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Abstract

A micro-viscometer for measuring viscosity change in small amount of liquid in real time has been proposed recently. The advantages

of the device are the use of minimal liquid and maximized sensitivity for measuring viscosity. However, in previous research, even

though the multi-physical simulation including electrical, mechanical, and acoustical phenomenon is necessary for design of micro-

viscometer, only acoustical aspects have been considered. Thus, combined physical phenomena could not be reflected for an optimum

design process. In this research, a multi-physical approach is developed for designing a micro-viscometer, and an optimized micro-

viscometer design is proposed. The proposed method is able to capture multi-physical phenomena such as near field effect and added

mass effect. It also has the advantage of flexible design of various shape and materials, leading to savings of cost and time.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Recently, a micro-viscometer was proposed to measure
the viscosity variation of minimal liquid (13 nl) using the
propagation of acoustic waves in microchannels [1]. The
micro-viscometer consists of two chambers and four
microchannels connecting the two. Each chamber has a
unimorphic piezoelectric diaphragm (PZT diaphragm) as a
driving and sensing part, as shown in Fig. 1. The sound
waves generated from the driving part are propagated
to the sensing part through the microchannels and also are
attenuated due to viscous effect from the wall of micro-
channels. The attenuated sound waves are then transferred
to the sensing part, and the output voltage can be mea-
sured from the PZT diaphragm of sensing part.

However, only acoustic phenomenon was considered in
previously proposed device. The interaction between the Si
diaphragm and the internal test liquid, the increase in the
stiffness of the Si diaphragm generated from the voltage
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polarization of PZT diaphragm, and other coupled effects,
were not considered in designing previous device. To
present an optimized model, multi-physical phenomena
including electrical, mechanical, and acoustical phenom-
enon should be all considered. In this paper, a coupled
finite element model is used for multi-physical analysis,
and the results are obtained from the proposed method,
which has the advantage in designing various shapes and
materials, saving cost and time. The proposed method is
compared to the previous method in physical aspects [1],
and it can be concluded that the coupled finite element
model finely captures multi-physical phenomena of the
micro-viscometer.

2. Analysis of micro-viscometer simulation

2.1. Multi-physical model of micro-viscometer

Fig. 2 shows a concept of multi-physical micro-visc-
ometer model based on finite element method. Multi-
physical model consists of piezoelectric, linear elastic and
acoustic body. PZT and Si diaphragm are modeled as
ll rights reserved.
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Fig. 1. General shape of micro-viscometer.

Fig. 2. Multi-physical model of micro-viscometer.

Driving Part
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Fig. 3. Finite element model of micro-viscometer.
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piezoelectric and linear elastic respectively while chambers
and channels are modeled as acoustic body filled with
water.

This multi-physical model is a combination of piezo-
electrical, structural and acoustical phenomenon where
each physical quantity is interchanged at its boundaries.
For example, when electrical voltage is applied to PZT
diaphragm of the driving part, PZT and Si diaphragm of
the driving part go under mechanical stress. The mechan-
ical stress then generates structural displacement of PZT–
Si diaphragm. The structural displacement of PZT–Si
diaphragm acts on boundaries between the PZT–Si dia-
phragm and the internal water. The displacement creates
normal acceleration, or second derivative of the displace-
ment with respect to time, of acoustic pressure on the
acoustic-structure boundary. The acceleration generates
sound waves that propagate to PZT–Si diaphragm of the
sensing part through the microchannels. The propagated
sound waves transfer the normal acceleration to the
sensing diaphragm. The transferred normal acceleration
then reversely causes the structural displacement of PZT–
Si diaphragm in the sensing part. Finally, the structural
displacement generates electrical voltage on the PZT
diaphragm of sensing part.
2.2. Finite element modeling of micro-viscometer

The finite element model used for multi-physical simula-
tion has 44,578 elements with tetra meshes as shown in
Fig. 3. The finite element model consists of PZT dia-
phragm, Si diaphragms, chambers and microchannels.
The chamber of driving part is connected to the chamber
of the sensing part via four microchannels. The chambers
and microchannels are modeled as acoustic fluid with
density and sound speed. In order to model the interaction
between acoustic medium and structure, the Si diaphragm
with linear elastic property is modeled above the chamber.
Additionally, the PZT diaphragm, which has piezo-
electrical properties based on the stress charge form [2–5],
is modeled on top of the Si diaphragm. The detailed
properties and dimensions of individual part for the
multi-physical simulation are listed in Tables 1 and 2.
In the case of chambers and microchannels, all bound-

aries except between Si diaphragm and acoustic fluid are
set up as rigid wall. The acoustic structure boundary is
established as Eq. (1) [6]

an ¼
nU@2u

@t2
ð1Þ

where an is a normal acceleration, n is a vector normal to
surface of the acoustic structure boundary, and u is
structural displacement of PZT–Si diaphragm.
The attenuation coefficient a is applied to water in order

to observe the sound attenuation by viscosity of fluid in the
microchannels. This attenuation coefficient is calculated by
Eq. (2) [7–9].
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where Achannel is sectional area of the channel, r is
equivalent radius for sectional area of the channel, CR is
speed of sound in water, Z is shear viscosity coefficient, f is
driving frequency, r0 is density of water, g is ratio of heat
capacities and Pr is Prandtl number. The numerical values
used in Eq. (2) are listed in Table 3.
The boundary conditions of Si diaphragm and PZT

diaphragm are as shown in Figs. 4 and 5. As mentioned
earlier Si diaphragm is linear elastic model; hence the fixed
displacement condition is applied to the four sides of Si
diaphragm while the free displacement condition is applied
to top and bottom of the Si diaphragm. In the case of the
PZT diaphragm, top of the driving PZT diaphragm is
connected to the voltage input and the bottom is grounded



Table 1

Properties of materials.

Material Property Value

PZT (PZT-5H) Density 7500 kg/m3

Elasticity matrix 12:72 8:02 12:72 0 0 0

8:02 8:47 8:47 0 0 0

12:72 8:47 11:74 0 0 0

0 0 0 2:30 0 0

0 0 0 0 2:30 0

0 0 0 0 0 2:30

2
666666664

3
777777775

Coupling matrix 0 0 �6:62 0 0 �6:62

0 0 23:24 0 17:03 0

17:03 0 0 0 0 0

2
64

3
75 C/m2

Relative permittivity 1704:4 1704:4 1433:6
� �

Si Density 2329 kg/m3

Young’s modulus 170 GPa

Poisson’s ratio 0.28

Chamber and channel (water) Density 997.0479 kg/m3

Speed of sound 1480 m/s (at 25 1C)

Table 2

Dimensions of materials.

Width (mm) Length (mm) Height (mm) t

PZT 84 84 3

Si 140 140 10

Chamber 140 140 300

Channel 10 1800 10

Table 3

Values of used coefficients in calculation of acoustic attenuation.

Coefficients Values Coefficients Values

g 1 r0 1000 kg/m3

Pr 7 Z 1 mPa s

CR 1480 m/s

Fig. 4. Boundary conditions of Si diaphragm.
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while voltage output is connected to the top of sensing
PZT diaphragm in order to obtain the output voltage
generated by sound waves. Additionally, the zero charge
conditions are applied to four sides of the PZT diaphragm
because there does not exist any charge at the sides of PZT
diaphragm in the ideal model.
2.3. Finite element modeling of micro-viscometer

The multi-physical simulation of micro-viscometer is
conducted using frequency sweep from 3.5 MHz to
5.2 MHz with 1 V applied to the driving PZT diaphragm.
The simulation results are plotted in Fig. 6, and this result
shows that the output voltage has a maximum value at
4.37 MHz, which is the driving frequency. In other words
the micro-viscometer has maximum gain and efficiency
at 4.37 MHz.
Fig. 7 illustrates the shape of structural displacement of

driving and sensing part at the driving frequency, and the
difference of the shape between the driving and sensing part
comes from the acoustic attenuation effect. This acoustic
attenuation effect is confirmed from the simulation results as
the acoustic pressure of sensing is smaller than that of driving
due to the attenuation of sound waves in microchannels as
shown in Fig. 8. Fig. 9 shows that the acoustic pressure
distribution reflects the structural displacement of Si and PZT
diaphragms, capturing the interaction between acoustical
and structural phenomenon. This phenomenon observed as
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the near-field effect of sound waves near acoustic-structure
boundary of driving part can be explained by the displace-
ment of Si diaphragm not being uniform along the equiva-
lent radius. The near-field effect was not able to be observed
in previous simulations [1] which only took in consideration
for acoustical phenomenon.

The driving frequency 4.37 MHz of the water-filled
simulation result is different from the resonant frequency
5.77 MHz of the vacuum simulation as shown in Fig. 10.
Fig. 5. Boundary conditions of PZT diaphragm.

Table 4

Used dimensions for the optimization of micro-viscometer.

Radius or width� length(mm) Height(mm) t

Si (circle) 90 10

Chamber (circle) 90 430

PZT (circle) rc ( 50–70) 3

Channel (rectangle) 30� 2160 30
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Fig. 6. Output voltage of sensin
This is because of the added mass effect caused by the
interaction between the Si diaphragm and internal liquid.
The added mass effect on Si diaphragm could not be
observed in previously used method which only considered
acoustical phenomenon. The capability of multi-physical
method to demonstrate the near-field effect of the sound
waves and the added mass effect of the Si diaphragm
shows that the results of multi-physical method is more
accurate than that of the former acoustic method.
3. Optimized design of micro-viscometer

3.1. The design conditions for optimization of micro-

viscometer

The micro-viscometer with circular diaphragm type has
several advantages compared to the rectangular type. First,
theoretical approach of modeling the device for circular
type is easier than that of the rectangular, because
theoretical models for circular type are found more widely
in literature [7–9]. Secondly, the finishing precision is a
challenge in MEMS fabrication process for rectangular
type, leading to unwanted multi-modes near resonant
frequency. Lastly, round type with radius equivalent to
that of the rectangular type has higher resonant frequency,
leading to reduction of system thickness and material
savings in the end. Therefore, in a scope of design
improvement, the micro-viscometer with circular dia-
phragm and circular chambers accordingly is proposed
for optimization as shown in Table 4 and Fig. 11.
However, considering the driving frequency, acoustic

wave guide, and complexity of the MEMS fabrication
process, it is not so simple changing the characteristic
dimensions of chambers and Si diaphragms including the
thickness of PZT diaphragms. Therefore only the shape
and size excluding the thickness of PZT diaphragm are
considered as objectives of the optimization. The output
voltage of using multi-physical FEM simulation is used for
determining optimized dimensions of PZT diaphragms.
4.37MHz

4.5 4.7 4.9 5.1
ency(MHz)

g part in the case of water.
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Fig. 8. Acoustic pressures of micro-viscometer.
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Fig. 7. Structural displacement of PZT–Si diaphragms.

Fig. 9. Acoustic pressure distribution in the chamber of driving part.
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Fig. 11. Micro-viscometer of circular type.
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For the optimization of micro-viscometer, round, cross
and hexagon shapes are suggested as shown in Fig. 12,
where rc is the characteristic radius which represents the
size of each shape ranging from 50 mm to 70 mm. These
shapes are only applied to the PZT diaphragm of sensing



Fig. 12. Considered shapes of PZT diaphragm for the optimization of

micro-viscometer.

Fig. 13. Comparison of maximum output voltages for shapes of PZT

diaphragm.
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part in order to maintain equal driving frequency, value of
which is dependent on the shape of Si and PZT diaphragm.
The dimensions used for the circular micro-viscometer
are listed in Table 3, and the 1 V is applied to the PZT
diaphragm of driving part.

3.2. The result of optimization

The simulated result for three different shapes of PZT
diaphragm is shown in Fig. 13, and each peak value of
the output voltage at driving frequency for each shape is
plotted against the characteristic radius, rc. This result
shows that PZT diaphragm of circular type with character-
istic radius of 55 mm has the highest value. In other words, it
means that PZT film of circular type with characteristic
radius of 55 mm can be used as the optimal design of micro-
viscometer with circular-diaphragm. Meanwhile, in the case
of considering characteristic radius of more than 57 mm, it
can be seen that choosing hexagonal shape is more optimal
than choosing circular shape.
4. Conclusion

The multi-physical approach is proposed for designing
a micro-viscometer, and is compared to the previously
proposed micro-viscometer. In the multi-physical approach,
the near field effect of sound waves and the added mass
effects can be observed which was not possible in the only
acoustic pressure approach. This result shows that the
proposed method can be applied to improve and optimize
the design of micro-viscometer. In this research, optimiza-
tion using the proposed method is carried out for designing
a new type micro-viscometer, and fruited to an optimized
design of micro-viscometer.
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