
 1

Title: Shear Property of Oil Film Containing Oiliness Additive in Narrow Gap 

Measured with Newly-Developed Parallel-Disk Viscometer Supported by Aerostatic 

Bearing 

 

Author Names and Affiliations: 

Tomoko Hirayama
1)

, Shun Shibata
2)

, Tomoyuki Harada
2)

, Yusuke Hashimoto
2)

, Naoki 

Yamashita
1)

 
1)

Department of Mechanical Engineering and Science, Kyoto University 

Katsura, Nishikyo-ku, Kyoto 615-8540, Japan 
2)

Graduate School of Science and Engineering, Doshisha University 

1-3 Miyakodani, Tatara, Kyotanabe, Kyoto 610-0394, Japan 

 

Corresponding Author: 

Tomoko Hirayama, Prof. Dr. Eng. 

Dept. of Mechanical Engineering and Science, Kyoto University 

Katsura, Nishikyo-ku, Kyoto 615-8540, Japan 

Tel. +81-75-383-3660 

E-mail: tomoko@me.kyoto-u.ac.jp 

 

Abstract: 

 The shear force of oil film containing an oiliness additive in a narrow gap was 

measured with a newly-developed parallel-disk viscometer supported by an aerostatic 

thrust bearing. To evaluate viscometer performance, the shear force of pure base oil was 

first measured using an oleophobic coated disk. Using the coated disk resulted in 

interfacial slip between the disk surface and oil, which significantly reduced the shear 

force compared to that when a non-coated disk was used. Next, the shear force of base 

oil containing an oiliness additive was measured without using the coated disk. Again it 

was significantly reduced, especially when the gap was less than 1 µm. The degree of 

reduction depended on the oiliness additive used. These results demonstrate that an 

oiliness additive can cause interfacial slip, resulting in friction reduction even in a 

hydrodynamic lubrication regime with a submicrometer gap. 
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Body of Paper: 

1. Introduction 

 With the strong demand for energy-conserving machines, usage of ultra-low 

viscosity oil is rapidly becoming more common especially as engine oil for automobiles. 

The formed oil film is then thinner than that when high viscosity oil is used, reaching 

boundary lubricated state more easily. Then, the additives mixed into the base oil have 

come to play a key role in achieving lower friction coefficients and higher wear 

durability for sliding surfaces. Particularly, oiliness additives generally form an 

adsorption layer on metal surfaces and thereby reduce friction, especially under lower 

pressure conditions in the boundary lubrication regime. 

 The interfacial structure of this adsorption layer has been investigated in 

various studies over the past 30 or so years, and its state and behavior have been 

gradually clarified, especially with the recent development of physical and chemical 

analyzers. For examples, infrared spectroscopy has been commonly used since the early 

1990s [1-4], and attenuated total reflection infrared spectroscopy (ATR-IR) in particular 

has been used to obtain chemical information about adsorbed additive layers on 

substrate surfaces soaked in lubricant [5,6]. Neutron reflectometry (NR) [7-10], quartz 

crystal microbalance with dissipation monitoring (QCM-D) [11,12], and 

frequency-modulation atomic force microscopy (FM-AFM) [13] have been applied to 

tribological surfaces and have been effectively utilized to facilitate understanding of the 

mechanisms of adsorption layers formed by oiliness additives. 

 Recent studies have shown that oiliness additives ‘grow’ up to several tens of 

nanometers under tribological conditions [14]. Such findings are changing our 

conservative knowledge on additives at the solid-liquid interface. However, although 

the effect of oiliness additives on friction reduction under boundary lubricated 

conditions has been much discussed, there have been few reports on the effect under 

hydrodynamic lubrication conditions, especially under narrow gap conditions at the 

submicrometer level. If the thickness of the oiliness additive layer reaches 10-nm order, 

it also affects the hydrodynamic lubrication properties, especially in a narrow gap. 

 We have investigated the shear property of lubricant in a narrow gap by using a 

newly-developed viscometer with parallel disks supported by an aerostatic bearing. The 

narrow gap was set at submicrometer level. Two kinds of oiliness additives were mixed 

into sample lubricant, and their shear force properties between the parallel disks were 

compared. 

 

2. Parallel-Disk Viscometer 

2.1 Structure around Parallel Disks 

 To measure the shear force of oil film in a narrow gap, we had to develop a 

viscometer with a gap at the submicrometer level because most commercial viscometers 

have comparatively wide gaps (at the submillimeter level at minimum). We needed a 
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viscometer with a stable and parallel gap at the submicrometer level that remained fixed 

during shear force measurement regardless of the shear velocity. The gap had to be 

adjustable with precise positioning resolution. And it had to be able to precisely 

measure the shear force of oil film. 

 A diagram of the viscometer we developed is shown in Figure 1, and the 

components are listed in Table 1. An enlarged schematic diagram of the key components 

is shown in Figure 2. As shown in the figure, sample lubricant is injected between the 

upper specimen (11) and lower disk (21), the main dimensions of which are listed in 

Table 2. The upper specimen has an aerostatic thrust bearing face in the center (outer 

diameter = φ22 mm) and a simple flat face area in the outer ring area surrounding the 

bearing area (inner diameter = φ24 mm and outer diameter = φ30 mm), as shown on the 

left in Figure 3. Air is supplied from the center hole (φ2 mm) to the aerostatic bearing 

face, which has fan-shaped surface restrictions. The lower disk has a simple flat face 

area, as shown on the right in Figure 3, and it is set on the lower disk holder. The lower 

disk holder is supported by a ball bearing to freely rotate and coupled to the 

elastic-hinge shaft, which has a small diameter column in the middle (5) supported by 

two leaf springs (18) with unique shapes for achieving high stiffness in the axial 

direction and low stiffness in the tilting direction. This design enables the lower disk to 

tilt due to the tilting stiffness of the aerostatic thrust bearing and thereby maintain a 

parallel relationship with the upper specimen even during rotation. 

 The gap between the upper specimen and lower disk is controlled by adjusting 

the air pressure supplied to the aerostatic bearing through the upper disk and/or by 

adjusting the pushing force generated by an air cylinder from the bottom of the lower 

disk (19). The gap is determined by the balance between downward force sf  

generated in the aerostatic bearing and pushing force bf  generated by the air cylinder. 

 For the test, a sample lubricant was injected into the gap between the upper and 

lower disks only in the outer ring area. The speed-controllable DC motor (31) rotated 

the hollow shaft (1) connected to the upper disk through pulleys (25)/(30) and a timing 

belt. Then, the rheological properties of the target oil were estimated by measuring the 

torque during rotation of the lower disk by a load cell (6), which can measure the force 

in the circumferential direction when the upper disk rotates. Pushing force bf  was 

measured with a load cell (15) set between the elastic-hinge shaft attachment (14) and 

the air cylinder. 

 

2.2 Theory for Load Capacity of Aerostatic Bearing 

 The gap between the aerostatic bearing face and the lower disk face was 

theoretically predicted by calculating the load capacity of the aerostatic bearing by using 

the Reynolds equation. The aerostatic thrust bearing we used has a complex restriction 

created by the combination of an inherent restrictor and a surface restrictor. The surface 

restrictor was theoretically treated by applying equivalent gap theory to the grooved 
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region. 

 The bearing model for the load capacity calculation is shown in Figure 4. The 

mass flows from area 1 to area 2, from area 2 to area 3, and area 3 to the atmosphere are 

respectively expressed as 12m , 23m , and am3  
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where sr , gr , and ar  are the radii of the center hole (the inlet port) in area 1, the 

grooved region in area 2, and the whole bearing area (area 3), and sp , sp′ , gp , and 

ap  are the inlet pressure, the pressure at sr , the pressure at gr , and the atmospheric 

pressure, respectively; eqh  and lh  are the equivalent gaps in areas 2 and 3, and eqh  

is calculated using 

( ) ( ){ } 3133
1 lleq hhh γδγ −++= ,                        (4) 

where δ  and γ  are the groove depth and circumferential area ratio of the grooves. 

The definitions of the other symbols are shown in the nomenclature. From the mass 

conservation law, 

ammm 32312 ==                            (5) 

must be satisfied. The pressure distributions 2p  and 3p  in areas 2 and 3 can be 

calculated from the Reynolds equation considering the compressibility of the air flow: 
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 Finally, the load capacity of the aerostatic bearing (= axial force generated by 

the aerostatic bearing) sf  is calculated: 
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 The gap between the aerostatic bearing face and lower disk is determined by 

the force balance between downward force sf  generated in the aerostatic bearing and 

pushing force bf  generated by the air cylinder. 

 

3. Performance Evaluation 

3.1 Comparison between Experimental and Theoretical Gaps 

 Before the shear force measurement of sample liquids, the gap between the flat 

face of the outer ring area on the upper specimen and the lower disk 0rc  should be 

determined for each pushing force bf . We first determined the gap on the basis of the 

shear force of pure base oil, for which the viscosity is known. If the viscosity of the base 

oil is assumed to be constant regardless of the gap, the gap can be predicted from 
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where 1r  and 0r  are the outer and inner radii of the outer ring area on the upper 

specimen, and 0f  is the measured shear force. If the force measured by the load cell 

(6) for the circumferential direction is expressed as rotf , the relationship between 0f  

and rotf  is 
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where l  is the distance from the rotation center to the pushing point of the load cell 

(6). 

 In the test, two kinds of poly-alpha-olefins, PAO30 and PAO63, were used as 

the pure base oils. Their viscosities at 30ºC (37.9 and 80.0 cP, respectively) were used as 

the values of η  for the calculation of gap 0rc  using equation (12). The air pressure 

sp  supplied to the aerostatic bearing was kept constant at 0.27 MPa. The test 

procedure is as follows. 

(1) The certain pushing force by the air cylinder from the bottom was applied. 

(2) The constant air pressure for the aerostatic bearing was supplied. 

(3) Enough volume of lubricant was supplied to the gap between the upper specimen 
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and lower disk by a microsyringe. 

(4) The motor was started to run at the maximum speed and the situation was kept for 

10 minutes as running-in time until the temperature became stable. 

(5) The test was started; the rotational speed was slowed down every 10 seconds, and 

then the shear force was measured for each rotational speed. The total test time was 4 

minutes at maximum. 

 The measured shear forces for each base oil for various values of bf  are 

shown in Figure 5. The shear force was proportional to the rotational speed. This means 

two important facts; First is that the gap between the upper specimen and lower disk 

remained almost constant regardless of the rotational speed during the test. Second is 

that the viscosity of oil was kept constant, that is, the temperature of oil film was kept 

during the test after running-in time. The estimated temperature from the representative 

shear force was about 30ºC regardless of gap and oil viscosity within our experimental 

conditions because the heat capacities of upper specimen and lower disk are enough to 

keep the temperature during the test. On these facts, the gaps 0rc  determined using 

equation (12) are shown in Figure 6. The minimum gap was about 0.5 µm, meaning that 

a submicrometer gap can be obtained by using the appropriate pushing force. 

 The average gap is plotted in Figure 7 for each pushing force using theoretical 

curves calculated using equation (11) for three values of airflow contraction coefficient 

C  at the inlet port. The optimum value of C  was 0.32, which is in line with the 

values calculated in previous studies. This means that the gap can be controlled by 

adjusting the pushing force generated by the air cylinder and that its value can be 

predicted by using equation (12) with the value of C set to 0.32. 

 To verify the value of the gap predicted from theory, we used optical 

interferometry to directly measure the gap between the flat face area of the upper 

specimen and lower disk, as shown in Figure 8. A 20-nm-thick chromium film had been 

previously deposited on the face of the lower disk by sputtering to form a half mirror. A 

filtered dichroic laser emitting red light at 670 nm and green light at 550 nm was 

irradiated into the gap from a xenon stroboscopic light source to measure the oil film 

thickness and to observe the oil film shape. 

 Before the test, we first established the table showing the relationship between 

the gap and fringe color. Then we prepared a steel ball with the diameter of Sφ 3/8 inch, 

and the ball was pushed to the chromium-coated lower disk with sandwiching PAO30 

under 5 N. Then, we measured the radius of each fringe r  observed by the dichroic 

laser and the fringe colors (black, green, yellow, red) corresponded to the gap length h  

by the equation of 
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where a , maxP  and E ′  are contact radius, maximum Hertz pressure and equivalent 

Young’s modulus, respectively. 

 The gap lengths estimated from the measured shear force and those estimated 

from the optical interferometry are plotted in Figure 9 for PAO30 as the sample liquid. 

The gap length measured by the optical interferometry was estimated by corresponding 

the fringe color to the table previously established. Then, the fringe order was carefully 

judged from the prev-and-next colors when the pushing load was slightly changed 

higher and lower. 

 The gap lengths from the two estimates are in good agreement. A typical 

interferometric image captured during the test is shown on the right in Figure 9. The 

fringe color alternated repeatedly between red and green as the rotational speed of the 

upper specimen was increased. This means that the gap was almost kept to be parallel 

and that the values predicted using equation (12) are sufficiently accurate. 

 

3.2 Shear Property when Oleophobic Coating was Applied 

 To determine whether the measured shear force changes with the surface 

energy of the top of the lower disk, we applied an oleophobic coating to the top surface 

of the lower specimen. Previous studies have shown that interfacial slip occurs when an 

oleophobic coating is applied to a sliding surface. We prepared a resin coating agent 

containing fluorine (Durasurf DS-5935SH, Harves Co., Ltd.) and formed an oleophobic 

monolayer film on the surface of the lower disk by dipping. The dipping process was 

conducted by a simple dip coater with a constant pull-up velocity. After the dipping 

process, the lower disk was heated at 100ºC for 1 hour by oven. The coating thickness 

was estimated by ellipsometer as 4-6 nm at the several points, so the coated layer was 

confirmed as homogeneous. 

 The contact angle of lower disk was measured by a contact angle meter (Drop 

Master 401, Kyowa Interface Science Co., Ltd.). Images illustrating contact angle 

(C.A.) measurement are shown in Figure 10; PAO30 was used as the dropped liquid. 

The contact angle ranged from 13º to 66º after treatment. The variation of contact angle 

was ±1º at maximum. The measured surface roughness after film formation was the same 

as that before treatment. 

 The shear forces for various gaps for PAO30 with non-coated and coated disks 

are plotted in Figure 11. The difference in shear force between using non-coated and 

coated surfaces increased as the gap became narrower though each shear force was 

almost proportional to the rotational speed. When the gap was assumed to be fixed in 

accordance with Figure 7, the ‘apparent viscosity’ could be determined by 
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transformation of equation (12): 
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The apparent viscosities apη  calculated from Figure 11 are shown in Figure 12. They 

were substantially lower when using the coated disk, especially when the gap was less 

than 1 µm. Though the actual viscosity of PAO30 in the gap should not have changed, 

the decrease in the apparent viscosity was due to ‘interfacial slip’ on the oleophobic 

surface. 

 There have been a lot of papers regarding on the ‘interfacial slip’ phenomena 

from the past, and the effect of slip has been discussed especially in the field of surface 

science. From the viewpoints of molecular interpretation, some reports show that the 

density of liquid molecules becomes lower on the liquidphobic surface, resulting in 

interfacial slip, while the density becomes higher on the liquidphilic surface [15-17]. 

And the interfacial slip of water was widely observed and recognized on the both of 

micro and macroscopic studies [18-22]. Though the number of reports on the interfacial 

slip of oil on oleophobic surface is smaller than that for the case of water, similar 

concepts for the interfacial slip can be applied also for oil/substrate interface when an 

oleophobic surface is used [23-26]. For example, Yu et al. reported the occurrence of 

interfacial slip on an oleophobic PFPE surface under high shear rate conditions [26], 

and the trend of our results agrees well with theirs. The results we obtained demonstrate 

that the developed viscometer is suitable for evaluating the shear force of a sample 

liquid with including the effect of interfacial interaction between the surface and liquid, 

especially in a narrow gap. 

 

4. Shear Property of Oil Containing Oiliness Additive 

 To examine the effect of mixing an oiliness additive into the base oil on the 

shear force in a narrow gap, we added either palmitic acid or oleic acid to the PAO30 

base oil. The concentration of each additive was 0.3 mass%. We injected the oil into the 

gap between the flat area of the upper specimen and lower disk and then started the 

motor to rotate the hollow shaft. The air pressure sp  supplied to the aerostatic bearing 

was kept constant at 0.27 MPa. 

 The measured shear forces are plotted in Figure 13, and the apparent viscosity 

calculated using equation (15) for each gap is shown in Figure 14. We can see from 

Figure 13 that the shear force was lower when the oil contained an oiliness additive, 

especially when the gap was narrower. This result is similar to that when the oleophobic 

surface was used, which means that interfacial slip occurs when an oil containing an 

oiliness additive is used. In addition, our finding that the shear force was almost 

proportional to the rotational speed even when an additive was used is interesting and 
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important because it means that the factor determining whether interfacial slip occurs is 

not the ‘shear rate’ but the ‘absolute size of the gap’. Moreover, these results show that 

the effect of interfacial slip depends on the oiliness additive; the apparent viscosity for 

the case using palmitic acid was lower than that for the case using oleic acid. The slip 

length for the case using palmitic acid was about 0.44 µm, while that for the case using 

oleic acid was about 0.24 µm, at 0rc =0.59 µm, calculated on the general definition of 

slip length [26]. 

 We finally discuss on where the interfacial slip face is. One possibility is to slip 

in the boundary layer formed by the acid molecules. Some of recent observations 

showed that the fatty acid molecules take multilayered structure on the metal surfaces in 

lubricant [13]. The adsorption of palmitic acid into a metal surface is known to be 

higher than that of oleic acid because the former has a straight chain while the latter has 

a flexed one due to the existence of a double bond, and a difference in adsorption 

properties may be appeared in our test. Figure 15 shows the cross-sectional images of 

the interface between the Cu substrate and lubricant captured by FM-AFM 

(SPM-8000FM, Shimadzu Corp.), as reference. Then, the base oil was hexadecane and 

the concentration of acid was 0.01 mass%. The palmitic acid molecules took clear 

multilayered structure while the oleic acid did not multilayered structure but 

one-layered structure with a constant thickness (The thickness was approximately 6.8 

nm on the both lines of A-B and C-D on the assumption that the bright area corresponds 

to the boundary layer.) It indicates that the difference of interfacial structure of 

boundary layer formed from additive may affect the slip length, resulting in the 

difference of shear force properties under hydrodynamic lubricated condition, that was 

clearly appeared especially when the gap was narrower. 

 

5. Conclusion 

 The viscometer we have developed has an aerostatic thrust bearing supported 

by parallel disks and is able to measure the shear force of a sample liquid in a 

submicrometer gap. The results obtained are summarized as follows. 

� The gap in the viscometer can be theoretically estimated as shown by calculation 

based on the shear force of the base oil and by optical interferometry. 

� Applying an oleophobic coating to the top surface of the lower disk reduced the 

measured shear force, especially when the gap was narrower, compared to the 

measured shear force when a non-coated surface was used. This shows that 

interfacial slip occurs on an oleophobic surface, resulting in shear force reduction. 

� Adding an oiliness additive to the base oil reduced the shear force, especially when 

the gap was narrower. The reduction ratio depended on the additive; it was larger 

for palmitic acid than for oleic acid. 
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Nomenclature 

a : Contact radius 

0rc : Gap between the flat face of the outer ring area on the upper specimen and the 

lower disk 

0f : Shear force converted from rotf  

bf : Pushing force by the air cylinder 

sf : Axial force generated in the aerostatic bearing 

rotf : Circumferential force measured by the load cell (6) 

eqh : Equivalent gap in area 2 of the aerostatic bearing 

lh : Gap in area 3 of the aerostatic bearing 

l : Distance from the rotation center to the pushing point of the load cell (6) 

ap : Atmospheric pressure 

gp : Pressure at gr  of the aerostatic bearing 

ip  ( =i 2,3): Pressure in area 2 and 3 of the aerostatic bearing 

sp : Inlet pressure for the aerostatic bearing 

sp′ : Pressure at sr  of the aerostatic bearing 

0r : Inner radius of the outer ring area on the upper specimen 

1r : Outer radius of the outer ring area on the upper specimen 

ar : Outer radius of area 3 of the aerostatic bearing 

gr : Outer radius of area 2 of the aerostatic bearing 

sr : Outer radius of inlet port of the aerostatic bearing 

C : Airflow contraction coefficient 

E ′ : Equivalent Young’s modulus 

maxP : Maximum Hertz pressure 

R : Gas constant 

T : Temperature 

δ : Groove depth 

γ : Circumferential area ratio of the grooves 

η : Sample oil viscosity 

apη : Apparent viscosity calculated from the measured shear force 

κ : Heat capacity ratio 

µ : Air viscosity 

ω : Rotational speed 
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Figure and Table Captions 

Fig. 1  Schematic of newly developed parallel-disk viscometer with submicrometer 

gap. 

Fig. 2  Enlarged diagram of key components in viscometer. Sample lubricant is 

injected between upper specimen and lower disk. Gap between upper specimen and 

lower disk is kept parallel by high tilting stiffness of aerostatic bearing fabricated in 

center of upper specimen. To bring aerostatic bearing into operation, air is supplied from 

center hole of upper specimen and then exhausted through slot between aerostatic 

bearing face and outer ring area. 

Fig. 3  Upper specimen (left, stainless steel) and lower disk (right, borosilicate glass). 

Fig. 4  Definition of symbols for upper specimen. 

Fig. 5  Shear forces for two kinds of base oils measured under various pushing forces. 

Fig. 6  Gap estimated from shear force properties of base oils. Gap values under 

constant pushing force were virtually stable regardless of rotational speed and oil 

viscosity. 

Fig. 7  Relationship between pushing force and gap; C  is coefficient of airflow 

contraction at inlet port. 

Fig. 8  Optical interferometry setup for direct measurement of gap between flat face 

area of upper specimen and lower disk surface. 

Fig. 9  Gap values estimated from optical interferometry and calculated from shear 

force, and typical interferometric image captured during test. Both values in graph agree 

well with theoretical prediction up to bf =72.5 N. 

Fig. 10  Oil droplets for measurement of contact angles for PAO30 on non-coated and 

oleophobic coated surfaces. 

Fig. 11  Shear force properties of PAO30 sandwiched between upper specimen and 

non-coated/coated lower disk. 

Fig. 12  Apparent viscosities of PAO30 calculated from shear force properties 

measured using non-coated/coated lower disk.. 

Fig. 13  Shear force properties of pure PAO30 and PAO30 with 0.3-mass% 

palmitic/oleic acid. 

Fig. 14  Apparent viscosities of oil calculated from shear force. 

Fig. 15  Cross-sectional image of Cu surface/lubricant interface captured by FM-AFM. 

The base oil was hexadecane and the acid concentration was 0.01 mass%. The detailed 

information on the capturing method is described in [13]. The substrate was Cu because 

the bright area was almost not observed when we used Fe substrate instead of Cu one. 

Table 1  Components of newly developed viscometer 

Table 2  Dimensions and specifications of upper specimen and lower disk 
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               (a) PAO30                           (b) PAO63 

Fig. 5  Shear forces for two kinds of base oils measured under various pushing forces. 
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Fig. 6  Gap estimated from shear force properties of base oils. Gap values under 

constant pushing force were virtually stable regardless of rotational speed and oil 

viscosity. 

 

 

 

Fig. 7  Relationship between pushing force and gap; C  is coefficient of airflow 

contraction at inlet port. 
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     (a) Non-coated surface (C.A.=

 

Fig. 10  Oil droplets for measurement of contact angles

oleophobic coated surfaces.

 

 

  

coated surface (C.A.=13º)    (b) Oilphobic coated surface (C.A.=

Oil droplets for measurement of contact angles for PAO30 on non

phobic coated surfaces. 

 

 

)    (b) Oilphobic coated surface (C.A.=66º) 

for PAO30 on non-coated and 



 

        (a) bf =65 N ( 0rc =1.49 µm)          (b) bf =67.5 N ( 0rc =1.28 µm) 

 

        (c) bf =70 N ( 0rc =0.75 µm)          (d) bf =72.5 N ( 0rc =0.59 µm) 

Fig. 11  Shear force properties of PAO30 sandwiched between upper specimen and 

non-coated/coated lower disk. 

  



 

Fig. 12  Apparent viscosities of PAO30 calculated from shear force properties 

measured using non-coated/coated lower disk. 

  



 

        (a) bf =65 N ( 0rc =1.49 µm)          (b) bf =67.5 N ( 0rc =1.28 µm) 

 

        (c) bf =70 N ( 0rc =0.75 µm)          (d) bf =72.5 N ( 0rc =0.59 µm) 

Fig. 13  Shear force properties of pure PAO30 and PAO30 with 0.3-mass% 

palmitic/oleic acid. 

  



 

Fig. 14  Apparent viscosities of oil calculated from shear force. 

 

 

 

        (a) With palmitic acid [13]                (b) With oleic acid 

Fig. 15  Cross-sectional image of Cu surface/lubricant interface captured by FM-AFM. 

The base oil was hexadecane and the acid concentration was 0.01 mass%. The detailed 

information on the capturing method is described in [13]. The substrate was Cu because 

the bright area was almost not observed when we used Fe substrate instead of Cu one. 



Tables: 

 

Table 1  Components of newly-developed viscometer. 

No. Component No. Parts name 

1 Main shaft 18 Leaf springs 

2 Precompression ring 19 Air cylinder 

3 Upper housing 20 Center-holed bolt 

4 Bar for torque measurement 21 Lower disk 

5 Elastic-hinge shaft 22 Square prism 

6 Load cell for circumferential direction 23 Small-sized ball bearing 

7 Lower housing 24 Rotary joint 

8 Load cell stage 25 Driven pulley 

9 Base housing 26 Deep groove ball bearing 

10 Base plate 27 Idler shaft 

11 Upper specimen 28 Idler 

12 Lower disk holder 29 Round belt 

13 Collar 30 Drive pulley 

14 Hinge shaft attachment 31 Speed-controllable DC motor 

15 Load cell for vertical direction 32 Lib 

16 Top plate 33 Leaf spring holder 

17 Back plate -  

 



Table 2  Dimensions and specifications of upper specimen and lower disk. 

Upper specimen Material  SUS440C 

Outer diameter of flat area 11 2rd =  φ30 mm 

Inner diameter of flat area 00 2rd =  φ24 mm 

Surface roughness of flat area  < 2 nmRa 

Outer diameter of aerostatic 

bearing area 

aa rd 2=  φ22 mm 

Outer diameter of grooved 

region 
gg rd 2=  

φ20 mm 

Diameter of inlet port ss rd 2=  φ2 mm 

Depth of aerostatic bearing face 

from flat face 

0rl ch −  About 5 µm 

Number of grooves  8 

Groove depth δ  20 µm 

Circumferential area ratio of 

grooves 

γ  0.33 

(=15º×8/360º) 

Lower disk Material  BK7 

Product no.  OPB-40S04-10-5 

(Sigma Koki, 

Co., Ltd.) 

Thickness  4 mm 

Surface roughness  < 1 nmRa 

 


