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Abstract
This paper discusses a new type of hybrid journal bearing in which a magnetorheological fluid is used 

in combination with local magnetic fields, such that the hydrodynamic and hydrostatic working regimes 
are not compromised. This demonstrates the potential of using the concept of rheological texture in 
bearings. The performance of this new type of bearing is assessed via Finite Element Modelling (FEM) in 
which the behaviour of the fluid film is described by the ideal Bingham plastic fluid model. Both the yield 
stress and the viscosity increase as a function of the magnetic field.

Keywords: Magnetic fluid, Bingham plastic, Numerical modelling, Magnetism, Rheology, Fluid 
mechanics

1. Introduction
Bearing systems have been under a huge development for the last half century at least [1,2]. The 

presentation of the so-called “Jost Report” in 1966 gave recognition to the huge impact that bearings hold 
in our society [3]. For example, Holmberg & Erdemir estimated that about 23% (119EJ) of the world’s 
total energy is lost in tribological contacts [4].  

Although decades of research and development have passed after the “Jost Report”, little conceptual 
development in bearing design has occurred.

Some effort has been made in the field of tribotronics to seek for new bearing concepts, where the 
potential is investigated of adding control systems to the bearing [5,6]. Likewise, new bearing concepts 
based on magnetism that use either ferrofluids [7–10] or magnetorheological fluids [11–20] have been 
explored. In a similar fashion, electrorheological fluids are investigated for a possible use in bearing 
systems [21–24]. The current work focuses on the use of magnetorheological fluid in journal bearings. 

Hydrodynamic journal bearings are used pervasively in all types of machine design due to their cost-
effective, superior friction and wear properties [25]. The bearing system consists of a cylindrical shaft 
inside a cylindrical bush, where the gap between 
the two is filled with lubricant. This geometry 
allows the shaft and housing to be able to freely 
rotate with respect to each other (Figure 1a). The 
rotation, together with the converging wedge 
caused by eccentricity, creates a high-pressure 
region counteracting the eccentric position. The 
shaft is floating into this lubricating layer that 
guarantees a low wear and friction. The main 
drawback of this bearing configuration is that at 
low speeds the load carrying capacity of the 
lubricating film might be incapable to sustain the 
load, thus leading the two surfaces into physical 
contact. This causes excessive friction and wear 
that may lead to system failure eventually.

One efficient way to overcome this drawback is 
to use a hydrostatic journal bearing instead (Figure 
1b). This concept uses a high-pressure lubricant 
supply which is supplied into large surface area 
recesses to make sure that the shaft floats in the 

Figure 1, a: hydrodynamic journal bearing, b: 
hydrostatic journal bearing, c: hybrid journal bearing, 
d: hybrid journal bearing with rheological texture. 

b.a.

d.c.
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lubricating film during high loads for both low and high speeds. However, the drawback of this design is 
that the high-pressure hydraulic supply is sensitive to failure, which fact moves the problem to another 
component in the system. The failure of the pump causes excessive wear in the bearing as it operates 
very poorly in the hydrodynamic regime due to the surface texture. 

The ideal bearing combines the low friction and wear at high speeds with the high load capacity at low 
speeds. The type of bearing that meets these requirements is the hybrid journal bearing (Figure 1c). In 
detail, this concept combines the smooth bearing surface of a hydrodynamic bearing with the high 
pressure supply of a hydrostatic bearing. In this way, it achieves sufficiently low wear and sufficiently 
high load capacity for the complete range of speeds and loading conditions. When the pump fails, the 
hybrid journal bearing reverts to a hydrodynamic journal bearing. The drawback of this concept is that 
the hydrostatic load capacity is limited due to the absence of surface recesses.

The three concepts in Figure 1a, 1b and 1c share the fact that a modification in the geometry of the 
bearing surface causes changes in the bearing performance. Specifically, a physical change in the surface 
texture leads to a change in the film height, which in turn modifies locally the lubricant flow resistance. 
Controlling this local resistance is key to improve the performance of the bearing [26,27]. 

A possible approach to manipulate the flow resistance, other than changing the geometry, is to locally 
vary the rheological properties of the lubricant. This fluid manipulation is addressed as rheological 
texture and it can be carried out by using a magnetorheological fluid whose rheological properties change 
in response to a local variation of the magnetic field [28,29]. Based on the rheological texture, multiple 
new bearing configurations can be conceived that all have unique performance [30].

This paper demonstrates the potential of using the concept of rheological texture in journal bearings. 
The work discusses a new type of hybrid journal bearing in which a magnetorheological fluid is used in 
combination with local magnetic fields so as the hydrodynamic and hydrostatic working regimes are not 
compromised (Figure 1d). In addition, the work discusses a herringbone bone bearing that uses the 
rheological texture in a v-shaped pattern. The performance is assessed in a FEM platform (COMSOL 
Multiphysics® 5.4) in which the ideal Bingham plastic fluid model is used to predict the behaviour of the 
fluid film. Both the yield stress and the viscosity increase as a function of the magnetic field. 

2. Method
This study makes use of different journal bearing configurations as showcases to present the effect of 

including rheological textures in a bearing device. This work considers hydrostatic journal bearings with 
rheological texture, hybrid journal bearings with rheological texture and hydrodynamic journal bearings 
with the rheological texture in a herringbone-like v shape. Figure 1 to Figure 3 show both conventional 
hydrodynamic as well as hydrostatic journal bearing configurations considered in this investigation. In 
addition, a hydrodynamic bearing with a herringbone rheological textures is shown in Figure 4.

For a fair comparison, the different configurations are tested against a conventional journal bearing. 
The lubricant in the bearing is modelled as a Bingham plastic and its flow is modelled using the Reynolds 
equations resulting from the standard thin film fluid flow assumptions. Table 1 specifies the different 
parameters used by the different bearing configurations. 

 The fluid film height  for all bearing configurations is described in relation (EQ 1). The eccentricity ℎ
value  is the relative amount that the shaft is eccentric with respect to the housing. Its value is zero 𝑒
when the shaft is exactly in the middle and one when the shaft is touching the housing. The variable  𝜃
presents the angular coordinate in the bearing and the variable  presents the angular offset where the 𝜙
film height has its minimum.
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ℎ = 𝑐(1 ― 𝑒cos (𝜃 + 𝜙)) (EQ 1)

The numerical model solves for the pressure in the lubricating film that leads to a load capacity  by 𝐹𝑟
taking the vector sum of the load capacity in x-direction  and y-direction  in relations (EQ 2) to (EQ 𝐹𝑥 𝐹𝑦
4). The resulting load capacity is one of the output variables of the computation. 

𝐹𝑥 = ∬
𝑆
𝑝sin (𝜃)𝑑𝐴 (EQ 2)

𝐹𝑦 = ∬
𝑆
𝑝cos (𝜃)𝑑𝐴 (EQ 3)

𝐹𝑟 = 𝐹2
𝑥 + 𝐹2

𝑦 (EQ 4)

The friction force of the bearing is expressed by relation (EQ 5).  The parameter  is the amount of 𝜏𝑥
stress that is locally present to achieve the desired relative motion of the two surfaces. The friction 
coefficient  in (EQ 6) is calculated as the ratio between the load capacity  in (EQ 4) and the friction 𝑓 𝐹𝑟
force of the bearing  in (EQ 5). To include the effects of cavitation, all negatives pressures are assumed 𝐹𝑓
to be zero. 

𝐹𝑓 = ∬
𝑆

― 𝜏𝜃𝑟 ―
ℎ
2𝑟

∂𝑝
∂𝜃𝑑𝐴 (EQ 5)

𝑓 =
𝐹𝑟

𝐹𝑓
(EQ 6)

2.1. Rheological model
The Bingham plastic fluid model presented in (EQ 7) accommodates for a proper representation of the 

rheological behaviour of the magnetorheological fluid by presenting the stress in the material  as a  𝜏
function of the shear rate . The use of a magnetic field affects both the yield stress  as well as the 𝛾 𝜏0(𝐻)
viscosity of the fluid . The values are based on typical values from literature [29].  𝜂(𝐻)

|𝜏| = 𝜏0(𝐻) + 𝜂(𝐻)|𝛾| (EQ 7)

Figure 2: Unfolded hybrid journal bearing (Figure 1d) 
with rheological texture and three pads. 

Figure 3 unfolded hybrid journal bearing (Figure 1d) 
with rheological texture and five pads.
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2.2. Thin film model
The flow in-between the two bearing surfaces is described by a mathematical model developed by the 

authors and published in [31]. The model derives a modified Reynolds equation that uses the exact 
Bingham plastic material model to simulate the thin film flow. The novelty is that in this way, there is 
no need for either a regularization technique [32] or an approximated thin film theory [33–35]. Since the 
method is not an approximation, the solution is more accurate and the simulation “running time” is 
considerably shortened due to the reduced degrees of freedom of the simulation. 

2.3. Hybrid bearing
Figure 2 and Figure 3 illustrate an unfolded version of different bearing configurations to demonstrate 

the behaviour of a hybrid bearing with rheological texture. The figures show three and five squares 
respectively over which the fluid can be activated to create a rheological texture. Note that the viscosity 
is increased and the limiting yield stress is active at these locations.  

In practice, this effect can be associated to the application of a magnetic field that locally increases the 
effective viscosity of the magnetorheological fluid.

The fluid behaves as a Newtonian fluid everywhere else, that is, the yield stress of the fluid is zero 
since there is no magnetic field.  The circles located in the middle of the bearing (Figure 1 and Figure 3) 
serve as high-pressure lubricant supply to make a hydrostatic bearing. An orifice restrictor controls the 
amount of lubricant supplied to the bearing. The relation presented in (EQ 8) represents the behaviour 
of the restrictor in this study. The variable  presents the restrictor value and the parameter  presents 𝑅 𝑝𝑟
the recess pressure. 

𝑄 = 𝑅 𝑝𝑠 ― 𝑝𝑟 (EQ 8)

The behaviour of a conventional hydrodynamic bearing is obtained when both rheological texture and 
supply pressure are switched off. 

A conventional hybrid bearing is attained by only applying the feeding pressure without local 
activation of the fluid. The condition in which the fluid is locally activated and the supply pressure is not 
applied generates a hydrodynamic bearing with rheological texture. On the other hand, by locally 
activating the fluid and applying the supply pressure generates a hybrid bearing configuration with 
rheological texture. 

Table 1 to Table 3 list the values of the different parameters used to generate the results presented in 
this paper. These are typical values of bearings in this size category. The fluid properties are typical for 
magnetorheological fluids available on the market (silicon oil with ~70w% iron particles). 

Table 1: General model parameters used
Variable Symbol Value

Bearing diameter 𝑑 0.2[𝑚]
Viscosity 𝜂𝑔 0.05[𝑃𝑎𝑠]

Clearance 𝑐 𝑑 500
Eccentricity 𝑒 0.7

Speed 𝑣 100[𝑟𝑝𝑚]

Table 2: Model parameters for the bearing configurations presented in Figure 2 and Figure 3
Inlet diameter 𝑑𝑖

𝐿𝛥
𝑛

Land width factor 𝛥 0.8
Land length 𝐿𝑙 𝐿(1 ― 𝛥)

Recess length 𝐿𝑟 𝐿(1 ― 2𝛥)
Land width 𝑤𝑙

𝜋𝑑
𝑛(1 ― 𝛥)

Recess width 𝑤𝑟
𝜋𝑑

𝑛(1 ― 2𝛥)

Restrictor value 𝑅 104𝑚4

𝑁
1
2𝑠

Location of minimum 
film height 𝜙 ― 𝜋

12
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Table 3: Model parameters for the bearing configurations presented in Figure 2 and Figure 3.
Non-Activated Activated

Hydrodynamic

𝑝𝑠 = 0𝑃𝑎
𝜂𝑎 = 𝜂𝑔
𝜏0 = 0

(Figure 5a)

𝑝𝑠 = 0𝑃𝑎
𝜂𝑎 = 20𝜂𝑔

𝜏0 = 500𝑃𝑎
(Figure 5c)

Hybrid

𝑝𝑠 = 106𝑃𝑎
𝜂𝑎 = 𝜂𝑔
𝜏0 = 0

(Figure 5b)

𝑝𝑠 = 106𝑃𝑎
𝜂𝑎 = 20𝜂𝑔

𝜏0 = 500𝑃𝑎
(Figure 5d)

2.4. Herringbone 
Figure 4 presents the unfolded geometry of the herringbone journal bearing configuration which is 

presented here to demonstrate the effect of applying rheological texture for hydrodynamic lubrication 
exclusively. The figure shows seven v-shaped areas where the lubricant can be activated to create a 
rheological texture. Table 4 shows the parameters specific to this simulation, while Table 1 presents all 
other relevant parameters. 

Table 4: Model parameters for the herringbone bearing presented in Figure 4.
Variable Symbol Value

Land width factor 𝛥 0.9
Bearing length 𝐿 𝑑

Location of minimum 
film height 𝜙 0

Texture width 𝑤𝑡 𝐿𝛥
Texture pitch 𝑤𝑝

𝜋𝑑
7

Figure 4: Unfolded version of the hydrodynamic 
journal bearing with rheological textures in the shape 
of a herringbone.
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3. Results & Discussion

3.1. Hybrid bearing
Figure 5a to d illustrate the pressure distributions for the four different configurations considered in 

this work. Note that these pressure distributions are presented on the unfolded geometries of the journal 
bearing configurations presented in Figure 1. Table 3 presents the corresponding parameter values for 
these four different situations. Note that the results use a zero pressure reference, which means that in 
practice cavitation will occur when the pressure is negative. Since the focus of this work is on the resulting 
pressure distribution due to rheological textures, only a basic cavitation model is included that assumes 
all negative pressures to be equal to zero. 

 Figure 5a displays the pressure distribution of a conventional journal bearing. There is a high-
pressure region in the converging wedge and a low-pressure region in the diverging wedge. The central 
pressure supply shows a slight change in the pressure distribution due to a local change in distance 
between the bearing faces.

Figure 5b shows the pressure distribution of a conventional hybrid journal bearing. A high-pressure 
region exists near the high-pressure supply at the converging part of the bearing. A low-pressure field 
exists at the diverging wedge of the bearing. Note that the pressure supply increases the both high-
pressure and low-pressure fields more than is the case for the conventional hydrodynamic bearing. This 
causes less cavitation in the converging wedge.

 Figure 5c shows the pressure distribution of a hydrodynamic bearing with rheological texture. The 
figure shows a high-pressure field at the converging part of the bearing and a low-pressure field at the 
diverging part of the bearing. By comparing this pressure distribution with the one in Figure 5a for the 
conventional hydrodynamic bearing, it is clear that the rheological texture definitely affects the pressure 
distribution. The figure indicates first that the magnitude of the pressure is greater than that shown by 
the conventional hydrodynamic bearing, and secondly that the rheological texture causes a high pressure 

 
Figure 5: a. Pressure distribution of a. conventional 
hydrodynamic bearing with non-activated regions b. 
conventional hybrid bearing with non-activated 
regions c. hydrodynamic bearing with activated 
regions d. hybrid bearing with Rheological textures. 

1 MPa 0 MPa -1 MPa

a.

b.

c.

d.
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region within the activated square annulus. In addition, the area with cavitation presents now a low-
pressure field located in-between the two square annuluses. 

 Figure 5d shows again a high-pressure field within the activated square annulus at the converging 
wedge. The annulus creates an even higher-pressure field due to the high-pressure supply. This behaviour 
is very similar to the conventional hydrostatic bearing where a high-pressure field is present in the recess 
of the bearing. The area within the square annulus acts as a recess area and the square annulus itself 
acts as a pad area of a hydrostatic bearing. Again, the area in-between the two right square annuluses 
has a low-pressure field. 

Figure 6a and b show the load capacity and friction coefficient as a function of the eccentricity for both 
3-pad and 5-pad bearing respectively. The dark blue line and the green line stand for the conventional 
hydrodynamic journal bearing and the hybrid journal bearing respectively. The conventional hybrid 
journal bearing has a higher load capacity and lower friction coefficient at low eccentricity ratios but this 
difference becomes smaller for large eccentricity ratios. This effect is explained by the fact that the 
hydrostatic effect has only a small influence at low eccentricity due to the limited supply pressure. These 
results are in good accordance with other studies in literature [25,31,32,36].

Figure 6: a. Bearing load capacity and friction 
coefficient as a function of the eccentricity for the 3-
pad bearing. b. Bearing load capacity and friction 
coefficient as a function of the eccentricity for the 5-
pad bearing.
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The green line and the cyan line represent the hydrodynamic journal bearing and hybrid journal 
bearing respectively both with rheological texture. Results show with clarity that the load capacity of the 
configurations with rheological texture significantly increases compared to the non-activated 
configurations at all eccentricity values. Also interesting to note here is that the stiffness remains roughly 
the same after applying the rheological texture. These results also make evident the fact that the friction 
coefficient generally increases when rheological texture is applied for a certain eccentricity ratio. 

The results for the 3-pad bearing and 5-pad bearing are similar in shape. The load capacity and friction 
coefficient are higher for the 3-pad configuration than for the 5-pad configuration for a given eccentricity 
value. This means that making the bearing shorter does not necessarily produce a positive effect for the 
friction coefficient in this particular situation, although the negative effect is almost negligible.

Figure 7a and b show the friction coefficient as a function of the load capacity by using the same set 
of data in Figure 6. The figure illustrates whether a certain bearing configuration has a lower friction 
coefficient for a certain loading condition. Once more, it is evident that the friction coefficient generally 
increases when rheological texture is applied. Hybrid bearing configurations have a higher fiction 
coefficient at low loading conditions but a slightly lower friction coefficient at high loading conditions 
compared to purely hydrostatic bearing configurations. The 3-pad and 5-pad bearing configuration 
present a similar trend. 

Figure 8a and b show the load capacity and friction coefficient as a function of the speed for the 3-pad 
and 5-pad configuration respectively. The green and dark blue line stand for the hydrodynamic journal 
bearing configurations with and without rheological texture respectively. The results demonstrate that 
the rheological texture causes the load capacity and friction coefficient to shift towards higher values. 
Note that the conventional hydrodynamic journal bearing exhibits a constant friction coefficient with 
increasing speed, while the corresponding hydrodynamic journal bearing with rheological texture shows 
an increase in friction coefficient at lower speeds instead. This outcome can be attributed to the behaviour 
of the lubricant, which is modelled as a Bingham material at the location of the rheological textures. The 
yield stress of the lubricant has a large effect at low speeds but only a small effect at high speeds in this 
specific circumstance.

 
Figure 7: Friction coefficient as a function of the load 
capacity for the same data as Figure 6. Figure a 
presents the 3-pad bearing and figure b presents the 
5-pad bearing.
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The light blue and red line symbolize the hybrid journal bearing configurations with and without 
rheological texture respectively. Again, these results demonstrate that the rheological texture causes the 
load capacity as well as the friction coefficient to shift towards higher values. Hybrid bearing 
configurations work predominantly in hydrostatic regime at low speeds and predominantly in 
hydrodynamic regime at high speed, as expected.

In general, results reveal that load capacity increases significantly by applying the rheological texture 
for both the hydrostatic and the hydrodynamic regimes. This indicates that the method increases the 
specific load capacity (load per area) of the bearing. However, the price to pay for the local activation of 
the lubricant seems to be an increase in friction coefficient (load capacity per friction).

The hybrid journal bearing with rheological texture shows a very similar behaviour to that of a 
conventional hydrostatic bearing with physical texture. When the high pressure lubricant supply in this 
type of bearing is turned off, the presence of the physical texture causes an insufficient build-up of 
hydrodynamic pressure in the lubricant film, thus easily leading the two bearing surfaces into contact for 
already a minimal load, with unwanted side effects like wear.

On the contrary, this condition would not cause severe damage in the hybrid bearing with rheological 
texture since it will just continue to operate in the hydrodynamic regime. 

In the standard design of a hydrostatic bearing using geometric texture the hydrodynamic pressure 
build-up is compromised.  Surface texture needed for a proper hydrostatic operation reduce the 
hydrodynamic operation.  The use of rheological texture avoids this downside.  

3.2. Herringbone 
Figure 9 shows the pressure distribution of the hydrodynamic bearing configuration with a rheological 

texture in the shape of a herringbone. As in Figure 5, Figure 9 shows that the application of the 
rheological texture significantly changes the pressure distribution in the journal bearing. The texture 
causes the magnitude in the high-pressure field to increase and in the low-pressure side to decrease. 

Figure 10 shows both load and friction of the herringbone bearing as a function of the rotational speed. 
The dark blue line again represents the standard untextured hydrodynamic bearing identical to the 
hydrodynamic bearing configuration in Figure 8. The green line represents the situation in which the 
rheological texture only has an increase in viscosity while the red line represents the situation where the 
rheological texture has an increase in both viscosity and yield stress. The inclusion of the yield stress 

  
Figure 8: Bearing load capacity and friction 
coefficient as a function of the speed of a. 3-pad 
bearing configuration and b. the 5-pad bearing 
configuration. 
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causes higher load capacity as well as higher friction coefficient at low speeds but not much of a difference 
in case of high speeds. From this, it is assumed that the effect of the yield stress is in general negligible 
at higher speeds. 

The cyan coloured lines represent the load capacity and friction coefficient of a purely hydrodynamic 
bearing with an increased viscosity compared to the situation of the standard hydrodynamic bearing. In 
this case, the viscosity is equal to the average viscosity of the hydrodynamic bearing with no yield stress 
applied (green line). By averaging the viscosity, the resulting friction force of the two concepts is equal. 
This leads to a fair comparison between using rheological texture and increasing the viscosity in a uniform 
way. The results in Figure 10 demonstrate that the rheological texture does not result in a lower friction 
coefficient, meaning that it does not create more load capacity per unit friction of the bearing. In other 
words, the use of rheological texture increases the load capacity of the bearing but not as efficiently as 
changing the viscosity uniformly. Note that this conclusion is only valid for this specific herringbone 
bearing configuration. 
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Figure 11 presents the load and friction of the herringbone bearing as a  function of the eccentricity. 

Figure 9: Pressure profile of the herringbone bearing.

Figure 10: Load and friction of the herringbone 
bearing as a function of the rotational speed. Note that 
the dark and light blue dash-dot line coincide.

 
Figure 11: Load and friction of the herringbone 
bearing as a function of eccentricity.

Figure 12: Load and friction of the herringbone 
bearing as a function of the viscosity at the rheological 
textures. Note that the viscosity of the bulk is .0.05𝑃𝑎𝑠
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The dark blue line indicates the situation of the conventional hydrodynamic bearing, while the red line 
indicates the case of a hydrodynamic bearing with rheological texture (including yield stress). The cyan 
line represents the conventional hydrodynamic bearing configuration with a uniformly increased viscosity 
such that the average viscosity is equal to the average viscosity of the bearing configuration with 
rheological texture. The figure supports the statement that the load capacity and friction coefficient of 
the configuration with rheological texture scales in a similar way as the configuration without rheological 
texture. In addition, the assertion stating that the application of the rheological texture increases the 
load capacity of the bearing but not as efficiently as changing the viscosity uniformly still holds. 

Figure 12 shows the load and friction of the herringbone bearing as a function of the viscosity at the 
location of the rheological texture for a rotational speed of 100 rpm. In this calculation, the yield stress is 
assumed to be zero everywhere in order to provide an easier comparison between the conventional bearing 
configuration and the bearing configuration with rheological texture. The results in Figure 10 allow us to 
neglect the yield stress since it has only a minor effect on the load capacity and friction coefficient.

Figure 12 shows an increase in load capacity for an increase in viscosity at the location of the 
rheological texture. This can be explained by the fact that the average viscosity of the lubricant within 
bearing gap increases. The friction force shows a minimum in friction at the point where the viscosity of 
the rheological texture is the same as the viscosity of the bulk. From this evidence, it seems that the use 
of the rheological texture in this bearing configuration always leads to an increase in friction coefficient.

Additional advantage of this concept is that the local viscous behaviour can be controlled, and thus 
the behaviour of the bearing can be modified during operation.

In general, the results presented in this work clearly demonstrate the power of the method to model 
the behaviour of a Bingham plastic in a lubricating film, as previously published by the authors in [31].

A possible and interesting next step in this research would be a shape optimization study of rheological 
textures that might increase the bearing performance. With the results herein presented, a fair 
comparison can be made between optimized rheological textures and optimized physical textures. 

4. Conclusion
The work has shown that bearing performance can be enhanced by using rheological textures. This 

principle adds an extra parameter in the design of a bearing that can be used to boost the performance. 
The potential of this concept is illustrated by comparing different bearing designs. Generally, the results 
show an increase in specific load capacity but also an increase in friction coefficient. 

A new hybrid journal bearing configuration using the rheological texture is proposed where both 
hydrostatic and hydrodynamic working regimes are not compromised. 
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 Introduction of the concept of a rheological texture
 New bearing concepts based on a rheological texture
 The rheological texture enhances the bearing performance and significantly changes the pressure distribution 

in the bearing. 
 The texture adds an extra dimension in the design space of bearings and can be controlled actively, realizing a 

smart bearing
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