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Abstract 

Normal and tangential forces coexist between rough surfaces in engineering components under 

most operating conditions. Accurate measurement of contact forces (both normal and tangential 
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forces) on rough surfaces is critical for the safety and stability of engineering equipment, as 

interfaces are typically discontinuous regions within mechanical systems. However, existing contact 

mechanics and electrical contact models mostly neglect tangential force effects, hindering their 

application to shearing behavior research and precluding the development of a contact force 

measurement methodology applicable to simultaneous normal and tangential force quantification. 

Inspired by the yield criterion for material damage, a contact mechanics model was developed that 

simultaneously accounts for the effects of normal and tangential forces. Then, a new principle of 

contact forces measurement is developed by correlating the contact resistance with the real contact 

area, which enables the simultaneous measurement of normal and tangential forces between rough 

surfaces based on the single contact resistance under steady-state contact conditions. By proposing 

a “static friction surface”, the static and dynamic friction stage is effectively differentiated, and the 

reasons for the sudden drop in friction force and the sudden increase in contact resistance during the 

static and dynamic transition stages are given. This work proposes a novel explanation for the 

friction mechanism in terms of mechanical deformation and electrical resistance changes. 

 

Key words: rough surfaces; contact mechanic model; normal and tangential forces; contact 

resistance; synchronous measurement 

 

1. Introduction 

Due to the randomness and complexity of the roughness, multiple directional stresses are 

generated between the asperities when two rough surfaces are in contact. These multidirectional 

stresses can be synthesized macroscopically into normal and tangential (friction) forces (as shown 
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in Fig. 1). Moreover, as sliding approaches between rough surfaces, the tangential force increases 

rapidly. Accurate measurement of contact normal and tangential forces on metallic rough surfaces 

is therefore critical, especially for mechanical engineering equipment, such as aircraft fuel line joint 

sealing surfaces [1], landing gear bearings and pancake superconducting coils, etc. This occurs 

because the assembly interfaces are often the discontinuous regions of the mechanical equipment, 

and thus constitute the weakest joints due to stress concentration. Therefore, understanding the state 

of contact forces at the rough assembly interface is critical for preventing serious structural failures 

in mechanical equipment. However, the complexity of the surface [2] severely limits the 

development of the contact mechanics models that can be analyzed for the simultaneous presence 

of normal and tangential forces, which makes the measurement of contact forces between rough 

contact surfaces remains highly challenging. In addition, the existence of adhesion [3] or wear 

phenomena also affects the development of electrical measurement methods. 

 

 

Fig. 1. (a) Schematic diagram of contact between rough surfaces under combined normal and tangential 

loads, 
0

h  is the initial height of contact surface; (b) Rough surface measured by ultra-depth three-

dimensional microscope. (c) Schematic diagram of single pair of asperities under normal   and shear 

stresses  . 
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In order to accurately describe the contact properties of rough contact surfaces, the elastic 

contact theory of two-sphere contact was first proposed by Hertz [4], and the relationship between 

the indentation depth and the real contact area of the two spheres was studied. On this basis, scholars 

have developed a variety of classical rough surface contact models. Greenwood and Williamson [5] 

proposed the G-W model to reveal how the deformation of the contact interface changes with the 

topography of the surface. Based on this model, Greenwood and Tripp [6] describe the surface with 

a sphere of the same radius and a height that obeys a Gaussian distribution. Later, Greenwood and 

Tripp [7] extended the contact model from the contact between the rough surface and the plane to 

the contact between two rough surfaces, which solved the problem of mechanical action and 

geometric morphology that could not be considered in the previous model. Bush et al. [8] established 

a contact mechanics model by assuming that roughness occurs on many different length scales. 

Majumdar and Tien [9] introduced the W-M fractal geometry function into the characterization of 

surface roughness, and established a new characterization method of rough surface to characterize 

multi-scale self-affine surface. In addition, Persson [10,11,12] established a new contact model 

based on diffusion mechanisms, which is not only effective when the real contact area is smaller 

than the nominal contact area, but also particularly accurate when the extrusion force is large enough 

to be almost completely contacted within the nominal contact area. Persson et al. [13] extended their 

contact model to viscoelastic contact model. However, all these models seldom consider the role of 

tangential force, and an important reason is that many of them equate the contact between two rough 

surfaces as a contact between a rigid plane and an equivalent rough surface, which determines the 

mere normal force between the contacting surfaces without tangential force. This impedes the 
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further application of existing contact mechanics models to shearing behavior studies, even though 

normal force and tangential force exist simultaneously between rough surfaces. More importantly, 

the limitations of these theoretical models fundamentally restrict its ability to form a contact forces 

measurement principle that can be applied to the measurement of contact forces (normal and 

tangential forces at the same time) at critical assembly interfaces in real mechanical engineering 

equipment.  

In order to measure the contact forces between rough surfaces, a prerequisite is to identify a 

physical quantity sensitive to contact forces. Based on Holm's [14] and many scholars' research on 

electrical contact [15,16], it is known that the contact resistance is sensitive to normal force, so it is 

feasible to reflect the change of contact forces by contact resistance. The definition of contact 

resistance can be traced back to the electrical contact theory in 1941 [14]. Holm first gave the 

analytical expression of the contraction resistance according to the Laplace potential equation in the 

circular contraction zone of the ideal cylindrical conductor. Timsit [17] studied the shape of the 

isotropic equivalent contact point and the influence of the contraction zone on the contraction 

resistance. Greenwood [5] considered the actual contact characteristics of the rough interface, and 

proposed a contact resistance calculation formula based on a single cluster of contact points 

equivalent to multiple contact points of the interface without considering the size and distribution 

of the contact points. His calculation results are proved by Nakamura [18] and Minowa [19] using 

the finite element method and the Monte Carlo method, respectively. In addition, Lionel Boyer [20] 

introduced a shape factor to calculate the contact resistance of conductive spots with different shapes. 

Malucci [21] proposed a three-stage shrinkage model of contact resistance based on the 

characteristics of concentrated distribution of conductive spots at the contact interface and the 
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influence of surface film on conductive spots. Ta et al. [22] proposed the concept of "real contact 

volume", which characterizes the contact behavior of rough surface through the ratio of void fraction 

and real contact volume, and further studies the effects of cyclic loading [23] and temperature [24] 

on the mechanical properties of interface contact. Based on the existing contact mechanics model 

and contact resistance model, scholars have established the electromechanical contact model of 

rough contact surface [25-31]. However, the existing electrical contact models are describing the 

contact forces variations by the existing contact mechanics models and still do not consider the 

effect of tangential force on the contact resistance. Therefore, although contact forces can be 

measured via contact resistance, the primary challenge lies in simultaneously measuring both 

normal and tangential forces from a single contact resistance signal. This necessitates establishing 

the relationship governing normal and tangential forces on rough surfaces. 

In this paper, inspired by the yield criterion for material damage, the transition of rough 

surfaces from static to dynamic is considered as a form of interface damage. Based on this, the 

quantitative relation equations satisfied by the normal and tangential forces are proposed. Then, the 

real contact area is given from the geometric and mechanical equilibrium, respectively. Based on 

deformation compatibility, a system of equations governing normal and tangential forces is derived 

by equating the real contact areas. Finally, by relating the contact resistance to the real contact area, 

the “contact force-resistance” theoretical model is obtained, which contains three equations and 

three unknown quantities (normal force, tangential force and contact resistance). This forms a new 

principle of simultaneous measurement of normal and tangential forces based on the single contact 

resistance under steady-state contact conditions. 

2. Electrical contact model under combined normal and tangential loads  
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Under a given normal load, the static friction force balances the applied tangential load until 

this force overcomes the maximum static friction. The maximum static friction force equals the 

product of the normal load and the static coefficient of friction. However, the relationship governing 

normal and tangential forces prior to the transition from static to dynamic friction remains unclear. 

2.1. Relationship between normal and shear stresses 

Normal and shear stresses at contacting asperities remain in equilibrium until sliding initiates, 

at which point the shear stress exceeds a critical value and disrupts this equilibrium. Inspired by the 

stress yield criterion for material damage, we treat slip between contacting asperities or rough 

surfaces as a damage mechanism. (as shown in Fig. 2(a), and the relationship between normal and 

shear stresses ,     on the asperities that satisfy a similar yielding criterion is as follows: 

 2 2 2

Y
    ， (1) 

where, 
Y

  is the yield stress of the material,   is a parameter related to material properties, 

which 
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Fig. 2. (a) Inspired by the yield criterion for material fracture, the transition of the interface from static 

to dynamic is considered as the damage of the interface, the coefficient   is assumed to be a constant 

determined by material; (b)The deformation process of single asperity under combined normal and 

tangential loads and the contact radius and contact bottom angle have both increased under the action of 

tangential load. 

  

can be measured experimentally. Then, the deformation of the contacting asperities consistent 

satisfy 

 

2 2 2

, , ,

, , 0,

,
n i s i n i

r i r i r i

F F F

S S S


     
           

     

 (2) 

where, ,n i
F and ,s i

F  are the normal and tangential forces on the contact surfaces of a single pair of 

asperities, respectively. ,r i
S  is the real contact area of a single pair of asperities under the combined 

action of the normal and tangential forces, and 0,r i
S  is the real contact area under the action of the 

normal force only. For the entire rough contact surfaces, the normal and tangential forces will also 

satisfy the  

 

22 2

,0

,n s n

r r r

F F F

S S S


    
        

     

 (3) 

where, 
,

1

n

n n i

i

F F


 ,
,

1

n

s s i

i

F F


 . 
r

S  is the total real contact area under the combined action of the 

normal and tangential forces. ,0r
S  is the total real contact area under the action of the normal force 

only. Based on our earlier proposed theoretical model of volumetric contact under normal force only 

[23], the real contact area can be expressed as 
*

1
* 2 * 1 *

,0 0, max
( )

r r i
h

S S n h r N C h dh
  

    . This 

expression means that the real contact area is equal to the area of each pair of asperities multiplied 

by the number of contact points conforming to a probability distribution. which reflects the 
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randomness of the contact process on rough surfaces.  

 

 

Fig. 3. Creep deformation model of a single asperity under the normal load. The normal compression 

amount is ( )x t  and the contact radius ( )r t  changes over time. 

2.2. Creep constitutive model for contacting asperities 

To calculate the area of a single pair of asperities in contact 0,r i
S , we must determine how a 

single pair deforms under load. We consider that the asperity geometry on metal surfaces more 

closely approximates a frustum shape rather than the spherical description in Hertzian contact, and 

that the deformation process is analogous to a creep process. Therefore, the following creep 

constitutive relation is adopted to characterize the deformation of asperities [32]: 

 ( / )
,cQ KTp

J e  
  (4) 

where,   is the creep rate, J  is a constant, depending on the material and creep mechanism,   

is the normal stress, p  is the stress index, 
c

Q  is the creep activation energy, K  is the 

Boltzmann constant, T  is the temperature. 

Based on the geometric relations of asperities (as shown in Fig. 3), the normal creep rate, 

normal stress, and contact radius of a contacting asperity can be expressed sequentially as 
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2

( ) ( )
( ) ,  ,  ( ) ,

( ) tan( )

i
Fx t x t

t r t
L r t

 
 

    (5) 

where, ( )x t  is the height variation of the asperity due to creep, L  is the initial asperity height, 

i
F  is the normal load on a single asperity, r  is the asperity contact radius,   is the bottom 

inclination of the asperity. The geometric model dimensions represent averaged parameters (e.g., 

contact radius and asperity height). Combining equations (4) and (5) yields the following expression 

for the radius of the contact surface: 

 

1/(1 2 )
( / )

1/(1 2 )(1 2 )
( ) ,

tan( )

c
p

Q KT p

pi

p

LJe F p
r t t

 





 

  
 

 (6) 

Consequently, the real contact area of a single asperity under creep-dominated deformation is 

derived as 

 
2 2 2

0,
,

r i
S r A t

    (7) 

where, parameters A  and   are expressed as 

 

1/(1 2 )
( / )

(1 2 ) 1
,  ,

tan( ) 1 2

c
p

Q KT p

i

p

LJe F p
A

p


 


 

  
 

 (8) 

Then, the expression for the real contact area under the combined effect of normal and tangential 

forces can be obtained from equation (3) as follows 

 

2 2

2 2

,0
1 1 .s s

r r

n n

F F
S S n A t

F F

  
   

      
   

 (9) 

Equation (9) reveals the role of tangential force on the contact area, i.e., the mutual coupling 

of normal and tangential forces makes the contact area increase. 

2.3. Geometric deformation equation 

Although Equation (9) gives a relationship between normal and tangential forces that ensures 

the balance of forces in the static friction state, it cannot ensure deformation compatibility under 

combined normal and tangential loading. Therefore, deformation compatibility conditions must also 
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be established from a geometric perspective. From the geometrical deformation of a pair of 

contacting asperities (e.g., Fig. 2(b)), the geometrical relations are satisfied after shear action as 

follows 

 0 tan tan ',
2 2

d d
r r r r

 
 

  (10) 

where, 
d

r  is the radius of the bottom of the asperity, 
0

r ,   is the contact radius and bottom 

inclination under the action of the normal force only, r , '  is the contact radius and bottom 

inclination under the combined action of the normal and tangential forces. Thus, the contact area 

can also be expressed as 

  
2

' 2

0

tan
,

tan '
r d d

S n r n r r r


 


 
    

 
 (11) 

In order to ensure that the deformations are coordinated, it is necessary to make '

r r
S S . 

Combined with 0
( ) tan

( ' ) arctan
( )

d

r

d

r r
G G G

r r


    

 
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 
 and 

s r r
F S , the final 

system of equations can be obtained as follows 
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       
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 (12) 

Now, the relationships governing normal and tangential forces at rough contact surfaces are 

established through contact forces equilibrium in the static friction phase, and geometric 

deformation coordination, respectively. Equation (12) contains two equations and two unknown 

variables (normal force and tangential force), the remaining parameters are either directly 

measurable or can be determined through established methods, which allows us to calculate the 

normal and tangential forces. Moreover, it is found that the variation of the real contact area is the 

bridge to correlate the normal and tangential forces and the most critical factor to reveal the contact 
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behavior of rough surfaces.  

2.4. Contact resistance under combined normal and tangential loads 

When current flows through a rough metal interface, it is constricted to the real contact area, 

giving rise to contact resistance due to the constriction of current paths. Therefore, the value of the 

contact resistance directly reflects the change in the real contact area, which in turn reflects the 

change in contact force. Based on our previous work [22], the contact resistance 
c

R  between rough 

interfaces can be considered as a parallel connection of the resistance 
i

R  between many contacting 

asperities, which can be expressed as 

 
1 1

1 1
,

' '

N N
i r

i ic i

S S

R R L L  

     (13) 

where, ' 2( tan )L L At
    is the height of the asperity after deformation under normal and 

tangential forces. Thus, the total contact resistance between rough surfaces is as follows 

 
2
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n
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
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 
，

 (14) 

Now, a new set of equations is formed from equations (12) and (14) containing three 

independent equations and three unknown quantities (normal force, tangential force and contact 

resistance) as follows 
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，

 (15) 

This system of equations (15) allows us to calculate the value of the interfacial contact 
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resistance under normal and tangential forces. Conversely, the normal and tangential forces can be 

calculated from the actual measured contact resistance value, i.e., simultaneous measurement of the 

two quantities, normal and tangential forces, by means of the single contact resistance under steady-

state contact conditions.  

3. Experimental validation of the electrical contact model 

To validate the proposed model, we conducted contact resistance measurements on metal 

specimens subjected to the combined effects of normal and tangential loads. Stainless steel was 

chosen as the experimental specimen for its exceptional corrosion resistance and high strength 

properties that also lead to its broad industrial applicability (as shown in Fig. 4(a)). And an apparatus 

was constructed to measure variations in tangential loads and electrical signals during frictional 

sliding under controlled normal loads (as shown in Fig. 4(b) and 4(c)). Tangential loads at the 

interface were obtained from the displacement of a force transducer (stiffness: 453 N/mm). The 

contact resistance was measured using the four-wire method and the electrical data were recorded 

and analyzed via an M81 synchronous source-measure unit (SSM). The experimental apparatus 

comprised direct shear device, M81 SSM system, loading mechanism and wires. 

 

 

Fig. 4. (a) Diagram of specimen dimensions; (b) The apparatus of normal and tangential forces loading 

Ju
st

 A
cc

ep
te

d



for rough interfaces; (c) M81 synchronous source measurement system and contact resistance 

measurement principle. 

 

3.1. Experimental procedure 

To measure the contact resistance under different normal and tangential loads, the metal 

specimens was first mounted in the loading mechanism. The normal load was gradually increased 

without applying tangential load while measuring the contact resistance, in order to investigate the 

creep behavior of the interface and the influence of normal load on contact resistance. In the second 

step, under constant normal load, tangential load was applied while the contact resistance was 

measured simultaneously. This process was repeated multiple times to obtain reliable contact 

resistance data under varying normal and tangential load conditions. The normal loading device 

provided a force range of 0–1000 N, and the SSM instrument supplied a direct current of 0.1 A, to 

maintain environmental stability and interfacial consistency, all stainless-steel specimens underwent 

standardized pretreatment before testing: Surface contaminants (dust, oils) were removed by wiping 

with filter paper; Residual debris was eliminated via 3–5 minutes of compressed air blowing; This 

protocol ensured consistent surface roughness across specimens. 

3.2. Comparison of theoretical and experimental results 

Firstly, the electrical contact characteristics of the material under normal load are verified. All 

parameter values used in the calculations are provided in Table 1. 

 

Table 1. Determination of model calculation parameters 

Parameter Value 
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Roughness parameterC 3, 0.82 

Stress index, p [33] 4.2 

Initial asperity height, L 4×10-6 m 

Bottom inclination, β pi/4 rad 

Asperity radius of bottom, rd 6×10-6 m 

Material creep parameters, J [33] 9×10-6 

Creep activation energy, Qc 3×10-19 J 

Boltzmann constant, K 1.380649×10-23 J/K 

Resistivity (stainless steel), ρ 

Material parameter, η 

7.3×10-7 Ωm 

400 

Shear modulus, G 1×1011 Pa 

  

As shown in Fig. 5(a), the contact resistance measured by the experiment shows a nonlinear 

decreasing trend with the stepwise increase of the normal load. A distinct plastic creep process was 

observed during the application of normal load, confirming the validity of the selected creep model 

describing deformation of asperities. Fig. 5(b) shows the relationship between the normal load and 

the contact resistance given by the theoretical model and the comparison of the experimental values. 

The error between the theory and the experiment is within 7%, which proves the accuracy of the 

theoretical model. 
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Fig. 5. (a) The variation of contact resistance with time under different normal loads; (b) The relationship 

between normalized contact resistance and normal load, theoretical and experimental results. 

 

Next, the contact model and experimental results under the simultaneous action of normal and 

tangential loads are verified. Firstly, the influence of contact forces on shear strain and real contact area 

is considered. Fig. 6(a) shows the comparison between the theoretical prediction results of the 

relationship between tangential strain and tangential load and the experimental measurement data. 

The comparison shows good agreement, with a maximum error of 12%, confirming the validity of 

the proposed model in predicting shear strain. Fig. 6(b) presents experimental results showing the 

variation of real contact area with tangential load. As observed, the real contact area increases 

linearly with increasing tangential load. This trend demonstrates that tangential load influences 

contact resistance by altering the real contact area, thus validating the correctness of employing the 

electrical measurement method for measuring contact forces. 
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Fig. 6. (a) Comparison between theoretical and experimental results of the shear strain versus tangential 

load under 800N normal load; (b) Comparison between theoretical and experimental results of the real 

contact area versus tangential load under 400N normal load. 

 

The variation of real contact resistance with contact force under normal load and tangential 

load is considered respectively, as shown in Fig. 7. The contact area increases under both normal 

and tangential loads, thus decreasing the contact resistance due to reduced current constriction. 

Further loading of tangential load under normal load causes the contact resistance to decrease, due 

to the increase in contact area. Moreover, as the normal load increases, the maximum value of the 

tangential load that can be applied increases, i.e. the more tangential load is required for sliding. 

The above model prediction results are in good agreement with the experimental results, indicating 

that the proposed model can well reflect the relationship between the interface contact resistance 

and the interface contact force, and provide theoretical support for the subsequent measurement 

methods.
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Fig. 7. (a) The comparison results of theoretical and experimental values of normalized contact resistance 

and normal load at different tangential loads; (b) The comparison results of theoretical and experimental 

values of normalized contact resistance and tangential load at different normal loads. 

 

4. Synchronous measurement of normal and tangential forces based on contact 

resistance 

After validating the aforementioned model, we can proceed to simultaneous measurement of 

normal and tangential forces using a single contact resistance value under steady-state contact 

conditions. In practical applications, however, we cannot know beforehand whether a tangential 

force exists. Therefore, when a resistance value is measured, we must first determine whether a 

tangential force is present. Based on this determination, we then proceed to calculate the normal and 

tangential forces. 

4.1. Determining the existence of tangential force 

The judgment procedure is outlined as follows. Firstly, we measured the contact resistance 
0c

R , 

and assumed the tangential force 
s

F  is zero. Then this condition 0
s

F   is substituted into the 

geometric deformation equation (12) to solve for the normal force 
1n

F . Subsequently, both 0
s

F   

and 
1n

F  are substituted into the equation (14) to calculate the corresponding contact resistance 
1c

R . 
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The values of 
0c

R  and 
1c

R  are then compared. If 
0 1c c

R R , it is concluded that no tangential 

force is present, and 
1n

F  represents the normal force. If 
0 1c c

R R , the measured contact resistance 

0c
R  is substituted into the electrical measurement equation system (15) to determine both the 

normal force 
2n

F  and tangential forces 
2s

F . Fig. 8 shows the judgment process of whether the 

tangential force exists.  

 

 

Fig. 8. Flowchart illustrating the procedure for determining the existence of tangential force. 

 

This electrical measurement method proposed in this study effectively solves the multi solution 

problem of the relationship between contact resistance and contact force in the traditional model by 

introducing multiple physical field constraints composed of electrical, mechanical equilibrium, and 

geometric coordinate equations. And adopt a physics based decision-making process to uniquely 

determine the force state. 

 

4.2. Simultaneous measurement of normal and tangential forces 

According to the above procedure, if there are both normal and tangential forces present 
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simultaneously and they remain unchanged, the measured contact resistance values were substituted 

into the system of equations (15) to calculate the contact forces. In order to validate the feasibility 

and accuracy of the proposed measurement method. These calculated values were then compared 

with the applied loads, the detailed computational procedure consisted of the following steps. 

Firstly, the metal specimens were mounted in a combined normal-tangential testing apparatus, 

a predetermined normal load was applied, and a tangential load was subsequently introduced. 

During loading, a current was supplied to the specimen to determine the interfacial contact 

resistance. The normal and tangential forces were evaluated using the identification flowchart 

outlined in the previous section and subsequently compared to the experimentally applied loads. 

This procedure was repeated multiple times to ensure the reliability of the results 

As shown in Fig. 9, the measured forces (solid points) obtained via the electrical method agree 

closely with the applied normal and tangential loads (hollow points), the maximum is 9.8%, 

confirming the feasibility and high accuracy of the proposed measurement technique. 

 

Fig. 9. Simultaneous measurement of normal and tangential loads on rough surfaces of stainless-steel 

specimens based on a single contact resistance. 

Ju
st

 A
cc

ep
te

d



The proposed electrical measurement method can achieve synchronous measurement of 

contact force through a single contact resistance under steady-state contact conditions. The key is 

to first determine the existence of tangential load through the decision-making process, and then 

substitute the contact resistance into a closed equation system that satisfies the mechanical 

equilibrium equation, deformation coordination equation, and electrical equation, providing a new 

perspective and method for measuring interface contact force.  

 

 

Fig. 10. (a) The “static friction surface” of a rough surface during normal and tangential loading, the 

contact relationship between the blue dot and the “static friction surface” distinguishes different friction 

stages; (b) The experimental value of peak tangential load and normal load and the boundary curve of 

maximum static friction force. 

 

5. Static-dynamic friction transition mechanism 

Based on observations of real contact area variations during the application of tangential load, 

a “static friction surface” and a new transition mechanism between static and dynamic friction are 

proposed, grounded in changes in the real contact area. In Fig. 10(a), the gray surface resembles the 

yield surface of material damage and is termed the “static friction surface”, which satisfied the 
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equation of 

22 2

,0

n s n

r r r

F F F

S S S


    
        

     

. And the equation can be further expressed as 

2

,0
1 ( )s

r r

n

F
S S

F
  ,which reflect the relationship between the real contact area and the normal 

load and the tangential load. The experimental values of real contact area are calculated by reverse 

calculation of the contact resistance. All points on this surface are in the static friction stage, which 

means that no matter how the normal and tangential loads vary, there is no sliding between the rough 

surfaces as long as they are on this surface. As the normal and tangential loads increase, the blue 

dots on the surface (real contact area) gradually move closer to the red line at the edge (maximum 

real contact area). When the red line is exceeded, sliding occurs between the rough surfaces and 

static friction transforms into dynamic friction. The reason for the existence of the boundary of the 

“static friction surface” is that the friction has the maximum static friction force. At this moment, 

the equilibrium state of static friction is broken and the interface deformation reaches its maximum 

value (maximum real contact area). The tangential load is momentarily reduced due to the interface 

destabilization, resulting in a reduction of the real contact area, which is similar to the unloading 

process. The red dots are the dynamic friction states, which are all below the static friction surface. 

Fig. 10(b) shows the relationship between the peak tangential load and the normal load. They satisfy 

the linear relationship, which proves the repeatability of the shear experiment and provides a 

demonstration for the parameter   as a constant. The black line in the figure is the red boundary 

line of Fig. 10(a), which represents the theoretical maximum static friction boundary. 

This destabilization process explains why maximum static friction exceeds dynamic friction. 

The variable real contact area effectively characterizes static and dynamic friction states and their 

transition, replacing the conventional two-parameter description based on maximum static and 
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dynamic friction coefficients. For a certain normal load, the real contact area increases with the 

tangential load. When it increases to a maximum value, the interface destabilizes and begins to slide, 

the real contact area decreases and soon reaches a stabilizing value, which will vary very little during 

the dynamic friction stage (as shown in Fig. 11).  

 

 

Fig. 11. The theoretical and experimental comparison between normalized real contact area increment 

and tangential load shows that after the tangential load reaches its maximum value, both the real contact 

area and tangential load decrease simultaneously. 

 

Correspondingly, the curve of friction force with time will show a sudden drop in the static-

dynamic transition stage, while the contact resistance will show a sudden increase in this stage (as 

shown in Fig. 12(a)). This is all due to the change in the real contact area. The maximum static 

friction coefficient corresponds to the maximum real contact area, while the dynamic friction 

coefficient corresponds to the real contact area after destabilization. This relationship is 

demonstrated in Fig. 12(b), where it can be seen that the ratio of the static and dynamic friction 
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coefficients ( /
k s

  ) and the ratio of the maximum real contact area to the contact area after 

destabilization ( , ,
/

r m r k
S S ) are almost equal. Therefore, the contact resistance curve can also 

accurately reflect the change in friction, which provides a new way of measuring friction forces. 

 

 

Fig. 12. (a) Simultaneous evolution curves of experimentally measured friction and contact resistance 

with time; (b) Comparison of the ratio of the real contact area in the static and dynamic phases with the 

ratio of the static and dynamic coefficients of friction. 

 

6. The influence of temperature and roughness 

The proposed model exhibits pronounced creep behavior and is therefore influenced by 

temperature variations. Additionally, it can effectively capture the effect of varying surface 

roughness levels on interfacial contact behavior. Fig.13 shows the variation of normalized real 

contact resistance with tangential load under different temperature conditions. It can be seen that 

the contact resistance decreases with the increase of temperature. This is due to the increase of creep 

rate caused by the change of temperature, which leads to the increase of real contact radius, that is, 

the increase of real contact area, which leads to the decrease of contact resistance. 

Next, the effects of different asperity radius and roughness distribution on contact resistance 
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were investigated respectively. Fig. 14(a) shows the variation of normalized real contact area with 

tangential load under different contact radius conditions. It can be seen that the influence of 

temperature on real contact resistance is consistent with the influence of contact radius on real 

contact resistance, which proves that the above analysis is reasonable. The Fig. 14(b) shows the 

schematic diagram of asperities with the same rough distribution and different contact radius. 

 

 

Fig. 13. The variation of normalized real contact resistance with tangential load at different temperatures 

under the 600N normal load. 

 

Fig. 14(c) shows the variation of normalized real contact area with tangential load under 

different rough surface distribution conditions. The derivation of the interface roughness 

distribution is detailed in the references [23], the real contact number of rough contact interface 

satisfied 
*

1
* * 1 *

max
( )

h
n h N B h dh

 
  . It can be observed that as the roughness parameter   

increases, the real contact resistance exhibits a linearly decreasing trend. This occurs because the 
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value of   influences the distribution of asperities on the rough surface: a larger value of   

results in a greater number of real contact points. Furthermore, the homogenization approach 

adopted in the model causes the number of contact points to linearly affect the real contact area. The 

Fig. 14(d) shows the schematic diagram of asperities with the same contact radius and different rough 

distribution. 

 

 

Fig. 14. (a) The variation of normalized real contact resistance with tangential load under different 

contact radii under the 600N normal load; (b) The schematic diagram of asperities with the same rough 

distribution and different contact radius; (c) The variation of normalized real contact resistance with 

tangential load under different distribution forms under the 600N normal load; (d) The schematic diagram 

of asperities with the same contact radius and different rough distribution. 
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7. Discussions 

Above all, inspired by the yield criterion for material damage, a contact mechanics model is 

developed that simultaneously considers the effects of normal and tangential loads, which both 

satisfies mechanical equilibrium and ensures deformation coordination closing to the real situation. 

Compared with the traditional model, the proposed model, the new model reveals for the first time 

that tangential forces reduce contact resistance, as the tangential forces also increase the actual 

contact area. Then a new principle of contact force measurement is developed by correlating the 

contact resistance with the real contact area, which enables the simultaneous measurement of normal 

and tangential forces between rough surfaces based on the single contact resistance under steady-

state contact conditions. Although rough surfaces are complex and random, we have revealed the 

mechanical mechanisms of static and dynamic friction by investigating the evolution of the real 

contact area. By proposing a “static friction surface”, the static and dynamic friction stage is 

effectively differentiated, and the reasons for the sudden drop in friction force and the sudden 

increase in contact resistance during the static and dynamic transition stages are explained, which 

is due to the evolution of the contact area. Finally, we considered the influence of temperature and 

roughness on contact resistance. The increase of temperature will lead to the decrease of contact 

resistance. And the change of roughness mainly affects the contact resistance from the contact radius 

and the roughness distribution. The increase of contact radius leads to the decrease of contact 

resistance, and the rougher surface also leads to lower contact resistance.  

Although the model well reflects the contact force on metal contact problems under plastic and 
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creep deformation conditions, there is still a lack of discussion on the adhesion, wear, and 

physicochemical effects that exist in practice. Therefore, it is necessary to extend the model under 

strong adhesion or severe wear conditions. 

8. Conclusions 

In summary, a novel electro-mechanical contact model has been established that 

simultaneously accounts for normal and tangential forces. This model reveals for the first time the 

influence of tangential force on contact resistance and explains the mechanism of static-dynamic 

transition in the friction process through contact area evolution. By identifying the presence or 

absence of tangential forces, it provides the capability to simultaneously measure both normal and 

tangential forces from a single contact resistance measurement under steady-state contact conditions. 

Furthermore, by proposing the “static friction surface” concept, we mechanistically explain friction 

force drops and resistance surges during static-dynamic transitions. Additionally, we discover that 

contact resistance tends to decrease with increasing roughness, attributed to changes in contact area 

and the number of contact points. The research has advanced the development of contact mechanics 

and electrical contact theory models, and provided a novel approach for measuring contact forces 

between rough surfaces based on contact resistance measurements, thereby establishing a 

methodological foundation for engineering applications.

 

Appendix A. Method for determining roughness parameters 

Due to the high complexity and randomness of real surfaces, measurements of roughness 

parameters face significant challenges. In the preliminary work of our research team, the concept of 

contact volume was proposed to probabilistically characterize the random contact process of rough 
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surfaces. The roughness of the rough surface affects the size of the contact asperity and the number 

of contact points. The roughness parameter ,C  used in this paper significantly affects the 

number of real contact points. Based on the preliminary work [23], we derived the relationship 

between the number of contact points and roughness parameters. The proportion of real contact 

volume   is defined as follows 

 / ,
real rough

V V   (A-1) 

Where, 
real

V  is real contact volume, rough
V  is rough volume.  

 ,
rough real i

V nV


  (A-2) 

thus  

 max 0 0

max 2

0 0 0

(1 )
,

(1 )

real n n

real i real i

V S h S
N

V S h R



 



 


  


 (A-3) 

finally,   can be expressed as  

 
max

,real

rough

V n

V N
    (A-4) 

During the loading process,   is obviously a function of interface porosity  , and the 

function of interface real contact points as porosity is obtained as follows 

    
1

'

max
,n N d


      (A-5) 

As the variations in indentation depth induce changes in porosity,   is considered a function 

of indentation depth h . In order to determine the probability density function '( )h . We analogize 

the change in the ratio of real contact area to nominal contact area during contact with a single rough 

surface support curve. The detailed parameter analogy relationships refer to reference [23]. Finally, 

the real contact points can be expressed as 

 
*

1
* * 1 *

max
( ) .

h
n h N C h dh

 
   (A-6) 

where, the *

0 0
/h h d h  , is the equivalent indentation depth; The ,C  is the roughness 
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parameters, which can be obtained from the rough surface bearing area curve. 

Appendix B. Calculation of real contact resistance 

The experimentally measured total resistance consists of substrate resistance and contact 

resistance, therefore the real contact resistance is calculated by subtracting the substrate resistance 

from the total resistance. As the Fig. B1 shows, the rough contact volume is equivalent to contact 

blocks with heights of
1

h ,
2

h . The relationship between total resistance, contact resistance, and 

substrate resistance is 

 

1 1 1 1 1 1

2 2 2 2 2 2
   ,

t b c t b c

t b c t b c

R R R

R R R

  

  

     
 

     

 (B-1) 

where, 
t

R  is the total resistance, 
b

R  is the substrate resistance, 
c

R  is the contact resistance. The 

numbers 1 and 2 represent the upper and lower specimen blocks. 

 

 

Figure. B1. Equivalent calculation model of real contact resistance and substrate resistance of rough 

contact surface; 
1

h ,
2

h  represents the height of the equivalent contact block respectively and 
1

H , 
2

H  

represents the height of substrate blocks respectively. 

 

The boundary condition for the total potential is 
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   
1 2

1 2

1 2

1 2

1 20 0

1 2

1 2

1 2

, ,

       ,

t t

z z

t t

z z

J x y J x y
z z

J J
z z

 
 

 
 

 

 

  
    

  
 
  

     
 

 (B-2) 

where,   is the conductivity of specimens, z  is the distance. If the contact interface is 

completely in contact, the boundary condition for the substrate potential is 

 
1 2

1 2

1 2

1 2

1 20 0

1 2

1 2

1 2

 

    ,

b b

z z

b b

z z

J J
z z

J J
z z

 
 

 
 

 

 

  
    

  
 
  

     
 

 (B-3) 

It can be deduced that the matrix potential is a function of z, that 

 ( ) ,z Az B    (B-4) 

According to boundary conditions 

  
1

1

1

1 0

     1,2 ,
ib

z

J A J i
z


 




    


 (B-5) 

In the infinite region, z  tends towards infinity, and the potential tends to 0, thus 

 0,    ( ) , ( 1,2)    / ,
i

B z Jz i J I LW       (B-6) 

where, L , W are the length and width of the specimens respectively. And the substrate resistance 

is 

 

 
 

 
 

1 11 1 1

1 1 1

2 22 2 2

2 2 2

1
/

,
1

/

b

b

H hI
R I H h

LW I LW

H hI
R I H h

LW I LW

  

  

 
   





   



 (B-7) 

Finally, the real contact resistance obtained is 

 
 1 2 2 1

,
c t

H H h h
R R

LW


  
   (B-8) 

Appendix C. Surface morphology characterization and power spectral density 

analysis 

In order to comprehensively characterize the rough surface, we conducted three-dimensional 
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surface measurements on the specimens before and after the friction process (as shown in Fig. C1). 

To measure the surface morphology of the specimens before and after friction, a MicroXAM-800 

non-contact optical profiler was employed to measure morphology and roughness. The spatial 

resolution is 0.1μm (X direction), 0.1μm (Y direction), and 0.1nm (Z direction), and the 

measurement is used a lens with a magnification of 5times.  

As shown in Fig. C2 (a) and (c), on the original surface before friction, the contour of the asperity 

is sharp. After experiencing normal loading and tangential sliding (Fig. C2(c) and (d)), the peaks of 

these asperities showed significant local crushing and plastic flattening, manifested as a significant 

decrease in peak height and lateral expansion of the contact area. At the same time, the valley areas 

between the asperities have basically maintained their original morphology and have not undergone 

significant deformation. The typical feature of “peak deformation and valley floor invariance” 

provides direct experimental evidence for the classical contact theory that contact only occurs on 

the peak of some asperities, and verifies the basic assumption of the model in this paper that the 

overall contact is regarded as a set of independent asperities contacts. 

 

 

Figure. C1. MicroXAM-800 non-contact optical profiler. 
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The one-dimensional power spectral density (PSD) was calculated based on the surface height 

data obtained by ultra-depth 3D microscopy. First, the original data were preprocessed to remove 

tilt and noise. Then, a one-dimensional fast Fourier transform (1D FFT) was performed on the 

processed height matrix, and its power spectrum was calculated. Through statistical analysis of the 

spatial frequencies, the power spectral density curves characterizing the surface topography features 

were obtained (as shown in Fig. C3). 

 

Figure. C2. 3D surface measurement topography of the specimens before and after friction. (a) 3D 

surface measurement topography before friction; (b) 3D surface measurement topography after friction 

under the 200N  normal load; (c) 3D surface measurement topography before friction; (d) 3D surface 

measurement topography after friction under the 400N  normal load. 

 

Fig. C3 shows the comparison of power spectral density (PSD) curves before and after friction on 
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a rough metal surface under different normal load conditions. As shown in Fig. C3 (a), under the action 

of a normal load of 200N , the PSD curves before and after friction show significant differences in the 

low-frequency range (
4 1

10q m 
 ). The PSD value of the pre friction curve is significantly higher 

than that after friction, indicating that the large-scale surface morphology undergoes significant wear and 

plastic deformation during the friction process. In the high frequency range (
4 1

10q m 
 ), the two 

curves tend to overlap, indicating that small-scale surface features remain relatively stable during friction. 

Fig. C3 (b) shows a similar trend under a normal force of 400N , but with higher overall PSD values 

and more significant differences in the low-frequency range, indicating that increasing the normal load 

exacerbates the wear of large-scale surface features. This scale dependent wear behavior reveals the 

selective characteristics of surface morphology evolution during friction processes, providing important 

evidence for understanding interface contact mechanisms. 

 

 

Figure. C3. Comparison of power spectral density before and after friction on rough surfaces under 

different normal loads: (a) Normal load 200N ; (b) Normal load 400N . 
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