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The technology, engineering and science of tribology 
developed during the 1st Industrial Revolution in Europe 
were introduced to Japan after 1868 and learned in the 
following 80 years. After the establishment of JSLE in 
1956, Japanese tribologists supported world top class 
products and quick growth of Japanese GDP in the 
following 70 years. JSLE/JAST organized big 10 
international conferences of tribology in the past 40 years. 
Various new approaches in basic research have been 
challenged and results were presented at JAST spring & 
fall meetings with more than 400 presentations per year 
in the past decades. In the coming age of depletion of 
resources reserves in the world, Japan is facing to the 
needs of creating sustainable and healthy lifestyles 
supported by renewable energy & materials. 
Breakthroughs in tribology are now required for the 
technology of health and sustainability to realize a new 
society of such lifestyles in the near future. Japanese 
tribological achievements in the past 150 years and near 
future needs in tribology are briefly described in this 
paper with those viewpoints and aspects. 

 
 
1.0 INTRODUCTION: PRE-TRIBOLOGY IN JAPAN 

The wooden five storied pagoda “Kohfukuji” was built in 730AD in the ancient capital Nara, 
Japan, by the architecture of using friction between wood beams, pillars and columns to absorb 
the shock caused by earthquakes, and never collapsed by many big earthquakes over M7 in the 
past more than one thousand years. Traditional Japanese houses have this kind of character given 
by frictional properties of woods. Trees for them were well planted and sufficient for the needs in 
Japan until early 19th century. Iron tools for sawing, planning, carving or drilling woods, and other 
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cutting tools, and swards were also well developed in Japan with domestic iron until early 19th 
century. Steel quality and artistic surface finish of the swords were at the world highest level in 
the century. 

 
 

2.0 LEARNING OF TRIBOLOGY IN 1868~ 1950AD JAPAN 
In 1868AD, Japan finally opened its gate to the industrially advanced countries such as UK, 

France, USA and Germany, and quickly introduced their technologies, engineering and sciences 
developed by their industrial revolutions started in 1750s. 

Fig.1 shows typical examples of machines and tribo-elements which were already used in 
those countries [Dowson, 1979]. Empirical laws of friction and wear were also well observed by 
scientists and engineers in the period. The friction laws by Leonardo da Vinci (1470)･ G. Amonton 
(1699)• C. Coulomb (1779), elastic contact theory by H. Hertz (1881), fluid film lubrication theory 
by O. Reynolds (1886), boundary lubrication by W. Hardy (1914), flash temperature theory by H. 
Block (1937), and fatigue life of rolling element by A. Palmgren (1923) were already well 
established science for Japanese engineers and researchers. 

 

 

Figure 1: Typical examples of machines and tribo-elements introduced to Japan in 1868~1950AD. 
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3.0 DEVELOPMENT OF TRIBOLOGY IN 1950~ 2018AD JAPAN 
 
3.1 Development of practical tribo-technology 
 
3.1.1 Industrial products 

After the 80-year-learning of advanced technologies, engineering and sciences since 
1868AD, Japanese original developments of technologies and engineering have been constantly 
made for another 70 years until 2018 AD. Fig. 2 shows representative examples of industrial 
products in the period where the tribo–technology took key roles for their top class performances 
in the world [JAST, 2016]. Tribological contributions to them in the figure are as follows; 
 
(1) The principle of air bearing was applied to magnetic hard disk drive (1957). 
(2) Bearings and wire/strip materials were well developed for the high speed of 210km/h of 

electric railway train (1964). 
(3) Wear problems of apex seal and rotor housing were overcome, and cars of rotary engines 

were produced (1967). 
(4) DLC was successfully applied to seals of water tap and dry seals of camera (1970). 
(5) Paper-based friction plates for wet clutches of automatic transmission were 

manufactured (1973). 
(6) The floating bush bearing and multigrade engine oil of Pb-free made turbo-charger useful 

for car (1979). 
(7) A large tilting pad bearing was applied to ∮20” journal of turbine of generator (1980). 
(8) Ceramic rolling bearings of Si3N4 were first manufactured and introduced to production 

machines, semiconductor factories, automobiles, and HDDs (1984). 
(9) Large sliding bearings of solid lubricants were introduced to the tower link of 2911m 

hanging bridge between two islands (1985). 
(10) Polyol ester was developed and introduced to the rotary compressor of refrigerator using 

non-flon coolant (1989). 
(11) SiC bearings lubricated by running water made water pump vertical, compact and 

noiseless together with canned motor (1990). 
(12) ∮2m thrust bearing of PTFE composite of glass fibers and MoS2 was introduced to the 

vertical water turbine of generator (1994). 
(13) Bearings and seals working in liquid O2 and H2 were developed for the turbopump of H-

ⅡA rocket carrying a satellite to the space (1994). 
(14) The Pb-free overlay of solid lubricants on Al-alloy substrate was first developed for 

engine bearings (1998). 
(15) The half-toroidal CVT and traction oil for it were developed and first introduced to 

automobiles (1999). 
(16) Hydrogen free DLC was introduced to valve lifters and piston rings of engine (2007). 
(17) Oils for speed increasing gears and greases of anti fretting wear were developed for large 

wind mills (2012). 
(18) DLC was introduced to stems, balls and sheets of ball values and compressors for H2 

station of 70MPa pressure (2014). 
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Figure 2: Development of practical tribo-technology and products 

 
3.1.2 History of tribological improvements in industry 

Fig.3 shows the history of continuous increase in the fuel economy improvement rate of 
Japanese car engines realized by the continuous improvement of engine oil in 1982~2006 (JAST, 
2016). The total amount of rate increase was over 6% in the 24 years, which was a great 
contribution to the saving of total fuel in the automotive society. 

Figure 3: The 24-year-history of increase in fuel economy improvement rate of Japanese car 
engines with improved engine oils in 1982~2006AD. 5W-30, 10W-30, 20W-30, 0W-20, and 5W-
20 are names of different oils. 
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Fig.4 shows the history of continuous increase in the areal memory density AD of HDD 
from 10-6 to 103 Gb/in2 brought by the decrease in the flying height hmin of magnetic head slider 
from 104 to below 1 nm against spinning disk. The continuous improvements of tribological 
functions of surface texture, coating material, lubricant and atmosphere for the surface of slider 
and disk made contributions to the results in 1957~2010AD while the type of head was changed 
from flying to CSS MR and then to thermal flying (Xu et al, 2014).  Japanese companies and 
tribologists of HDD played major roles for the development. 

 

 
Figure 4:  The 53-year-history of increase in areal memory density AD in 1957~2010 AD realized 
by decreasing flying height hmin of head with improved tribological technologies. 

 
Fig.5 shows the history of decrease in wear rates of wire and strip of electric high speed 

train called Shinkansen which ran at 210km/h in 1964 and over 300km/h in 2000AD. The wear 
rate of wire was decreased from 10-3 to 10-5 mm3/Nm and that of strip from 6×10-4 to 2×10-6 
mm3/Nm in 1895~1993AD, which briefly means that the wear rates of both wire and strip were 
decreased by 100 times in 100years (Nagasawa, 1998). This was the continuous contribution of 
wear control technology to the speed-up of Shinkansen.  

Fig.6 shows the history of decrease in work roll wear of hot strip mill realized by 
developing roll material from high-alloy grain cast iron to high-chrome cast iron and then to high 
speed tool steel in 1945~1995AD, where roll life became six times longer in the 50 years as the 
result of increase in wear resistance of roll material (Hashimoto, 1995). The total benefit raised 
by the longer life of work roll in steel production was enormous for the company to compete in 
the world market. 
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Figure 5: The 100-year-history of decrease in wear rates of wire and strip for high speed train 
Shinkansen of the speed of 210km/h in 1964 and of 300km/h in 2000. 

 

 
Figure 6: The 50-year-history of decrease in work roll wear of hot strip mill. 
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3.2 Development of tribo-engineering 

3.2.1 Surface texturing for lower friction and wear 
In addition to the well-established standard design items such as apparent contact area, 

clearance, contact load, sliding velocity, contact materials, surface roughness, lubricants, 
temperature, and atmosphere, “surface texture” in μm~nm scale became important item to be 
designed beforehand for the better performance of tribo-system.  

 
Figure 7: Surface texture effects on friction and seizure, (a) improvement of friction loss of engine 
by micro-pits on piston skirt, (b) improvement of stribeck curve by micro-dimples on SiC surface 
of mechanical seal in water, (c) increase in seizure load by micro-pits on SiC disk in water. 



Jurnal Tribologi 20 (2019) 1-25 

 

8 

 

Fig.7(a) shows the effect of micro texture formed by air blasting hard micro spheres on piston 
skirt surface of streaks to reduce the engine friction loss by 2.2% in mass produced cars (Ogiwara, 
2005). Fig.7(b) shows the effect of surface texture on the friction coefficient between SiC surfaces 
in water, where fine dimples are randomly distributed on one side of the contact surfaces, and the 
depth of them is changed for three tests (Negishi, 2014 and Inoue 2015). The Stribeck curve is 
much improved by the dimple depth, where the dimples of 0.5μm depth give the smallest friction 
coefficient. Fig.7(c) shows the effect of texture pattern on the friction coefficient μ and the critical 
load W for seizure in the sliding between SiC surfaces in water (Adachi et al., 2006 and Wang et 
al., 2003). These three observations clearly tell that the surface texture in the scale of nm~μm is 
becoming an important new design item for a tribo-system. 
 
3.2.2 Best integration for advanced tribo-unit 

Another design trend has been best integration of design items in a total tribo-unit. This 
concept has been well introduced to tapered roller bearing in the past 40 years. Fig.8 shows the 
trend of resultant improvements in performances of the integrated tapered roller bearing (iTRB), 
where the friction loss T in Fig.8(a) was reduced by introducing cone rib & crowing to rollers and 
optimized geometry for oil flow in clearances. The increased bearing life L and decreased bearing 
weight W shown in Fig.8(b) were realized by introducing special carburizing and fine carbide 
precipitation for higher hardness of bearing materials (Hayashida et al., 2016). The design 
concept of this kind will be further developed as an integrated Tribo-System (iTS) for larger tribo-
systems. 

 

Figure 8: The 40-year-history of tapered roller bearing, (a) decrease in friction torque T 
normalized by TSTD, (b) increase in life L normalized by LSTD, and decrease in weight W normalized 
by WSTD. 
 
3.2.3 New tribo-element for higher accuracy 

A new tribological element called “shrink fitter” was proposed in 1989 for realizing reliable 
shrink fitting between elements of different thermal expansion coefficients (Nitta et al., 1989). 
Fig.9 shows its application to laser microscope, where the laser spot diameter becomes much 
more constant in the wide scanning range of ±15 mm with a shrink fitter than that of conventional 
one after experiencing temperature change of +25℃ on the microscope (Nitta et al., 2007). It is 
important to recognize that not only the bearings for rotary polygon mirror and observed object, 
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but also the shrink fitter for fixing lenses is necessary for the high performance of laser 
microscope under its various heat experiences. The shear strength of shrink fitting interface 
under temperature change can be also kept constant by introducing a shrink fitter for the fitting 
of dissimilar materials (Nitta et al., 1989). 

 

 
Figure 9: The effect of shrink fitter on keeping constant spot size of laser microscope in ±15mm 
scanning after experiencing a heat shock of +25℃ in the environment. 
 
 
3.3 DEVELOPMENT OF TRIBO-SCIENCE 
 
3.3.1 Mechanism of oil whip 

The mechanism of oil whip, which causes violent vibrations of a rotary shaft supported by oil 
lubricated journal bearings, was theoretically analyzed and methods of its prevention were 
introduced by Y.Hori (Hori, 1958 & 1959). Fig.10(a) shows the stability chart for finite length 
bearings. Four curves in the chart are the stability limit curves for four different values of L 
(length)/ D (diameter). In the parameter (1/ω12)(P1/mc), ω1 is the critical speed, P1 = mg (m: 
mass, g: acceleration of gravity), and c the radial clearance of the bearing. The output of generators 
rapidly increased soon after the oil whip mechanism was made clear as shown in Fig.10(b), which 
was a great contribution to energy engineering and industry. 

 
 



Jurnal Tribologi 20 (2019) 1-25 

 

10 

 

 
Figure 10: Stability of a rotating shaft supported by journal bearings, (a) stability chart for finite 
length bearings, (b) growth of unit output of generators. 
 
3.3.2 Mechanism of dimple formation in thermal EHL film  

The effects of differences in elastic moduli and thermal conductivities of two contact bodies on 
the generation of deep conical depressions (dimples) of the EHL film were clearly shown 
experimentally for point contact and mechanisms were theoretically analyzed by Kaneta in the 
view point of temperature-viscosity wedge action produced by temperature variation across the 
EHL oil film (Kaneta et al., 1996).  

 

 
Figure 11: Formation of dimple in EHL film by temperature viscosity wedge, (a) no dimple in pure 
rolling, (b) one dimple in disk sliding, (c) dimple effect on traction coefficient. 
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Fig.11 (a) shows an EHL oil film in pure rolling of a rotary glass disk against a rotary steel ball, 
and Fig.11 (b) shows a dimple formed there by introducing sliding. Fig.11(c) shows that the 
traction coefficient μ drops by 10~20% as the result of dimple formation. Thermal EHL theory 
was much completed by their following works (Kaneta et al., 2003 & 2014). 
 
3.3.3 Mechanisms of running-in and low friction of ceramics in water 

Fig.12 (a) shows the decrease in the friction coefficient μ to the value of μ≦0.01 after running-
in in water for both Si3N4/Si3N4 and SiC/SiC, and Figs.12(b1) & (b2) show the well run-in wear 
surfaces of Si3N4 pin and disk of no grooves or scratches indicating the sliding direction. Fig.12(c) 
shows that the friction coefficient μ is almost constant at around μ=0.01 in the range of 0.01 ×10-

9 <ηv/Pm< 0.1×10-9, where η viscosity, v sliding velocity and Pm mean contact pressure (Chen et 
al., 2001). The run-in friction coefficient of μ≒0.01 was well kept even in air for over 5×104cycles 
after removing water from the test bath and unique velocity dependencies of friction were 
observed as shown in Fig.12(d) on the run-in surfaces of Si3N4 and SiC (Chen et al., 2002). The 
mechanism of frictional quick reduction in running-in process shown by Fig.12(a) is well 
explained by the wear mode transition from mechanical to tribo-chemical wear (Xu et al., 2000). 
Wear particles of amorphous silica are generated and the wear surfaces of smoothness in nm scale 
such as Figs.12(b1) and (b2) are formed as the results of tribo-chemical wear by chemical 
reactions of Eqs.(1), (2) and (3) in water of room temperature (Tomizawa et al., 1987); 

 
Figure 12: Friction and wear properties of Si3N4/Si3N4 and SiC/SiC in water, (a) μ≦ 0.02 after 
running-in, (b1) SEM image of wear scar on Si3N4 pin tip, (b2) SEM image of wear scar on Si3N4 
disk, (c) μ-ηv/Pm relation of run-in surfaces of Si3N4 in water, (d) μ-v relation of run-in surfaces 
of Si3N4 and SiC in air after removing water from test bath. 
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Si3N4 + 6H2O → 3SiO2 + 4NH3 (1), 

SiC + 2H2O → SiO2 + CH4 (2), 

SiO2 + 2H2O → Si(OH)4 (3). 

 
3.3.4 Mechanisms of wear and wear maps 

The concept of severity of contact at a contact point was introduced to describe transitions 
between different wear modes, and wear mode maps were constructed with severity indexes for 
metals, ceramics and hard coatings. Fig.13 (a) shows the abrasive wear mode map described with 
the indexes of Dp (degree of penetration) and f (shear strength of contact interface normalized by 
bulk shear strength), where the regimes of cutting, wedge forming and plowing wear modes in 
abrasive wear are described. Plastic flow wear mode is included in the plowing mode as it is 
generated by plastic flow in   repeated sliding of plowing mode (Kato et al., 1985, Hokkirigawa et 
al., 1988, and Akagaki et al., 1987). Fig.13(b) shows the wear map of ceramics including mild and 
severe wear modes described with the mechanical severity index Sc,m, and thermal severity index 
Sc,t, where the regimes of mild and severe wear are clearly described (Adachi, et al., 1997).  

 
Figure 13: Wear maps, (a) three abrasive wear modes of metals and plastic flow wear in repeated 
plowing passes, (b) severe and mild wear modes of ceramics, (c) three fatigue wear modes of hard 
coatings. 
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Fig.13(c) shows the wear map of hard coating for its delamination by fatigue disctibed with the 
parameters of hardness ratio Hf /Hs and coating thickness t / half contact width a, where three 
regimes are described for the crack initiation sites in the substrate, at the bonding interface and 
on the coating surface (Diao, et al., 1992). These three wear maps give the bases for understanding 
and controlling wear properties of contact elements.  
 

3.3.5 Friction mechanism of tribo-plasma 
The generation of tribo-plasma in the space around the sliding contact point became common 

understanding with the observations by K.Nakayama (Nakayama et al., 2002). Fig.14 shows the 
plane and side views of a plasma generated in air around the sliding contact point between a 
spherical diamond pin tip and a flat sapphire plate. It is observed that tribo-chemical reactions at 
the sliding surfaces with surrounding media are much enhanced by the tribo-plasma (Nakayama, 
2007). The recognition of tribo-plasma is giving explanations to various unclear tribophenomena. 

 

 
Figure 14: Tribo-plasma at diamond/sapphire sliding contact in air. 

 

3.3.6 Friction mechanism of anisotropy 
For the case of elastic contact between cleaved and curved sheets of muscovite mica, the effect 

of lattice misfit angle θ on friction was clearly shown by M.Hirano et al (Hirano et al., 1991). Fig.18 
shows the results observed in argon-purged dry atmosphere at 20℃ and 130℃ with a relative 
vapor pressure of P /P0 ~ 9 × 10-5 under the load of upper specimen’s weight (1.2×10-3N), where 
the maximum frictional force (μ ≈ 0.60) appears at θ ≅ 0°and the minimum (μ ≈ 0.17) at θ ≅ 30° 



Jurnal Tribologi 20 (2019) 1-25 

 

14 

 

in the atmosphere of 130℃. The observed very clear anisotropy in friction at the contact of mica 
lattices in the atmosphere of 130℃ totally disappears when an adsorbed water layer of less than 
a few Å is expected to form on the lattice surfaces in the atmosphere of 20℃. This observation is 
considered by them as an evidence to support their theoretical model of superlubricity (Hirano 
et al., 1993) which inspired physicists and tribologists in this field in the world (Erdemir et al., 
2007). 
 

Figure 15: The effect of lattice misfit angle θ on friction in sliding contact between mica sheets, 
(a) apparatus, (b) minimum friction force at θ ≅ 30°. 

  

 
4.0 POTENIAL OF BREAKTHROUGHS IN TRIBOLOGY  
 
4.1 Run-in tribolayers and films of μ< 0.001 at SiC/SiC in water 

Fig.16(a) shows the running-in process under step-loading at SiC/SiC sliding contact in water, 
where friction coefficient μ quickly drops at each step load. Fig.16(b) shows the effects of 
maximum running-in load Wr,max in step-loading and the initical micro/nano texture pattern on 
the friction coefficient μ in the following process of increasing load W, where μ< 0.001 is generated 
in the range of W = 500 ~ 2500N at the run-in surfaces formed by step-loading up to Wr,max = 
3000N. The initial micro / nano texture plays an important role for the result. Fig.16(c) shows that 
the surface energy γs on the contact surface of SiC changed from its initial value of 30 mJ/m2 to 60 
mJ/m2 after running-in of 6 ×105 cycles under Wr,max = 400N, which means that the run-in surface 
is much more hydrophilic to catch water on it than its initial one. Fig.16(d) shows the TEM image 
of the cross section of the run-in surface, where 1st and 2nd tribolayers are clearly formed in the 
SiC substrate (Adachi, 2013 & 2018). 
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Figure 16: Tribolayers and tribofilms formed on SiC surfaces by running-in in water for μ ≦ 0.001, 
(a) step loading and running-in, (b) effect of running-in load Wr, max and initial surface texture on 
friction coefficient, (c) effects of running-in and Wr,max on run-in surface energy γs, (d) TEM image 
of 1st and 2nd tribo-layers in subsurface of SiC after running-in. 
 
4.2 Run-in tribolayers and films of μ< 0.001 at ZrO2/DLC in H2 gas with ethanol vapor 

Fig.17(a) shows the decrease in friction coefficient μ in the running-in process with step-
loading at ZrO2/DLC contact in H2 gas with ethanol vapor, where μ drops to the level below 0.001. 
Fig17 (b1) shows SEM image of the over view of the wear scar on ZrO2 ball at the final stage C in 
Fig.17 (a). The white region on Fig.17 (b1) is magnified in Fig.17 (b2), where it seems to melt and 
evaporate during observation with the electron beam of 1.0KV. A kind of friction polymer, which 
looks white in Figs.17 (b1) and (b2), seems a low friction material produced tribochemically on 
the wear surface after running-in. Fig.17(c) shows that the hardness of central region of wear scar 
is much lower at the C stage than at stages of A and B in Fig.17 (a), which suggests a key role of 
the friction polymer for the very low friction coefficient of μ< 0.001 at the C stage (Nosaka et al., 
2016 and 2017). 
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Figure 17: Tribofilms formed on surfaces of ZrO2 ball and DLC coated Si disk by running-in in the 
process of step loading and their effect on friction coefficient in H2 gas with EtOH vapor, (a) 
decrease in friction coefficient by step loading and running-in, (b1) SEM image of wear scar on ball, 
(b2) SEM image of tribofilms, (c) hardness of the central region of wear scar at the stages of A, B 
and C. 
 
4.3 Run-in tribolayers and films of μ<0.05 at CNx/Ceramics in N2 gas flow 

The friction coefficient μ at the interface between CNx coating and Si3N4 pin sliding in air drops 
quickly from about 0.7 to about 0.05 by having N2 gas flow supplied to the contact space from a 
straw as shown in Fig.18(a)(Kato et al., 2003). If O2 gas flow is supplied for the first 50 cycles and 
then N2 gas flow is supplied, μ drops to 0.005 after running-in (Adachi et al., 2004). Similar 
reduction of friction in N2 gas flow is observed for the sliding contact between CNx coated Si3N4 
disks and a PV Map is described as shown by Fig.18(b) (Matsumoto, 2005). It is important to note 
in the map that the region for μ < 0.05 is formed by higher values of contact pressure P and sliding 
velocity V.  
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Figure 18: N2 gas effect on friction coefficient μ at sliding contact in air, (a) Si3N4 ball on CNx coated 
Si3N4 disk, (b) CNx coated Si3N4 disk on CNx coated Si3N4 disk of grooves for N2 flow. 
 

 
Figure 19: Microscopic information of tribo-layers and contact point sliding in N2 gas flow, (a) 
Raman shift spectra at the points of ①, ② and ③ in the wear scar on Si3N4 pin, (b) Intensity ratio 
ID/IG on Raman shift spectra of wear surfaces on CNx coatings at different friction coefficients, (c) 
Light emitting at the sliding contact between hemispherical sapphire and CNx coating in the 
running-in process.  

 
Fig.19(a) shows an optical image of a wear scar on Si3N4 pin and Raman spectra at points ①, 

② and ③, where carbon peaks of D and G bands are clearly observed (Yamada, et al., 2016). The 
intensity ratio ID/IG on the Raman spectrum observed on wear scars of CNx coatings of different 
friction coefficients are shown in Fig.19(b), where smaller μ values are provided with tribolayers 
of larger ID/IG values of larger size or number of graphitic domains (Umehara et al., 1998). The 
effect of reducing friction by supplying N2 gas to the contact space is similarly observed at the 
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sliding contact between CNx coating and sapphire hemisphere. Fig.19(c) shows the process of 
frictional reduction caused by running-in in N2 gas, where light emission is observed at the contact 
in the steady state of low friction coefficient of μ≈ 0.02 (Miyahira et al., 2010). Although its 
mechanism and role for the frictional reduction is unclear at present, it seems to give a new 
viewpoint like the past recognitions of flash temperature and triboplasma for understanding 
chaotic phenomena in tribology. 
 

4.4 Fullerene C60 intercalated graphite films of μ< 0.01 at nano contact in air 
Fig.20(a) shows schematic images of graphite films and an intercalated fullerene C60 ball. 

Fig.20(b) shows the lateral force map and Fig.20(c) the lateral force loop observed on C60 
intercalated graphite films with FFM under 100nN load in air, where the regular variation of 
lateral force (friction force) in atomic scale is shown and the maximum friction coefficient of about 

μs ≈ 0.01 is observed at stick state (Miura, et al., 2003 and Sasaki et al., 2012). The new 
approach of designing super lubricious tribofilms of this kind for nano contacts of micro/nano 
devices in various circumstances will grow fast in the future. 

 

 
Figure 20: Frictional properties of C60 intercalated graphite films observed with FFM in air. 

 

4.5 Computational simulations 
The computational simulations of the traction coefficients of cyclohexane and dicyclohexyl 

between Fe(001) surfaces with the molecular dynamics (MD) well estimate useful values close to 
the measured values (Tamura et al., 1999), as shown in Fig. 21(a). The modern tight-binding 
quantum chemical molecular dynamics (TBQCMD) gives the simulation of H2O generation by the 
tribochemical reaction at the sliding interface of DLC/CH3OH/DLC (K. Hayashi et al., 2012), as 
shown in Fig. 21(b). MD and TBQCMD will give future guides for discovering sustainable, 
pollutionless and lubricious materials combinations of very low friction. 
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Figure 21: Computational simulations of (a) traction coefficients of traction fluids with MD and (b) 
tribochemical reactions of H2O generation with TBQCMD. 
 
 
5.0 TRIBOLOGY IN JAPAN FOR SOCIAL HEALTH AND SUSTAINABILITY IN THE 21ST 

CENTURY 
Japanese industries are now facing to the serious problems (Medows et al., 1972) caused by 

the “Depletion of Resources Reserves” of energy and minerals on the earth within the coming 50 
years as described in Fig.22 [Ministry of the Environment et al., 2011]. People and other living 
things have been suffering, on the other hand, from “Pollutions” of air, water, soil and foods in 
various ways, where pollutions have been caused by industrial activities and products. It is very 
clear for Japan that methods of industrial production & business and people’s lifestyles must be 
within the framework of “Good Health and Sustainability” (Ray et al., 2000) supported by 
renewable foods, materials & energy on Japan islands and near seas for their optimum population. 

This Japanese situation described above requires new technologies and design concepts of 
tribo-systems for establishing the healthy and sustainable society in the 21st century. Very 
possible tribological approaches for the purpose are listed in the following: 
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(1) Heavy tribo-elements of metals  Light tribo-elements of 

renewable/recycled materials 

(2) Bulk materials for contact surfaces  Renewable coating surfaces for contacts 

(3) “mm” to “μm” scale surface design  + “nm” scale surface design 

(4) No control of wear particles and 

tribo-outgases 

 Zero-emission of wear particles and 

tribo-outgases 

(5) Mineral oil lubricants  Renewable oils, water, gases, emulsions 

(6) Resultant run-in surfaces  On-purpose run-in surface 

(7) Over-supply of lubricant  Minimum supply of lubricant on 

demand 

(8) Tribo-element design  Integrated tribo-system design 

 

Those tribological improvements will promise better health & sustainability and more cost-
savings. The life cycle assessment of a product will be much improved by these approaches and 
its total value will be much raised.  Those challenges will be actively made in Japan with the 
framework of hydrogen based energy system and new materials for the purpose (Sugimura, 2015, 
Fukuda et al., 2010). 

 

 
Figure 22: Depletion of resources of energy and minerals.  
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6.0 CONCLUCING REMARKS 

(1) In about 80 years from 1868 to 1950AD in Japan, the knowledges of technology, 
engineering and science of friction, wear and lubrication developed by the 1st Industrial 
Revolution in advanced countries were introduced and learned by engineers and researchers. 
Japanese 1st and 2nd Industrial Revolutions were made in a short period. 

 

 
Figure 23: Keywords and key images of basic understandings of present tribology. 

(Kaneta et al., 1996, Ito et al., 2006, Nakayama, 2002) 
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(2) In about another 70 years from 1950 to 2018AD, Japanese engineers and researchers of 
tribology contributed to the developments of world top class Japanese products which have been 
strong enough to compete in the world market in the last half period of the 2nd Industrial 
Revolution and in the starting period of the 3rd Industrial Revolution (Rifkin, 2011). JSLE was 
founded in 1956 and JAST have been active with about 3000 members, and hold eight ITCs, 
ASIATRIBⅢ-2006, and WTC-Ⅲ-2009 in Japan in the past 40 years. Common keywords and key 
images of our basic understandings of present tribology are briefly described in Fig.23. 

(3) Breakthroughs in tribology have been challenged in Japanese tribology society in these 
years for the near future needs of technologies for pollutionless, healthy, and sustainable society. 
Contact surfaces of ceramics/carbon-coatings, bearings of ceramics, lubricants of water or 
renewable polutionless gases like H2 & N2 or solids, contact surfaces of nano design, and tribofilms 
on tribolayers formed by running-in are examples which have potentials of contributing to the 
society in the 21st century. 

The key aspects of the past, present and future of tribology are summarized in Fig.24 in 
relations to industrial revolutions and tribological challenges. 

 

 
Figure 24: Tribology for the healthy and sustainable society in the age of the 3rd Industrial 
Revolution. 
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