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Abstract: Effects of surface texturing on the normal contact 

stiffness of joint surfaces had been investigated by experiments 

in many previous researches; however, there are relatively few 

theoretical models in this regard. The rough surface with surface 

texturing can be divided into two parts: the textured zone and 

the remaining zone, and their theoretical models are established 

respectively in this research. For the textured zone, the texture is 

modeled theoretically based on the three-dimensional 

topographic data obtained via a 3D-CCMP1 type laser 

profilometer from TRIMOS. For the remaining zone, the model 

of normal contact stiffness is established based on the fractal 

theory for the surface topography description and elastic-plastic 

deformation of surface asperities, and the structure function 

method is used to calculate the fractal dimension of rough 

surface profiles. In the experiment, the normal contact stiffness 

of specimens is obtained under different normal loads, and the 

test results are compared with the theoretical predictions. The 

result shows that the predictions of proposed theoretical model 

are in good agreement with the experimental data. For the joint 

surfaces with Sa>2.69 μm, the normal contact stiffness can be 

effectively increased through proper surface texturing. 
Keywords: Surface texturing • Normal contact stiffness • 
Fractal theory • Structure function method 

 

1  Introduction 

 

Machined joint surfaces exist extensively in mechanical 

structures, such as the guideway of hydraulic system, the 

fixed joint of machine tool and aero-engine etc. The 

topography of joint surfaces is one of the most important 

factors that determine not only the tribological properties 

but also the dynamic behavior of contacts. As one of the 

important parameters of contact properties, the contact 

stiffness of joint surfaces has a significant influence on 

the overall static and dynamic characteristics of 

mechanical systems under combined loads. The 

improvement of accuracy for the contact stiffness model 

is the basis for further development of the machine 
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dynamics modeling and analysis [1-3]. 

Scholars have been working to establish a reasonable 

theoretical model of contact stiffness. Greenwood and 

Williamson [4] established a statistical model to simulate 

the contact stiffness of joint surfaces for the first time, 

which is called G-W model for short. This research 

provides a theoretical basis for the study of contact 

mechanisms of rough surface. On the other hand, 

Majumbar and Bhushan [5] proposed a theoretical model 

(M-B model) from the perspective of fractal geometry, 

which considered the contact characteristics of joint 

surfaces, and it also solved the problem of scale 

dependence in statistical models. Based on the above 

work, the research on the contact characteristics of joint 

surfaces has been further improved, such as considering 

multifractal domain [6], elastic-plastic deformation 

characteristics [7-8], surface processing methods [9-10], 

surface finish [11] and so on. Also, the research on 

contact stiffness of joint surfaces is gradually developed. 

Ciavarella et al [12] improved the G-W model, and 

modified the relationship between contact load and 

contact deformation through taking into account the 

interaction of asperities. Wang et al [13] proposed a 

fractal model of normal contact stiffness based on the 

elastic deformation characteristics of a single asperity 

under partial load. Essentially, the contact properties 

analysis of joint surfaces is closely related to the contact 

characteristics of micro morphology between the two 

rough surfaces, and the morphology of rough surfaces 

greatly affects the physical properties of joint surfaces 

[14-15]. Therefore, it is of great significance to establish 

an accurate normal contact stiffness model from the 

perspective of micro morphology. 

In recent years, laser micromachining technique has 

gradually become a research hotspot due to good surface 

modification function [16-17]. Contact properties of joint 

surfaces can be improved or modified by generating 

micro features using laser micromachining technique. 

Surface texturing refers to the micro structures with 

regular arrangement on the surface of structures through 

active design and manufacturing. Because the surface 

texturing changes the morphology and material properties 

of rough surface, it has a significant impact on the normal 

contact stiffness. 
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M. Arghir [18] proposed a theoretical approach for the 

analysis of the normal contact stiffness of the sealing ring 

with surface texturing through simulation. The 

comparison between the theoretical normal contact 

stiffness and the experimental data indicated that the 

estimation model was appropriate, and the accuracy of the 

model predictions was improved by using the modified 

bulk-flow model. The research of S. Medina [19] showed 

that the density of surface asperities can be controlled by 

altering the distance between the rough surfaces, so as to 

control the normal contact stiffness of joint surfaces. Z. 

Fuadi [20] proposed an experimental method to study the 

influence of asperity density on the tangent contact 

stiffness by machining the micro texture like pyramid on 

the surfaces of specimens. The research showed that the 

higher the contact density is, the greater the tangent 

contact stiffness is, and a power is proposed to explain the 

relationship between the certain eigenmode frequency of 

testing system and the tangential contact stiffness. Zhang 

Yi [21] designed an experimental platform to test the 

contact stiffness and contact damping of mechanical joint 

surfaces, and studied the influence of the grooved surface 

texturing on the contact properties. The results showed 

that the surface texturing will reduce the contact stiffness 

and increase the contact damping. The above results show 

that the surface texturing has a significant effect on the 

contact stiffness of the joint surfaces. 

The previous researches mainly studied the influence 

of surface texturing on the contact stiffness of joint 

surfaces through simulations and experiments. However, 

there are few theoretical modelling, and the impact 

mechanism of surface texturing on the normal contact 

stiffness of joint surfaces is still unclear, which needs 

further investigation. This research focuses on the 

changes in micromorphology and material properties of 

rough surfaces, and proposes a theoretical calculation 

method for the normal contact stiffness of joint surfaces 

with surface texturing. The theoretical model is verified 

by experimentally measuring the normal contact stiffness. 

 

2  Theoretical model 

 

2.1  Model assumptions 

 

Contact stiffness is mainly used to describe the contact 

characteristics of two elastic rough surfaces. Previous 

studies [22] showed that the contact between two rough 

surfaces can be equivalent to that of a rough surface and a 

rigid smooth surface, so the same can be done for the 

contact between a textured surface and a rough surface. 

Because the surface texture occupies only a part of the 

entire contact surfaces, the textured surface can be 

divided into the textured zone and the remaining zone, as 

shown in Figure 1. 

The surface texturing only changes the morphology of 

textured zone, but has almost no effect on the 

morphology of remaining zone. Therefore, the surface 

morphology of remaining zone is similar to that of 

specimens before fabricating the surface texture. 

Regardless of the differences among textures, it is 

assumed that the three-dimensional morphology of each 

texture is analogous. The elastic modulus E2 of material 

in textured zone is regarded as a constant. 

 

Textured zone

Remaining zone

50μm
 

Figure 1  Three-dimensional representation of textured surface 

 

The normal contact stiffness K of the entire joint 

surfaces is synthesized by that of textured zone and 

remaining zone. The theoretical model of normal contact 

stiffness K can be expressed as follows: 

 

2

1 2

K H d
K

K K H d



 

    
,         (1) 

 

where K1 is the normal contact stiffness of the remaining 

zone, K2 is the normal contact stiffness of the textured 

zone, H is the average height of the textures, d is the 

average height of surface asperities, and  is deformation 

of surface texture. 

 

2.2  Normal contact stiffness of the remaining zone 

 

On the basis of KE model, the influence of interaction 

between asperities on the normal contact stiffness is 

considered by introducing the fractal dimension 

D(1 2D  ) of rough surface profiles [23]. Based on the 

fractal model, the normal contact stiffness K0 of joint 

surfaces can be expressed as follows [24]: 
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where K0 is the normal contact stiffness of the joint 

surfaces before processing the surface texture, ac is the 

critical contact area, al is the actual contact area of the 

largest asperity, and k is normal contact stiffness of a 

single asperity. 

For a single asperity, the normal contact stiffness k can 

be expressed as[13] 

 

3a
2

16
k E ,                 (3) 

 

where a is the contact area of the asperity, and E is 

equivalent elastic modulus. 

According to Hertz contact theory, the equivalent 

elastic modulus E can be obtained by the elastic modulus 

and Poisson ratios of the jointed materials. 

 

2 2

11 1
( )u l

u l

E
E E

   
  ,             (4) 

 

where Vu and Vl are the Poisson ratios of the two rough 

surfaces, respectively, Eu and El are the elastic moduli of 

the two rough surfaces, respectively. 

Based on the statistical principle, the probability 

distribution function n(a) of the truncated micro-contact 

area a can be given by [13] 
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Notice that 
l

a  is the cross-sectional area of the 

maximum contact point,   is the domain expansion 

factor of the contact size distribution of asperities, and D 

is the fractal dimension of rough surface profile. 

The domain expansion factor   is determined by the 

fractal dimension D, and the relationship between   

and D can be expressed as [6] 
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Introducing Eqs. (4) and (6) into Eq. (3), the normal 

contact stiffness K0 of joint surfaces can be given by 
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According to Eq. (8), it can be concluded that the 

normal contact stiffness of joint surfaces is directly 

related to the contact area al of the largest asperity. For a 

given surface, the relationship between the critical contact 

area ac and the actual contact area al of the largest 

asperity can be expressed as follows: 
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Therefore, the normal contact stiffness K0 can be 

expressed as a function of actual contact area of the 

largest asperity [25], and Eq. (8) can be simplified as 

follows: 
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-1=3 3 - （1 ）,            (11) 

 

For the remaining zone, the normal contact stiffness K0 

of the specimens before texturing is obtained by 

experiment. The surface texturing has no effect on the 

morphology of remaining zone, so the normal contact 

stiffness K1 of remaining zone can be expressed as 

follows: 

 

1 0
K bK ,                   (12) 

 

where b is the ratio coefficient of the remaining zone area 

to the apparent contact area. 

In order to obtain the ratio coefficient b, it is necessary 

to accurately get the area of textured zone. Nine sampled 

textures are selected by the cross-sampling method, as 

shown in Figure 2. The sampled textures are selected with 

equal spacing in two directions perpendicular to each 

other. According to the data of surface topography, the 

bottom diameter of each texture can be obtained. It is 

assumed that the average value is the bottom diameter of 

all the textures, and the area of the textured zone can then 

be calculated, as well as the coefficient b.
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Figure 2  Schematic diagram of texture sample selection 

 

 

2.3  Measurement of the fractal dimension of rough 

surface profiles 

 

The topography of rough surface can be objectively 

characterized by fractal geometry theory. The rough 

surfaces of the specimens can be considered to be 

isotropic. The structure function method is used to 

calculate the fractal dimension of rough surface profiles. 

The incremental variance of a specific rough surface 

contour curve is defined as the structure function of the 

curve. The structure function S(τ) can be expressed in the 

form [26]: 

 

 2
( ) ( ) ( )S Z x Z x    ,           (13) 

 

where Z(x) represents the height values of the contour, 

and τ is any interval of the sampling interval. 

On the double logarithmic coordinates, the structure 

function S(τ) of the W–M function can be expressed as 

follows: 

 

(2 3)sin[(2 3) / 2]
lg ( ) lg( )

(4 2 ) ln

2( 1) lg 2(2 ) lg

D D
S

D

D G D






  



   

,    (14) 

 

Since the contact of joint surfaces is equivalent to that 

between an elastic rough surface and a rigid smooth plane, 

the contour features of two rough surfaces are converted 

to the equivalent elastic rough surface. Therefore, it is 

needed to calculate the equivalent fractal parameter for 

the real contact of two rough surfaces. The structure 

function of the equivalent elastic rough surface is 

established by superposing the structure functions of the 

two contacted surfaces. And the relationship between the 

structure functions of the equivalent rough surface and 

the two rough surfaces can be expressed as follows [13]: 

 

1 2
( ) ( ) ( )S S S    ,            (15) 

 

Notice that S(τ) represents the structure function of the 

equivalent elastic rough surface, and S1(τ) and S2(τ) 
respectively represent the structure function of two rough 

surfaces in contact. 

The double logarithmic graphs of structure function of 

the measured surface profiles are plotted in Figure 3. 

Then the equivalent fractal parameters D can be derived, 

which are listed in Table 1. 

 

 

Figure 3  Structure function graph of the surface profiles 

 

Table 1  Equivalent fractal parameter values of the joint 

surfaces 

Sa(μm) 2.69 1.86 0.39 

D 1.22 1.34 1.49 

 

 

2.4  Normal contact stiffness of the textured zone 

 

Surface profiles of the tested specimens are measured by 

a 3D-CCMP1 type laser profilometer from TRIMOS. The 

instrument uses the principle of white light to detect the 

three-dimensional topography of rough surface with a 

vertical resolution of 8 nm and horizontal resolution rate 

of 1 μm, which has high resolution in X, Y and Z 

directions, and the morphology of each texture can be 

obtained. Then the three-dimensional model of texture is 

established based on the morphology of sample textures, 

as shown in Figure 4(b).
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50μm

 

Figure 4  (a) Three-dimensional  representation of textured 

surface; (b)Texture model 

As shown in Figure 4(b), it is assumed that the height 

of the texture is H, the external diameter at the bottom of 

texture is R1, the internal diameter at the top of texture is 

R2, the curvature radius of the top is r, the deformation of 

the texture is  , and the deformation of the textured 

plane is 1
 . Then the contact area A of textured zone can 

be given by: 
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The normal contact stiffness K2 of the textured zone can 

be expressed as follows: 

 

2

2

n

E A
K

A
 ,                (17) 

 

where E2 is the elastic modulus of material in textured 

zone, An is the apparent contact area between two contact 

surfaces. 

During processing the surface texturing, the material of 

the textured zoon is melted, and the material properties is 

changed. The elastic modulus E2 of material in textured 

zone can be given by 

 

2 0
E cE ,                (18) 

 

where c is the variation coefficient of elastic modulus of 

material in textured zone, and E0 is the elastic modulus of 

the original material. 

The parameter values of the texture model are listed in 

the Table 2. 

 

Table 2  Parameter values of the texture model  

c r/(μm) H/(μm) R1/(μm) R2/(μm) 

1.4 5 19.6 110.3 89.8 

 

 

3  Experiments 

 

3.1  Specimens preparation 

 

The investigated joint surfaces are formed by the contact 

surfaces between the upper and the lower specimens, 

which are fabricated by milling, as shown in Figure 5. 

The material of the specimens is 45# steel per 

GB/T699-1999, and E=210 GPa,  =0.3. The apparent 

contact area An is 412.3 mm2, and the quality m of the 

upper and lower specimens is 1.05 kg in total. 

 

3
0

54

2
5

φ65

φ25

φ10

φ4

φ40
φ25

φ10 5

5

Joint surfaces
（a）

（b）
 

Figure 5  Test specimens (unit, mm): (a) upper specimen, (b) 

lower specimen 

 

In order to study the effect of surface texturing on the 

normal contact stiffness of joint surfaces with different 

processing accuracy, three kinds of specimens were 

processed. And the surface topography parameters Sa are 

2.69, 1.86 and 0.39, respectively. Sa is a roughness 

evaluation parameter based on the regional morphology, 
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which represents the arithmetic mean deviation of the area 

topography. Therefore, it can be used to characterize the 

roughness of the two-dimensional surface of specimens. 

Sa is defined as follows: 

 

1 1

(1/ )
M N

ij
i j

Sa MN Z
 

  ,            (19) 

 

where Z is the distance from the point on the contour of 

the specimens surface to the reference plane, M and N are 

the sampling points in two directions perpendicular to 

each other in the evaluation area. 

Before processing the surface texture, the surfaces of 

the upper specimens are polished in order to eliminate the 

surface defects caused by the milling including burr, flash, 

and ploughing, as shown in Figure 6(a). After that, the 

polished specimens are cleaned in the ultrasonic cleaner 

to remove the grinding debris, as shown in Figure 6(b). 

Then, the surface texture is processed on the surfaces of 

the upper specimens by the lsf-20 laser marking machine. 

The diameter of surface texturing is 100 μm and the 

surface density is 30%. When processed by laser, under the 

effect of recoil, some liquid and gaseous material will be 

washed out of the molten pool. Then the part of material 

falls on surface of the specimens or into the texture, which 

cools rapidly and forms slag. 

Since the slag seriously affects the contact 

characteristics of the joint surfaces, it should be removed. 

First, the textured surface is polished with W10 

metallographic sandpaper, and then polished on the 

polishing machine for 10 minutes. There are still a lot of 

wear debris and metal slag on the surfaces of the 

specimens and inside the textures. Consequently, the 

ultrasonic cleaning is used to remove these debris and 

slag. After that, the liquid on the surfaces of the 

specimens are blown by a dryer. At last, the specimens 

are numbered and sealed in a clean container. 

 

Burr

Ploughing

100μm 100μm
 

(a) Initial surface               (b) Surface after processing 

Figure 6  The surfaces before and after the processing 

 

 

3.2  Experimental setup 

 

The normal contact stiffness of joint surfaces is measured 

by the method of modal frequency [27-28]. The test rig is 

shown in Figure 7 [20]. The normal static preload at the 

joint surfaces is applied by nut and spring, which has a 

loading range of 0-900 N. The steel balls can ensure as 

far as possible that the distribution of normal static load at 

the joint surfaces is uniform. The piezoelectric 

accelerometers of 1A116E from DONGHUA are fixed on 

the upper specimen symmetrically, which have a 

resolution of 5x10-4 g and a axial sensitivity of 10.67 

mV(m·s-2). The exciting force is excited on the surface of 

the upper specimen through the impact hammer of LC02 

from DONGHUA, which has a range of 0-5000 N and a 

sensitivity of 4.24 pC/N. The schematic view of 

experiment principle is shown in the Figure 8. The 

acceleration signal and force signal are input into 

computer for processing by Dong Hua Dynamic Analysis 

System(DHDAS). The eigenmode frequency of the test 

system can be obtained by the analysis of frequency 

response function of acceleration signal and force signal. 

According to the Ep. (21), the normal contact stiffness Km 

of the specimens can be obtained. 

 
2(2 ) /

m n n
K m f A ,              (20) 

 

where m is the quality of upper and lower specimens in 

total, and n
f  is the certain eigenmode frequency of the 

test system. 

 

Nut

Gasket

Spring

Center pole

Upper cage

Acceleration sensor

Upper specimen

Joint surfaces

Lower specimen

Steel ball

Lower cage

Steel ball

Sleeve

Base

 

Figure 7  Test rig for normal contact stiffness evaluation
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D

H
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A
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Computer
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Impact HammerDH-1A116E

Accelerometer

Joint surfaces

 
Figure 8  The schematic view of the test 

 

 

4  Results and discussions 

 

According to Eqs (2), (10) and (16), the ExcDec1 was 

used to fit the experimental data. The results are shown in 

Figure 9. The values of R (adjusted deviate square) 

represent the correlation between experimental data and 

fitting curve, which are usually used to describe the 

fitting quality of the model. As shown in Figure 9, the 

parameters R are greater than 0.94, and the fitting 

function is appropriate. 

For the textured specimens, the predictions of the 

theoretical model are compared with the experimental 

data. The consistency between the theoretical predictions 

and the experimental data is judged by the parameter 

RNew. The closer the RNew is to 1, the better the fitting 

degree is. The RNew can be expressed as follows: 

 

1

2 21 ( / )RNew Q y   ,        (21) 

 

2*( )Q y y  ,           (22) 

 

where y is the experimental value and y* is the theoretical 

prediction value, and Q is the residual sum of squares. 

According to Ep. (22), the values of parameter RNew 

for the specimens are recorded in Table 3. 

Table 3  Parameter RNew for the specimens 

Sa(μm) 0.39 1.86 2.69 

RNew 0.89 0.90 0.91 

 

It can be seen from the Table 3 that the values of 

parameter RNew are all about 0.9 for different specimens. 

Therefore, it can be concluded that the theoretical results 

of the proposed model are consistent with the experiment 

data. 

 
(a)  The joint surfaces with Sa=0.39 μm 

 

 
(b)  The joint surfaces with Sa=1.86 μm 

 
(c)  The joint surfaces with Sa=2.69 μm 
Figure 9  Comparison of theoretical predictions and 

experimental data for differernt joint surface 

 
For the textured specimens, the relationships of both 

the predictions of proposed model and the experimental 
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data on the normal load for different rough surfaces are 
shown in Figure 9. As shown in Figure 9, as the surface 
roughness decreases, the normal contact stiffness of joint 
surfaces gradually increases for a fixed load. The reason 
is that when two rough surfaces are in contact, the normal 
contact stiffness of joint surfaces depends on the real 
contact area, and the real contact area gradually increases 
as the roughness of rough surface decreases. Also, it can 
be seen from the Figure 9 that the theoretical predictions 
are consistent with the experimental data, and the 
estimation model for normal contact stiffness of joint 
surfaces with surface texturing is appropriate. 

Further, for the joint surfaces with different roughness, 

the influence of surface texturing on normal contact 

stiffness is different. For the joint surfaces with Sa=2.69 

μm, when the load is less than 1.3 MPa, the surface 

texturing reduces the normal contact stiffness of the joint 

surfaces. As the load increases, the difference first 

increases and then decreases. When the load is greater than 

1.3 MPa, the surface texturing increases the normal 

contact stiffness of joint surfaces on the contrary. As the 

load increases, the increasing difference is getting larger. 

When the load is 2.4 MPa, the normal contact stiffness of 

joint surfaces with surface texturing is increased by 15%, 
as shown in Figure 10. 

 

 
Figure 10  Experimental values of the joint surfaces with 

Sa=2.69 μm 

 

For the joint surfaces with Sa=1.86 μm, when the load 

is less than 1.8Mpa, the surface texturing reduces the 

normal contact stiffness of joint surfaces. With the 

increase of the load, the variety of the difference is 

similar to that of the joint surfaces with Sa=2.69 μm. 

Then, when the load continues to increase, the surface 

texturing on the contrary increases the normal contact 

stiffness of joint surfaces. The growth difference is 

relatively slow compared with that of the joint surfaces 

with Sa=2.69 μm. When the load is 2.4 MPa, the normal 

contact stiffness of joint surfaces with surface texturing is 

increased by 8%, as shown in Figure 11. 

 

 

Figure 11  Experimental values of the joint surfaces with 

Sa=1.86 μm 

 

For the joint surfaces with Sa=0.39 μm, the surface 

texturing obviously reduces the normal contact stiffness 

of joint surfaces. As the load increases, the difference 

gradually increases. When the load is greater than 1.2 

MPa, the normal contact stiffness of joint surfaces with 

surface texturing is reduced by 20%, as shown in Figure 

12. 

 

 

Figure 12  Experimental values of the joint surfaces with 

Sa=0.39 μm  

 

Essentially, the influence of surface texturing on the 

normal contact stiffness of the joint surfaces is that part 

ofthe original contact area is replaced by the textured 

zone. Because the average height of textures is larger than 

that of surface asperities. When the normal load is applied
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the textures first yields contact deformation. As the 

normal load increases, the amount of deformation 

gradually increases, and then the surface asperities also 

begin to yield contact deformation. Therefore, when the 

normal load is small, the textured zone is mainly involved 

in the contact deformation, which is equivalent to the 

textured zone replacing the entire joint surfaces. This is 

the reason that the normal contact stiffness of textured 

specimens is smaller than that of the original specimens 

in the initial stage of contact deformation. 

For the different joint surfaces, as Sa increases, the real 

contact area gradually decreases; however, the contact 

area of textured zone is constant. When Sa>1.86 μm, the 

normal contact stiffness of the original joint surfaces is 

relatively small. And the normal contact stiffness of the 

textured zone is greater than that of replaced original joint 

surfaces. Therefore, the overall contact stiffness of the 

joint surfaces is increased. Otherwise, when Sa is 

relatively small, the normal contact stiffness of the 

textured zone is smaller than that of replaced original 

joint surfaces. Therefore, the overall contact stiffness of 

the joint surfaces is reduced. 

 

5  Conclusions 
 

(1) The theoretical model is proposed in order to study 

the influence of surface texturing on the normal 

contact stiffness of the joint surfaces. Surface 

topography of the rough surface is described based 

on the fractal theory. The structure function method 

was used to calculate the fractal dimension of the 

rough surface profiles. 

(2) The theoretical predictions are consistent with the 

experimental data through the parameter RNew，

which indicates that the theoretical model for normal 

contact stiffness of the joint surfaces with surface 

texturing is appropriate. 

(3) The normal contact stiffness of textured specimens is 

smaller than that of the original specimen in the 

initial stage of contact deformation. For the joint 

surfaces with Sa >2.69 μm, the normal contact 

stiffness can be effectively increased through proper 

surface texturing. 
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Figures

Figure 1

Three-dimensional representation of textured surface

Figure 2

Schematic diagram of texture sample selection



Figure 3

Structure function graph of the surface pro�les



Figure 4

(a) Three-dimensional representation of textured surface; (b)Texture model



Figure 5

Test specimens (unit, mm): (a) upper specimen, (b) lower specimen

Figure 6

The surfaces before and after the processing



Figure 7

Test rig for normal contact stiffness evaluation



Figure 8

The schematic view of the test

Figure 9

Comparison of theoretical predictions and experimental data for differernt joint surface



Figure 10

Experimental values of the joint surfaces with Sa=2.69 μm



Figure 11

Experimental values of the joint surfaces with Sa=1.86 μm

Figure 12

Experimental values of the joint surfaces with Sa=0.39 μm


