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ABSTRACT

We report a development of MEMS based viscositgsor suitable for in-process measurement forstnidii
uses. The sensor is based on the principle ofibirating viscometer. The vibrating body of thecdsity sensor is
unique dual spiral structure. The geometry provaegamless surface and a simple structure ofsthedp-parallel
wall in order to create the Couette flow for segdiine viscous stress. On Si wafer, the spiral &irads formed by
penetrating trenches(4im width, 400um depth) which were formed by deep reactive iomiate: In the present
study, we verified the principle of viscosity messuent by using the viscosity standard liquids.
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INTRODUCTION

Viscosity measurements are universally importard imide variety of industry and research. Tenshofisands
of the conventional viscometer which is rotatior@pillary, falling-ball and vibrating viscometeasbeen used in
the world. However, it is well known that many p&ogre not satisfied with the conventional viscaenett the point
of usability and portability. Even now, there is siccessful compact and portable viscometer aghikéhandheld
digital multimeter for the electric measurementgwNapproaches of portable viscometer and visceshsor are
eagerly expected.

Recent development of the technology of the midezteo mechanical system (MEMS) provides new design
method and fabrication tool for viscosity sensoheTviscosity sensor based on the MEMS technology ha
advantages of the downsizing and reducing the etmsiiever, several problems prevent the MEMS-basstbsity
sensor from becoming popular method. The first f@mmbis viscoelastic effect caused by the too high opegatin
frequency of the vibrating body in the sensor. Maggorted viscosity sensor is based on the vilgatiscometer.
Resonance frequency of micro structure in MEMS cetiends to increase corresponding to the scideteSome
examples of the viscosity sensor work in severa,léven more MHz. Although the viscoelastic efisagnored in
the principle of the viscosity measurement of thaser, the effect occurs in the case of high vibgatrequency.
Second problem is the fact that calculation oftlseosity needs the density value. Vibrating viseten using the
single plate measures a product of viscosity amitie In general, users in industry wish to meaghe viscosity
independently.

In order to solve the problem, we have proposedutiigue vibrating structure for the MEMS-based oty
sensor[1]. The proposed shape of the vibrating bedgual spiral structure. The geometry provideseamless
surface and a simple structure of the pseudo-ghnakll in order to measure the viscosity indepeige In the
present study, we manufactured the micro spiracgire by using the MEMS fabrication methods andfiee the
principle of viscosity measurement by using theesity standard liquids.

THEORY AND EXPERIMENT

Fig. 1 is a photograph of the prototype viscosépsor. On Si wafer of 400m thickness, the spiral structure is
formed by penetrating trenches of gt width. The trenches were formed by Deep-RIE(ieadbn etching). The
width of the spiral wall is 8Qum. As shown in schematic image of Fig. 2, the dymilal is composed of the two
independent spirals. The red and blue spirals aneed vibrating and sensing spiral, respectivelg génter of the
vibrating spiral is pushed by an actuation pin hjmints with piezo element in a sensor holder.dbeftion of the
vibrating spiral pushed by pin is demonstrated ig. B. The deformation of the spiral is similarttmt of the

Penetrating
trench (wide 40 pi

Figure 1 Photo image of double spiral Figure 2 Schematic image of disgliral ~ Figure 3 Simulated deformation mode
shaped viscosity sensor. of spiral form.
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Figure 4 Photo image of piezoelectric holder unit. Figure 5 Schematic cross-section view of piezogtect
holder unit.

volute spring. The movement of the sidewall of the
vibrating spiral is pseudo-parallel motion to thdesvall

of the sensing spiral in the case of relatively lsma
displacement of the center of the vibrating spilfalest
liquid fills up the gap between the spirals, theah <
motion of the spiral-walls creates shear flow ire th
liquid. The shear flow courses viscous force on th
spiral-walls.

The sensor chip is mounted in the holder in Figs. 4
The holder includes the piezo actuator and theimin
order to actuate the center of the vibrating spirah .
experiment, the whole holder is dipped in testitdqu
Although the present size of the sensor and hadder
12x12x0.5 mm and 25x25x25 mm, it is easy to Figure 6 Typical theoretical curves of frequency
downsize in the future. response of the sensing spiral.

As the piezo actuator is activated, the vibrating
spiral is oscillated. When the displacementf the center of the vibrating spiral is descrilasdollow equation,

X, = Agsinat 1)
the viscous force in steady-staftg,, on the wall of the sensing spiral is describedoliew,
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whereS: effective surface area find: gap distance [m]y: dynamic viscosity [Pa sk: kinematic viscosity [rfis],
x;: displacement of the center of the sensing sfinhl The terms related to the paramefare inertial effect caused
by the liquid density. If the parametéis smaller than 0.1{(< 0.1), the terms of the inertial effect can be ignofed.
the case o < 0.1, the viscous forcg,, is simplified as follow.
_ /1 90X
P =Syat ®)
The sensing spiral is pulled by the viscous shearef The movement of the sensing spiral is writterfollowing
equation of motion,
0% _ 250(%,~x)
M=z =M+~ — KXy 4)
where, my: effective mass of sensing spiral [kg]; spring constant of sensing spiral [N/m]. The €ndoes not
include the density of test liquid. Therefore, vem aneasure the viscosity of liquid independenthe @isplacement
X, of the sensing spiral is given by,

X, :[mAzw/\/(wf—wz){zﬂswj Jcos{wt— tan‘l[— ZUSZLD- (5)
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where @y is natural angular frequency [rad/s]. The ampktud the displacement depends on the viscosity and
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angular frequency. Typical frequency response cofve
the displacemen; of the sensing spiral is shown in Fig.
6. As the viscosity of liquid increase, the peaktlod o
response curve is broader. The broadening of thescu ﬁr?iltus“”g
depends on the paramet@Sy/md . The sensor
parameter2S/md can be calibrated by the reference Piezo
liquid of which the viscosity value is known. The e€lement
parameter2Sy/md is obtained by curve fitting of the
frequency response. The viscosity of the samplgdiq
can be calculated by wusing the obtained
parameter: 2S7/md and the calibrated sensor

parameter2S/md .

For examination of the measurement principle, a
testing system which has a laser displacement senso 2 / Chip holder
was built.  Fig. 7 is schematic illustration of tiesting '.'“4

system. Sample liquids are Japanese standardnegere Yibrating pin
liquids. The properties are listed in Table 1. / ‘

Sample liquid
RESULTSAND DISCUSSION -
Observed natural frequency is 102 Hz. The
frequency is relatively lower than the other MEMS
devices which have vibrating body. The spiral dtice
realizes the flexible spring easily. The charast&riof
the spiral structure is suitable for the vibratlady of
viscosity sensor which has to avoid the high fremye
Experimental results of the frequency response are
collected in Fig. 8. Both of the axes are nornaliby
the fitting value of the resonance frequengy and
peak of amplitudeA,... Parameter of the sensor is &
calibrated using the fitting value of the JS10 oh¢he
reference liquid. By using the fitting value ofeth
others, measurement values of the viscosity arés
calculated. The measurement results and deviaticns
summarized in Table 1. The results agree with the=
reference values less than 10 %. Although the%

Figure 7 Schematic view of the testing system.
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deviations of the values are not sufficiently sméle = . 3525
experiment verified that the proposed dual g o JS5
spiral-shaped structure can be applied to the sigco o . 3510
measurement. N 1520
©
REFERENCES E & S50
[1] Y. Yamamoto, S. Matsumoto, H. Yabuno, M. < : . = JS100
Kuroda, K. Fujii and T. Yamamoto, 2012 Material % o5 1
Research society spring meeting (MRS-S 2012), pp. Normalized Frequency @/wo
108.

Figure 8 Normalized spectra using the piezoelectric holder.
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