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Abstract  

An improved electrical contact resistance (ECR) model for elastic rough electrode contact 

is proposed, incorporating the effects of asperity interactions and temperature rise by frictional and 

joule heating. The analytical simulation results show that the ECR decreases steeply at the 

beginning of the contact between Al and Cu. However, it becomes stabilized after reaching a 

specific contact force. It is also found that the longer elapsed sliding contact time, the higher ECR 

due to the increase in electrical resistivity of electrode materials by the frictional temperature rise 

at the interface. The effects of surface roughness parameters on ECR are studied through the 32 

full-factorial design-of-experiment (DOE) analysis. Based on the two representative roughness 

parameters, i.e., root-mean-square (RMS) roughness and asperity radius, their individual and 

coupled effects on the saturated ECR are examined. The saturated ECR increases with the RMS 

roughness for a rough machined surface condition, but it is hardly affected by the asperity radius. 

On the other hand, the saturated ECR increases with both the RMS roughness and the asperity 

radius under a smooth thin film surface condition.    
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1. Introduction 

With the challenges in reliable electric communication and steady power transmission, the 

roles of electrical contact resistance (ECR) in electromechanical devices such as connectors, 

relays, and switches are of paramount importance in modern, sophisticated electrical systems. 

When electrical current transmits through the contacting surfaces of two electrodes, the ECR 

arises, resisting the passage of electrons. Electromechanical systems are universally used in power 

generation, resistance welding, fuel cells, and microelectronic devices for switching and 

transmitting electrical signal or power due to their unique and convenient contact mode of 

operation.1,2 For instance, electric vehicles, passenger aircraft, and fighter jets each have thousands 

of electrical connectors. These connectors experience high vibration under a wide range of 

temperature and humidity.3 Such harsh operating conditions can lead to a sudden increase in ECR 

at the contact interface resulting in electrical disruption and power transfer loss. This harsh 

environment can also lead to fatal contact surface degradation due to fretting wear and corrosion.4-

7 To avoid electromechanical failures and ensure consistent operation with extended reliability of 

electrical connectors, the materials and structure of a connector need to be adequately designed.  

In general, the electrode surface is rough on a microscopic scale, and accordingly, the 

actual area of contact is much smaller than the nominal contact area. For this reason, a set of small 

and segregated micro spots supports the contact load and is the current flow path, which is the 

source for ECR. The ECR is dependent on the system design parameters, which include contacting 

surface roughness, metal oxide film thickness, contact areal size and load (or contact pressure), 

and the surrounding environments (temperature, humidity, contaminants). There are three 

components of electrical contact resistance, i.e., constriction, interaction, and film resistance.8,9 

Constriction resistance takes place when electron flow is limited by contacting asperities between 
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conductive electrodes. Along with the resistance from individual asperities in contact, certain 

amount of resistance is shared by the physical interaction of neighboring asperities, typically called 

interaction resistance.9 Next, when a metallic electrode operates under an atmospheric 

environment, a thin insulating oxide film tends to form, increasing ECR due to the electron 

tunneling effect.10-13 

Experimental studies have been carried out to gain fundamental insights into the ECR of 

electrical connectors. Previous studies14-21 show the ECR increases as the contacting surface 

roughness increases but decreases with the contact force. Material behaviors by sliding contact 

and oxide film formation also play a vital role in determining the ECR.22,23 The oxide film formed 

on contacting metal surfaces increases the ECR value, and the interfacial sliding is known to reduce 

the ECR by displacing the surface oxide film.22 Accordingly, the higher friction force at the 

interface can lead to the voltage drop across the contacting surface during sliding contact.23 In 

addition to the change in electrical performance, when electrical connectors operate under external 

vibration, the contacting surface can experience surface degradation and damage called fretting 

wear.3,6 Fu et al.3 reported that system vibration causes a relative motion of the contact interface, 

which leads to a periodic change of contact area at the interface, resulting in the variation of ECR. 

Under contaminants in a humid environment, external vibration can accelerate the fretting wear 

process, increasing ECR.6 If the fretting wear debris grows to a critical size, it can lead to a high 

voltage change, which eventually degrades the functionality of electrical connectors and can even 

create an open resistance failure.24 To improve the electrical performance and suppress the surface 

fretting wear, noble metal (e.g., Au and Ag) based composite coatings have been applied to the 

contacting surfaces. It has been reported that the coating layer enabled a low and stable electrical 

contact resistance without significant fretting wear.25-27  
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Many outstanding works on the modeling of rough surface ECR have been reported. 

Greenwood9 and Holm28 introduced an analytical ECR model based on the circular contact area of 

the rough electrode surface. Subsequently, several other ECR models considering roughness 

characteristics have been proposed: asperity-based model theory1, random process model29, and 

fractal model30. The effects of surface roughness and fretting wear on ECR have been studied using 

the simplified rough surface contact model.31,32 Fractal-based ECR models have been extended to 

study the effects of electrode surface film and surface conformity on ECR. It was observed that 

ECR decreases with the surface conformity, the contact load, and the fractal dimension, but it 

increases with the surface oxide film thickness.11,33,34 The fractal-based model was combined with 

a newly developed genetic algorithm (GA) to predict ECR.35 Also, a finite element method (FEM) 

based computational approach has been applied to study the effects of vibrational load and multi-

layered structural design on ECR.36  

Regarding the analytical modeling of rough surface ECR, most existing asperity-based 

models37,38 and fractal-based models take account of asperities’ deformation without considering 

the substrate deformation and the resulting asperity interactions, which can significantly affect the 

contact behavior39,40 and ECR. Therefore, in this study, an improved elastic rough surface ECR 

model is proposed to address such shortcomings of existing ECR models including frictional and 

joule heating on contacting surfaces.  A mathematical form of ECR is incorporated into an elastic 

thermomechanical rough surface contact model to account for the effects of frictional temperature 

rise on ECR during electrodes’ contact. It is noted that the rough surface contact in this study is 

within elastic regime. Then, using the factorial design-of-experiment (DOE), parametric studies 

are conducted to gain insight into the rough surface ECR of electrical connectors and deliver the 

design rules for electrodes.  
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2. Modeling Electrical Contact Resistance for a Rough Surface 

A mathematical form of single asperity ECR is coupled with a thermomechanical contact 

model. Then, the single asperity ECR model is extended to rough surface contact, which account 

for substrate deformation and asperity interactions.  

 

2.1 Thermomechanical Rough Surface Contact Model  

2.1.1 Single asperity contact: Mechanical analysis 

In a conventional rough surface contact model based on Greenwood-Williamson (GW) 

theory38, the applied contact is supported only by the asperity deformation without substrate 

deformation and asperity interactions, as shown in Fig. 1(a). The GW model may work well to 

predict the contact behavior when the contacting surface is relatively rough, like traditionally 

machined surfaces. However, when the contacting surface is smooth, or a hard thin surface coating 

is applied onto a softer substrate, the substrate deformation and asperity interactions play a vital 

role in the electrode contact behaviors. As shown in Fig. 1(b), Yeo et al.39 have proposed an 

advanced single asperity contact model to account for the substrate deformation and asperity 

interactions during the rough surface contact. The asperity deformation (da) is expressed as a 

function of the applied surface displacement (d) by Eq. (1):39 

𝛿! = 𝛿/$1 + 𝜅𝜉)𝛿/(1 + 𝜅𝜉+𝛿	/	(1 + 𝜅)	).,																																																																																																			(1)	 

where the dimensionless physical parameter κ = Ea/Eb. Ea and Eb are Young’s moduli of the 

asperity and the substrate, respectively. The geometrical parameter is 	𝜉 = 3√𝑅/2𝑟! , where R is 

the asperity radius of curvature and rb is the radial size of a hemispherical asperity. The asperity 

deformation (da) in Eq. (1) is used to obtain the contact force (Fc), the mean contact pressure (pm), 
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and the maximum contact pressure (po) based on the Hertzian contact solution41. It is noted that 

the mechanical and electrical contact solution in this study is within the elastic regime. Since the 

electrode surface of modern electrical connectors is smooth (and some electrode surfaces are made 

of multi-layered thin films), the elastic deformation of surface asperities may dominate their 

contact behaviors. The validation of the elastic contact model is further discussed in Sec. 3.1.  

 

 

2.1.2 Single asperity contact model: Thermal analysis  

When a hemispherical asperity makes a sliding contact, frictional heat flux (qf) is generated 

on the contacting surface. The friction heat flux is given by qf = µVpm, where V is the sliding 

velocity, pm is the mean contact pressure, and µ is the coefficient of friction (COF). In addition, if 

a metal oxide layer forms on the electrode surface, Joule heating (qj) term needs to be added to the 

total heat flux q.  The Joule heat is determined by qj = J2rf, where J is the current density, and rf 

is the tunneling resistivity.11 Therefore, the total heat flux is q = qf + qj, which is included in the 

heat transfer analysis to calculate the temperature rise on the contact surfaces.  

During the sliding contact of a single asperity in Fig. 2(a), the amount of heat flux to the 

contact surfaces is dependent on the heat partition factor (λ).42 The heat flux to the asperity is 

obtained by	𝑞" = (1 − 𝜆)𝑞, while the heat flux to the flat surface is given by 𝑞# = 𝜆𝑞.  

  

Fig. 1 Schematic of single asperity contact model: (a) a conventional GW-based model accounting for asperity 
deformation only; (b) an advanced model, including the substrate deformation and asperity interactions.  
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Assuming there is no heat flow other than the frictional and joule heat flux, the average flash 

temperature rise on the contacting surfaces can be readily obtained by: 

Δ𝑇" = (1 − 𝜆)(9𝜋𝑎𝑞)/32𝑘,	                                                                                                                          (2) 

where k is the thermal conductivity of the surface material. However, since the contacting surface 

of the asperity receives continuous heat flux (qs) during sliding contact, its temperature rise should 

be given as a function of the elapsed contact time (tc). Based on the classic Fourier’s law, the 

governing equation for this transient heat conduction is given by: 

𝜕#𝑇(𝑧, 𝑡)
𝜕𝑧#

=
1
𝛼
𝜕𝑇(𝑧, 𝑡)
𝜕𝑡

,																																																																																																																																														(3) 

where t is the time and z is the distance from the surface. With the given boundary conditions, the 

surface temperature of the asperity can be obtained: 

𝑇"(𝑡) =
𝑞"
𝑘 ?

4𝛼𝑡
3 A

$/#
+ 𝑇& 	.																																																																																																																																								(4) 

For the non-contact area, the temperature is calculated from the heat conduction by the 

contact area’s heat flux and the airflow’s heat convection (i.e., cooling process, assuming laminar 

  

Fig. 2 Schematic of the heat transfer mechanism during the sliding contact.42 (a) a dynamic sliding contact 
taking account for the temperature rise by frictional and joule heat flux; (b) a finite difference method of heat 
transfer (conduction and convection) during sliding contact. Reproduced from S. Lee, M. He and C.-D. Yeo, 
Thermal Degradation and Burnishing Wear of Thin Carbon Film by Frictional Heat Generation, ASME Trans. J. 
of Tribol. 136, 041603 (2014). Copyright 2021 The American Society of Mechanical Engineers. 
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airflow in this model).  Using the finite difference method (FDM) as shown in Fig. 2(b), the 

temperature on the non-contact area can be calculated by: 

𝑇'&($ = 2C𝑇$& + 0.25F𝑇#& + 𝑇)& + 𝑇*& + 𝑇+&G + 𝐵&𝑇,I + (1 − 4𝐹- − 2𝐵&𝐹-) × 𝑇'& 	,																																												(5) 

𝑇$& = F𝑇'& − 𝑇&G L
𝜋
𝛼𝑡
M
$/#

N?
𝛼𝑡
𝜋 A

$/#
𝑒./0!/*12 −

Δ𝑧
2
𝑒𝑟𝑓𝑐 ?

Δ𝑧
√4𝛼𝑡

AT + 𝑇& 	,																																																											(6) 

where Fo is the Fourier number, Bi is the Biot number (Bi = hcΔz/k, hc: convection heat transfer 

coefficient, Δz: nodal size), and Ti is the initial temperature.  Finally, the calculated temperature 

rise by the heat flux is used to update the resistivity of the contacting electrode, which accordingly 

changes the ECR, as seen in Eq. (9). 

 

2.1.3 Extending to rough surface contact 

The thermomechanical single asperity contact model described in Section 2.1.1 and 2.1.2 

extends to rough surface contact by accounting for the substrate deformation and asperity 

interactions.40 As shown in Fig. 3, when a taller asperity (asperity a) comes into contact, both the 

asperity and the underlying substrate develop mechanical stress. The stress acting on the substrate 

changes the normal positions (Uz) of neighboring asperities in Fig. 3 according to Eq. (7):40  

𝑈0(𝑟&) =
𝑝-

2𝑟3𝐸3
NF2𝑟3# − 𝑟&#G 𝑠𝑖𝑛.$F𝑟3 𝑟⁄ &G + 𝑟&

#F𝑟3 𝑟⁄ &G)F1 − 𝑟3
# 𝑟&#⁄ GT		.																																																			(7) 

Then, subsequent contact of the next asperity can further change asperities’ normal positions. 

During rough surface contact, these asperity interactions caused by the substrate deformation 

continuously adjust the normal positions of surface asperities. Therefore, we can obtain the contact 

solution for the individual asperities and the whole surface.  
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2.2 Electrical Contact Resistance for Rough Surface Contact 

2.2.1 Single asperity ECR  

When two elastic bodies come in contact with the normal force F under the constant electric 

potential Vp, a current I flows through the contacting area, which produces a constriction resistance 

Ri. If the increment of normal force dF and the corresponding surface deformation dδa are 

configured during contact, the incremental mechanical stiffness can be expressed as1  

𝑑𝐹
𝑑𝛿!

= 𝑀𝑄.																																																																																																																																																																					(8) 

Q is the net electric flux given by Q = (r1 +  r2)/Ri, where r is the resistivity of contacting materials. 

M is the composite modulus of the two contacting bodies given by 1/M = (1-n1)/E1 + (1-n2)/E2, 

where n is Poisson’s ratio, and E is elastic modulus. Using this analogy between the electrical 

resistance and the incremental mechanical stiffness in an elastic spherical contact, Barber1 has 

developed a single asperity ECR (Ri) model as given by Eq. (9): 

1
𝑅&
=

1
𝑀(𝜌$ + 𝜌#)

𝑑𝐹
𝑑𝛿!

		,																																																																																																																																														(9) 

 
Fig. 3 Schematic representation of asperity interactions during rough surface contact.40 Reprinted from 
Tribology International, 43, C.-D. Yeo, R. R. Katta, J. Lee, and A. A. Polycarpou, Effect of asperity interactions 
on rough surface elastic contact behavior: Hard film on soft substrate, 1438, Copyright, (2010), with permission 
from Elsevier. 
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This study combines the mechanical and thermal solutions from Sections 2.1.1 and 2.1.2 

with Eq. (9) to calculate the single asperity ECR. Firstly, the incremental stiffness (dF/dda) in Eq. 

(9) is directly obtained from the mechanical solution in Section 2.1.1. Next, the thermal solution 

(i.e., the material temperature T) in Section 2.1.2 is inserted into the temperature-dependent 

resistivity equation, i.e., 𝜌(𝑇) = 𝜌'[1 + 𝛼(𝑇 − 𝑇')]	,where T0 is the initial temperature, a is the 

temperature coefficient of resistivity, and r0 is the resistivity at T = T0. Accordingly, the resistivity 

term in Eq. (9) is adaptively updated during the surface contact process. 

It is noted that in this study, the complete contact solution and corresponding ECR for 

individual asperities in contact are essential to account for asperity interactions by substrate 

deformation and temperature rise by friction and joule heating. For this reason, we use the Eq. 9 

combined with the thermomechanical contact solution in Sec. 2.1 instead of applying the 

conventional ECR equation by Green9 and Holm28. 

 

2.2.2 Rough surface ECR: Multiple asperities 

A certain number of surface asperities are in contact during rough electrode contact, which 

provide the paths for current flow, thereby producing the ECR. In contrast, the non-contacting 

surface asperities are electrically in an open condition. As for the contacting surface asperities, 

they can have different ECR depending on their contact conditions. Therefore, in this study, using 

the thermomechanical contact solutions in Sec. 2.1.1. and 2.1.2, the ECR for each pair of 

contacting asperities is calculated using Eq. (9). These values are applied in parallel to determine 

the total ECR for rough electrode contact, as shown in Fig. 4. 
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3. Simulation Results 

3.1 Validation of Proposed Rough Surface ECR Model 

To verify the rough surface ECR model proposed in Section 2, analytical simulations are 

performed using the same contact conditions as those in the experimental study of ECR for a pair 

of aluminum (Al) pin and copper (Cu) disk.23 The material properties of Al and Cu are given in 

Table 1. Based on the experimental setup provided in reference23, we use the following input 

parameters for the analytical simulations:  nominal contact area (An) = 4.50 ´ 10-7 m2, the 

coefficient of friction (μ) = 0.1, sliding speed (V) = 0.15 m/s, and initial temperature (Ti) = 25 °C. 

Also, the root-mean-square (RMS) roughness of 4.0 µm, the asperity radius (R) of 40 µm, and the 

number density of asperity (h) of 0.01 μm-2 are used in the simulation. Based on these roughness 

parameters, asperities are randomly distributed within the nominal contact area, An, in which the 

asperity height follows the Gaussian distribution.40 It is noted that when the contacting electrode 

makes a sliding contact, the metal oxide formed on the surface can be easily sheared off by the 

tangential traction, thereby exposing the bare metal surfaces to the interface.15,22 Therefore, the 

 

Fig. 4 Calculation of the rough surface ECR based on parallel connection model. 
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effect of the oxide layer on the heat flux is excluded from the temperature calculation in this 

simulation. 

 

 

Figure 5 shows the simulation results for the electrical contact between the Al pin and Cu 

disk. As expected, the ECR decreases with the contact force due to the increased area of contact. 

It is observed that the ECR decreases sharply at the early stage of contact when the contact force 

is in the range of 0 ~ 50 N, and then it becomes stabilized. Considering the rough surface 

characteristics (i.e., multi-asperities on the surface with different heights), only a few asperities 

come to contact initially, which leads to high ECR due to the limited paths available for electrons 

Table 1. Material properties used in analytical simulations. 

 E 
(GPa) ν  

k 
(W/m-K) 

Density 
(kg/m3) 

Cp 
(J/kg-K) 

a 
(K-1) 

Resistivity  
(Ω-m) 

Cu disk 130 0.3 400 8960 384.4 4.0 ´ 10-3 1.7 ´ 10-8 

Al pin 70 0.3 235 2375 904 4.3 ´ 10-3 2.65 ´ 10-8 

*E = Young’s modulus, n = Poisson’s ratio, k = thermal conductivity, Cp = specific heat, a = temperature 
coefficient of resistivity. 

 

Fig. 5 Simulation results for the contact between Al pin and Cu disk: ECR was obtained with respect to contact 
force at three different elapsed contact times: 2 µs (red solid line), 2 ms (blue dashed line), and 1 s (black dash-
dot line). 
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at the interface. Then, the number of contacting asperities increases with the contact force, leading 

to a sharp decrease of ECR according to the resistance model in parallel connection, as shown in 

Fig. 4. After a certain contact-force threshold, the change in ECR with contact force becomes 

negligible and thus saturated. Under the same dynamic contact conditions, the experimental 

study23 showed that the measured ECR value was 0.6 mW ~ 0.9 mW at the contact force of 4.1 N 

~ 12.2 N.  This result reasonably agrees with our simulation results, as shown in the inset of Fig. 

5, which accordingly validates our rough surface ECR model.  

In Fig. 5, the rough surface ECR is calculated at three different elapsed contact times (t): 2 

µs (solid red line), 2 ms (blue dashed line), and 1 s (black dash-dot line). The elapsed contact time 

affects the ECR significantly. The longer elapsed contact time, the higher ECR. This can be 

attributed to the increasing resistivity caused by the frictional temperature rise during the sliding 

contact. As a stationary heat source body, the Al pin receives a continuous frictional heat flux 

during the sliding contact. Therefore, its temperature increases with the elapsed contact time. 

Figure 6 shows the temperature contours on the Al pin surface obtained from the analytical sliding 

contact simulation under the contact load of 112 N. Individual dots represent the contacting surface 

asperities. When the elapsed contact time is relatively short, the asperity temperature increases up 

to 30 °C for t = 2 µs in Fig. 6(a) and 182 °C for t = 2 ms in Fig. 6(b). However, when the elapsed 

contact time reaches t = 1 s, the maximum asperity temperature could exceed 600 °C, resulting in 

local melting on the contacting asperity. This increased asperity temperature leads to higher 

resistivity of contacting materials, and consequently, the ECR in Eq. (9) increases.   
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3.2 Model Comparison:  Conventional GW-based ECR versus Proposed ECR 

As described in Section 2, the proposed ECR model is based on the improved 

thermomechanical rough surface contact model.39,40 Conventional GW-based rough surface 

contact model accounts for asperity deformation without substrate deformation and asperity 

interactions as shown in Fig. 1, so it may overestimate the actual contact behaviors depending on 

the contact conditions (i.e., roughness parameters, contact geometry, and force), which accordingly 

can lead to an abnormal ECR value.  In this study, using the same contact parameters in Section 

3.1, we compare the rough surface ECR from the proposed model and a conventional GW-based 

model. Fig. 7 shows the comparison study results. For the convenience of data analysis, the input 

and output contact parameters are normalized – the surface separation value (h) by the RMS 

roughness, i.e., h* = h/s, the actual contact area (Ac) by the nominal contact area (An), i.e., Ac* = 

Ac/An, and the contact force (Fc) by AnE, i.e., Fc* = Fc/AnE.  In Fig. 7(a), it is observed that even 

though the two models show a similar trend of ECR in terms of the surface separation, the GW-

based model produces lower ECR than the proposed model. As the two rough surfaces approach 

each other (i.e., h* becomes smaller), the GW model shows a larger contact area and contact force 

as shown in Fig. 7(b) and (c) because only asperity deformation is considered without substrate 

 

Fig. 6 Temperature contour on the Al pin surface at three different elapsed contact times: (a) 2 µsec, (b) 2 msec, 
and (c) 1 sec.  
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deformation and asperity interactions. As a result, the ECR from the GW model becomes smaller 

than the proposed model. 

 

 

3.3 Effects of Roughness Parameters on ECR: Design-of-Experiment (DOE) 

Factorial design-of-experiment (DOE) is a statistical tool to investigate the individual and 

coupled effects of design parameters on the system output. This statistical method applies to both 

experiments and computational/analytical simulations, where multiple input parameters affect the 

system outcome complicatedly. It is known that ECR of rough electrodes can be affected by 

environmental, physical, and surface parameters including temperature, fretting corrosion, 

plasticity index, critical interference, oxide film thickness, along with geometry of surface 

asperities and their distribution over the contacting area.6,22,25-27,32,43  As described in Section 2, 

when two rough surfaces are in contact, the applied contact force is mostly supported by the surface 

asperities. Accordingly, the actual contact area becomes much smaller than the nominal contact 

area. For this reason, the roughness parameters of the electrodes can play an essential role in 

determining the ECR of electrical connectors, and therefore the asperity radius (R) and the RMS 

roughness (s) are selected as the main factors in this parametric study.  Depending on the type of 

 

Fig. 7. Model comparison between the proposed and GW-based model: (a) ECR, (b) contact area, and (c) 
contact force with respect to the surface separation between two rough electrodes.  
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electrical connectors, the electrode surface can be either relatively rough with µm-scale RMS 

roughness due to the mechanical machining process or smooth with nm-scale RMS roughness 

typically found in the sputtered thin film. This study conducts a 32 full-factorial DOE analysis to 

investigate the individual and coupled effects of the two main factors on the ECR. Therefore, to 

obtain the design directions of roughness parameters under the given surface preparation 

technique, which can be either mechanical machining or thin-film deposition process, a 32 full- 

factorial DOE is designed and analyzed for the two cases separately: one for a rough machined 

surface and the other for a smooth thin film surface.   

 

3.3.1 32-full factorial DOE: Rough machined surface 

For the two main factors, the three-level values are set to be 1, 2.5, and 4 µm for the RMS 

roughness (s) and 25, 40, 50 µm for the asperity radius (R) to perform DOE analysis.  The other 

simulation input parameters are An = 4.50 ´ 10-7 m2 and h  = 0.01 μm-2. The design matrix for the 

32-full-factorial DOE is summarized in Table 2.  

 

  

Table 2. 32-full factorial DOE matrix for rough machined surface: design matrix, including outputs. 

Sampling no. s (µm) R (µm)  s_ECR (µW) s_Fc (N) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1.0 
1.0 
1.0 
2.5 
2.5 
2.5 
4.0 
4.0 
4.0 

25 
40 
55 
25 
40 
55 
25 
40 
55 

18.0 
17.6 
17.4 
26.2 
25.8 
25.7 
29.0 
28.7 
30.4 

46.6 
44.7 
42.3 
77.2 
79.9 
76.9 
99.4 
110.6 
100.7 
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In this DOE analysis, the saturated ECR (= s_ECR) and contact force (= s_Fc) are used as 

the output responses. As shown in Fig. 8(a), the ECR rapidly decreases initially, and then it 

unnoticeably changes, reaching almost steady-state ECR. When the slope of the ECR-Fc curve 

becomes sufficiently low, meeting -0.4 µW/N, the corresponding ECR and Fc are chosen as the 

s_ECR and s_Fc.  

 

Fig. 8 DOE analysis results for rough machined surface: (a) Criterion to determine the saturated ECR (s_ECR) 
and contact force (s_Fc), s_ECR ((b) and (c)), and s_Fc ((d) and (e)) with respect to RMS roughness and asperity 
radius, respectively, including the 95% confidence interval (gray highlighted area).  
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 The individual and coupled effects of RMS roughness and asperity radius on the s_ECR 

and s_Fc are analyzed using JMP software (a product of SAS company). Fig. 8 (b) - (e) show the 

analysis results. It is found that both s_ECR and s_Fc increase linearly with the RMS roughness, 

as shown in Fig. 8(b) and (d). This indicates that the rougher the electrode surface, the higher the 

surface contact force to achieve the saturated ECR. On the other hand, both s_ECR and s_Fc are 

not significantly affected by the asperity radius, as shown in Fig. 8(c) and (e).  

 

3.3.2 32-full factorial DOE: Smooth thin film surface 

Considering the smooth thin film surface, the three-level values for the two main factors 

are set to be 0.35 nm, 0.425 nm, and 0.5 nm for the s and 1.4 µm, 1.7 µm, and 2.0 µm for the R to 

perform DOE analysis. The other simulation input parameters are h  = 40 /μm2 and An = 15 µm ´ 

15 µm.   Accordingly, the design matrix for the 32-full-factorial DOE is constructed and presented 

in Table 3. Similarly, the saturated ECR (s_ECR) and contact force (s_Fc) are used as the output 

responses for the DOE analysis. 

 

 Statistical DOE analysis is performed using the design matrix and output responses in 

Table 3, and the results are shown in Fig. 9.  From Fig. 9(a) and (c), it is observed that both s_ECR 

Table 3. 32-full factorial DOE for smooth thin film surface: design matrix, including outputs. 

Exp. no. s (nm) R (µm)  s_ECR (µW) s_Fc (N) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

0.35 
0.35 
0.35 
0.425 
0.425 
0.425 
0.50 
0.50 
0.50 

1.4 
1.7 
2.0 
1.4 
1.7 
2.0 
1.4 
1.7 
2.0 

0.42 
0.58 
0.62 
0.63 
0.68 
0.70 
0.71 
0.76 
0.75 

0.25 
0.38 
0.42 
0.44 
0.47 
0.48 
0.51 
0.53 
0.54 
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and s_Fc show the increasing trend with the RMS roughness the same as the rough machined 

surface in Fig. 8. However, unlike the rough machined surface, both s_ECR and s_Fc increase 

linearly with the asperity radius, as shown in Fig. 9(b) and (d).  

 

To further investigate the individual and coupled effects s and R on the s_ECR and s_Fc, 

the analysis-of-variance (ANOVA) was conducted.  The results are summarized in Tables 4 and 

5. The term of the small sum-of-square (SSQ) is treated as ‘Error,’ and the Fcal is calculated by 

(MS of the variables) / (MS of the error term), where MS is the mean square. Based on 95% 

confidence of results, the critical Fcri of the variables can be estimated to be Fcri = 10.13.44 

Therefore, an ANOVA term having Fcal > Fcri can be considered a ‘significant’ factor, affecting 

s_ECR and s_Fc. Comparing Fcal and Fcri values in Table 4, it can be concluded that the linear 

terms of RMS roughness and asperity radius (i.e., sL and RL) and the interaction terms of linear 

 

Fig. 9 DOE analysis results for smooth thin film surface: s_ECR ((a) and (b)) and s_Fc ((c) and (d)) with respect 
to RMS roughness and asperity radius, including the 95% confidence interval (gray highlighted area).  
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s and linear R (i.e., sR LL) have significant effects on the resulting s_ECR. Also, the F-values in 

Table 5 reveals that only the linear terms of main factors (i.e., s L and R L) have significant effects 

on the resulting s_Fc. This indicates that the two main factors have an independent contribution to 

the s_Fc without a coupled effect.  

 

 

Table 4. ANOVA results for 32-full factorial DOE based on s_ECR. 

Source SSQ DOF MS Fcal Fcri 
s       
 s L 0.0605 1 0.0605 104.24 10.13 
 s Q 0.0013 1 0.0013 2.29 10.13 
R       
 R L 0.0161 1 0.0161 27.82 10.13 
 R Q 0.0022 1 0.0022 3.70 10.13 
sR       
 sR LL 0.0067 1 0.0067 11.48 10.13 
Error    0.0006   
 sR LQ 0.0004 1    
 sR QL 0.0009 1    
 sR QQ 0.0005 1    

* L = Linear term, Q = Quadratic term, DOF = Degree-of-freedom, SSQ = Sum-of-square, MS = Mean square. 

Table 5. ANOVA results for 32-full factorial DOE based on s_Fc. 

Source SSQ DOF MS Fcal Fcri 
s       
 s L 0.0468 1 0.0468 84.62 10.13 
 s Q 0.0011 1 0.0011 2.05 10.13 
R       
 R L 0.0102 1 0.0102 18.40 10.13 
 R Q 0.0009 1 0.0009 1.57 10.13 
sR       
 sR LL 0.0041 1 0.0041 7.39 10.13 
Error    0.0006     
 sR LQ 0.0005 1    
 sR QL 0.0011 1    
 sR QQ 0.0001 1    
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 With these significant terms from ANOVA tables, a mathematical prediction model for the 

two responses (ys_ECR and ys_Fc) can be established44 as given by Eq. (10) and (11):  

𝑦"_567 = 0.650 + 0.100𝑥$+0.052𝑥# − 0.041𝑥$𝑥#	,																																																																																								(10) 

𝑦"_8" = 0.445 + 0.088𝑥$+0.041𝑥#	,																																																																																																																					(11) 

where x1 and x2 are the coded variables defined by Eq. (12):  

𝑥$ =	
(𝜎 − 0.425)
0.075

	and	𝑥#	 =	
(𝑅 − 1.7)

0.3
	.																																																																																																											(12) 

Derivation of Eq. (10) and (11) is detailed in Appendix.  

 

Using Eq. (10) and (11), the predicted s_ECR (ys_ECR) and s_Fc (ys_Fc) values are obtained 

for the tested range of RMS roughness and asperity radius, and the results are shown in Fig. 10. 

First, examining the trend of contour lines and label values in Fig. 10(a), it is found that at the 

lower RMS roughness range (s < 0.4 nm), s_ECR increases with a constant rate with respect to 

RMS roughness and asperity radius. However, at the higher RMS roughness range (s > 0.45 nm), 

s_ECR becomes less sensitive to asperity radius, which is attributed to the interaction (or coupled) 

effects of the two main factors. Next, for the predicted s_Fc in Fig. 10(b), it is found that the s_Fc 

 

Fig. 10 Model prediction of s_ECR ((a)) and s_Fc ((b)) as a function of RMS roughness and asperity radius. It is 
noted that the label values on the contour lines are s_ECR (µW) for (a) and s_Fc (N) for (b). 
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increases with a constant rate at all the ranges of RMS roughness and asperity radius, because they 

are an independent variable without interactions (i.e., no coupled effect). It should be noted and 

clarified that the mathematical prediction model in Eq. (10) and (11) is not fundamental and 

universal one but just bounded within the caliber of this parametric study. 

A lack-of-fit (LOF) analysis is carried out to validate the established prediction models. 

From the above ANOVA tables, the rest of the terms other than the model variables and the error 

are treated as LOF terms. The Fcal and Fcri of the LOF terms are 2.99 and 9.55, respectively, for 

the s_ECR in Table 4 and 3.67 and 9.28, respectively, for the s_Fc in Table 5. For both responses 

of s_ECR and s_Fc, Fcal is smaller than Fcri. This indicates that the effect of LOF terms is not 

significant in this DOE analysis outcome, thereby validating the prediction models. 

 

4. Conclusion 

An elastic rough surface ECR model is developed using an improved elastic 

thermomechanical contact solution and a mathematical form of single asperity ECR. The analytical 

simulation for the two electrodes’ contact between Al pin and Cu plate shows that the ECR 

decreases sharply at the beginning of contact because a limited number of asperities come to 

contact at the low contact force range. After passing a certain contact-force threshold, the ECR 

becomes stabilized, reaching a saturated value. It is also observed that the ECR increases with the 

elapsed sliding contact time, because the longer elapsed sliding contact time causes higher 

temperature rise by frictional heat on the contacting surfaces, which accordingly increases the 

resistivity of the materials. The proposed rough surface ECR model is validated through the 

comparison with experimental results. The 32 full-factorial DOE is performed to investigate the 

effects of roughness parameters on the saturated ECR. The saturated ECR shows an increasing 
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trend with the RMS roughness for a rough machined surface condition, but the asperity radius 

affects the ECR insignificantly. Under a smooth thin film surface condition, the DOE analysis 

shows that the saturated ECR is significantly affected by both RMS roughness and asperity radius 

(i.e., the saturated ECR increases with the RMS roughness and asperity radius). Therefore, the 

outcome of this research suggests that the topographical parameters of contacting electrodes need 

to be carefully designed to satisfy the desirable ECR within the allowed contact force range.  
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Appendix: A mathematical prediction model from ANOVA 

Once determining the significant variables from the ANOVA tables (Table 4 and 5), a 

general form of the prediction model for s_ECR and s_Fc can be expressed as a function of the 

coded variables (x1 and x2): 

𝑦"_567 = 𝑎' + 𝑎$𝑥$+𝑎#𝑥#+𝑎)𝑥$𝑥#	,																																																																																																																				(A1) 

𝑦"_8" = 𝑏' + 𝑏$𝑥$+𝑏#𝑥#	.																																																																																																																																								(A2) 

The coefficients of each prediction model (i.e., a and b) are determined from the least square 

estimator that is given by the response vector (ys_ECR and ys_Fc) and the matrix of the coded 

variables (XE for s_ECR and XF for s_Fc) as expressed by:44 

𝒂 = (𝑿𝑬𝑻𝑿𝑬).$𝑿𝑬𝑻𝒚𝒔_𝑬𝑪𝑹	,																																																																																																																																								(𝐴3) 

𝒃 = (𝑿𝑭𝑻𝑿𝑭).$𝑿𝑭𝑻𝒚𝒔_𝑭𝒄	,																																																																																																																																											(𝐴4) 

here, 

𝑿𝑬 =	

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡
𝑚𝑒𝑎𝑛 𝑥$ 𝑥# 𝑥$𝑥#
1 −1 −1 1
1 −1 0 0
1 −1 1 −1
1 0 −1 0
1 0 0 0
1 0 1 0
1 1 −1 −1
1 1 0 0
1 1 1 1 ⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

, 𝒚𝒔_𝑬𝑪𝑹 =

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡
𝑠_𝐸𝐶𝑅
0.419	
0.582	
0.622	
0.629	
0.675	
0.699	
0.714	
0.759	
0.753	⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

, 𝑿𝑭 =

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡
𝑚𝑒𝑎𝑛 𝑥$ 𝑥#
1 −1 −1
1 −1 0
1 −1 1
1 0 −1
1 0 0
1 0 1
1 1 −1
1 1 0
1 1 1 ⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

, 𝒚𝒔_𝑭𝒄 = 	

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡
𝑠_𝐹𝑐
0.251	
0.379	
0.417	
0.435
0.470	
0.479
0.506
0.529
0.543⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

	. 

Accordingly, the resulting coefficients can be obtained by: 

𝒂 =	 $

𝑎!
𝑎"
𝑎#
𝑎$

& = $

0.650	
0.100	
0.052
-0.041	

& 	and		𝒃	 = 2
𝑏0
𝑏1
𝑏2
	3 = 4

0.445
0.088
0.041

	5	.  

Therefore, the prediction model equation for s_ECR and s_Fc can be prepared by: 

𝑦"_567 = 0.650 + 0.100𝑥$+0.052𝑥# − 0.041𝑥$𝑥#	,																																																																																								(A5) 

𝑦"_8" = 0.445 + 0.088𝑥$+0.041𝑥#	.																																																																																																																				(A6) 
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