zwischen statischer Reibung und Rollreibung. Die Auswirkungen der Betriebs-
parametern auf das Reibverhalten und seine mögliche Verwendung in der Nanopositionie-
rung und Nanomessung wurden diskutiert. 
 
Abstract 
A systematic characterization of the motion and friction of a linear bearing with rolling ele-
ments used for nanopositioning reveals an explicit distinction of static and rolling friction. The 
effects of operating parameters on the frictional behaviour and its possible utilization in the 
nanopositioning and nanomeasuring are discussed. 
 
1. Introduction 
Most wide-scanning-range nanopositioning and nanomeasuring (NPM) systems are realized 
through moving a positioning stage guided by bearings with friction. The presence of friction 
limits to a large extent the positioning and tracking performance of the NPM system, particu-
larly when direct drivers such as voice coils are employed. The frictional behaviour of the 
bearings including the static friction and dynamic friction therefore needs to be thoroughly 
characterized under operating conditions that mimic that of the NPM system before a robust 
control strategy can be implemented. 
 
Considerable efforts have been devoted into the construction of reliable models to describe 
friction. Most of the models strive to adequately recover phenomena such as static and dy-
namic friction, its load and velocity dependence and stick-slip [1].  A comparison of the 
measurements and model calculations, including the elastoplastic model and LuGre model 
indicates, however, that none of the models can describe the motion on nanometer scale 
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satisfactorily [1].  As a result, the accumulation of experimental data on the frictional behav-
iour of selected bearings and materials used for NPM system is important for motion control. 
 
Linear bearings with rolling elements have been widely employed in NPM technology due to 
their extremely low friction coefficient and very smooth motion. In an earlier study, we char-
acterized the pre-rolling behaviour of a linear bearing by a microtribometer. In that study we 
found that the pre-rolling of a linear bearing is composed of an initial linear part, the length of 
which is under the influence of lubrication and running conditions, and several nonlinear tran-
sitions before the onset of rolling [2]. This result indicates that the pre-rolling of the linear 
bearings might be employed in motion control in a very small scanning-range due to the lin-
ear motion. In this study, we characterize the general motion and friction behaviour of the 
linear bearings as a function of driving stroke and running velocity.  
 
2. Experimentals 
A linear bearing denominated as Z6 (Hirt GmbH) was tested. It is composed of a shaft 
(100Cr6 steel), a bush (stainless steel X46Cr13 hardened to HRC 57), a cage (brass) and a 
number of balls (tool steel X10CrMo17 hardened to HRC 61) of 0.6 mm in diameter. The 
dimension of each component and the mounting of the bearing are represented in the sche-
matic diagram in Fig. 1. All the tests were performed in ambient environments with a relative 
humidity (r.H.) of 40% and temperature of 296 K approximately. The specimens were 
cleaned in an ultrasonic bath in acetone and methanol for five minutes each before conduct-
ing each of the tests.  
 

 
Fig. 1: Schematic diagram for the Z6 bearing tested in this work. 
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Fig. 2: The setup developed for direct measurements of the friction for linear bearings. 

1 Piezo drive, 2 shaft, 3 cage, 4 bush, 5 balls, 6 mirror, 7 interferometer, and 8 spring. 
 
We have developed a setup to measure the motion and the friction from bearings, as illus-
trated in Fig. 2. A piezo drive (1) is employed to provide frictionless driving action. The bush 
(4) of the linear bearing is fixed on the arm of the piezo and moves synchronously with it, 
while one end of the shaft (2) of the bearing is in contact with the force sensor, a double-leaf 
spring (8) with a spring constant of 8,543 N/m. Under this driving motion, sliding friction is 
produced at contacts between the balls (5) and the cage (3) and rolling friction was produce 
between the balls and bush and between the balls and the shaft. The friction force drives the 
shaft towards the force sensor. Mirrors were attached on the bush and the tip of the force 
sensor for measuring the driving motion and driven motion, respectively. The motion in terms 
of displacement was measured by a laser interferometer (7) (SIOS SP12). The friction force 
was obtained by measuring the displacement or deflection of the double-leaf spring at the 
driven side and multiplying it by the spring constant calibrated before hand. We can test the 
bearing with strokes in the range of 0.5~500 µm and with velocities in the range of 
2~900 µm/s by changing the voltage of Piezo amplifier (Piezosystem Jena, NV40), and the 
control signals from a function generator (TR-0458/B). 
 

 

Fig. 3: The microtriboemter built in an UHV 
chamber with the bearings mounted 
on the Piezo driver and the shaft of 
the bearing is in tough of the tip of 
the double-leaf-spring. 
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The whole setup can be placed into an ultra high vacuum (UHV) chamber, as shown in Fig. 
3, with the exception of the laser interferometer, which was left outside of the chamber. This 
configuration is convenient for evaluating the friction of the bearings in vacuum and in vari-
ous gas environments. This work concentrates on the testing in ambient conditions. The re-
sults obtained in vacuum will be reported in the future elsewhere. 
 
3. Results 
 
Fig.4 shows the displacement as a function of time measured at the driving side and driven 
side, respectively. The velocity was maintained at ~2.3 µm/s, while driving strokes were kept 
in Fig. 4 (a) to Fig. 4 (f) at 0.5, 3, 11, 32, 160 and 400 µm, respectively. The driving cycle and 
driven cycle were not synchronized exactly because the measurements on the driving side 
and driven side were performed independently. However, this does not affect our study on 
the general motion behaviour of the linear bearing. As can be seen, the driven displacement 
increases linearly with the driving displacement, reaches the peak and returns zero point 
simultaneously when the driving strokes are less than 3 µm in Fig. 4(a) and Fig. 4 (b). This 
result is in agreement of our early findings that the displacement of linear bearings is linearly 
related with driving displacement when the driving strokes are small [2]. Further increase of 
the driving stroke to 11 µm, as shown in Fig. 4 (c), the motion at driven side loses its symme-
try. At one side, the driven displacement keeps linear while it saturates at the other side with 
the change of driving displacement. This saturation in displacement is similar to the onset of 
plastic deformation of the metals. Therefore, the elastoplastic model of friction is to some 
extent justified even for the linear bearings with rolling elements employed in this study. We 
notice that the driven motion and driving motion is in phase when the driving stroke is less 
than 11 µm, despite the onset of the plastic behaviour of the motion. Once the driving stroke  
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Fig. 4: The displacement as a function of time measured at the driving side and driven 
side, respectively. The velocity was maintained at ~2.3 µm/s, while driving strokes 
were kept at 0.5, 3, 11, 32, 160 and 400 µm for Figs (a)-(f), respectively. The driv-
ing cycle and driven cycle were not synchronized exactly because the measure-
ments on the driving motion and driven motion were performed.
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Fig. 5: The influence of the velocity on the motion of the bearing. The driving stroke main-
tained at ~160 µm, while velocity was kept at 7, 31, 62, 143, 462 and 804 µm/s for 
Figs (a)-(f), respectively. An additional figure at an extreme low velocity 2.3 µm/s is 
found in Fig. 4 (e). 
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increases to more than 32 µm, the driven motion is out of phase of the driving motion as 
shown in Fig. 4 (d). In one driving cycle, there are two driven cycles, which are obviously 
different, with one cycle similar to that in Fig. 4 (c) and an additional one with both sides are 
saturated in displacement. Further increase of the driving strokes results in more driven cy-
cles in one driving cycle as shown in Fig. 4 (e) and Fig. 4 (f). An estimation of the driving dis-
placement needed for a driven cycle indicate that it is ~32 µm. This value is obviously related 
with the high stiffness of the spring we employed. A softer spring might be able to increase 
the sensitivity; however, it can also significantly decrease the natural frequency of the sys-
tem, which complicates the analysis of the data. A Comparison of the driving motion with and 
without the introduction of the spring, as shown in Fig. 4 (f) indicates that the spring force 
sensor introduces a negligible influence on the system. More driven cycles, or multi peaks in 
one driving cycle are also termed as stick-slip, which defines the apparent smooth motion of 
the driven body into a stick phase moving together with the driver and a slip phase in which 
an addition slippery motion occurs.  
 
Fig. 5 shows the influence of velocity on the motion of the bearings. The driving stroke is 
maintained at ~160 µm, while velocity was kept at 7, 31, 62, 143, 462 and 804 µm/s for Figs 
5(a)-5(f), respectively. An additional figure at 2.3 µm/s is found in Fig. 4(e). Except at the 
extreme low velocity and at high velocity, the driven signal in one driving cycles maintain the 
same pattern with the change of velocity in a relative wide range from 7 µm/s to 143 µm/s, as 
shown in Figs 5 (a) to (d). There are about 6 driven cycles in one driving cycle, which results 
in ~53 µm driving displacement to achieve one driven cycle. This value is obviously longer 
than that needed at 2.3 µm/s, ~32 µm. When the velocity is increased to 462 µm/s, no regu-
lar period of the driven signal is observed. Instead, it turns smother except at the reversals 
where large peaks are observed. This trend is more obvious with further increase of the ve-
locity to 804 µm/s. 
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Fig. 6: Friction force as a function of driving stroke (a) and velocity (b) represented in a loga-
rithm scale. Notice the linear relationship between the friction force and the driving 
stroke for driving strokes less than 30 µm in linear scale in (a), which defines an in-
crease of static friction with driving stroke at a slope of 0.13 mN/µm. When the driving 
stroke is more than 30 µm, rolling motion occurs, and the friction force maintains con-
stant at ~4 µN (a), and in a vast range of velocity from ~10 µm/s to ~200 µm/s (b). 

 
In order to evaluate the motion at the driven side quantitatively, we examined the friction as a 
function of driving stroke and driving velocity, and show in Figs. 6(a) and 6(b), respectively. 
For the sake of the reading, the stroke and velocity are presented in the logarithm scale. The 
three curves in Fig. 6(a) were obtained at different velocities, which show the same trend. 
The friction is linearly related with the driving stroke (displacement) for the strokes less than 
30 µm when observed on a linear scale. This is a typical characteristic of static friction. As a 
result, we can assume that the friction in this range is mainly in form of static friction, and it 
increases linearly with driving displacement. By linear fitting we found a slope ~0.13 mN/µm 
for the curve tested at 8 µm/s. When the driving stroke is more than 30 µm, the friction force 
turns to be saturated at ~4 mN. With such driving strokes, rolling motion occurs as evidenced 
by the multi peaks in the driven signal. The friction is then considered as the rolling friction, 
and it is nearly constant at 4 mN. The curves in Fig. 6(b) were obtained at strokes of 140 µm 
and 430 µm, respectively, which fall in the driving stroke range for rolling motion. In a velocity 
range ~10 µm/s to 200 µm/s, the friction force maintains constant at ~4 mN. When the veloc-
ity is extremely high, >400 µM, we observed a reduced friction force. The velocity weakening 
of friction at high velocity is related with the elimination of stick-slip phenomena as shown in 
Figs 5(e) and 5(f). 
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4. Discussion 
 
Various methods have been attempted in testing the linear bearings used for NPM system, 
for example, to measure the driving current for the direct-current motors and converting it into 
friction [1], to measure the force exerted at the spindle drivers [3]. However, these methods 
are normally coupled with the properties of drivers, which make the interpretation of the re-
sults more difficult. The setup used in this study as shown in Fig. 2 is considered a great ad-
vantage for testing precision bearings since it measures the motion on the driving as well as 
driven side simultaneously. In addition, the displacement from the driven side can be con-
verted into friction force by multiplying the spring constant, which makes it possible to study 
the friction of the bearing at various driving strokes and velocities controlled by the Piezo 
driver. 
 
An explicit distinction between static friction and rolling friction with the increase of driving 
stroke is established in Fig.4 and Fig. 6(a). When the driving stroke is less than 30 µm, the 
driven motion is in the same phase of the driving motion and is linearly related with the driv-
ing displacement in a driven range of more than 0.5 µm. This provides a great advantage in 
using such linear bearings in nanomeasuring. Jaeger [4] compared the nanomeasuring 
achieved by moving the stage through linear bearings and/or by moving the cantilever driven 
by Piezo, and found that an improved repeatability was obtained when the measurement was 
performed by moving the positioning stage transported by linear bearings. Our results dem-
onstrate clearly that the linear bearings with ball elements can be employed in the NPM sys-
tem by utilizing the linear motion in the limit of static friction. When the driving stroke is more 
than 30 µm, the typical case for wide-range nanopositioning, rolling motion occurs. In a ve-
locity range between 10-200 µm/s, the rolling friction is nearly constant. As a result, a con-
stant coefficient of friction can be employed in the motion control. If the velocity is increased 
further to ~mm/s for wider scanning range e.g. >200 mm, we must consider the velocity 
weakening of friction due to the elimination of the stick-slip. In this case, a low coefficient of 
rolling friction can be employed, for example following the empirical logarithm law [5]. How-
ever, the motion at reversals must be considered separately since peaks are usually ob-
served as shown in Figs. 5(e) and 5(f). 
 
The primary aim of this work is to characterize the motion and friction behaviour of the linear 
bearings used for NPM system. Future work currently underway is the effects from environ-
mental factors, particularly vacuum, and the influence of tribological coatings. This is obvi-
ously valuable for the future development of the NPM system. To gain more insights, how-
ever, more controlled experiments are needed in order to examine the role of the geometry 
of bearings, surface roughness and materials. 
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5. Conclusions 
 
A systematic characterization of a selected linear bearing with ball elements used in NPM 
system has been performed by a newly developed setup, which can measure the displace-
ment at the driving and driven sides simultaneously at various operating parameters. Since 
the driven displacement can be converted into friction force, the motion and friction behaviour 
of the bearing can be evaluated. The main findings are: 
 
(1) An explicit distinction of static friction and rolling friction is observed with the increase of 
driving stroke. 
 
(2) In the limit of static friction, the driven motion is in the same phase of the driving motion, 
and is linearly related with the driving displacement. 
 
(3) Rolling motion occurs when the driving stroke is more than 30 µm, and the rolling friction 
force maintains constant in the velocity range of 10-200 µm/s. Further increase of the velocity 
results in the velocity weakening of rolling friction. 
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