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Abstract - Micro-cantilevers are micromechanical structures that are being used in detection and sensing as MEMS. The easy usage
and the relatively simple fabrication of micro-cantilever beams make them stand as suitable candidates for a wide variety of
engineering applications. Dynamic capability of micro-cantilever beams to withstand considerable impacts and even various static
loadings make them useful in applications as AFM, inertial sensors, or flow applications. Specific configurations with micro cantilever
beams could be used for more advanced applications such as liquid viscosity measurement. The main objective of this research is to
investigate the nonlinear dynamic behaviour of two parallel micro cantilever beams with slightly different geometry under the
condition of closed to pull-in voltage. The governing differential equations that model closely the dynamical behaviour micro-
cantilever beams under electrostatic field are used in the formulation. The model is based on discreet 2 degree of freedom mass-spring-
damping. The electrostatic loading induces the dynamical behaviour of two parallel micro cantilever beams expressed in two
differential equations that are nonlinear and stiff. A specific algorithm that optimizes the integration steps which is named ISODE is
used to perform the computation. The time response and phase diagram to the step-voltage for the mass-spring-damper system is
derived numerically and the pull-in voltage of the system is evaluated.
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Nomenclature
X(t) Deflection of the beam

x Velocity V Applied voltage

X Acceleration A Area of cross section on the beam

¢ Damping g Initial distance between the beam and substrate
& Damping factor L Length of the beams

b Width of the beams
h Height of the beams
E Young’s modulus

v Poisson ratio

p Density

m Mass of the beam

k Spring constant

wy, Natural frequency

f(t) Electrostatic force

€o Absolute permittivity of the medium between the
beams

1. Introduction

During the selection or at the beginning of the design process, the model of the phenomenon of interest is developed.
The analysis of the model will point towards the most influential physical quantities, possible instabilities or peculiar
behaviour during the operation of the system. This step is fundamental in understanding the sensitivity of the achieved
function for the device. Modelling at this stage requires a good understanding of the physics behind the operating principle.
It is important to count for all influential phenomena but within the first level of modelling, the most significant effects
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should be counted for. The concern in operating a device is the lack of stability, nonlinearities and catastrophic incidences.
Understanding the causes of instabilities and the regions of stable operation largely depend upon the device model. A
suitable model will be able to point the designer the critical operating regions and the main cause or reaching those
conditions. MEMS devices are among these critical systems which could experience instabilities. The small dimensions as
well as the predominance of certain phenomena which appear at small scale in conjunction with unpredictable effects and
associated with the lack of perceptibility of the physics at small scale represent main challenges in developing robust
models. The pull-in voltage represents one of such critical phenomenon that appears in most of the capacitive based
devices. When a difference of potential is applied to an elastically suspended micro-beam, the electrostatic field will induce
non-linear electrostatic forces that will attract the components charged with different potentials. When the potential
difference increases, the forces will increase due to the potential but also due to the reduced gap between the structures
which is produced by the attractive forces. The two effects — larger potential and reduced gap are related and, at a specific
point the correlation between the two yields an irreversible attraction between the two structures. This condition is known
as the pull-in and the associated potential is known as the pull-in voltage.

According to the formulation yield by equilibrium of forces, it has been derived [1] that pull-in voltage occurs when
the equivalent elastic suspended mass reaches the 2/3 of the original gap between the micro-cantilever beam and the
substrate because of attraction of the electrodes on the substrate. The operation of micro-cantilever structures under the
influence of different types of electric fields has been investigated. Modelling of the phenomenon as well as experimental
works were reported [2, 3, 4]. The differential equation that describes the dynamic behaviour of the microsystem consisting
of a micro-cantilever beam close to a rigid substrate charged at different potentials can lead to evaluate the pull-in voltage.
The governing differential equation of the system can be derived by various common methods such as Hamilton [5] and or
one of the energy [6] methods. Due to the high nonlinear trend, several researchers used various methods to linearize and
simplify the governing equation.

The pull-in voltage can be calculated numerically by using Finite Element Method (FEM) [7]. Also, the governing
equation can be linearized using Taylor series [8]. Runge-Kutta algorithm [9] and the perturbation method [10] represent
other-solving methods of the derived equations. The dynamical deflection of the micro-cantilever beam exposed to both
harmonic excitations and electric field could also be expressed in a Duffing equation, which represents a preferred
formulation as this equation is not stiff. Apart from the above problem-solving methods, there are other approaches that
have been considered. For an example the continuum theory for small-scale deflection was scrutinized for micro-cantilever
beams and a set of orthogonal functions was established using Taylor series in the governing differential equation [11].
Also, for the small-scale deflection, recent investigations have revealed that the error is commensurate with the length of
the beam [4]. The pull in potential remarkably reduces when the structure is dynamically excited at values below the pull-
in potential values when the structure is excited. Given the large deflection vs. length of the micro-cantilever beams which
is characteristic to the small size structures, the previous mentioned solution method is not appropriate [12]. Further,
theoretical and experimental investigations demonstrated the effects of changes in width and thickness of the micro-
cantilever beam when the structure is excited close to the resonant frequency.

2. The Method

A dynamic model generally accepted for simulation of the vibration of micro-cantilever beams is the discrete lumped-
mass system — with one degree of freedom. The equation describing the dynamics of a micro-cantilever beam under the
electrostatic field can be expressed as the below equation (1):

f(t)

%+ 28wpX + wix = o (1)

Where

L dx@® . dx(D
¢ = -

1 ,X = It ,x = x(t)

Figure 1 represents schematics the dynamic model of a non-symmetric twin set of micro-cantilever beams under
the electrostatic field by using an equivalent mass-spring-damper system:
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Fig. 1: The schematic view of a mass-spring-damper system of twin micro-cantilever beams with different dimensions.

The above dynamic system can be described as a set of stiff system of nonlinear differential equations:

R [ R A et e i ®

The electrostatic effect between the two parallel beams in the micro-structure is notable and it can be considered as an
externally applied force. From the energy balance, f; and f, have been found as:

ggAV?
f,="f,= (3)
T 2(g - x(0) — x2(D)?
The equation (2) can be expanded into the following equations:
d?x;(b) dx; (t) dx, (t) g0A;V?
— - 4
mi—ge -+ @+ O+ (a + %O — e — ke () = e s oy (4)
d?x,(t dx, (t dxq (t g0A,V?
me D4 (e 40 P20 4 (1 4 198,09~ A oy = ®)

dt 2(g — x4, () —x,(D)?

Equation (4) is assigned to the thinner beam (upper beam) and equation (5) is considered for the thicker beam (lower
beam). In addition, the initial conditions are defined by the initial deflection and speed at reference position and time for
the above ODEs which can be assumed as:

Xlio = Oandx|,_, = Xg (6)

Fig. 2: Non-symmetric twin set micro-cantilever beams (exhibit different dimensions) charged at different potentials.
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Two micro-cantilever beams are parallel and symmetrically positioned. From the above depicted figure, it can be
assumed that two beams are same such that L; = L,,b; = b, and E; = E, except the thickness of the beams h; # h, .
Actually, even if certain dimensions are slightly different, the electrostatic attractive force is scaled with regards to the
common side of area that are overlapping. After subjecting the beams to electrostatic field, the initial conditions of the
beams are still the same as in (6). Figure 3 represents the two micro-cantilever beams under the applied force.
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Fig. 2: Two parallel and symmetrical micro-cantilever beams.

The solution of the stiff system of nonlinear differential equation is found using ISODE algorithm. The algorithm
makes use of adaptive integration steps such that even when the equations are stiff — close to the pull-in voltage, a correct
solution of the problem is yield. The numerical approach was developed for the system of nonlinear ODEs. The results are
presented below for the two beams.

In the current work two similar beams were studied under the assumption that the below beam thickness is twice of
above beam. The dimensions and properties of beams are as following:

L; =L, =200 [um]
b; = b, = 20 [um]
hy = 2 [um],h, = 4 [um]
E, = E, = 169 [GPa]
g =10 [um]
$1=5,=01
p1 = p2 = 2300 [kg/m?]
vy =v, =0.3
2Ebh?
- 313

W, = [—
" |Im

A, = A, (the modified area as in [13])

The numerical solution of the nonlinear system of ODEs in equation 5 will yield to the following results. Figure 4
shows time response of the thinner beam when the voltage is close to the pull-in voltage (145.21 V). Figure 5 shows the
phase diagram of the same beam. As one can see, the system reaches to saddle point on the deflection close to 4 [um].
Figure 5 shows the time response of thicker beam. As it is shown in the curve the system goes to one stable condition (0.3
[um]) then changes the position and stays on other stable condition (0.5 [pm]). This phenomenon is illustrated clearly on
figure 7.
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Fig. 4: The deviation of the deflection versus time for the thin beam (upper beam).
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Fig. 5: Phase diagram of the thin beam (upper beam) - changes in velocity versus deflection.
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Fig. 6: The deviation of the deflection versus time for the thick beam (lower beam).
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Fig. 7: Phase diagram of the thick beam (lower beam) — unsteady changes in velocity versus deflection.
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3. Validation
The validation of the model is carried out using two particular cases with already validated results.

3.1. The Two Beams are Identical

In this case, the two beams are considered identical, so thickness were considered same: h; = h, = 2 [um)]. This case
was studied previously by authors in [4]. That system was simplified to one nonlinear ODE. The solution of the system of
ODEs by assuming two identical beams is illustrated by the time response and the phase portrait in figures 8 and 9. The
results are identical to those in [4]. The plots show the beams response and phase diagram close to pull in voltage.
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Fig. 8: The deviation of the deflection versus time.
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Fig. 9: The deviation of the velocity vs. deflection — phase portrait.

3.2. Single Beam Pull-in Voltage

The well-known case of this study is when one of the beams is fixed. This represents the classical problem [1-3]. This
case is verified assuming that the bottom beam is extremely thick (2m). This makes the bottom beam a substrate. Figure 10
provides the time response of the deflection of the beam. Figure 11 illustrates the phase portrait of the response of the
system. The solution as obtained is identical with the results presented in [2] and [12].
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Fig. 10: The deviation of the deflection versus time.
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Fig. 11: The deviation of the deflection velocity vs deflection — phase portrait.

4. Conclusion

Viscosity is the property of fluids that is difficult to assess. For liquids, disk rheometers are normally used while the
minimum sample size is of 100 pl. The device that is discussed above enables measurement of viscosity through the
damping of the oscillation of the two beams which actuate each other through the means of the electrostatic field forces
exerted by the difference of potential applied on the two beams. The sample of the analyte could be as low as 1.5 micro-
litters which represent a significant improvement of the quality of measurement of extremely small specimens. Both pulse
measurements and harmonic excitations can enable correlation between the response to excitation and the amplitude of
deflection detected as variation in the capacitance. For conductive fluids, the beams could be grown and covered by few
tens of nano-meters of SiO2.

Further investigations are due to the concept of measuring viscosity and density of the fluid as the response of the
beams to step or harmonic excitation represents two results that could be diligently investigated.
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