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Abstract: W hat has been presented in the paper is a question of violation of  the steady-
state friction behaviour of a sliding hydraulic pair due to imbalanced radial hydrostatic 
force that affects the pair. The origins of hydrostatic radial forces in  
a sliding pair and the effect of this imbalance have been discussed. Computations have 
been outlined to illustrate how radial hydrostatic forces affect the cylindrical slide. Reasons 
for the cylindrical slide getting wedged in the sleeve have also been shown. Qualitative 
assessment of radial forces on the cylindrical slide located in the sleeve has been carried 
out, and the amounts of imbalance – shown. The qualitative assessment of radial forces in 
the precise hydraulic pair included a few characteristic variants of a non-uniform 
distribution of pressure of the working liquid in the annular clearance between the  slide 
and the sleeve. The ways of reducing the imbalance of radial forces from liquid’s pressure 
that affect the cylindrical slide of the hydraulic pair.    

Keywords: hydraulic servomechanism, cylindrical slider (spool), hydrostatic radial force, 
hydraulic precision pair.  
 

Streszczenie. W artykule przedstawiono zagadnienie dotyczące naruszenia stabilności 
tarcia w suwakowej parze hydraulicznej w wyniku oddziaływania na nią 
niezrównoważonej promieniowej siły hydrostatycznej. Omówiono pochodzenie 
hydrostatycznych sił promieniowych w parze suwakowej i efekt ich niezrównoważenia. 
Przedstawiono zarys obliczeń ilustrujących działanie na cylindryczny suwak 
promieniowych sił hydrostatycznych oraz omówiono przyczyny występowania zjawiska 
klinowania się suwaka cylindrycznego w tulei. Dokonano jakościowej oceny sił 
promieniowych występujących na cylindrycznym suwaku oraz przedstawiono wielkości ich 
niezrównoważenia. Jakościowa ocena sił promieniowych w hydraulicznej parze 
precyzyjnej dotyczyła kilku charakterystycznych wariantów nierównomiernego rozkładu 
ciśnienia cieczy roboczej w szczelinie pierścieniowej utworzonej przez suwak i tuleję. 
Omówiono również sposoby zmniejszenia niezrównoważenia sił promieniowych ciśnienia 
cieczy działających na cylindryczny suwak pary hydraulicznej. 
 

Słowa kluczowe: rozdzielcza para hydrauliczna, suwak cylindryczny, hydrostatyczna siła 
promieniowa, hydrauliczna para precyzyjna 
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1. Introduction  
 

One of the parameters determine quality of a sliding distributing appliance (a spool 
valve) is necessary to distinguish the value of static friction, which is crucial for 
resistance of the slider that is to be set in motion after a time period of remaining 
still when pressurized fluid is present around. From research of hydraulic 
servomechanisms on a test bench make [1, 2, 3] it is possible to state that a 
hydraulic precision pair, particularly a cylindrical spool valve of a hydraulic 
servomechanism (a hydraulic amplifier) or a valve presents significant axial 
resistance at the first attempt to change this position when it has remained inactive 
under the pressure for a period of time. This resistance is substantially higher than 
the corresponding resistance that occurs during regular operation of the 
mechanism. This effect spontaneously recedes in few moments after decreasing of 
the pressure in the spool valve. The increase of axial resistance of slider (spool) 
movements inside its bushing results from asymmetrical pressures around the 
slider. Its results in tightening of the slider to the bushing, i.e. the effect of sticking 
of the slider. Sticking of the slider inside the bushing results in infringement of 
friction stability in the hydraulic precision pair. The noticeable axial resistance is 
the product of the existing radial force and the friction coefficient attributable to the 
material of the slider and the bushing.  
From research point of view the problem of static friction resistance origins in 
sliding pairs and various factors that affect the phenomena, hasn’t been 
investigation. 
The research own that have been carried out by the author serve as a proof that 
basic possible reasons for increase of motion resistance between details of sliding 
pairs that are activated only from time to time and resemble, in terms of their 
design features, distributing appliances of hydraulic servomechanisms (spool 
valves) are: hydraulic  jamming of the slider (spool) inside its bushing caused by an 
unbalanced radial hydrostatic force, obliteration (filling) of plays in the sliding pair 
and mechanical jamming (locking) of the slider inside the bushing caused by 
penetration of solid particles to the space between the movable components.  
 

2. Friction in a hydraulic precision pair, incorporating a cylindrical slider and          
a bushing  

 

A slider of a real hydraulic precision pair is affected by radial forces caused 
by fluid the pressure in a working gap (technological clearance). The forces 
caused depend to value of the different pressure to the slider inside and 
aspire to the slider asymmetrically to one of the internal surfaces of the 
bushing. Consequently unbalanced radial forces caused of the clearance, the 
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higher the pressure drop between the ends of the clearance, the higher 
force must be applied to move the slider inside the bushing.  
The static friction of the slider being by the pressure of the working 
fluid may be several times higher than the dynamic friction that occurs 
when the slider is in motion. The value of static friction depends on the 
time, how long the immobile slider remained affected by the pressure of 
the working fluid. Under specific circumstances that static friction may 
reach so high value that ‘seizure’ of the slider inside the bushing 
occurs. 
Experiments that had been completed by the author demonstrated that 
the force of 45 N must be applied to yank a steel slider with its diameter 
of 16 mm, with a working strip of the width of 12 mm and placed inside 
the bushing with a technological clearance of 10 m. The slider 
remained immobile during 120 seconds under the pressure of the 
working fluid as high as 21,0 MPa. The pair was lubricated with use of 
the oil Aero Shell Fluid 41 at temperature 30°C (fluid viscosity 32 cSt). 
After having the slider set in motion, the force necessary to continue 
movement of the slider under the pressure of 21,0 MPa was only 1,2 N. 
The graph in Figure 1 presents the force that is necessary to yank the 
slider as a function of time how long the slider has remained at rest for 
various the pressure values. Subsequently, Figure 2 is a graph of force 
necessary to yank the slider vs. the working the pressure. Figure 1 
shows that after an initial phase of inactivity, i.e. after a specific time 
interval of t the friction force is practically unaltered (the friction is still 
smooth). If the time period when the slider has remained at rest does 
not exceed the value of t1 for the pressure of 0,35 MPa, t2 for the 
pressure of 0,7 MPa and t3 for 1,5 MPa, the effect of the slider 
‘jamming’ is not observable. Duration of that interval depends basically 
on the fact how fast the slider, under influence of unbalanced radial 
forced, is shifted aside and comes into contact with the bushing surface. 
The experiments have proved [4, 5] that time necessary to expel fluid 
from the gap between the slider and the bushing surfaces depends on 
degree of unevenness (roughness) of these surfaces. The less rough the 
surfaces are the longer they are covered with a boundary film of the 
fluid. Obviously, if the surfaces of both the slider and the bushing were 
perfectly smooth with the finest finishing, those surfaces would never 
come in touch and unhindered friction would be maintained. Duration 
of the friction depends also on the working fluid viscosity and increases 
with the viscosity growth as well as on the size of the radial clearance. 
However, the dependence of the duration how long the motion 
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resistance persists on the working fluid the pressure in the matter of 
crucial importance. The author’s experience acquired during 
experiments indicates that that duration of smooth friction at the 
pressure of 25,5 MPa is less than 6 seconds. It must be emphasized that all 
the factors that bring about to more intense ‘seizure’ of the slider are usually 
conducive to decrease of the smooth friction and vice versa. At abrupt the 
pressure drops the ‘seizing’ force is also reduced to some intermediate value 
and then slowly decreases to the value that corresponds to the initial smooth 
friction. For instance, the seizing force (see Figure 1 and 2) that is 
measurable after about 4 minutes of the slider exposure to the pressure of 
0,69 MPa is reduced from 43 N to 6N during the time of 1 minute when the 
pressure decreases and the is getting as low as 1 N during the subsequent 8 
minutes. When the same experiment was repeated with another piston 
(slider) that force decreased from 2,9 N to 0,2 N during the time of 5 
minutes.  
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Fig. 1 Graph for the force that is necessary to yank the slider (spool) as a function 

of time how long the slider remained at rest for various the pressure values 
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Fig. 2 Graph for the force that is necessary to yank the slider (spool)  

as a function of working the pressure 
 

3. Origin of unbalanced radial forces  
 

Any unbalanced radial force that acts on a cylindrical slider and causes its 
resistance during its axial movements is generated as a result of unequal the 
pressure distribution of working fluid in the circular gap (technological 
clearance) that is made between the slider and the bushing. Figure 3 presents 
a diagram of a hydraulic precision pair, which is considered as an ideally 
cylindrical slider that is placed inside its bushing with a radial clearance. 
The slider axis is parallel to the axis of the bushing but it is misaligned by 
the value of the eccentricity e. The high-the pressure area with the pressure 
value of p1 is disposed left to the slider whilst right to the slider the pressure 
is lower and equal to p2. For further the inertia forces and weights of both 
the piston and the working fluid shall be neglected with the simultaneous 
assumption that flow of working fluid via the clearance gap is laminar. Due 
to misalignment between the piston and the bushing axes, the clearance in 
the upper part is y1 = s – e, while in the bottom part that clearance amounts 

to y2 = s + e, where 
2

21 DDs 
 .  
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Fig. 3 Diagram for a cylindrical slider placed inside a bushing with an axial 
clearance. The slider axis is parallel to the bushing axis but shifted aside by 

 the misalignment value of e 
 
Under assumption that axes of the slider and the bushing are mutually 
parallel, the pressure gradient for both the upper and the bottom clearance 
gap can be considered as constant and equal to:  

                          const
l
p

l
pp

dx
dp







 21                                        (1) 

where: Δp stands for the pressure drop along the clearance gap and l is the 
slider length. Therefore the pressure along the clearance gap shall decrease 
linearly from the value of p1 to p2. It means that curves a and b (Figure 3) 
for the pressure value as functions of the distance x shall be represented by 
straight lines.  
The radial force df1 of the fluid the pressure in the upper gap tends to 
dislocate the piston downwards and is equal to the force df2 of the fluid the 
pressure in the bottom gap that, in turn, attempts to push the piston upwards. 
The radial forces are mutually balanced, which can be noted as:  

                                 ldzpppdzdxdfdf
l





0

21
21 2

                               (2) 

When axes of the slider and of its bushing are perfectly parallel the pressure 
along the gap decreases linearly and the radial force is independent on the  
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angle (see Figure 3). It means that the radial forces df1 and df2 are mutually 
balanced in all cases when surfaces of the slider and the bushing are 
mutually parallel along the clearance gap. The radial forces are mutually 
balances for whichever symmetrical configuration of the piston and the 
bushing with regard to the axis.  
When any imperfectness of cylindrical surfaces occurs, either on the slider 
or inside the bushing, misalignment between axes of the slider and the 
bushing destroys the equilibrium of radial forces, which leads to formation 
of forces and torques that attempt to move the slider towards one or another 
side of the bushing surface.  
Figure 4 presents a diagram for a hydraulic precision pair, where a conical 
slider is placed inside a cylindrical bushing and the larger basis of the slider 
faces the high the pressure side (the diameter of the conical slider decreases 
towards the fluid flow direction). For the elementary length dx of the gap 
with its height of y along the radius and the width dz measured along the 
circle arc, the pressure gradient along the gap is defined by the following 
equation [6]: 

                                      
dz
dq

ydx
dp

3
12

                                              (3) 

where: μ stands for the fluid viscosity and dz
dq  is the stream (flow 

intensity) of fluid that passes the gap of the width dz measured along the 
circle arc. After having the equation (3) integrated and after substitution of 
boundary values y = s1 and p= p1 for x = l the following relationship for the 
pressure along the gap length can be obtained:  
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The equation (4) shows that the pressure in the gap along the slider stripe 
varies following the parabolic function. Deviation of the parabolic equation 
from the straight line is marked on Figure 4 with the dotted line and depends 
on the conicity h of the piston down the length of l as well as on the 
narrowest size s1 of the gap between the bushing surface and the slider base. 
It means that the deviation of the parabolic shape of the function curve from 

the linear one depends on the value of the ratio 
2

1
s

s  between widths of the 

gap at the both ends of the considered slider stripe (Figure 4). It must be 

(4) 
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noted that less values of the 
2

1
s

s  make the shapes of the pressure curves a 

and b closer to a straight line and vice versa.  
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Fig 4 Diagram of a hydraulic precision pair for the case when a conical  

slider is placed inside a cylindrical bushing, where the larger basis 
 of the slider faces the high the pressure side 

 

Value of the radial force df that acts on an elementary surface of the slider 
where width of that elementary surface is dz and the length is l can be 
calculated by means of the following formula:  

dz
hs
pdzhspdf
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Dislocation of the slider towards one or another side of the bushing surface 
is determined by the component of the radial force that acts in the plane 
defined by misalignments e between axes of the slider and the bushing. The 
mentioned component dFp of the radial force that acts in the plane of the 
misalignment e between axes of the slider and the bushing can be calculated 
from the following equation:  

(5) 
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where: 
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21 DDs 
  – rated radial clearance form the side of the cone base 

when the slider is places concentrically with the bushing (Figure 3). When 
the equation (6) is integrated within the limits from 0 to 2π, the formula for 
the radial force that acts on the slider can be obtained:  
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As the component of the equation (7) 
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ehs
hs  (its absolute 

value is more than one), value of the radial force shall be always negative 
(less than zero). It means that the radial force acts on the wider side of the 
gap and attempts to push the piston upwards and simultaneously, due to 
asymmetry of all the acting forces, it skews the slider axis with regard to the 
bushing axis. Figure 4 exhibits graphs for the pressure of the fluid that acts 
on the slider when the conical clearance gap is getting wider towards leaks 
of the fluid. Unbalanced radial forces are visible between the pressure 
curves a and b respectively for the upper and lower gaps. Direction of 
unbalanced radial forces is marked with arrows. The value of forces that 
suck the slider to the bushing wall increases in pace with the area confined 
by the two the pressure curves a and b (Figure 4). When a conical gap is 
getting wider towards the fluid leaks positioning of the slider inside the 
bushing is unstable and any misalignment between the axes will lead to 
formation of an unbalanced radial force that will tend to displace the piston 
towards the narrower gap until the piston comes in touch with the bushing 
wall. The higher misalignment occurs between the slider and bushing axes 
and the higher the skew angle exists the higher radial force is generated with 
the seizing effect to the slider. Larger radial clearance between the slider 
and the bushing shall results in even larger deformations and eccentricities, 
therefore the value of the seizing force will increase as well.  
Figure 5 presents the diagram of a hydraulic precision pair for the case when  
a conical slider is placed inside the bushing with initial eccentricity, whereas 
the cone base faces the side of lower the pressure of the fluid (diameter of 
the conical slider increases along the flow direction of the fluid). The 
diagram presents also graphs of the pressure values for the fluid that acts on 
the slider when the clearance gap is getting narrower towards the direction 

(6) 

(7) 
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of the fluid leaks. Unbalanced radial forces are visible between the pressure 
curves a and b respectively for the upper and lower gaps. Direction of 
unbalanced radial forces is marked with arrows. At the location where 
cross-section of the flow channel is the smallest the largest the pressure 
gradient is noticeable, whereas the slider, under influence of the unbalanced 
force shall be shifted towards the coaxial position with the bushing, 
therefore the slider is centred inside the bushing. Seizure of the slider in the 
bushing may occur but the capturing force shall be insignificant.  
Figure 6 presents the diagram of a hydraulic precision pair for the case when 
a piston axis is skewed against the bushing axis by the angle of α as well as 
graphs for forces of the fluid the pressure that acts an the piston in the gap 
that is formed due to inclination of the piston axis to the bushing axis at the 
angle of α. . Unbalanced radial forces are visible between the pressure 
curves a and b respectively for the upper and lower gaps. Direction of 
unbalanced radial forces is marked with arrows. Values of adhesion 
(sucking) forces is higher when the area confined by the two the pressure 
curves a and b increases. The unbalanced radial force tends to dislocate the 
piston towards the narrower gap until the piston comes in touch with the 
bushing wall. The seizing force shall be the largest. The large skew angle  
of the piston axis is the higher radial force shall attempt to seize the piston. 
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Fig. 5 Diagram of a hydraulic precision pair for the case when a conical slider 

 is placed inside the bushing with initial eccentricity and the cone base 
 faces the side of lower the pressure of the fluid 
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Fig. 6  Diagram of a hydraulic precision pair for the case when a piston  
axis is skewed against the bushing axis by the angle of α 

 
4. How to reduce unbalanced radial forces caused by the pressure of the 

working fluid   
 

The most popular method that makes it possible to reduce unbalanced radial 
forces caused by fluid the pressure consists on machining of circumferential 
grooves either on the slider or bushing surface. Figure 7 and 8 presents 
diagrams of a hydraulic precision pair for the case when circumferential 
circular grooves are made on the cylindrical surface of the slider. Due to the 
fact the resistance of the groove against the fluid stream is insignificant as 
compared to the resistance in the gap and the pressure in the gap is uniform 
in all its places, the pressure in the gap gets balanced. As a result of the 
pressure uniformity across the entire gap, inequilibrium of radial forces that 
act on the slider is alleviated as well. A circular groove on the cylindrical 
surface of the slider divides the slider into two separate conical sliders with 
respective lengths of l1 and l2 (Figure 7). The pressure in the gap of the first 
slider is reduced from the value of p1 to the constant transient value of pnr 
that occurs inside the circular groove of the width of l3, while the high 
(inlet) the pressure of the right slider is reduced to the value of the low 
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(outlet) the pressure p2. In such a case the graph for unbalanced radial force 
caused by the pressure of the fluid that acts shall look like two hatched areas 
(see Figure 7) where each of the areas presents the graph for forces that 
affect the respective part of the slider. Unbalanced radial forces are visible 
between the pressure curves a1 and b1 as well as between the curves a2 and 
b2 respectively for the left-hand side and right-hand side of the slider. The 
areas confined between the pressure curves a1 and b1 as well as a2 and b2 
confirm that insignificant forces occur in the hydraulic pair and these forces 
tend to seize (suck) the slider to the bushing, but the slider is centred inside 
the bushing under the effect of an unbalanced radial force.  

 

P1

P2

Pnr

X

a1 a2

L1 L3
L2 e

P1 P2

X
P2

Pnr

P1

a1
a2

b2

b1

 
 

Fig. 7  Diagram of a hydraulic precision pair for the case when one circular 
(circumferential) alleviating groove is machined on the slider 

 
Figure 8 presents the diagram of a hydraulic precision pair for the case when 
the slider is placed inside the cylindrical bushing with initial eccentricity 
and several alleviating grooves are machined on the slider surface. Circular 
grooves on the cylindrical surface of the slider divide it into separate parts. 
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The pressure in the slider gaps in between the grooves is gradually reduced 
from the initial value of p1, via the constant transient values pnr1, pnr2,  that 
occur in circular (circumferential) grooves down to the low value of output 
the pressure p2. In such a case the diagram for unbalanced radial forces 
caused by the fluid the pressure and affecting the slider shall look like 
narrow hatched segments marked as O in Figure 8, where each segment 
represents the graph for forces that act on the corresponding parts of the 
slider (separated modules). In total, the slider under effect of the unbalanced 
radial forces is centred inside the bushing.  
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Fig. 8 Diagram of a hydraulic precision pair for the case when plurality 
of circular (circumferential) alleviating grooves are machined on the slider 
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The experiments, already carried out by the author, have demonstrated that 
the friction force (static and dynamic friction) of a cylindrical steel slider 
with the diameter of 16 mm, with a working stripe of the width of 12 mm, 
placed inside a bushing with the technological clearance of 10 m where the 
slider has already remained at rest during 120 sec. under the pressure of the 
working fluid of 21,0 MPa, was reduced from the value of 45 N in case of a 
slider with its flat surface to the value of 17 mm when only one alleviating 
groove was machined on the slider surface. In case of three grooves of the width 
of 0,3 mm each and made down the entire length, the friction force was reduced 
from the value of 45N to the value of 2,5 N. When the number of grooves, of the 
width of 0.3 mm each and deployed down the entire length of the slider with the 
spacing of 1 mm between groove axes, the friction force decreased from the 
value of 45 N to as little as 1,1 N.  
The friction force of a cylindrical steel slider with the diameter of 16 mm, with a 
working stripe of the width of 12 mm, placed inside a bushing with the 
technological clearance of 5 m where the slider has already remained at rest 
during 120 sec. under the pressure of the working fluid of 21,0 MPa, was reduced 
from the value of 48 N in case of a slider with its flat surface to the value of 19 
mm when only one alleviating groove was machined on the slider surface. In 
case of six grooves of the width of 0.3 mm each and deployed down the entire 
length with the spacing of 1 mm between groove axes, the friction force was 
reduced from the value of 48 N to the value of 1,9 N. 
Due to the fact that alleviating grooves reduce the entire length of the gap, 
i.e. they decrease the length of the leaking paths for the working fluid, the 
total volume of leaks for the hydraulic precision pair where the slider has 
alleviating groves should be generally higher than in case of sliders with flat 
surfaces. However, the experiments completed by the author demonstrated 
that for the hydraulic precision pair where the slider has alleviating groves, 
total volume of leaks throughout the gap was decreased. Volume of the 
working fluid leaks alongside the cylindrical slider with the diameter of 16 
mm, with a working stripe of the width of 12 mm, placed inside a bushing 
with the technological clearance of 10 m where the slider has already 
remained at rest during 120 sec. under the pressure of the working fluid of 
21,0 MPa, amounted to ca. 28 cm3/min.  
Similar working fluid leaks alongside the cylindrical slider with the 
diameter of 16 mm, with a working stripe of the width of 12 mm, where 
grooves of the width of 0.3 mm were machined down the entire length of 
the slider with the spacing distance o 1 mm, where the slider was placed 



Violation of the steady-state friction behaviour... 
Naruszenie stabilności tarcia w hydraulicznej parze precyzyjnej... 

 

347 

inside a bushing with the technological clearance of 10 m and remained at 
rest during 120 sec. under the pressure of the working fluid of 21,0 MPa, 
amounted to ca. 19 cm3/min.  

When the technological gap was reduced to 5 m, working fluid leaks 
alongside the cylindrical slider with the diameter of 16 mm, with a working 
stripe of the width of 12 mm were as low as 6,5 cm3/min. The slider had 
grooves of the width of 0,3 mm each and machined down the entire length 
of the slider with the spacing distance o 1 mm between the groove axes and 
was kept under the working fluid the pressure of 21,0 MPa.  
Reduction of leaks via the gap can be explained by the fact the grooves, 
owing the equaling of the pressure in the clearance gap alongside the piston 
circumferential are conducive to keep the slider in it coaxial position inside 
the bushing. Another method that allows reduction of unbalanced radial 
forces caused by fluid the pressure consists in appropriate matching of a 
cylindrical slider with the bushing in such a way that the gap size is reduced 
towards the direction where the working fluid leaks out of the gap. Such an 
association of a matching slider with a bushing is exhibited on the diagram 
in Figure 9.  
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Fig. 9  Diagram of a hydraulic precision pair for the case when the cylindrical 

slider is appropriately matched to the bushing with the purpose to achieve 
reduction of the gap size towards the direction where the 

 fluid leaks out of the gap 
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This shape of the gap can be achieved when a slider with very low conicity 
is applied and the cone apex faces the high the pressure side. To achieve 
alleviation, the conicity as low as 0,002 is sufficient. Such a value of the 
conicity can be achieved by appropriated lapping of the slider or the bushing 
inner surface. 
 
5. Wrap-ups and conclusions  
 

Forces effected by the fluid the pressure that acts on a slider of a 
hydraulic precision pair where the slider is perfectly cylindrical and its 
surface was machined with top accuracy, are balanced in both axial and 
radial directions and the slipping surfaces are separated by a film of a 
working fluid. For such a pair the slider friction depends exclusively on 
its travel speed and viscosity of the working fluid.  

When the slider axis is inclined to the bushing axis or geometrical shape 
of components that make up the hydraulic precision pair is imperfect 
(conicity), distribution of the pressure around the slider is asymmetrical, 
which results in formation of an unbalanced hydrostatic force. When 
higher the pressure acts on the larger base of the cone, the axial position 
of the slider becomes unstable and the slider shall be tightened to the 
bushing wall by virtue of hydraulic forces. In contrary, the slider that has 
the cone apex turned towards the higher the pressure shall be moved to 
the central position and aligned with the bushing. Such a property makes 
it possible to apply a self-centred slider with conical rings 

Any unbalanced radial force, caused by non-uniform distribution of the 
fluid the pressure in the circumferential gap of a sliding pair results in 
infringement of friction stability in a hydraulic precision pair. The basic 
factors that determine the force that must be used to yank the slider in 
cylindrical distributing mechanisms due to unbalanced radial hydrostatic 
force include geometrical characteristics of the slider and the bushing 
(dimensions, configuration of details and size of clearance between the 
components), value and stability of the working fluid the pressure, time 
interval when components of the hydraulic precision pair have remained 
inactive (at rest) as well as nature of their mutual motions during 
operation.  
When the pressure of the working fluid supplied to the inlet of a 
precision pair increases from 9,0 to 21,0 MPa, the axial force that is 
necessary to yank the slider from its initial position after a rest period 
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increases by about 1,6 times. Therefore, growth of the pressure in a 
hydraulic system leads to increase of the probability that friction between 
components of a sliding pair may exceed the defined threshold. The 
extremely important fact that affects increase of static friction in sliding 
pairs is the time how long the slider remained immobile with respect to 
the bushing. Similarly to the pressure growth, prolongation of the 
immobility phase of the slider results in increase of the force that is 
necessary to the slider in motion and the probability that the force may 
exceed the threshold limit. The experience shows that the force necessary 
to yank the slider rapidly increases after 3÷5 minutes of the slider 
immobility and becomes practically constant after having reached the 
maximum. Therefore the conclusion can be made that the slider after a 
very short time (momentary) is placed against the bushing in such a way 
that its position corresponds to the maximum value of the unbalanced 
radial force.  
The unbalancing of radial forces caused by the fluid the pressure can be 
reduced when the slider is manufactured with very low degree of 
conicity. However, such a solution is pretty difficult in terms of 
technology and the preferable option is to manufacture cylindrical sliders 
with top accuracy and perfect smoothness of machined surfaces with 
further milling of circumferential grooves (channels) on the cylindrical 
surface of the slider or on the inner surface of the bushing. The 
alleviating grooves reduce the gap length and therefore they are 
conducive in balancing of the pressure in the gap around the slider 
perimeter and then assist to keep the slider aligned with the bushing.  
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