1P2-10

Proceedings of Symposium on Ultrasonic Electronics, Vol. 30 (2009) pp. 35-36

18-20 November, 2009

Measurement of Young’s modulus of Materials Using a Change
in Motional Capacitance of the electrical Equivalent Circuit of
Quartz—Crystal Tuning-Fork Tactile Sensor at Resonance
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1. Introduction

A tension test for measuring Young’s modulus of
hard materials such as metals or plastics is generally
used. On the other hand, rotary viscometer” and
DMA? (Dynamic Mechanical Analysis) are also
used to measure Young’s modulus of rubbers.
However, there are some drawbacks in these
equipments. For example, they are so expensive
and large, and furthermore, sample measured by
them is cut to fit the test piece’s sizes because its
dimensions are fixed for measuring.

In this study, we focus on the method to measure
Young’s modulus of materials using a change in
motional capacitance of the electrical equivalent
circuit of quartz-crystal tuning-fork tactile sensor
before and after its base is brought into contact with
materials instead of using a change in its resonant
frequency. We obtained the relationship between
the change in motional capacitance and Young’s
modulus of one arm of quartz-crystal tuning-fork by
use of bimorph flexural model.”” The experiments
were conducted to check whether it would be
possible to measure Young’s modulus of materials
using the change in motional capacitance or not on
three sorts of materials such as rubbers, plastics, and
metals.

2. Analysis
We analyzed the behavior of quartz-crystal
tuning-fork resonator using bimorph flexural model

Fig.1.Electrical field lines in cross-section of an arm
of quartz-crystal tuning-fork resonator using
bimorph flexural model and its coordinates

FI)

3 to derive motional capacitance Ca formula of the
electrical equivalent circuit of quartz-crystal
tuning-fork resonator at resonance. We apply
bimorph flexural model to an arm of quartz-crystal
tuning-fork resonator in order to make it easier to
analyze. Figure 1 shows the electrical field lines
indicated as arrows in cross-section of an arm of
quartz-crystal tuning-fork resonator. We set X, y,
and z-coordinates as shown in Fig. 1.

The piezoelectric equation for flexural beam
shown in Fig.1 is expressed by
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where S7 is compliance coefficient of quartz
crystal, S, is extensional strain in the y direction,
d,, 1is piezoelectric strain coefficient of quartz
crystal, 7, is extensional stress in the y direction,
D, is electrical displacement, £, is electrical field
intensity in the z direction, and &, is permittivity
of quartz crystal.
When the beam undergoes flexural vibration,
extensional strain S, and electrical field E, is
expressed by
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where ¢ is flexural displacement in the z direction
along y-axis and ¢ is potential.

We applied eqgs. (1) and (2) to an arm of
quartz-crystal tuning-fork resonator as cantilever
and derived Ca formula from the input admittance
of piezoelectric cantilever at resonance.

According to the mechanical-electrical analogy,”
spring constant corresponds to the reciprocal of
capacitance.  Therefore, the difference in the
reciprocal of capacitance A4 1/Ca before and after
the tactile sensor is brought into contact with
materials is given by
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where €, and E' are motional capacitance and

, (4)

cosha sin o + sinh a cos o

Young’s modulus of quartz crystal after the tactile
sensor is brought into contact with materials,
respectively. Eq. (4) is rearranged using A (the
constant term in eq. (4)) and E (E-E'term in eq.

(4)) as
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3. Experimental results and Discussion

When Young’s modulus of materials is much
lower than that of quartz crystal, we could adopt
rough approximation expression of EE'~E’
Therefore, 41/Ca shows a direct linear dependence
on 4 E.  However, when Young’s modulus of
materials is higher than that of quartz crystal, a sign
of E' is minus since £'=E-_/E and must be never
minus as physical quantity. In these two cases, the
behavior of the change in motional capacitance

against Young’s modulus was different from each
other (see Figs. 2 and 3).
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Fig.2 A1/Ca vs Young’s modulus for rubbers and
plastics

Figure 2 shows the change in motional
capacitance against Young’s modulus for rubbers
and plastics when their Young’s modulus is lower
than that of quartz crystal. On the contrary, Figure
3 shows the change in motional capacitance against
Young’s modulus for metals when their Young’s
modulus is higher than that of quartz crystal. The
solid line in Fig. 2 is the calculated value which is
obtained by substituting the measured value of the
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Fig.3 A1/Ca vs Young’s modulus for metals

change in motional capacitance into eq. (5). In Fig.
3, four closed and four open symbols are the
measured values using sensor A and B, respectively.
The measured values have same tendency for 4 1/Ca
vs. Young’s modulus but the values are not same
because two sensors have different sensitivity.

4. Conclusion

We found that there was a possibility to measure
Young’s modulus of materials using the correlation
between the change in motional capacitance of the
electrical equivalent circuit of quartz-crystal
tuning-fork tactile sensor at resonance and Young’s
modulus of materials being in contact with its base,
and that the behavior of the change in motional
capacitance against Young’s modulus was very
different whether Young’s modulus of material was
higher than that of quartz crystal or lower.
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