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Surface Lubricant 𝐿𝑜𝑎𝑑 

(𝑁) 

𝑆𝑝𝑒𝑒𝑑 

(
𝑚

𝑠
) 

𝑇𝑖𝑚𝑒 𝜆 𝑅𝑒𝑔𝑖𝑚𝑒 𝑎𝑠 𝑝𝑒𝑟  

𝜆 

𝑈𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦 

𝑓𝑜𝑟 𝜆 

PDMS PAO40 1 0.05 33m20s 3.095 HL ±0.003 

PDMS PAO40 3 0.05 33m20s 2.458 ML ±0.0003 

PDMS PAO40 3 0.01 2h46m20s 0.863 BL ±0.001 

PDMS DET 1 0.05 33m20s 0.58 BL ±0.001 

PDMS EET 3.98 0.01 2h40m20s 3.86 HL ±0.004 

PDMS MET 1.5 0.05 33m20s 3.109 HL ±0.003 

PDMS MET 2.5 0.04 46m40s 2.416 ML ±0.003 

PDMS MET 3.98 0.01 2h46m20s 0.889 BL ±0.007 

Steel DET 3 0.03 1 hour 0.00291 BL ±0.0003 

Steel EET 3 0.03 1 hour 0.07361 BL ±0.008 

Steel MET 3 0.03 1 hour 0.01694 BL ±0.002 

Table 2 Load, speed, time taken for each experiment, 𝝀, and characterization of lubrication regime 

based on 𝝀 for all lubricants (PAO40, DET, EET, and MET) on different surface pairs (PDMS-

steel and steel-steel). The uncertainty is calculated at 2 standard deviations at 95 % 

confidence interval. 

Contact Angle (𝜽): The contact angle measurements were made before the experiments for each 

surface lubricant pair. Contact angle was measured using Ramé-Hart goniometer (Fig. 10). The system 

was calibrated prior to starting the measurements. The surface is placed on the stage and the height of 

the stage is adjusted to bring the surface into view. Then a drop is placed on the surface and the camera 

is focused on the drop. Once focus is set, then a horizontal reference axis is set right above the surface. 

Then either one vertical axis is set passing through the center of the drop or two vertical axes are set to 

remove the area with reflection of light. In this study, two vertical axes were set to remove the area with 

reflection from analysis. Then number of observations per second and duration for the observation are 

set using DROPimage advanced software (Fig. 11). The software also records standard deviation, range 

and mean of the contact values. Each contact angle test was conducted for 300 seconds. For every 

surface-lubricant pair the measurements were taken at least three times, and four times if there was a 

huge difference between the results of first two experiments. After each measurement the surface was 

cleaned. 
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a)  b)  

Figure 10: Ramé-Hart goniometer at Digital Microfluidics lab. 

 

Figure 11: PAO40 droplet on AISI 316 surface. The measurements were made on Ramé-Hart 
goniometer. 
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6.0 RESULTS AND DISCUSSION 

In this section, friction results are compared against different parameters: viscosity, contact angle (𝜃), 

spreading parameter (𝑆∗), specific film thickness (𝜆), and a combination of specific film thickness and 

spreading parameter (𝜆|𝑆∗|). The outliers for characterization based on different parameters are shown 

and drawbacks of the characterization discussed. At the end, the characterization based on 𝜆|𝑆∗| is  

shown and its advantages over characterization based on other parameters discussed. 

6.1 Characterization based on viscosity 

An attempt was made to characterize friction data based on viscosity (Fig.12). The friction in the system 

decreases as a more viscous lubricant is used. If the system operates in 𝐻𝐿 regime then beyond a certain 

point, the friction increases as viscosity increases. It was expected that the friction values would 

decrease with more viscous lubricants. The lambda (𝜆) can be increased by either increasing the 

operating speed or lowering the applied load. This means that as load and speed are altered the 

lubrication regime under which a system operates changes. This transition of regime would alter the 

friction results for the same surface lubricant pair. It was found that for same lubricant friction 

coefficient decreased with increase in speed. The friction coefficient also decreased as viscosity 

increased. But there were some outliers. The lowest friction values were recorded for PDMS-DET pair 

even when DET has the lowest viscosity. EET-PDMS pair recorded a high value of friction even when EET 

has the highest viscosity of all the lubricants. MET and PAO have similar viscosities but the friction values 

were different. For the same lubricant surface pair (PDMS with PAO and MET), different friction values 

were recorded depending on the operating conditions. Based on evidence, viscosity should not be used 

to characterize friction. Some other surface properties (lambda or wettability) should be used to 

characterize friction. 

 

                                                  

Figure 12: Friction versus viscosity for steel-steel surfaces at 0.03 m/s (red square) and PDMS-steel 
surfaces at 0.01 m/s (yellow dot), 0.04m/s (green), and 0.05 m/s (blue triangle) for different 

lubricants. 
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Then friction against viscosity data was compared on basis of 𝜆 value (Fig.13). The contribution of 

viscosity to friction was minimized. The value of friction decreased as value of 𝜆 increased. The friction 

decreased as system transitioned from 𝐵𝐿 to 𝐻𝐿. There were some still outliers. The friction values for 

steel were low even when the 𝜆 values were low. For 𝜆 < 1, PDMS surface in one case recorded a low 

friction value. When 𝜆 < 1, a system should operate in 𝐵𝐿 and the friction values are high. For 𝜆 > 3, 

PDMS surface in one case recorded a high friction. In 𝐻𝐿 (𝜆 > 3), a system generally records low friction 

values. The classification based on 𝜆 better characterized friction than viscosity, but still there were still 

some outliers. So, lambda alone is not enough to characterize friction and other surface properties 

should be taken into consideration. 

 

                                           

Figure 13: Friction versus viscosity for steel-steel surfaces for steel at 𝝀 < 𝟏 (𝑩𝑳), for PDMS at 𝝀 <
𝟏 (𝑩𝑳), 𝟏 < 𝝀 < 𝟑 (𝑴𝑳), and 𝝀 > 𝟑 (𝑯𝑳) for different lubricants. 

6.2 Characterization based on contact angle (𝜽) 

As per Bombard et al., wetting plays a significant role in 𝐵𝐿. It is preferable to have high wettability for a 

system that operates in 𝐵𝐿. A wetting liquid has higher wettability when the contact angle is low and 

vice versa[32]. The lubricant spreads over the surface and fills the asperities and reduces friction. It was 

expected that friction would decrease for systems operating in 𝐵𝐿 with decrease in contact angle. Low 

wettability is preferred for systems operating in 𝑀𝐿 and 𝐻𝐿 regime. The load is supported by the 

lubricant and the surfaces are either in partial contact or no contact at all. It is desired that a lubricant 

operating in 𝑀𝐿 or 𝐻𝐿 keeps the surfaces separated and does not spread over the surface. The friction 

in 𝑀𝐿 and 𝐻𝐿 increases with increase in wettability. This means that the friction values in 𝑀𝐿 and 𝐻𝐿 

were expected to increase with decrease in contact angle [4,6,11].  

The study found that when PDMS was used with PAO and MET in BL, lower friction value was recorded 

for a lower contact angle (PAO) (Fig 14, Table 3, and Fig.15). For PDMS operating in 𝑀𝐿 and 𝐻𝐿, the 

study found that lubricant with higher contact angle recorded lower friction values (MET). PDMS-EET 
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pair operated in 𝐻𝐿 and recorded very low contact angle. The pair recorded the highest value for 

friction among all systems operating in 𝐻𝐿 and the value was higher than expected. PDMS-DET pair 

operated in 𝐵𝐿 and recorded the lowest contact angle among all system PDMS systems operating in 𝐵𝐿 

regime. The pair recorded the lowest friction among all PDMS systems in 𝐵𝐿 but the friction value was 

lower than expected. Steel-steel surface pairs recorded contact angles lower than PDMS-steel pairs 

(Fig.14 and 16, and Table 4). Steel-DET recorded the lowest contact angle but recorded the highest 

friction among all the steel-steel systems. The friction values recorded by all steel-steel system cases 

were lower than the PDMS-steel cases, but the values were lower than expected.   

Contact angle could not fully characterize friction because in some cases the values were very different 

from the expected. The possible reason for this behavior is that all the systems were operated in varied 

conditions and contact angle alone cannot take into account the effect of change in operating 

conditions. Specific fluid film thickness (𝜆) takes into account the change in operating conditions. 

 

Figure 14: Average friction against contact angle for PDMS (dot) and steel (square) for PAO (blue), DET 

(grey), EET (yellow), and MET (orange). 

Lubricant Average Contact 

Angle (𝜽) 

2*SD SE at 2*SD 

PAO40 50.44 3.62 2.09 

DET 41.825 3.65 2.11 

MET 53.4 0.82 0.41 

EET 39.83 3.47 1.74 

Table 3 Average Contact angle measurements and uncertainty based on twice of standard deviation 
(SD) and standard error (SE) for a confidence interval of 95% for PAO40, DET, MET, and EET on PDMS. 

Each measurement was taken for a time period of 300 seconds at room temperature. 
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Figure 15: Average contact angle values for different lubricants on PDMS surface.  

Lubricant Average Contact 

Angle (𝜽) 

DET 22.60.03 

MET 30.96±0.01 

EET 36.29±0.25 

Table 4 Average contact angle measurements with uncertainty for a confidence interval of 95 % for 

DET, MET and EET on steel surface. 

 

Figure 16: Average contact angle values for different lubricants on steel surface 
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6.3 Characterization based on non-dimensionalized spreading parameter |𝑺∗| 

As per Kalin et al., lower value of spreading parameter leads to lower coefficient of friction[4]. Kalin et 

al. made the claim for elasto-hydrodyanmic lubrication regime (𝐸𝐻𝐿). The friction was expected to 

decrease with decrease in the value of spreading parameter if the system operates in 𝐻𝐿 regime.  It was 

observed that for 𝜆 > 3, MET recorded a lower friction value than PAO and MET also had a lower value 

of 𝑆∗ (Fig.25). PDMS-EET recorded an even lower value of spreading parameter but the friction values 

were very high. A system operating in 𝐵𝐿 was expected to experience lesser friction with increase in 

value of spreading parameter. PDMS-PAO system recorded a lower friction in 𝐵𝐿 than PDMS-MET in 𝐵𝐿. 

The value of 𝑆∗  was higher for PDMS-PAO than that for PDMS-MET. PDMS-EET recorded the highest 

value of 𝑆∗ among all the systems that operated in 𝐻𝐿 and recorded the highest value of friction among 

all the 𝐻𝐿 systems studied. The value of friction was higher than anticipated. Similarly, PDMS-DET 

recorded the highest value of 𝑆∗ and the lowest value for friction among all the PDMS systems that 

operated in 𝐵𝐿, but the friction values were lower than expected. Steel-steel surfaces witnessed highest 

friction with DET but DET recorded the highest value of 𝑆∗ on steel (Fig.17). 

It was observed that any formulation of spreading parameter (𝑆, 𝑆𝑃, 𝑜𝑟 |𝑆∗|) cannot be used alone to 

characterize friction when the same lubricant and surface pair is operated in different operating 

conditions (load and speed). The value of 𝑆∗ stays constant for a system and is not affected by any 

change in operating conditions. In scenarios where the same system is tested under different lubrication 

regimes, spreading parameter alone cannot be used to characterized wettability. The friction values for 

PDMS-MET and PDMS-PAO pairs varied as per the operating conditions but the value of |𝑆∗| remained 

constant. A lot of previous studies were able to characterize friction based on spreading parameter 

because they operated each surface lubricant pair at one operating condition and did not alter the load 

and speed to obtain different operating conditions.  

 

Figure 17: Friction versus 𝑺∗ for PDMS-steel (dot) steel-steel (square) surface pairs for PAO (blue), DET 
(orange), EET (grey), and MET (yellow) at different loads and speeds. 
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Lubricant |𝑺∗| Uncertainty 

PAO40 0.3631 ±0.05 

DET 0.2548 ±0.04 

EET 0.2321 ±0.04 

MET 0.3917 ±0.02 

Table 5 Values of |𝑺∗| for different lubricants on PDMS surface with uncertainty at two standard 
deviations at 95 % confidence interval. 

Lubricant |𝑺∗| Uncertainty 

DET 0.0768 ±0.0002 

MET 0.1425 0.0001 

EET 0.1940 0.003 

Table 6 Values of |𝑺∗| for different lubricants on steel surface with uncertainty at two standard 
deviations at 95 % confidence interval. 

6.4 Characterization based on 𝝀 and 𝝀|𝑺∗| 

In this study, characterization based on 𝜆|𝑆∗| was different from that offered by Schertzer et al. As per 

Schertzer et al., a system must operate in 𝐵𝐿 if 𝜆|𝑆∗| < 10−3, in ML if 10−3 < 𝜆|𝑆∗| < 0.5, and in HL if 

𝜆|𝑆∗| > 0.5 [6]. In this study, the friction values and 𝜆 values were compared against 𝜆|𝑆∗| values. For 

PDMS-PAO and PDMS-MET pairs, the 𝜆 values aligned with the friction values. The values for 𝜆|𝑆∗| were 

calculated for both the pairs (Table 2, 7, and 10). The characterization found in this study was as follows: 

• A system operates in 𝐻𝐿 if 𝜆|𝑆∗| > 1 

• A system operates in ML if 0.5 < 𝜆|𝑆∗| < 1 

• A system operates in BL if 𝜆|𝑆∗| < 0.5 

6.4.1 PDMS and lubricants 

6.4.1.1 PDMS and PAO 

Based on the values of 𝜆, the expected behavior was that friction would decrease with increase in 𝜆. The 

PDMS and PAO pair was tested for a value of 𝜆 ranging from 0.86 to 3.10 (Table 7). The system would 

record high friction values for 𝜆 < 1 as the system operates in 𝐵𝐿 regime, moderate values for 1 < 𝜆 <

3 as the system operates in 𝑀𝐿 regime, and low values for 𝜆 > 3 as the system operates in 𝐻𝐿 regime. 

The calculations based on 𝜆|𝑆∗| characterized the lubrication like values based on 𝜆. So, as per the 

friction values would also align with the characterization based on 𝜆|𝑆∗|. The results recorded in this 
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study matched all the expected results. The friction values decreased with increase in 𝜆 and aligned well 

with the characterization based on 𝜆 and 𝜆|𝑆∗| 

For a 𝜆 value of 0.86 three friction tests were performed and the average value of friction for these tests 

was 0.22 with a standard deviation of 0.023. The friction values were high because system operated in 

boundary lubrication regime (𝜆 < 1 𝑜𝑟 𝜆|𝑆∗| < 0.5).  

Similar behavior was observed when the PDMS and PAO pair was operated under mixed lubrication 

regime (1 <  𝜆 < 3 𝑜𝑟 0.5 < 𝜆|𝑆∗| < 1)  and hydrodynamic lubrication ( 𝜆 > 3 𝑜𝑟 𝜆|𝑆∗| > 1) (Fig. 18). 

In mixed lubrication regime, the average friction value was 0.17 with a standard deviation of 0.097. In 

hydrodynamic lubrication regime, the average friction value was 0.098 with a standard deviation of 

0.0066. Overall, the friction value was highest in boundary lubrication regime, decreased moderately in 

mixed lubrication regime, and was the lowest in hydrodynamic lubrication regime. Also, the 

characterization of friction behavior based on 𝜆 was similar to characterization based on 𝜆|𝑆∗|. This 

means that for every test case the lubrication regime pointed by value of 𝜆 and that pointed by value of 

𝜆|𝑆∗| were same. 

𝜆 𝜆|𝑆∗| 𝑅𝑒𝑔𝑖𝑚𝑒 𝑎𝑠 𝑝𝑒𝑟 

𝜆 

𝑅𝑒𝑔𝑖𝑚𝑒 𝑎𝑠 𝑝𝑒𝑟 

𝜆|𝑆 ∗| 

𝜇 

(𝑎𝑣𝑒𝑟𝑎𝑔𝑒) 

3.0950.003 1.1240.2 HL HL 0.03820.01 

2.4580.0003 0.8920.1 ML ML 0.17040.02 

0.8630.001 0.3130.05 BL BL 0.21260.05 

Table 7 𝝀, 𝝀|𝑺∗|, lubrication regime characterization based on 𝝀 and 𝝀|𝑺∗|, uncertainty for 𝝀 |𝑺∗|  at 
two standard deviations and 95 % confidence, friction results, and uncertainty in terms of twice of 
standard deviation (SD) and standard error (SE) at confidence interval of 95% for PAO40 and PDMS 

surface lubricant pair.  
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a)       

b)  

Figure 18: PAO-PDMS friction values (blue triangles) against a) three values of 𝝀: 0.86 (grey), 2.46 

(orange), and 3.10 (blue) and b) three values of 𝝀|𝑺∗|: 0.31 (grey), 0.89 (orange), and 1.12. 

Characterization based on both 𝝀 and 𝝀|𝑺∗| aligned with the actual results. 

6.4.1.2 PDMS and Ionic Liquids 

6.4.1.2.a DET 

The expected behavior for DET-PDMS pair was to record high friction value. DET recorded lowest 𝜆 value 

(Table 8) and was the least viscous lubricant in this study. The 𝜆|𝑆∗| value like 𝜆 value predicted that the 

system would operate in 𝐵𝐿 regime. But the actual results were different from the expectation. DET-

PDMS pair recorded a very low friction value. Characterization based neither on 𝜆 nor on 𝜆|𝑆∗| aligned 

with the friction results. The friction behavior of DET-PDMS pair was similar to a system operating in 𝐻𝐿 

regime. 
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The average friction value was 0.0376 with a standard deviation of 0.0029. As per the friction values, the 

behavior of the system is similar to behavior of a system in hydrodynamic lubrication regime. A 

proposed reason for such a behavior is that DET when used in boundary lubrication regime reacts with 

steel and creates a lubrication film. This film might lower the friction. So, even when characterizations 

based on 𝜆 and 𝜆|𝑆∗| predicted that the system would behave in boundary lubrication regime, the 

system recorded very low friction values. The friction values became steady from the start of the 

experiment (Fig. 19). 

𝜆 𝜆|𝑆∗| 𝑅𝑒𝑔𝑖𝑚𝑒 𝑎𝑠 𝑝𝑒𝑟  

𝜆 

𝑅𝑒𝑔𝑖𝑚𝑒 𝑎𝑠 𝑝𝑒𝑟 

 𝜆|𝑆 ∗| 

𝜇  

(𝑎𝑣𝑒𝑟𝑎𝑔𝑒) 

0.580.001 0.1480.02 BL BL 0.03760.006 

 

Table 8  𝝀, 𝝀|𝑺∗|, lubrication regime characterization based on 𝝀 and 𝝀|𝑺∗|, uncertainty for 𝝀 |𝑺∗|  at 
two standard deviations and 95 % confidence, friction results, and uncertainty in terms of twice of 

standard deviation (SD) and standard error (SE) at confidence interval of 95% for DET and PDMS 
surface lubricant pair. 
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a)     

b)  

Figure 19: DET-PDMS friction value (green triangle) at a) 𝝀 = 𝟎. 𝟓𝟖 and b) 𝝀|𝑺∗| = 𝟎. 𝟏𝟒𝟖 at a 
sliding speed of 0.05 m/s and a load of 1 N for a sliding distance of 100 meters. Both 𝝀 and 

𝝀|𝑺∗| predicted the system would operate in 𝑩𝑳 (𝝀 < 𝟏 𝒐𝒓 𝝀|𝑺∗| < 𝟎. 𝟓). The characterization 
based on 𝝀 was similar to characterization based on 𝝀|𝑺∗|. The friction values were lower than 

expected and similar to that of a system in 𝑯𝑳. 

6.4.1.2.b EET 

Based on the value of 𝜆 (3.86), it was expected that EET-PDMS pair would operate in 𝐻𝐿 regime and 

record low values of friction (Table 9). But as wetting (|𝑆∗|) was included in characterization, the 𝜆|𝑆∗| 

value (0.869) predicted that the system would operate in 𝑀𝐿 regime. Now the system was expected to 

align with the results based on 𝜆|𝑆∗| as characterization based on 𝜆 does not take into account 

wettability.  

The average friction value for EET and PDMS pair was 0.1338. This value is similar to the value obtained 

for a system operating in mixed lubrication regime. Hence, the characterization based on 𝜆|𝑆∗| better 

predicted the friction behavior of the system that the characterization based on 𝜆 (Fig. 20). 
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𝝀 𝝀|𝑺∗| 𝑹𝒆𝒈𝒊𝒎𝒆 𝒂𝒔 𝒑𝒆𝒓  

𝝀 

𝑹𝒆𝒈𝒊𝒎𝒆 𝒂𝒔 𝒑𝒆𝒓 

 𝝀|𝑺 ∗| 

𝝁  

(𝒂𝒗𝒆𝒓𝒂𝒈𝒆) 

3.860.001 0.8690.1 HL ML 0.14740.036 

 

Table 9 𝝀, 𝝀|𝑺∗|, lubrication regime characterization based on 𝝀 and 𝝀|𝑺∗|, friction results, and 
uncertainty in terms of twice of standard deviation (SD) and standard error (SE) at confidence interval 

of 95% for EET and PDMS surface lubricant pair. 

a)   

b)  

Figure 20: EET-PDMS friction value (red triangle) at a) 𝝀 = 𝟑. 𝟖𝟔 and b) 𝝀|𝑺∗| = 𝟎. 𝟖𝟔𝟗 at speed of 
0.01 m/s and applied load of 3.98 N for a sliding distance of 100 meters. The 𝝀 value predicted the 

system would operate in 𝑯𝑳 (𝝀 > 𝟑) but the 𝝀|𝑺∗| predicted the system would operate in 
𝑴𝑳 (𝟎. 𝟓 < 𝝀|𝑺∗| < 𝟏). The characterization based on 𝝀|𝑺∗| better aligned with the actual results. 
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