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1. Introduction 

The density and the viscosity of liquid are 
important parameters for process monitoring and 
quality control in various industrial fields, such as 
food and medical engineering. To measure the den-
sity and the viscosity of liquid, sensors using piezo-
electric resonator have been studied actively1-3). The 
authors have proposed a density and viscosity sen-
sor using a single piezoelectric resonator4,5). In this 
sensor, the density and the viscosity of liquid are 
determined by measuring the changes of frequen-
cies of two vibration modes of the sensor, and it has 
cost advantage compared to other sensors which 
measure resonant resistance and resonance fre-
quency because the equipment to measure such 
factor becomes complicated. However, presented 
sensor has an issue; there is a large difference in the 
sensitivities of the two vibration modes, which re-
sults in limitation of the measurement range. In this 
paper, we propose rhombus shape of resonator to 
expand the range of measurement by making the 
sensitivity of two vibration modes in the same or-
der. 
 
 2. Design of Sensor 

The resonator of the sensor is composed of a 
piezoelectric resonator with rhombus bimorph 
structure and a copper plate as shown in Fig. 1. The 
copper plate is partially immersed in liquid. The tip 
of the resonator vibrates in tangential or normal 
direction with respect to the contact surface by 
driving the electrodes selectively as shown in Fig. 2. 
The following equation expresses the motion equa-
tion of the elastic plate in the liquid, 

(1) 
where F0, u, me, be, and K are the amplitude of ex-
ternal force, displacement of the tip of elastic plate, 
equivalent mass of the resonator at the tip, the me- 
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chanical resistance, and spring constant, respective-
ly. Moreover, ml and bl are mass loading and damp-
ing by the liquid, respectively. The resonance fre-
quency when the tip is immersed in the liquid, fLiq, 
and in the air, fAir, in eq. (1) become, 

(2) 

and K could be eliminated as, 

(3) 

Regardless to the shape of resonator, fAir and fLiq 
have a relation of eq. (3). The density and the vis-
cosity are derived from ml at two vibration 
modes4-6), by measuring resonance frequency in the 
liquid. The previously proposed sensor has a rec-
tangular shape of resonator. However, it was found 
that the frequency change in two vibration modes 
remain in the different order (Table 1), which re-
sults in difference of the sensitivities in two vibra-
tion modes. The liquid density and viscosity are 
shown in Table 2. This is because me in normal vi-  
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1 Schematic of proposed sensor. 
 

 
 
 
 
 
Fig.2 Direction of vibration of the sensor. 
(a) tangential vibration, and (b) normal vibration. 
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bration is larger than me in the use of a rectangular  
shape of resonator. In this paper, we propose the 
rhombus shape of resonator to solve above prob-
lems. By employing rhombus resonator, the fre-
quency change in two vibration modes, is especial 
to approach each other. 
 
3. FEM analysis 
3.1 Analysis of equivalent mass 

Figure 1 shows the sensor that was designed 
in Sec. 2, and the resonator was divided into 18,100 
elements. The mte and mne, equivalent masses of the 
resonator in tangential and normal vibration modes, 
are presumed as additional weight on the tip, whose 
mass is known. Before analyzing change of eigen 
frequency of the proposed resonator when the tip is 
immersed in the liquid, we analyzed the equivalent 
mass, mte and mne, as preparation using Finite Ele-
ment Method (FEM). Table 3 shows mte and mne of 
the proposed and the previous sensor. It is calculat-
ed from Table 3 that mte/mne of the proposed sensor 
is 0.60, mte/mne of the previous sensor is 0.31. Con-
sequently, the proposed sensor has a better balance 
of mte and mne than the previous sensor. Because 
when mte/mne is closer to 1, the sensitivities of two 
vibration modes approach each other. This is caused 
by that normal vibration could be exited easily by 
employing rhombus shape of resonator. 
 
3.2 Analysis of eigen frequency in the liquid 

Assuming that the tip of the sensor was im-
mersed in the liquid, resistance stress were set as 
inertia resistance of liquid in tangential vibration 
and as viscous resistance of liquid in normal vibra-
tion, on the tip to each two vibration modes, respec-
tively4,5). Table 1 shows eigen frequency changes of 
the sensor in the air and in the liquid of in two vi-
bration modes, where f is fAir  fLiq. Changes of 
eigen frequency of the proposed sensor in the air 
and in the liquid of two vibration modes are closer 
than that of the previous sensor. We compare the 
sensitivity of the previous and the proposed sensor 
using r as, 

(4) 

When r is closer to 1, sensitivity of frequency is 
close to in each vibration mode. r of previous sen-
sor is 0.0210, while r of proposed sensor is 0.2136. 
r of proposed sensor is about ten times larger than r 
of previous sensor. Consequently, the proposed 
sensor is more practical than previous sensor, be-
cause sensitivity of the proposed sensor became 
higher than that of the previous sensor. 
     Table 2 shows the density and the viscosity 
measured by two sensors. It is confirmed that the 
density and the viscosity could be measured more  

Table 1 Eigen frequencies in the air and the liquid 
derived from analysis in tangential vibration and 
normal vibration. 

Vibration 
mode 

Proposed (Hz) Previous (Hz) 
fAir  fAir  

Tangential 516.3 1.23 136.1 0.71 
Normal 499.2 6.04 245.3 33.76 

 
Table 2 Value of liquid density and viscosity under 
analytic condition and values of that derived from 
change of resonance frequencies in two vibration 
modes. 

Property Exact Proposed Previous 
Density (kg/m3) 881 871 897 
Viscosity(mPa·s) 270 267 267 

 
Table 3 Comparison of equivalent mass in tangen-
tial and normal vibrations of proposed and previous 
sensor. 

Property Proposed (g) Previous (g) 
mte 0.62 0.50 
mne 1.04 1.60 

 
 
accuracy by using the proposed sensor compared to 
the previous sensor. 
 
4. Conclusions 

In this paper, we proposed the use of rhombus 
shape of resonator for liquid density and viscosity 
sensor. We compared the sensitivity of the proposed 
sensor to the previous sensor, and found that the 
sensitivity of the proposed sensor was ten times 
higher than that of the previous sensor. The ob-
tained results suggested that the measurement range 
of the density and the viscosity could be increase by 
using this type of resonator. One of our future plans 
is to examine range of density and viscosity. 
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