
of ρ' and η' obtained at the previous loop are used to 
calculate liquid properties in the same way. 

6) The loop ends in five times. The final values are 
estimated values. 

4. Re-delivery from literature values 
ΔV/V and Δα/k were determined from the 

literature values2 of glycerol solution using 
conventional forward problem analysis method3,4. 
Then, the re-derived values were compared with the 
literature values. The temperature was 20°C. The 
results are shown in Table 1. From the results, it 
was found that K11 is close to the literature value. 
Viscosity has a large influence on bulk modulus, so 
it may not be averaged. Although the reason is not 
clear, since K11 was effective, it was also compared 
with the case using K11. From Table 1, it can be 
seen that the physical property values can be well 
estimated. Physical property values can be better 
estimated by using K11 than finally obtained K. 

 
Table 1  Re-delivery from literature values 

Bulk modulus [Pa] 
5wt% 10wt% 30wt% 50wt%

Literature 2.286E+09 2.38E+09 2.791E+09 3.258E+09
Estimated(K) 2.276E+09 2.361E+09 2.768E+09 3.397E+09
Difference -0.42% -0.80% -0.84% 4.26%
Estimated(K1) 2.283E+09 2.373E+09 2.785E+09 3.363E+09
Difference -0.12% -0.30% -0.23% 3.24%  

Density [kg/m3] 
5wt% 10wt% 30wt% 50wt%

Literature 1.010E+03 1.022E+03 1.072E+03 1.125E+03
Estimated(K) 1.015E+03 1.033E+03 1.085E+03 1.053E+03
Difference 0.56% 1.10% 1.21% -6.46%
Estimated(K1) 1.011E+03 1.026E+03 1.075E+03 1.070E+03
Difference 0.14% 0.39% 0.31% -4.93%  

Viscosity [Pas] 
5wt% 10wt% 30wt% 50wt%

Literature 1.127E-03 1.291E-03 2.458E-03 6.040E-03
Estimated(K) 1.120E-03 1.276E-03 2.439E-03 6.470E-03
Difference -0.63% -1.13% -0.75% 7.13%
Estimated(K1) 1.125E-03 1.286E-03 2.462E-03 6.364E-03
Difference -0.20% -0.42% 0.17% 5.38%  

 

5. Estimation from measured values 

The results obtained from measured 
values are shown in Table 2. The finally obtained K 
is close to the literature value, but the density and 
viscosity are greatly distant. When K11 is used, the 
bulk modulus is more distant but the density and the 
viscosity are closer. Although not shown here, it 
was same in the case of ethanol solution. Even if 

the bulk modulus was accurately derived, the 
density and the viscosity could not be derived with 
high accuracy. The reason is considered that the 
temperature is not accurate and the liquid pool is 
slightly inclined. Therefore, it was found that more 
accurate measurement is necessary to estimate the 
physical property. 

Table 2  Estimation from measured values  

Bulk modulus [Pa] 
5wt% 10wt% 30wt% 50wt%

Literature 2.286E+09 2.380E+09 2.791E+09 3.258E+09
Estimated(K) 2.230E+09 2.350E+09 2.770E+09 3.334E+09
Difference -2.44% -1.26% -0.78% 2.33%
Estimated(K1) 2.089E+09 2.229E+09 2.514E+09 3.150E+09
Difference -8.60% -6.35% -9.94% -3.30%  

Density [kg/m3] 
5wt% 10wt% 30wt% 50wt%

Literature 1.010E+03 1.022E+03 1.072E+03 1.125E+03
Estimated(K) 9.022E+02 9.304E+02 8.609E+02 8.965E+02
Difference -10.65% -8.92% -19.67% -20.34%
Estimated(K1) 1.011E+03 1.002E+03 9.972E+02 9.877E+02
Difference 0.14% -1.93% -6.95% -12.24%  

Viscosity [Pas] 
5wt% 10wt% 30wt% 50wt%

Literature 1.127E-03 1.291E-03 2.458E-03 6.040E-03
Estimated(K) 1.420E-03 1.659E-03 4.155E-03 9.113E-03
Difference 25.98% 28.52% 69.05% 50.88%
Estimated(K1) 1.296E-03 1.539E-03 3.568E-03 8.260E-03
Difference 14.99% 19.22% 45.14% 36.77%  

 

6. Conclusion 

 In this paper, we derived and considered 
the bulk modulus to improve the estimation method 
for physical properties of liquid using SH-SAW 
sensor response. It was possible to estimate from 
literature values. However, the estimation accuracy 
from the measured values was low. In the future, in 
addition to improving the estimation method, it is 
necessary to make more accurate measurements.  
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1. Introduction 

Engine oils are lubricating oil to move 
engines smoothly, and a role of engine oils is 
reduction of the friction and dissipate of the heat 
mainly. The engine oil deteriorates by soot and iron 
powder by the metal abrasion and mixture of the 
water. Deteriorates operation efficiency of the 
machine. In addition, it leads to aggravation and 
power down of the mileage, narrowing the life of 
the system again when we continue using the oil 
which deteriorated. The deterioration of the oil 
evaluation is relying on indirect parameter such as 
the mileage from the last oil exchange, oil 
temperature and the speed of the engine were 
mainly investigated1. We cannot distinguish a state 
of the real oil from such an evaluation.  Therefore， 
we decided to examine a deterioration evaluation of 
the oil using the shear horizontal surface acoustic 
wave (SH-SAW) sensor in this study. The SH-SAW 
sensors have been applied for immunoreaction 
detection2, liquid evaluation3, blood clotting 
monitoring4 and so on. Merits of the SH-SAW 
sensor are small size and the real time monitoring. 
Based on these researches, the SH-SAW sensor has 
been applied for monitoring oil5. 

In this paper, oil extracted from motorbike 
was measured with the SH-SAW sensor.  The used 
oil was compared with new one.  The results 
indicate that the SH-SAW sensor can apply for oil 
monitoring. 
 
2. SH-SAW sensor 

The SH-SAW sensor was fabricated on 
36ºYX-LiTaO3. The SH-SAW sensor used was dual 
delay-line with open and short channels. Fig 1 
shows the SH-SAW sensor.  The central frequency 
is 51.5MHz. The finger of IDT is 32 pairs, and the 
wavelength is 80µm. I put a liquid in the silicon 
pool on the sensor with a pipette at the time of the 
experiment. Electrical properties of liquid, such as 
dielectric constant and conductivity are obtained 
from the open channel. Mechanical properties, such 
as viscosity and density are obtained from the short 
channel3. Both electrical and mechanical 
properties of oil were simultaneously 

measured by the SH-SAW sensor. 
 

 
 

 

 
 

Fig. 1 Schematic of the SH-SAW sensor used. 
 
3. Measurement system  

Measurement system is shown in Fig. 2.   
Output signal from a signal generator was fed to the 
SH-SAW sensor.  Output signals from the 
SH-SAW sensor of phase and amplitude were 
measured by a vector voltmeter. 
 
 
 
 
 
 
 

Fig. 2 Measurement setup. 
 

4. Results and discussions 
We measured the used and new engine oils.   

The olive oil was used as reference. Because the 
viscosity of the olive oil is almost same with the 
engine oil.  Differences of phase and amplitude 
between the samples and reference was measured.  
Then those values were converted to velocity and 
attenuation changes. In addition, we apply the 
velocity and attenuation changes to permittivity - 
conductivity chart3, and to evaluate a characteristic 
difference of olive oil and the engine oil. Here, the 
permittivity - conductivity chart referred to 
relations of dielectric constant and conductivity 
from the theoretical of velocity change and 
attenuation change of eqs. (1) and (2) on the chart. 
∆𝑉𝑉
𝑉𝑉  

=  − 𝐾𝐾𝑆𝑆
2

2
(𝜎𝜎′/𝜔𝜔)2 + 𝜀𝜀0(𝜀𝜀𝑟𝑟

′ − 𝜀𝜀𝑟𝑟)(𝜀𝜀𝑟𝑟
′ 𝜀𝜀0 + 𝜀𝜀𝑝𝑝

𝜏𝜏)
(𝜎𝜎′/𝜔𝜔)2 + (𝜀𝜀𝑟𝑟

′ 𝜀𝜀0 + 𝜀𝜀𝑝𝑝
𝜏𝜏)2  

(1) 
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  ∆𝛼𝛼
𝑘𝑘  = 𝐾𝐾𝑆𝑆

2

2
(𝜎𝜎′/𝜔𝜔)(𝜀𝜀𝑟𝑟

′ 𝜀𝜀0 + 𝜀𝜀𝑝𝑝
𝜏𝜏)

(𝜎𝜎′/𝜔𝜔)2 + (𝜀𝜀𝑟𝑟
′ 𝜀𝜀0 + 𝜀𝜀𝑝𝑝

𝜏𝜏)2 (2) 

Here, ΔV/V and Δα/k are velocity and attenuation 
changes, respectively, σ and εr are conductivity and 
relative permittivity of liquid, respectively, 
‘ denotes sample parameter, ε0 is the dielectric 
constant of free space, KS2 and εPT are the 
electromechanical coupling factor and the effective 
permittivity of the crystal used, and ω is angular 
frequency.  From eqs (1) and (2), circular 
equations are derived by eliminating σ’ or εr’.  The 
chart is shown in Fig. 3.  As the reference liquid in 
this study is the olive oil, the relative permittivity of 
the olive oil was used.  The electromechanical 
coupling factor is calculated from the phase 
velocities of open and short surfaces, when the 
reference liquid is loaded onto the sensor.  
Therefore, the factor was derived for the olive oil.   
Using the chart, liquid properties can be evaluated. 

The experimental results for the used and 
new engine oils are plotted on Fig. 4.  We 
understand that dielectric constant and conductivity 
of the used engine oil increase together compared 
with new engine oil. It is thought that the dielectric 
constant of the used engine oil increased by various 
factors such as the alien substance mixture and 
oxidation by the heating to oil. In addition, factors 
such as the water mixture are thought about 
conductivity having risen. By this experiment, we 
were able to distinguish the used engine oil from 
new engine oil by an electrical characteristic of the 
engine oil. 

 On the other hand, we cannot obtain the 
differences from the measured results using the 
short channel.  As the viscosity of the engine oil is 
the almost same with the olive oil, it is reasonable.  
When the change of viscosity is detected using the 
SH-SAW sensor, optimum selection of the 
reference liquid is required. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.  The permittivity – conductivity chart. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.  Evaluation of used and new engine oil 
using the permittivity – conductivity chart. 
 
5. Conclusions 
     It was intended to evaluate deterioration of 
the engine oil using the SH-SAW sensor in this 
study. It followed that the dielectric constant and 
the conductivity increased together by using engine 
oil when we examined the electrical properties of 
used engine oil and new engine oil. In this way, we 
were able to distinguish the used engine oil from 
new engine oil by an electrical characteristic of the 
engine oil. We can exchange engine oil at 
appropriate time and connected for increase in oil 
exchange interval by monitoring the engine oil 
using the sensor. In addition, we can prevent engine 
trouble by the use of the deteriorated engine oil. 
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