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The surface roughness of two contacting surfaces significantly influences the 

tribological performance of the mechanical elements. Their impression is more 

pronounced under the mixed elasto-hydrodynamic lubrication condition. The cam 

and flat follower mechanism is a typical sample in which adverse tribological 

conditions, including direct boundary interactions occurs. In this study, effects of 

surface roughness on the friction force and friction coefficient are investigated 

using engine oil at different test conditions in a cam follower mechanism. It is 

seen that decreasing roughness of the contact surfaces has a more desirable 

tribological performance, and decrease friction coefficient, therefore increase 

wear resistance. 
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1. Introduction 

The effect of surface roughness pattern on the 

tribological performance of mechanical 

elements is an important issue that has attracted 

much attention for more than four decades.  The 

properties of surface layers are crucial to 

understand the tribological performance. 

Various machine components such as bearings, 

gearbox, camshaft, crank shaft, etc. require 

excellent tribological properties and practices to 

ensure longer life. Understanding engineered 

surfaces is very important for solving many 

scientific problems that involve friction, contact 

mechanics, heat conduction, electric current 

conduction, and component design [1]. Surface 

roughness has been the subject of experimental 

and theoretical investigation for a long time. 

Surface texture is one of the most important 

parameters that controls the tribological 

behavior. Patir and Cheng developed a 

stochastic analysis approach to study the effects 

of surface roughness height and distribution 

between components upon the lubrication of 

machine elements, [2], [3]. The approach has 

also been used to assess cam and follower 

performance e.g. Refs. [4], [5]. For the direct 

acting cam and follower situation shown in Fig. 

1, Dowson et al. [3] studied the predicted effects 

of surface roughness upon nominal film 

thickness, power loss and load carried by the 

asperities. Due to the fact that there are still very 

few examples of attempting to reduce friction in 

boundary lubrication conditions with high 

contact pressure such as cam/follower 

combination, the effects of surface texturing 

remain unknown. Ehret et al. [6] have studied 
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the effects of various surface textures, described 

by either an orientated waviness or a uniform 

distribution of asperities, for rolling and sliding 

conditions. Surface texture can lead to important 

differences and in pure sliding it is shown that 

the best lubrication condition is produced for 

transverse waviness. The definitive linking of 

surface texture to improved machine element 

performance in, say, a cam and follower, would 

be a powerful technique [5]. O’Connor and 

Spedding [7] undertook an experimental study 

of the effect of surface waviness on a cam 

profile. Such waviness was influenced by the 

form imposed onto the grinding wheel by the 

roller dresser. Wear and oil retention 

characteristics of the automobile camshaft 

surface were investigated. It was suggested that 

the wavy cam surface could offer good oil 

retention characteristics but that with time the 

release of hard wear particles due to the wave 

peaks could be problematical. It was proposed 

that a cam surface having the same roughness, 

but zero or reduced waviness, would show 

improved performance. Waviness on 

automotive cams remains an issue and it is 

interesting to note that analysts are now in a 

position to contribute to the debate on the 

overall influence [5], [8]. For tribologists, the 

most critical interface in the valve train is the 

cam and follower due to the problem of 

providing effective lubrication. Often, it was 

assumed that the cam and follower operated in 

the boundary lubrication regime; however, more 

recent investigations have shown that mixed and 

elastohydrodynamic lubrications are the 

dominant regime.  

The cam and follower lubrication is one of the 

interesting issues of transient EHDlubrication 

that has rarely been investigated specially for 

rough surfaces. Thus, effects of surface 

roughness on the friction force and friction 

coefficient are investigated. The results can 

provide guidance on the tribological application 

of cam and follower in industrial application. 

2. Theoretical Bases 

2.1. Force analysis 

In the cam mechanism, the contact load acting 

on the cam-follower contact area varies 

depending on the cam rotation angle. Maximum 

contact load occurs at cam angles where the cam 

nose is in contact with the follower. 

The loading state of the roughness flat-surface 

follower-cam pair is shown in Figure 1. Here, 

the contact load is in the same direction as the 

centerline during a cam period due to the 

flatness of the follower surface. The contact load 

at the contact surface is constant only along the 

base circle. The cam surface acts on the follower 

surface with the cam pressure angle depending 

on the cam rotation angle. The maximum value 

of the pressure angle in question occurs in the 

cam position where the contact point of the two 

surfaces is furthest from the center line, as 

shown in Fig.1. Thus, the cam remains under the 

influence of the maximum torque at the rotation 

angles corresponding to these positions. 

 
Figure 1. Roughness considerations in a cam and flat 

surfaced follower pair. 

2.2. Friction force 

The general form of the Reynolds equation for 

EHD lubrication of two smooth surfaces has 

been presented in many publications, such as 

[9]. Generally, when two surfaces contact each 

other in the presence of lubricant, pressure in the 

entire domain is governed by: 
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where p is the hydrodynamic pressure, ρ is the 

lubricant’s density, 𝑢 is mean velocity of the 

surfaces, and η is the viscosity of the lubricant. 

Film thickness, h, is defined as the gap between 

two surfaces. Therefore, when the surfaces are 

rough, the film thickness for the line contact 

problem can be expressed as following: 

ℎ(𝑥, 𝑦) = ℎ0 + 𝑣(𝑥, 𝑦) + 𝛿(𝑥, 𝑦)  (2) 

Where, ℎ0 is minimum film thickness, 𝑣 and 𝛿 

are the surface elastic deformation and the 

asperities height, respectively. The regime of 

true mixed lubrication, where there are both 

elâstohydrodynamic and boundary lubricated 

regions within a single contact, remains quite 

poorly understood. The cam-follower pair is a 

very complex lubricated contact because its 

continuous variation of load, speed and radius of 

curvature. In order to determine the friction 

force arising in the elasto-hydrodynamic contact 

under the forces acting through a period in the 

cam mechanism, instead of h mentioned above, 

using  which is the film thickness at the 

lubricated maximum hertz contact between cam 

and follower, the final calculation process can 

be write as follows. 
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3. Experimental Setup 

3.1. Description of the test rig 

The test apparatus was manufactured in the 

Mechanical Engineering Department at 

Karadeniz Technical University. Detailed 

information about the test apparatus can be 

obtained from Ref. [10, 11, and 12]. The 

mechanical system and measurement unit of the 

test apparatus are designed to measure the 

frictional behavior between cam and follower at 

different loads, speeds and lubricating 

conditions. A lubricating system is designed to 

investigate the effect of different type of oils on 

the friction behavior at the cam / follower 

interface. In order to ensure safe and accurate 

data collection and storage, a computer and a 

data acquisition system are attached to the 

measurement unit and a computer program is 

written to evaluate this data. 

3.2. Measurement procedures 

In the test apparatus, two types of 

accelerometers were used to measure the mass 

force in vertical and horizontal directions due to 

acceleration of moving masses. The mass force 

in the horizontal direction is measured by using 

a piezoelectric type of accelerometer sensor, 

which works by a compression effect and is 

mounted rigidly between two linear bearings in 

the loading system. To determine the friction 

force and friction coefficient, detailed 

information about friction force applied to the 

follower by cam, causes a tensile effect on the 

measurement beam and the effect produces a 

signal proportional to the beam force, which can 

be used in the calculation of the friction force 

[12]. The measurements were recorded 

continuously, and friction force was recorded 

with the load cell. Temperature of samples was 

measured with a thermocouple connected to the 

follower. Tribological properties were 

determined at ambient temperature, in 70% 

relative humidity (RH). The results were 

evaluated taking into consideration the forming 

a tribofilm in mixed or EHD lubrication. 

In order to understand the effects of surfaces 

roughness on the tribological behavior in the 

cam-follower mechanism, surface roughness 

and morphologies of the contact surfaces and 

wear surfaces were investigated using a surface 

roughness test apparatus and scanning electron 

microscopy. In this study, roughness of the 

surfaces of cam and followers are measured 

using contact profilometers. The most common 

method of studying surface texture features is 

the contact-type stylus profilometer. A fine, 

very lightly loaded stylus is dragged smoothly at 

a constant speed across the surface under 

examination. The height position of the stylus 

generates an analog signal which is converted 

into a digital signal that is stored, analyzed, and 

displayed, and the output provides a magnified 

view of the original profile. 

A photograph of 2D contact-type profilometer 

and the profile of mean roughness (Ra), 

roughness depth (Rz) and maximum roughness 

(Rmax) formulations are shown in Fig. 2. 

Figure 3 Shows, roughness measurements of the 

worn surfaces of cam and follower before and 

after lubricated and non-lubricated tests were 

performed using a surface roughness tester 

(Mahr-Germany Perthen Perthometer) pursuant 

to DIN 4768, as a measure of (Ra), (Rz) and 

(Rmax). 
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Figure 2. Photograph of 2D contact-type stylus 

profilometer and roughness formulations of Ra, Rz and 

Rmax, 

 
Figure 3. Graphical representation of the measured 

roughness profile of the cam and followers, (a) before, 

(b) after non-lubricated (dry) tests of follower1; (c) 

before, (d) after lubricated tests of follower 3; (e) before, 

(f) after lubricated test of the cam. 

It is seen that the result of surface roughness of 

the cam and follower tests with non-lubricated 

conditions are higher than lubricated conditions. 

3.3. Test methodology 

In this study, to investigate tribological behavior 

of surface roughness on the cam mechanism, a 

new automotive cam shaft and four followers 

used. Followers has a different roughness 

manufactured by grinding from the same 

material. Chemical composition of the cam and 

follower were given in Table 1. In the 

manufactured test apparatus, cam is direct 

acting to the follower.  Followers with different 

surface roughness initially run against 

nominally same cam for at a fixed camshaft 

speed and temperature. Experiments were 

conducted at 600 rpm, and 312 N contact load. 

Experimental periods were selected as 10 

minutes for every test after running-in, and the 

average values of at least three tests were taken. 

Table 1. Chemical composition of the cam and follower. 

 Cam Follower 

C 3.42 1.06 

Si 2.15 0.3 

Mn 0.6 0.3 

P 0.05 0.007 

S 0.01 0.01 

Cr 0.9 1.48 

Ni 0.95 0.13 

Mo 0.05 0.04 

Cu 0.10 0.23 

Al 0.01 0.013 

Ti 0.004 0.003 

4. Results and Discussion 

4.1. Tribological behavior 

Fig. 4 shows normal force, friction force and 

friction coefficient in a cam period lubricated by 

base oil (20W50 engine oil) and non-lubricated 

i.e. dry condition at 312 N, 600 rpm, 40°C. It is 

seen that, in case of lubricated and dry 

condition, the maximum contact load increases 

along with the cam profile and reaches its 

maximum value at cam nose, (i.e. at cam angles 

around 900). Both of lubricated and non-

lubricated situation, the value of contact load 

around the cam nose has same value at the same 

preload. However, the fric tion force and thus 

the friction coefficient are different. It is seen 

that the friction values in the oil-free contact are 

greater than that lubricated contact. 
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Figure 4: Normal force, friction force and friction 

coefficient in a cam period lubricated with the base oil 

(20W50 engine oil) at 312 N, 600 rpm 
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In order to investigate the tribological behavior 

of surface roughness in dry and lubricated 

contact, two followers were used with very close 

surface roughness Ra value to each other.  

Figure 5 illustrates the variation of the surface 

roughness with the number of cycles when used 

follower1 and follower3 under dry and 

lubricated conditions. Both of roughness values 

of the followers are decreases with increasing 

cycle number of the cam. It is seen that the slope 

in the curves approaches zero after 3000 turns. 

Based on these results, it can be stated that the 

oily contact has a rather abrasion effect and is 

subject to abrasion, whereas in dry contact, the 

adhesion effect is more intense due to scuffing 

on the surface. In the running-in period, the 

asperities are gradually flattened and friction 

coefficient is progressively reduced until 

reaching the steady state. 
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Figure 5. Variation of friction coefficient with number of 

cycle using follower1 and follower3 under dry and 

lubricated conditions. 
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Figure 6. Variation of friction coefficient with cam angle 

when used follower1-4 under dry and lubricated 

conditions. 

It is important to note that the surface texture of 

four followers (different surface roughness 

values) after running-in plays an important role 

in controlling the frictional behavior. Figure 6 

illustrates the variation of coefficient of friction 

with surface roughness under dry and lubricated 

conditions. The friction coefficient as a function 

of contact roughness to be able to diagnose the 

effect of roughness on the lubricated and non-

lubricated condition were done. Surface 

roughness of follower1 and follower3 are given 

in Fig.3 above. Ra, Rz and Rmax values of 

follower2 and 4 after running-in, are 0.16 [mm], 

1.18 [mm], 1.22 [mm] and 0.13 [mm], 0.52 [mm], 

0.58 [mm], respectively. As shown in Fig. 6, the 

friction coefficient of the follower1 is slightly 

higher than that of the follower2 under the non-

lubricated condition. 

In addition, the friction coefficient values of the 

follower3 is quite higher than that of follower4 

under the lubricated condition.  All friction 

coefficient curves showed the same trend. It was 

observed that the percentage of reduction in 

friction coefficient under dry conditions were 

higher than that of lubricated condition. Hence, 

it is understood that in dry contact, the adhesion 

effect is more intense due to scuffing on the 

cam-follower surfaces. 

To identify the effect of roughness on lubricated 

and non-lubricated state, frictional force tests 

were made as a function of contact roughness. 

Figure 7 shows the variation of friction force 

with surface roughness under bot of dry and 

lubricated conditions. As shown in Fig. 7, the 

friction coefficion of the follower1 is slightly 

higher than that of the follower2 under the non-

lubricated condition. 
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Figure 7. Variation of friction force with cam angle 

when used follower3 and follower4 under dry and 

lubricated conditions. 

And also, the friction coefficion values of the 
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follower3 is quiet higher than that of follower4 

under the lubricated condition.  All friction 

coefficient curves showed the same trend. It was 

observed that the percentage of reduction in 

friction coefficient under dry conditions were 

higher than that of lubricated condition. 

According to the above results, it is clear that the 

surface roughness indeed has an important role 

on of friction values during sliding. Thus, 

surface textures were characterized by means of 

surface roughness parameters. 

Results displayed in Figure 6 and Figure 7 

shows that for rising values of roughness is 

increasing, friction coefficient and friction force 

increases too. It can be explained that high 

roughness leads to smaller contact areas leading 

directly to high local contact pressures on the 

contrary to profiles with a low Ra. 

Figures 8a–8c shows scanning electron 

microscope morphologies of the contact 

surfaces before test, and Figures 8d–8f after dry 

test under 312 preloads at 600 rpm and ambient 

temperature. 

 
Figure 8. SEM morphologies of contact surfaces; non-

lubricated i.e. dry contact tests (a)-(c) before test and (d)-

(f) after test; lubricated contact tests (g)-(i) before test 

and (j)-(l) after test under 312 preload, at 600 rpm. In 

this chapter, attempts have been made to study various 

surface roughness values. 

As seen in Figs. 8d–8f, the worn surface of the 

follower lubricated by base oil was 

characterized by slight adhesion wear. For 

lubricated conditions, Figs. 8g–8i and Figs. 8j–

8l shows morphologies of the contact surfaces 

before and after the tests, respectively. As seen 

in Figs. 8j–8l, the worn surface of the follower 

was characterized by abrasion wear, some 

adhesion wear. 

4. Conclusion 

Contact loads of the cam and follower were 312 

N.  These were very near Hertzian pressure 

becomes in EHL, and contact surface non-

conformal. Therefore, the system may be 

evaluated in a mixed lubrication regime, and 

local micro EHL zones may form at the interface 

of roughness surfaces. From the above 

experimental results, following conclusions can 

be drawn: 

 the surface roughness has an important 

role on of friction values in engine parts during 

sliding, especially on the cam and follower,  

 in dry contact, the adhesion effect is 

more intense due to scuffing on the cam-

follower surfaces. 

 In the running-in period, the asperities 

are gradually flattened and friction coefficient is 

progressively reduced until reaching the steady 

state. 

 as the roughness values increase, the 

friction coefficient and friction force also 

increase. 
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