
ABSTRACT 

To establish the Roll-to-Roll Printed Electronics, which can be applied to 
manufacture the high functional thin film based devices, it is needed to combine the Roll-
to-Roll transportation system and coating technology effectively. For that purpose one of 
important factors to be considered is the friction characteristics between the thin plastic 
film and steel roller. In past research, however, as far as authors know, there is no 
research which describes friction characteristics between thin plastic film and steel roller. 
In this paper, the static friction between the plastic film and steel roller was measured by 
pulley method while changing film thickness of film, roller surface roughness, web 
tension, and relative humidity. As a result, the static friction coefficient between thin film 
and steel roller was significantly influenced by film thickness and roller surface 
roughness, web tension and relative humidity have an effect on the static friction 
coefficient. From analysis of variance, it was confirmed statistically that contribution 
ratio of three factors, relative humidity, web tension and surface roughness which were 
23.8 %, 32.6 % and 36.1 %, were very high. 

INTRODUCTION 

In recent years, a product development system for manufacturing of high functional 
thin film based devices such as flexible displays, thin-film solar cells, batteries and 
electric skins is being promoted. These devices are manufactured by Printed-Electronics 
(PE) manufacturing which is one of the most remarkable systems of manufacture at 
present. PE can manufacture a wide variety of flexible devices. However, the system is 
not yet capable of manufacturing mass products because of a high cost associated with 
making of large-area devices. On the other hand, Roll-to-Roll (R2R) transportation 
system has been applied to the manufacturing of thin and flexible materials which is 
called a web, such as plastic films, papers, thin metal plates at low cost. R2R system can 
transport the web using a large number of rollers. Several processes are performed on the 
web, such as recording, coating, drying, laminating during transportation of the web. 
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Therefore, it is needed to establish the new technology named Roll-to-Roll-Printed-
Electronics (R2RPE) manufacturing system which combines with the R2R transportation 
system and PE manufacturing system as shown in Figure 1 to manufacture a large 
amount of high functional thin film based devices. However, the application of this 
system is being limited to the manufacturing of only a few devices because R2RPE 
manufacturing system has many problems. For example, as the manufacturing devices 
require high precision, registration is very important during the transportation of the web. 
During the web transports on rollers, web defects such as wrinkling, slippage, sagging, 
unwanted meandering on rollers can occur [1]-[2]. In order to prevent the defects, it is 
important to understand the friction characteristics between a web and rollers. In previous 
studies, the effect of the entrained air between a web and roller on friction characteristic 
was examined, in which the air film thickness was modeled by the foil bearing equation 
[3]-[11]. Hashimoto presented new theoretical modeling of friction coefficient between 
uncoated paper-web and steel roller under mixed lubrication by using contact mechanics, 
and the model was verified compared with the measured results [12]. However, higher 
accuracy of the transportation technology for the web is being required to establish the 
R2RPE manufacturing system. Therefore, it is necessary to investigate friction 
characteristics between the web and roller surface including effects of various factors in 
more detail. In particular, plastic film used for high functional devices is being thinner at 
present.  However, the friction characteristics between the thin plastic film, which has 
several µm thickness, and roller surface has not been clarified yet. 

Figure 1－Roll-to-Roll-Printed-Electronics manufacturing system 

In this paper, a fundamental experiment, in which the static friction force between 
plastic film and steel roller is measured, is conducted while changing film thickness, web 
tension, relative humidity of ambient air and roller surface roughness. 

EXPERIMENTAL APPARATUS AND METHOD 

Experimental apparatus and test rollers and films  
Figure 2 shows the overview of the experimental apparatus for measuring the static 

friction force between the plastic film and steel roller surface. The experimental 
apparatus consists of a roller, test film, weight, isolation chamber and a humidifier and 
these components comprise a simple system in which a pulley method is implemented for 
friction measurement. The test roller was cylindrical which was fixed in the experiment. 
Three specimens of polyethylene terephthalate (PET) film were used in tests, each of a 
different thickness. Figure 3 and Figure 4 show the surface roughness of test rollers and 
films with the co-focused laser microscope. Table 1 and Table 2 show the specifications 
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of test rollers and films, respectively. In Figures 3 and 4, maximum height of surface 
roughness of test rollers is higher than for the test films. In Table 1 and Table 2, Rku and 
Rsk indicate the kurtosis and skewness of roughness curve. As can be seen in Tables, the 
test rollers and films have qualitatively similar surface profile because of Rku < 0, Rsk < 3. 
Figure 5 shows the probability density function of surface roughness of test rollers. As 
can be seen in these figures, the probability density function of surface roughness for all 
three rollers agrees closely with the normal distribution curve. 

 

Figure 2 – Experimental apparatus 

 

Figure 3 – Surface roughness profiles of test rollers 
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Figure 4 – Surface roughness profiles of test films 

Parameter Value 
Roller A Roller B Roller C 

Material SCM-440 
Radius r (mm) 40 
Arithmetic average roughness Ra (nm) 284 182 89 
Maximum roughness height Ry (nm) 4830 1950 1210 
Ten points height roughness Rz (nm) 3218 1434 890 
RMS roughness Rq (nm) 379 204 116 
Skewness Rsk  -0.12 -0.08 -0.03 
Kurtosis Rku  1.02 0.81 1.18 

Table 1 – Specifications of test rollers 

Parameter Value 
Thickness tw (µm) 6  12  25  
Width W (mm) 20 
Young’s modulus (MD) EMD (GPa) 7.59 4.91 4.34 
Young’s modulus (CD) ECD (GPa) 4.06 5.43 4.65 
Arithmetic average roughness Ra (nm) 25 28 34 
Maximum roughness height Ry (nm) 300 450 380 
Ten points height roughness Rz (nm) 238 280 160 
RMS roughness Rq (nm) 32 37 39 
Skewness Rsk  -0.29 -0.21 -0.09 
Kurtosis Rku  0.17 0.31 0.41 

Table 2 – Specifications of test films 

 

Figure 5 – Probability density function of test roller surface roughness 

Experimental method  
In this experiment, first a piece of the test film was put on the roller and then 

identical weights were set up at the ends of the film as shown in Figure 2 (b). After that, 
the weight (Texit) was increased at one end of side by slowly adding water to a container 
suspended from film’s end. The exit tension Texit increase was continued until the test 
film started to slide on the test roller. After obtaining the inlet and exit tensions, the static  
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where Θ is wrap angle. In the experiment, wrap angle was determined as Θ=π. 
Furthermore, the relative humidity of ambient air was changed with a humidifier in 

increments of 5 % from 30 % to 80 %, and inlet tension was changed within range of 
Tinlet = 6, 12, 25 N/m. 

In this experiment, static electricity is generated between the film and roller surface 
because a PET film is an insulator. To clarify the effect of the electrostatic force on the 
friction characteristics, a surface potential, V, on the film was measured with the surface 
electrometer. Measurement areas were three points of contact between the film and the 
roller surface. Surface potential was measured after measuring static friction force and 
changing the relative humidity. An electrostatic potential is generated between the 
surfaces of the film and the roller with the build up of the electric charge Q in the system. 
Electric charge Q is calculated by;  

 (C)CVQ =  {2} 

where C is electric capacitance which is obtained by; 
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where ε0 is electric permittivity of vacuum, ε r is relative permittivity of PET film, S is 
area of apparent contact between the film and roller surface and tw is film thickness, 
respectively. In the experiment, ε0 is 8.854×10-12 F/m, εr is 3.2 and S is 2.51×10-3 m2. 

EXPERIMENTAL RESULTS 

Influences of static electricity and film thickness  
Figure 6 shows the relationship between the static friction coefficient and the surface 

potential for films of different thickness under the inlet tension of 12 N/m and 
temperature between 24.9~26.4 °C and with the relative humidity between 40.1~45.2 %. 
In the figure, the horizontal and vertical axes indicate the surface potential of the film and 
the static friction coefficient, respectively. This result shows that the surface potential 
was generated in the -1.5 to 0 kV range, and the static friction coefficients were not only 
slightly influenced by the surface potential. However, comparing the results with regard 
to the influence of the film thickness, the static friction coefficient in the case of thin film 
was higher than for the thick film.  

Figure 7 shows the relationship between the static friction coefficient and the film 
thickness. The measurements were conducted 10 times to investigate the repeatability. As 
can be seen in the figure, the static friction coefficient was increased with the decrease in 
the film thickness. This results obtained are considered to be influenced by the 
electrostatic force and deformation of the film. When the electrostatic force is generated 
between the film and roller surface, then the film is deformed along with the roller  
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Figure 6 – Relationship between static friction coefficient and surface potential 

 

Figure 7 – Relationship between static friction coefficient and film thickness 
(Tinlet=12 N/m, T=24.9~26.4°C, H=40.1~45.2%) 

surface asperities. Moreover, the electric charge is inversely proportional to film 
thickness as shown in Equations {2} and {3}. It means that the electrostatic force is 
increased with a decrease in the film thickness. On the other hand, the bending stiffness 
of the film is proportional to the cube of the film thickness as shown in the following 
equation. 

  {4} 

where, W is the width of film, EMD is Young’s modulus of film.  
As a result, thin film is deformed and sagged more, as compared to thick film due to 

electrostatic force and lower bending stiffness, and it covers more closely the roller 
surface asperities. When the film is pulled tangentially, the asperities behave as an 
anchor. The static friction coefficient in the case of thin film was increased than in the 
case of thick film due to “anchor effect” and “sagging effect” between the deformed film 
and asperities as shown in Figure 8.  
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Figure 8 – An increase of resistance due to “anchor effect” and “sagging effect” 

Influence of relative humidity  
Figure 9 shows the relationship between the static friction coefficient and relative 

humidity for three film thicknesses, tw = 6, 12, 25 µm, and three inlet tensions, Tinlet = 6, 
12, 25 N/m under temperature was between 23.7~28.1 °C. The measurements were 
conducted 10 times to investigate the repeatability. In these figures, the plots and the 
error bar mean the average value and the variability, and the dash lines indicate trend 
line, respectively. In addition, the horizontal and vertical axes indicate relative humidity 
and static friction coefficient, respectively. It was confirmed that surface potential of test 
film used was obtained between -1.5~0 kV in the measurements. In these figures, the 
static friction coefficients of each film thickness were increased with an increase in 
relative humidity. In particular, the rate of the increase of the static friction coefficient 
was greater beyond the relative humidity of 60 %. The reason for this behavior is 
probably the influence by the meniscus force in contact area between the film and roller 
surface asperities.   

Increasing the relative humidity causes the meniscus force generated between the 
surface asperities, and then the film is pulled to the roller surface. The contact area 
between the film and roller surface asperities is larger, and then deformation of the film 
increases. As a result, the static friction coefficient increases due to the anchor effect 
between the deformed film and asperities, similar to the results in Figure 7. The greater 
the increase of the relative humidity, the more the static friction coefficient is increased. 
In the humidity range from 70 % to 80 % in Figure 9 (a), measurement date was not 
obtained because the film would not slide. It was confirmed that the relative humidity 
strongly influences the static friction coefficient.  
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Figure 9 – Variation of static friction coefficient with relative humidity as a parameter of 
film inlet tension 

To estimate the effect of meniscus force on static friction coefficient, contact angles, 
θroller and θfilm, between droplet (pure water) and test film, between droplet and test roller 
were measured with micro scope. The measurements were conducted 10 times. As a 
result, θroller and θfilm were 71.6 deg. and 57.6 deg.. Meniscus force Fm can be calculated 
by the following Young Equation; 

  {4} 
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where, rm is curvature radius of meniscus, γ is surface tension of pure water. 
Figure 10 shows the relationship between meniscus force and relative humidity. 

From the result, the meniscus force increases with an increase in relative humidity similar 
to the results of Figure 9. As a result, there is probably correlation between static friction 
force and relative humidity. Here, to confirm the relationship between static friction force 
and relative humidity, analysis of correlation was conducted for each film thickness. As a 
result, coefficients of correlation Rc of each film, tw = 6, 12, 25 µm, were 0.95, 0.92 and 
0.91, respectively. It was confirmed that static friction coefficient correlates strongly with 
relative humidity. 

 

Figure 10 – Relationship between relative humidity and meniscus force 

 H =30~50 (%) H = 60~80 (%) 
Film thickness 67.6 45.6 
Web tension 22.1 22.4 
Relative humidity   6.8 23.7 

Table 3 – Results of analysis of variance 

On the other hand, comparing the results of changing inlet tension, the static friction 
coefficient under low tension was more significantly increased with the increase in 
relative humidity. The static friction coefficient stays constant with an increase the inlet 
tension (applied load) according to the Amonton’s-Coulomb’s law. However, the 
different tendency, in which the static friction coefficient was increased with the decrease 
in the web tension, was shown probably due to strong anchor effect and sagging effect 
between the deformed film and roller surface asperities. Here, to confirm the relationship 
between static friction force and inlet tension, analysis of correlation was conducted for 
each film thickness in the case of relative humidity of 30 %, where is a relatively small 
influence of relative humidity. As a result, coefficients of correlation Rc of each film, tw = 
6, 12, 25 µm, were 0.83, 0.79 and 0.75, respectively. It was also confirmed that static 
friction coefficient correlates strongly with web tension. 

In contrast, the influence of the relative humidity on the static friction coefficient 
was reduced with the increase with the film thickness and inlet tension as shown in 
Figure 9 (a)~(c). The sagging and deformation of the top of film are reduced due to 
higher bending stiffness, and then area of asperities covered by deformed film is reduced. 
Moreover, the tendency is probably more pronounced under high tension. As a result, 
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static friction coefficient was decreased due to lower anchor effect. 
As shown above, the effect of relative humidity and web tension on static friction 

coefficient becomes higher in the case of using thin film. Therefore, analysis of variance 
was conducted to determine the contribution ratio of each factor to friction coefficient in 
relative humidity from 30 % to 50 % and from 60 % to 80 %, in which there is different 
tendency of increasing static friction coefficient as shown in Figure 9. Table 3 show the 
results of analysis of variance. As can be seen in the Table, contribution ratio of film 
thickness is higher than for other ratios. Moreover, the ratio of web tension is relatively 
independent of relative humidity. On the other hand, although the ratio of relative 
humidity is small under relative humidity in 30 % to 50 % range, the ratio is large under 
high humidity.  

Influence of roller surface roughness  
Figure 11 shows the relationship between static friction coefficient and relative 

humidity for three test rollers, Rq = 116, 204, 379 nm, three inlet tension Tinlet = 6, 12, 25 
N/m using the film of 6 µm under temperature was between 24.7~25.5 °C. In the 
humidity of 80 % in Figure 11 (a), measurement date was not obtained because the film 
would not slide. 

In these figures, the static friction coefficient of using roller with surface roughness 
of 116 nm were larger than for other results. From results, it was found that the decrease 
in the roller surface roughness has an effect of an increase in the static friction 
coefficient. In particular, the tendency is more pronounced under low tension and high 
relative humidity. The reason for this behavior is probably the influence by increasing the 
real contact area between the film and roller surface asperities. When the load is applied 
to the film, then the film is deformed along with the roller surface asperities. Moreover, 
the clearance between the film and steel roller was narrowed using the roller with smooth 
surface compared to the roller with rough surface as shown in Figure 12. As a result, real 
contact area is increased and it covers more closely the roller surface asperities, as 
compared to result of using the roller with rough surface. When the film is pulled 
tangentially, the asperities behave as an anchor. The static friction coefficient was 
increased due to “anchor effect” between the deformed film and asperities.  
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Figure 11 – Variation of static friction coefficient with relative humidity as a parameter 
of roller surface roughness 

 

Figure 12 – Schematic diagram of interface between rough or smooth surface and film 

Moreover, analysis of variance was conducted to determine the contribution ratio of 
each factor to static friction coefficient using these results. As a result, it was confirmed 
statistically that contribution ratio of three factors; relative humidity, web tension and 
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surface roughness are 23.8 %, 32.6 % and 36.1 %, were very high. 

CONCLUSIONS 

In this paper, the effect of each factors, film thickness, relative humidity, web tension 
and roller surface roughness, on static friction between the plastic film and steel roller 
was examined experimentally. The main conclusions are briefly summarized as follows: 
(1) Film thickness has a significant effect on the static friction coefficient between 

plastic film and steel roller. 
(2) The surface potential on the plastic film used for this experiment was generated 

within the range of -1.5 kV to 0 kV and there is no correlation between the static 
friction coefficient and static electricity. 

(3) The static friction coefficient was increased with an increase in the relative 
humidity, and the tendency is similar to the results of meniscus force with relative 
humidity. 

(4) The static friction coefficient in the case of thin film under low web tension using 
the roller with smooth surface roughness was significantly increased due to anchor 
effect and sagging effect between the deformed film and roller surface asperities. 

As mentioned above, the static friction coefficient between the film and roller 
surface was significantly influenced by surrounding environment. Therefore, it is also 
highly possible that temperature affects the static friction coefficient because relative 
humidity correlates with temperature. The experiments on the effect of temperature on 
the static friction coefficient have been carried out with simultaneous control over 
temperature and relative humidity. Furthermore, it is important to investigate not only 
static friction coefficient but also kinetic friction coefficient when the environmental 
conditions were changed. It is planned to continue the task in order to also consider the 
kinetic friction experimentally. 
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