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I. INTRODUCTION 

The idea to create a new vacuum sensor for measurement of residual pressure in wide pressure range 
appeared as a result of study of the “dry friction” phenomenon. We use many different types of vacuum or 
residual pressure sensors (gauges) at present time: Bourdon tube, thermocouple vacuum gauge, ion 
vacuum gauge, cold cathode gauge, Bayard Alpert etc. Nevertheless, no type of sensor can be used at 
present time 
to measure a residual pressure and a surface coverage coefficient simultaneously. The presented sensor is 
based  
on functional dependence of friction coefficient on residual pressure as well as on coverage coefficient [2, 
10]. 

II. ANALYSIS OF EMPIRICAL AND THEORETICAL RESULTS 
The functional dependence of so called “dry friction” coefficient on the residual pressure in “vacuum” 
exists both for metal-metal friction pairs [10] and for dielectric-dielectric friction pairs [4, 5]. The 
experiments show that the mentioned functional dependence exists in the case of ball bearing run in 
vacuum too [3]. 
The summary diagram illustrating the mentioned functional dependence is shown in Fig. 1, 2. 
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Fig. 1. Variation of theoretical value of friction coefficient for Si – Si friction pair (silicon monocrystal 
friction pair) versus cumulative coverage. 
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Fig. 2. Variation of theoretical value of friction coefficient for Si – Si friction pair (silicon monocrystal 
friction pair) versus residual pressure. 
The experimental results [4, 5] presented in Fig. 3 – 5 are in good agreement with the results [2] of 
analysis implemented for the sample of the same surface geometry  
as used in [4]. Different types of vacuum sensors were used for the experiments. German made sensors 



were used  
to obtain the earlier published results [5]: 1) DVR – VACUUMBRAND (105 – 10 2 Pa); 2) CTR90, 
Leybold Co, (10 4 – 10-0 Pa); 3) CTR91, Leybold Co, (10 2 – 10-2 Pa), ion gauge (10 0- 10-4 Pa); 4) 
Bayard-Alpert sensor. The previous experimental results [4] were obtained using Russian (USSR) made 
analogue sensors. The results show, that “dry” friction is a complex phenomenon. It depends mainly on 
coverage  
of the surface and on the surface geometry as well as sorption energy. 
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Fig. 3. Variation of empirical value of friction coefficient for Si – Si friction pair (silicon monocrystal 
friction pair) versus cumulative coverage. 
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Fig. 4. Variation of empirical value of friction coefficient for Si – Si friction pair (silicon monocrystal 
friction pair) versus residual pressure. 
It was shown theoretically [2, 10], that the characteristic parameter of “dry friction” is coverage 
coefficient Θ∑ which depends mainly on sorbed water. Dry friction is a complex phenomenon which 
includes four different components. Capillary component has an effect in low and middle vacuum (at cumulative 
coverage more than 2). Viscose component prevails in low, middle and in high vacuum (at cumulative 
coverage less 2). Adhesive component is determinative in high and ultra high vacuum (at 2 > Θ∑ > Θ∑CH). 
Cohesive component comes into play in extremely high vacuum in case of smooth surfaces (Θ∑ < Θ∑CH). 
Cohesive component has an influence on friction to some extent at any pressure in case of real “rough” 
surfaces. 
As illustrated in diagrams (Fig. 1 – 5) friction coefficient has four maximums: 
1. At Θ∑ = 20…150 (Θ∑ = Θmax). It is caused by the largest contact area, that is close to 
geometrically determined nominal contact area. 
2. At Θ∑ = 2. It is governed by the maximal value of viscous friction gradient in the “quasi-liquid” 
part of the cumulative coverage. 
3. At Θ∑ = 1. Where the largest contact area of the smooth surface is covered with a sorbed gas. 
4. At Θ∑ < (N+FCHN)/(σB⋅A⋅P4(X)). It is explained with  
the largest (cohesive) attraction energy (energy of friction) in contact areas. 
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Fig. 5. Variation of empirical value of friction coefficient for Si – Si friction pair (silicon monocrystal 
friction pair) versus residual pressure (in limited pressure range within the error span). 
The theoretical graphs of different components of friction coefficient (viscous, capillary, adhesion and 
cohesion components) are shown in Fig. 6 as functions of coverage coefficient for Si – Si friction pair 
with polished surfaces.  
The listed above maxima of the cumulative friction coefficient take shape over summation of graphs of 
different friction components in different ranges of coverage coefficient variation. The fourth maximum is 
not shown in Fig. 6  
for cumulative friction coefficient because the capillary component is difficult to calculate for a polished 
Si – Si friction pair. The graph of the cumulative friction coefficient in Fig. 6 fits well with the graphs 
shown in Fig. 1, 3. 
Coverage coefficient Θ depends on residual pressure according to BET equation (1) [1]: 
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where P is a residual pressure measured in slot between sliding surfaces, Pa; PS is a measured saturated gas 
pressure, Pa; ES, EL are adsorption heat and heat of vaporization for the gas which residual pressure is 
being measured by the sensor, J; R is  
the absolute gas constant; T is a gas (surface) temperature, K. 
Recalculation of empirical data published by different authors [3-6, 9] into coordinates “friction 
coefficient – residual pressure” “friction coefficient – temperature”, “friction coefficient – humidity” 
demonstrates the similarity of their empirical results to the theoretical values shown  
in coordinates “friction coefficient - coverage” (Fig.1, 3). 
So, for example, the diagram in Fig. 7 represents the original results [6] (before recalculation) for SiO2 - 
SiO2 friction depending on temperature at relative humidity of 40 … 60 % and the diagram in Fig. 8 
represents the same results recalculated in coordinates “friction coefficient – coverage”.  
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Fig. 6. Diagram of theoretical value of friction coefficient depending on cumulative coverage coefficient Θ∑ 
(upper curve), that is a sum of the underlying curves (viscous, capillary, adhesive, cohesive friction 
components [2, 10]). 
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Fig. 7. Original empirical values of SiO2 – SiO2 friction coefficient at different temperatures [6]. empirical 
values of SiO2 – SiO2 friction coefficient. 
The obtained theoretical values conform to the empirical values shown in Fig. 3 good enough. 
The empirical values of “Si – Si” friction coefficient depending on relative humidity RH [9] shown in Fig. 
9 can be considered from the position of unity of differently presented friction phenomena. This might 
seem, that the values presented in Fig. 9 are not related with the values in Fig. 1 and in Fig. 3. But, the 
analysis of coverage coefficient gives us in Fig. 10, that these values coincide with the result in Fig. 1 and 
3 (see the right part of the diagram for the zone of Θ∑ = 8 … 700 monolayers). 
Thus the values obtained by different authors at different environmental conditions (P, T, RH) are very 
similar to each other if presented as a function of coverage coefficient. 
As it was demonstrated above and theoretically shown in [2, 10] the experimental results obtained at 
various residual pressures [4, 5], temperatures [6], and relative humidity values [9] allow interconversion 
and can be expressed as a function of coverage coefficient (see Fig. 11). This conclusion about unity of 
“different” friction phenomena is confirmed by recalculation of empirical data according to the presented 
theory [2, 10]. 
The observed phenomenon of dependence of friction coefficient on coverage coefficient can be utilised in 
a new vacuum sensor to measure a residual pressure and a coverage coefficient at the same time. 
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Fig. 8. Empirical values of SiO2 – SiO2 friction coefficient recalculated  
to coordinates “friction coefficient – coverage”. 
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Fig. 9. Empirical hydrophilic Si – Si friction coefficient at various relative humidity [9] at t = 25 °C 
(upper graph), t = 80 °C (lower graph). 
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Fig. 10. Empirical hydrophilic Si – Si friction coefficient recalculated  
into coordinates “friction coefficient – coverage”. 
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Fig. 11. Diagrams built by empirical data [4-6, 9] recalculated into coordinates “friction coefficient – 
coverage”. 

III. A PROPOSED SENSOR DESIGN 
We have shown the unity of “different” friction phenomena, and the opportunity to utilise the theoretical 
and empirical dependencies in design of a new sensor [7, 8] for simultaneous residual pressure (vacuum) 
and coverage coefficient measurements. The proposed scheme of such sensor is shown in Fig. 6 and 7. 
The main elements of the sensor (see Fig. 12) are rubbing rings 12 and 11, which are joined 
correspondingly with driving (pos. 2, 4) and “measuring” (pos 5, 9, 10) parts of the presented sensor. Ring 
11 is flat with the “window hole” to allow  
a penetration of residual gases and their sorption on “sliding surface” of the ring 12. The “angular” part of 
the “window” is following: 
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where V is sliding velocity corresponding to forming  
of the sorbed gas layer on a sliding surface of ring 12;  
Va is an average velocity of thermal movement of gas molecules retained on the surfaces in vacuum; D is 
a mean diameter of race; L is a length of the window;  
N1s is a number of molecules sorbed on the unit square  
of the surface; T is a surface temperature, К; α is an adhesion coefficient; Pc is a “critical” residual 



pressure being measured, it correspond to Pc ≈ 10-4 Pa in our case or to Θ∑ = 1 (close  
to the “boundary” between high vacuum and UHV). 

 
Fig. 12. The first scheme of ultra wide range vacuum sensor [7] is based  
on Si-Si friction pair: 1 is a screen, 2 is a rotating magnet drive, 3 is a case,  
4 is a rotor, 5 is a measuring rotor, 6 is a vacuum flange, 7 is a shaft,  
8 is a supporting ball bearing, 9 is a torsion for measuring torque,  
10 is an optron sensor, 11 is the first rubbing ring, 12 is the second rubbing ring, 13 is a driving motor. 

 
Fig. 13. The second scheme of vacuum sensor for ultra wide measurement range [3, 8]: 1 are torque 
measurement feedthroughs; 2 is a torque photon-coupled pair; 3, 10 is a rotating magnet drive; 8, 9, 11, 
12 is a case;  
4 is a measuring ball bearing (is tested); 5 are supporting ball bearings;  
25 is a rotor; 26 is a shaft; 27 is a vacuum flange. 
The main elements of the second version of the sensor (Fig. 13) are measuring ball bearing 4 (is tested), the 
torque on which is measured, rotating magnet drive 3, 10, and the torque photon-coupled pair (pos. 2). 
Torsion spring is not shown in Fig. 12. Basic dimensions of the sensor are similar to ordinary ion-gauge 
sensor dimensions. Other versions of the new sensor are being patented now. 



IV. CONCLUSION 
1. The results of experimental studies of “dry friction”  
at various residual pressures, temperatures, and humidity values allow interconversion and can be expressed 
as a function  
of coverage coefficient. 
2. Unity of “different” friction phenomena gives  
the opportunity to create the new vacuum sensor for taking measurements of residual pressure and 
coverage coefficient. 
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