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The Expectation for Material Properties of Microstructure by
Application of Dynamic Response Characteristics

Jeong-Ick Lee"” and Moon-Su Yeo’
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Abstract This paper addresses the prediction of the material property continuities of a microstructure. Prediction
was made by measuring the dynamic responses distribution of the fabricated materials used in the
microstructures. When these distributional material properties were used in estimating the mechanical
performances of microstructures, the differences between the computer simulation and the experimental result of
microstructures could be reduced and their reliability design could be made.
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1. Introduction studies measuring material discontinuities [1-3]. These
have the drawbacks in preparation and installation of the
The material properties of a microstructure can not be specimens. |

the same as those of a macrostructure. Material The porosity-measuring approach has been proposed
discontinuities, such as porosities and unevenness, exist to  for the material discontinuities however, this approach has

some extent in almost all materials. It is very difficult to  difficulties in installations and measurement [1].
uniformly predict material properties and behaviors since This paper presents the predictions of the material
these material discontinuities are randomly and unevenly property distribution due to material discontinuities
distributed. These properties affect the predictions of  through the use of dynamic coefficients of natural
structural performances in the microstructure additionally, frequency and numerical relationships. These predictions
the static and dynamic characteristics can change. For the of distributional material properties could help measure
material compensation in computer-aided simulation, the mechanical structural performances in order to assess

dynamic characteristics such as natural frequency of the reliability of structure designs. Compensated Young’s
bending mode and torsion mode may be used in the modulus with proposed method is verified with simulation
prediction of matertal properties. To investigate the effect and experiment of measuring the natural frequency of

due to material discontinuities, there have been many MEMS gyro sensor.
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mechanical structure can be given by,

sznEO (1)

the elastic modulus with porosity,

: the elastic modulus without porosity,
. the volume density

. the density index[4-5].

The structural rigidity mechanically depends on the
relationship of stress-strain ({O'}z [D ] {5 }) and the

elastic constants [D] of 2-D and 3-D element for an

isotropic material are given by [6],

For the plane stress,
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The variation of structural rigidity with respect to
material porosity can be calculated using the following

relationships,

For the static problem,
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where {é; }T [M ]{¢; } — 1. The entries of stiffness

matrix [K ] can be written by eq. (7).
k)= 18] [D()][B]av

where [B] spatial derivative matrix of displacement

(7)

variables

Porosity can be defined as the fraction of Void volume
in the material [7-9]. The effects of porosity on Young’s
modulus have dealt with fitting an empirical curve to
actual data for a material. The equations of Young’s
modulus with porosity from eq. (1) can be given as
follows; the linear equation (8), the exponential empirical

equation (9) and semi-empirical equation (10).

E:(l—a:f)EO

(8)

E=Eoe“bV (9)
E=E|1-—% _

1+(a -1 (10)

where,

&, @ and b : the empirical constants
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the volume porosity from pore size and

7" )
distributions v,

p : pore volume

y

o : structure volume

—

@ a, b and V can be found from the probability
distribution of pore size, cell size and volume size. But
the above equations can be given from the well-known
physical parameters of empirical constants and volume
porosity. This paper presents the estimation method of
material properties of microstructure through the vibration
analysis of a microstructure. The Young’s modulus and
shear modulus can stochastically be predicted by the
[10-12].

transverse vibration of the Bernoulli-Euler beams can be

dynamic response of beams Basically, the

assumed as:
o o*
EI72 4 pa”2 =0
ox ot (11)
where y(x,1) =Y(x)cos(wt+y) (12)
Using a separation of variables approach, the

characteristic equation is given by

a‘y .,
—— A =0
X (13)
24 = pAw’
where, - EJ (14)

The general solution of eq. (13) for the deformation

mode may be written in the following form:
Y(x) = c, sinh Ax + ¢, cosh Ax + ¢; sinAx + ¢, cos Ax (15)

There were five constants in the general solution, that

is, four amplitude constants and the eigen-value A . The

end conditions were used for these constants. In the
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cantilever beam model, the boundary conditions of the

deformation mode were given by:

dY sz

- =0 ——2 = ()
r0)=0, dx x=0 A, =

Y

_3 ~ ()

) N (16)

From the above boundary conditions, the following

equations were obtained:

0 1 0 L Te] [0

j 0 j 0 ol J

Atsinh AL A2cosh AL -Asin AL -Alcos ALje,| |0

_13 cosh AL A’sih AL -A’cos AL A’ sin AL Iles) (0]
(17)

The determinant of the coefficients must vanish in
order for there to be a nontrivial solution. This led to the

characteristic equation,

cos ALcosh AL = -1 (18)

where (ﬂnL)is the n" specific value satisfying the

geometric boundary conditions:

(1,L)=1.875,4.694,7.854,10.995.. n=1,2,....
(19)

The natural frequency of an elastic beam specimen was

given from eq. (20),

A (20)

where # is the material density and I is the moment

of inertia of cross section 4 . The Young’s modulus (E )

is a function of the n™ natural frequency of the bending

mode( n)b :
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(21)

The partial differential equation under free torsional

vibration of an elastic beam could be obtained as follows:

2 2
o2 0 x? (22)
where @=06(x,1)=0(x)cos(ot + ¢) was  the

angle of torsion oscillation of the infinitesimal volume

about the rotational axis and J was a polar moment

inertia. The general solution of eq. (22) for the

deformation mode may be written in the following form:

WX
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(23)

In the case of a beam with one fixed end while the

other end was free, the two boundary conditions are given
by:

d®

= =0
®(O)=O, dxx=0

(24)

Substituting the two boundary conditions into the

solution of eq. (22), the frequency equation was given by:

o L
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cost=,) 25)
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Where ¢ A) (26)

From eq. (24), the natural frequency and eigen-functions

of torsion vibration were given by:
1 G
m-—— |\, |—
2, \p,

The shear modulus (G) is a function of the m'

1
L

DX

(@),

(27)

h

natural frequency of torsion mode(f, ), :
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_ 2
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where (m_%)zxzza%bz for m=

can be represented as the first torsion mode and € is

given analytically as a function of the ratio alb, as

shown in Table 1.

[Table 1] Coefficients for torsion of the rectangular

specimen
a/b C
1 0.328
1.3 0.454
1.5 0.473
2 0.486
3 0.553
b 0.801

For an effective homogeneous material, the Poisson’s

ratio V could be calculated by:

V=£—1

2G (29)

3. Experiments and simulations

Fabricated test specimens were excited with a PZT
the shaker for the

measurement. The input signal for the shaker driving was

actuator as frequency response
generated by a function generator. The response of the
cantilever was measured by a micro laser vibrometer
(Polytec). |

The vibrometer laser beam was focused on the end
point of the cantilever structure. A microscope showed the
focus point of the laser and the feature of the cantilever
during the experiments. The signal data measured was
transferred from the micro laser vibrometer to the
oscilloscope. A PC restored the data from the oscilloscope
and analyzed the data in the frequency domain. The n-th
the

experimental system shown in figure 1. Figure 2 shows

order resonant frequency was measured by

the schematic configurations of the experiment apparatus.
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Microstructures undergo a large response at their natural

frequency, which are coincident with the driving
frequency of the shaker. The typical responses of the
bending and torsion modes of a specimen through a base
excitation are shown in table 2. The geometric dimensions
of the specimens were: 200 um wide, 150 gm thick and
1000 tm long these dimensions are a, b and L in figure
1, respectively. Ten specimens were used to investigate

the distributions of the material properties.

[Figure 1] Geometric dimensions of the polysilicon
specimen [1]

PC

—Fiber Micro
zAvibrometer

Microscope

Function
Generator

1 PZT Amp

. Micro laser
- vibrometer

(b) Experimental set-up
[Figure 2] Experiment apparatus

[Table 2] Typical frequency and mode of a specimen

No. of mode Frequency (Hz) Remark
1 1 878660E+05 £ @1 | 17 vertical bending
2 2 406009E+05 L @2 | 17 lateral bending
3 1.048260E+06 L @3 | 2" vertical bending
4 1.068838F+06 T @4 1™ torsion
5 1304516E+06 T @5 | 2™ lateral bending

After completing the natural frequency distribution
measurements for the micro- fabricated cantilever, the
material properties could be calculated from eqs. (21),
(28) and (29). The distributional material properties of
several specimens made from polysilicon are represented
in Table 3. Using the distributions of the material
properties, the required natural frequency was simulated
by a MEMS gyro, as shown in figure 3. Table 4 shows
the comparison of its’ first and second modes with the
test results. The condition of simulation shows as follows:
node points(5838), number of element(10060), using by
clements, body fixed E=179GPa,
Poisson's ratio(0.27), Rho=2.33e-6kg/mm"3.

Hexa condition,

[Table 3] Distributions of material properties

Material properties Value
Young’s modulus (GPa) 148.4+8.6
Shear modulus (GPa) 58.59+3.35
Poisson’s ratio 0.263+0.01
Density (x 10” ton/mm”) 2.57240.15

(a) Schematic model
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(c) Second mode
[Figure 3] MEMS gyro model

[Table 4] Variation of dynamic characteristics of the

MEMS gyro
Modes Frequencies (Test) Frequencies
(Simulation)
First 1715.6 Hz 1723+£10.2
Second 2195.7 Hz 2203194

From table 4, the measured frequency ranges of the
MEMS gyro can be reliably predicted, relative to the
porosity-measuring method U The natural frequency of
value order shows about 1 of 100 between table2 and
table 4. The order of table 2 shows considerable large
order than table 4 because of testing specimen of simply
supported beam shape. But, real model as table 4 shows

considerable small order because of large mass.

4. Conclusions

This paper presented alternatives to predict the

distributions of material properties through use of
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numerical equations and natural frequency determined
from a dynamic test these included the Young’s modulus,
shear modulus, and Poisson’s ratio of microstructure.
Through the proposed technique, the reliable design of a

mechanical structure is possible and the stochastic

distribution of the material properties with a
microstructure can be known. The result of quantitatively
comparison between the distributions of material

properties through use of numerical equations and
dynamic test is as follows. Natural frequency of numerical
analysis is a little higher than dynamic test because one
of numerical analysis is neglected some properties such as

porosity of microstructure.
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