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This paper presents direct simulation Monte Carlo (DSMC) numerical investigation of
the dynamic behavior of a gas film in a microbeam. The microbeam undergoes large
amplitude harmonic motion between its equilibrium position and the fixed substrate
underneath. Unlike previous work in literature, the beam undergoes large displacements
throughout the film gap thickness and the behavior of the gas film along with its impact
on the moving microstructure (force exerted by gas on the beam’s front and back faces)
is discussed. Since the gas film thickness is of the order of few microns (i.e.,
0.01 <Kn<1), the rarefied gas exists in the noncontinuum regime and, as such, the
DSMC method is used to simulate the fluid behavior. The impact of the squeeze film on
the beam is investigated over a range of frequencies and velocity amplitudes, correspond-
ing to ranges of dimensionless flow parameters such as the Reynolds, Strouhal, and Mach
numbers on the gas film behavior. Moreover, the behavior of compressibility pressure
waves as a function of these dimensionless groups is discussed for different simulation

case studies. [DOI: 10.1115/1.4032951]

1 Introduction

With the rapid advancements in microelectromechanical sys-
tems (MEMS) technologies in the early 1990s, there emerged a
need to better understand the role of squeeze films and their
impact on moving microstructures. Applications include radio-
frequency (RF) microswitches, micromirrors for optical
switching, MEMS accelerometers and gyroscopes, micromotors,
and microgas turbines [1-6].

A starting point for researchers is Reynolds lubrication theo-
rem, which was first derived by Blech [7], due to the interest in
fluid film behavior in bearings. To better understand the behavior
of an MEMS RF switch, many models have been suggested in lit-
erature to describe the physical behavior of the gas (usually air)
film between the vibrating structure and the underneath fixed
substrate. Andrews et al. [8] conducted an experiment to
compare the vibrating plate behavior and gas film flow coeffi-
cients (spring and damper) with the theoretical results of Ref. [7]
and discussed the accuracy of the model at different frequency
ranges and plate-structure spacings. Zook et al. [9] experimentally
measured the quality factor (i.e., the overall change of energy for
molecules hitting the microbeam within one period of oscillation)
of a vibrating double-clamped beam microsensor, and their results
have been widely used as a benchmark for many models in litera-
ture. Guo and Alexeenko [10] used the ellipsoidal statistical
Bhatnagar—Gross—Krook model of the equilibrium distribution
function in the quasi-steady Boltzmann kinetic model to derive
expressions for the gas film damping coefficient and the quality
factor. Bao et al. [11] proposed a new model for air damping coef-
ficients in vibratory microsensors operating under low ambient
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pressure. Their model uses energy transfer between the moving
molecules and the vibrating plate and therefore surpasses Christi-
an’s model [12] in two main aspects: the new model is a function
of the structure geometry and takes into account the presence of
boundaries near the vibrating structure.

The effect of the presence of a fixed boundary near a vibrating
substrate was discussed by Newell [13], who studied its effect
on the damping coefficient of the squeezed gas film (i.e., quality
factor). Hutcherson and Ye [14] modeled the quality factor of a
vibrating microbeam and discussed the validity of previous mod-
els in literature depending on the boundary conditions assumed
(i.e., free oscillating structure as compared to a structure oscillat-
ing near a fixed wall). They also relaxed the constant velocity
assumption used in Bao’s model [11], and the simulated quality
factor values for the microbeam resonator were in excellent agree-
ment with the experimental results especially in the free-
molecular regime as compared to the transition regime since their
MD code was based on the absence of intermolecular forces among
the gas molecules. Li and Fang [15] extended the work of
Ref. [14] that was limited to parallel plate vibrations to account
for rotating plates and bending of microbeams.

Bao et al. [16] also studied the effect of beam tilting by using the
nonlinear Reynolds equation and analytically solving for the coeffi-
cient of damping torque at nonuniform gap distance. The main
restriction of their model is that the damping pressure should be less
than the ambient pressure leading to a small squeeze number (the air
film viscous force dominant over its spring force). It should be
pointed out that the latter assumption is only true for small squeeze
number where the operating frequency is significantly less than the
mirror first natural frequency leading to an “incompressible” behav-
ior of the gas film as explained by Langlois [17] and Starr [18].

Veijola et al. [19] used analytical models for the gas flow damp-
ing coefficient to solve for the capacitance of a perforated plate
RF MEMS switch undergoing small amplitude vibrations using
circuit analysis. The validity of their model is restricted to
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relatively low switching frequencies (and consequently Reynolds
number) and inertia free flows. They modeled the gas flow damp-
ing coefficient as sum of contributions of three regions: between
substrate and moving plate, through perforated holes, and in the
intermediate region between the first two.

Veijola [20] extended the Reynolds squeezed film damping by
introducing gas rarefaction and inertia effects and used reduced
order modeling (circuit analysis) to solve the resulting improved
equations. Gallis and Torczynski [21] modified the Reynolds
equation model for squeezed film damping by correcting for the
pressure boundary conditions at the beam tips compared to the
trivial ambient pressure conditions used before. They used
the Navier—Stokes slip-jump and the DSMC methods to determine
the new pressure boundary conditions coefficients. Lee et al. [22]
extended the work of Veijola [20] and Gallis and Torczynski [21]
by accounting for the higher-order bending modes to derive a new
squeezed film damping model. Such an extension provided an
improved model that yielded better results when compared to
experimental data carried by the same authors since it accounts
for the bending of the beam structure. Sumali [23] conducted an
experiment using a laser Doppler vibrometer to find the gas film
damping ratio for a vibrating microparallel plate structure in the
free-molecular regime and compared his results to various models
in literature [7,8,11,19-21]. Mol et al. [24] argued that Sumali’s
[23] experimental method is based on modal analysis (i.e.,
frequency domain) and is therefore complicated since it needs a
predefined input driving excitation force. Alternatively, they pro-
posed a time domain electrostatically actuated experiment and
validated previous results in literature [11,19,20].

Unlike previous works of literature that are limited to small
vibration amplitudes or frequency ranges (up to the vicinity of the
cutoff frequency) where the force exerted by the gas on the beam
is modeled without detailed investigation of the gas behavior, in
this work, the beam is allowed to move at any desired velocity
amplitude and frequency (i.e., the distance covered by the vibrat-
ing beam could be extended over most of the film gap) and the
gas behavior is modeled by the interaction of molecules among
themselves and the oscillating microbeam. Therefore, all the ther-
modynamic properties (density, pressure, temperature, etc.) of the
gas along with its velocity can be found at any position within the
gap film. This way, a complete analysis of the gas behavior along
with its effect on the vibrating beam can be performed which
sheds more light on the underlying dynamics of the interaction
between the moving structure and the surrounding gas.

2 Methodology

The objective of this work is to develop the authors’ previous
work [25,26] by using the DSMC method [27-29] to model the
behavior of the gas film between a microplate (width > length)

Substrate

undergoing large amplitude oscillations (Vpeam = V, sin(27ft))
and the fixed substrate underneath (Fig. 1). Figure 2 shows the
two-dimensional computational domain as modeled in the DSMC
code defined by the rectangle ABCD due to symmetry about the
beam’s centerline ZZ' (Fig. 1). AB is defined as a symmetry plane
undergoing specular reflection whereas the substrate BC along
with the beam faces (EF, FG, and GH) are all modeled as diffusive
walls at ambient temperature. The domain is divided into simula-
tion and reservoir cells where each cell is divided into four sub-
cells. The enclosed region ADCC'IAA contains the reservoir cells
that are modeled to impose the desired boundary conditions of
ambient temperature and pressure.

3 Dimensionless Groups

To better understand the behavior of the microbeam under dif-
ferent conditions, dimensionless groups are defined based on the
physical parameters of interest. To start with the oscillating beam,
the parameters involved are the beam width (b), beam velocity
with amplitude (V,) and direction normal to the fixed substrate,
and the vibrating frequency (f). For the gas medium surrounding
the microbeam, the physical parameters involved are the gas
molecular diameter (M), the gas molecular mass (M,,), the gas-
specific heat ratio (y), the gas density (p), the gas mean free path

Mm

A= 1
NI M

the speed of sound in the gas medium

kT
a=\] 2
MVH
where £ is the Boltzmann constant, and 7 is the temperature, and
the gas dynamic viscosity

M, [8kT 3
"= 3z \ i,

Since viscosity is a continuum concept and the gas flow in the
gap film is in the noncontinuum regime (Kn > 0.01), the effective
viscosity (Ueg) is used according to Veijola’s model [30]

u

) 1.159
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This correction of the viscosity accounts for the boundary slip
flow due to gas rarefaction near the wall.
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Fig.1 Three-dimensional schematic of the microbeam
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For the simulation domain, the gap film thickness (/) and the
beam width (b) are the main physical parameters influencing the
gas flow behavior.

A set of dimensionless groups that capture all the physical
parameters mentioned previously are formed. The Knudsen num-
ber, which determines the degree of rarefaction and the flow re-
gime (continuum versus noncontinuum), is the ratio of the
molecular mean free path to the characteristic flow length scale

)
Kn = o 5)

The Reynolds number is defined as the ratio of the momentum
convection term (inertia forces) to the momentum diffusion term
(viscous forces)

a] i
Re — Vaho _ Taift )

v TCOHV

where the film gap thickness (/) is the characteristic length scale,
the beam’s velocity amplitude (V,) is the characteristic speed
scale, v = p/p is the kinematic viscosity, and Teony = ho/Vy
and i = h%/ v are the convection and diffusion time scales,
respectively. The microbeam undergoes harmonic oscillatory
motion (unsteady), and the Strouhal number (St) is introduced to
nondimensionalize the unsteady component of the inertia term.
The Strouhal number is the ratio of inertial forces due to flow
oscillations (i.e., local acceleration due to change of velocity with
time where the oscillatory time scale is given by 7o = 1/f) to the
convection term (i.e., acceleration due to spatial change of
velocity)

Tconv 7fh0 o hO

Vv, 210 @

St =

TOSC

where 0 is the maximum displacement amplitude of the vibrating
beam, given by ¢ =V,/2nf Note that, alternatively, Strouhal
number measures the ratio of the gap thickness to the maximum
distance traversed by the vibrating beam. Another dimensionless
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group of interest is the Mach number (Ma), the ratio of the charac-
teristic gas flow speed to the speed of sound in the gas medium

Ma = V4 ®)
a

where « is the speed of sound, is expressed as a = +/ykT /M,,. For

an ideal gas, Ma, Re, and Kn are related according to

Ty Ma
Kn=,/-— 9
" V2 Re ©)
Finally, the beam width (b) is normalized according to the char-
acteristic length scale (/) as

p =2 (10
h()

Note that the squeeze film number, which measures the relative
importance of viscous forces to spring forces, may be expressed as

Ma?(b* )2

f
T _oapyse =L 2 11
Gd Ty Re T (11

where f, is the cutoff frequency defined as

_ TEl’l%PO

_ 12
24ub? 12)

fe

In what follows, this cutoff frequency will be referred to as
ideal cutoff frequency as it is valid for the set of restrictions and
assumptions used to formulate the Reynolds equation [7]:

(1) The gap hg is much smaller than the microplate dimensions,

(2) microplate is oscillating at low Re number and hence iner-
tia effects are neglected,

(3) trivial boundary conditions at microplate edges, and

(4) no pressure gradient in the direction normal to microplate
motion.
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Table 1

List of dimensionless groups for the various simulated case studies

Re st St-Ma’/Re Re-St Ma-Kn Ma-Kn-St Ma-Kn/Re
Kn (Tdiff/rcon) (Tcon/fosc) Ma (Gd/(247'["/b*2)) (Tdiff/‘fosc) (Tcoll/‘ccon) (Tcoll/rosc) (Tco]]/‘[diff)
Va (m/s) Case 1: Varying V, (f= 1 GHz, gas: air)
20 0.068 1.889 50 0.058 0.09 94.43 0.004 0.198 0.002
100 0.068 9.443 10 0.292 0.09 94.43 0.02 0.198 0.002
200 0.068 18.886 5 0.583 0.09 94.43 0.04 0.198 0.002
400 0.068 37.772 3 1.166 0.09 94.43 0.079 0.198 0.002
f(MHz) Case 2: Varying f (V, =90 m/s, gas: air)
100 0.068 8.499 1.111 0.262 0.009 9.443 0.018 0.02 0.002
500 0.068 8.499 5.556 0.262 0.045 47.215 0.018 0.099 0.002
1000 0.068 8.499 11.111 0.262 0.09 94.43 0.018 0.198 0.002

It will be shown later that such an ideal cutoff frequency will
differ from the cutoff frequency for the simulated cases where all
of the above assumptions are no longer valid.

Note that a scales as the most probable speed, the ratios of
the collision time scale to convection, diffusion, and oscillation
time scales, expressed in terms of dimensionless quantities, are,
respectively,

Teoll A / a
~ = (Ma)(Kn) (13)
Tconv hO / Va ( )
Teoll _ Teoll Tconv (Ma) (Kn) (14)
Tdiff ~ Tconv Tdiff Re

Teoll _ Tcoll Tconv

~ (Ma)(Kn)(St) (15)

Tosc Tconv Tosc

4 Results and Discussion

Hereafter, simulations are performed that cover a range of
values of the various dimensionless groups as listed in Table 1. It
is worth noting that these dimensionless groups were formed by
time-scale analysis presented before and by the authors’ analytical
work in Ref. [25]. All the results are presented in terms of normal-
ized quantities after simulating the flow over a large number of
periods (i.e., quasi-steady state); the flow velocity is normalized
with respect to the beam’s velocity amplitude (V,), pressure is
normalized with respect to the relevant gas atmospheric pressure
at 20 °C, density is normalized with respect to relevant gas density
at 20°C, force is normalized with respect to the product of the
atmospheric pressure and the microbeam’s area, and time is
normalized (7,0,) With respect to the beam’s oscillation period
(T). Table 2 summarizes the geometrical parameters used and the
ambient gas medium (air) physical conditions. The relation
between the gas flow behavior and the force imparted on the beam
is interpreted in terms of the relative importance of diffusion and
inertia, where the latter is the superposition of an unsteady term
and a convective term.

In what follows, all results correspond to quasi-steady condi-
tions at times longer than the transients time that arise from the

Table2 Microbeam geometry and gas flow conditions

Physical property Symbol Value

Beam width b 2 um

Beam thickness t 0.1 um
Initial gap height h, 1 pum
Excitation frequency f 100 MHz to 1 GHz
Velocity amplitude Va 20-1000 m/s
Ambient temperature T, 293K
Ambient pressure (air) P, 101.1 KPa
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initial conditions. The results are presented in terms of the flow
speed in the direction normal to the beam at the symmetry plane
BA (Fig. 2) near the oscillating beam as a function of time and the
force acting on the beam as a function of time.

4.1 Effect of Reynolds Number. The first set of simulations
investigates the relative impact of convection and diffusion mo-
mentum on the gas dynamics in the vicinity of the microbeam.
This is studied by varying the beam speed amplitude (20400 m/s)
while keeping a constant 1 GHz beam oscillation frequency.
The corresponding ranges of Reynolds and Mach numbers are
1.9 <Re <38 and 0.058 < Ma < 1.166, while Re St remains
constant. The dynamic behavior of the gas velocity near the beam
at the symmetry plane, shown in Fig. 3, shows that the gas veloc-
ity amplitude approaches the vibrating beam velocity amplitude
as Reynolds number increases. This is expected since larger Reyn-
olds number implies an increasing role of the convective compo-
nent of the inertia term with respect to diffusion. In terms of
molecular behavior, as the beam velocity increases the inertia
transfer to molecules (i.e., momentum of convection) becomes
more dominant, and therefore, the gas behavior gets closer to the
beam motion governed by 7,.. So as the beam starts moving
away from the substrate, how quickly it responds to the beam
motion and follows it depends on both the beam speed and the
Reynolds number of the flow. For small V,, the beam slow motion
allows the flow (with smaller Re) to take longer time to respond to
the beam change in motion direction, whereas for larger V,,, the
fast moving beam (away from the substrate) forces the flow to
respond more quickly. In summary, the cases with larger Re have
asymmetric response of the flow velocity in its vicinity due to
strong inertia effects, whereas the response is close to harmonic
for the small Re case. This same effect explains why the flow
reverses its direction during the first half period (rise time) much
faster than it does in the second half period (drop time) for flows
with high flow inertia (i.e., Re).

The gas dynamics discussed before is reflected on the forces at
both sides of the microbeam. In terms of the beam’s front face
force (solid line), the same inertia effect explained before imposes
a high force amplitude during the first half period (collision of a
relatively high number of molecules moving away from substrate
due to inertia effects with the beam moving toward the substrate)
as compared to the second half period (molecules keep moving
toward the substrate due to inertia effects while the beam is mov-
ing away from the substrate). The same phenomena can be
observed on the beam’s back face force (dashed line) with the dif-
ference that during the second half period, the flow propagates
away from the beam toward the ambient boundary rather than the
substrate. Figure 4 also shows that the force amplitude on the
beam’s front face (facing the substrate) during the first half of
the period (as the beam moves toward the substrate) is larger than
the force amplitude on the beam’s back face during the second
half of the period (as the beam moves away from the substrate).
This is expected due to the squeeze film effect; the back face is
open to the atmosphere whereas the front face senses the higher
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Fig. 4 Forces at beam’s front and back faces

pressure of the squeeze film in the gap. The amplitude of the net
force on the beam (difference between force on front face and
force on back face) increases for larger values of Re. As can be
seen from Fig. 4, as Re increases, the beam’s front face force
amplitude increases as seen by points F, F', F”, and F"”. The same
trend is observed at the beam’s back face force (dashed line)
amplitude represented by points B, B, B”, and B". This behavior
is expected since convection plays a bigger role as Re increases,
which is associated with larger momentum transfer to the beam
due to collisions with fluid molecules, thus exerting a larger force
on the vibrating beam.

4.2 Effect of Strouhal Number.In the second set of
simulations, the beam’s speed amplitude is fixed at 90 m/s and the
frequency is varied: 100 MHz, 500 MHz, and 1 GHz. Figures 5
and 6 show, respectively, time evolution of gas velocity at the first
cell next to the beam within the film gap and the forces acting on
the beam back and front beam face forces. Note that Reynolds
number remains the same, the relative contribution of diffusion
with respect to convection does not change. However as the fre-
quency of the plate motion decreases, the product of Re and St
decreases, indicating a smaller role of the unsteady component of
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inertia (compared to diffusion) which brings the flow motion
(phase and magnitude) closer to the beam motion, as shown in
Fig. 5.

The forces exerted by the gas on the oscillating beam front and
back faces are shown in Fig. 6. It is observed that the force ampli-
tude is highest for the beam oscillating with the highest frequency
(point F). Interestingly, for the case of beam oscillating at
100 MHz, the force on the beam front face experiences a huge
drop when compared to the high frequency cases. To better under-
stand this behavior, density contours are plotted at two different
time frames within the period; the first (Fig. 7) refers to the nor-
malized time (Tporm = 0.3) at which the beam is moving with
maximum velocity toward the fixed substrate while the second
(Fig. 8) refers to the normalized time (Tpom = 0.8) at which the
beam is moving with maximum velocity away from the fixed sub-
strate. In the first plot (Fig. 7), the high-density region is just next
to the beam and decreases as one moves toward the substrate. For
small beam oscillation frequencies, Re St is smaller indicating
that diffusion plays a larger role when compared to that of the
flow inertia. This means that molecules have “enough” time to dif-
fuse from the high-density region next to the beam to the sur-
rounding low-density regions. This effect plays a major role in
relaxing the pressure at the beam’s front face as compared to the
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Fig. 6 Forces at beam’s front and back faces

cases of 500 MHz and 1 GHz (points F”, F’, and F, respectively,
in Fig. 6) where molecules do not have enough time to diffuse
(i.e., gas entrapment that corresponds to high squeeze number).
When the beam is moving away from the substrate, (Fig. 8), simi-
lar argument can be made: the density just next to the beam is low
and increases as we move further toward the substrate. Having a
high diffusion rate, molecules have enough time to diffuse from
the high-density region away from the beam to the low-density
region just next to the beam. This results in higher pressure at the
beam’s front face as compared to the 500 MHz and 1 GHz cases
(points P” P, and P, respectively, in Fig. 6). As the beam stops
and reverses its oscillating direction (i.e., Tporm = 0.5), the rela-
tively high diffusion rate of the 100 MHz beam acts against inertia
(both Re and Re St are relatively small) and tends to “fill in” the
low-density region just next to the beam surface and therefore
keeps a higher force (i.e., phase shift) on the beam as compared to
the other two high frequency (low diffusion) cases where the force
is very close to that exerted by the atmospheric pressure.

Note that at the beam’s back face, the force is almost constant
(points B”,B’, and B in Fig. 6) due to the fact that the back plate

031704-6 / Vol. 138, JULY 2016

face is open to the atmosphere, and therefore, no “gas entrapment”
effect is experienced by the flow.

4.3 Compressibility Effects. Since the microbeam operates
in a gas medium (usually air), compressibility effects are expected
to play a significant role in the flow dynamics and consequently
on the force acting on the microbeam. In the absence of
body forces (which applies in microflows), a fluid behaves as
incompressible [31] when Ma’? < 1, Ma’sSt < 1, Ma’st? < 1,
and Ma?/Re ~KnMa < 1. In what follows, compressibility
effects are discussed for a microbeam oscillating in air with the
same geometry as that considered earlier (Table 2) with a gap
thickness /o= 0.5 um. It follows from Eqs. (7) and (8) that, for
Ma? /Re < 1, the beam’s velocity amplitude (V,) and oscillating
frequency (f) are the two physical parameters that predominantly
affect the compressibility in the gas film.

Table 3 lists physical and dimensional parameters for the cases
investigated. In the first set of simulations, Ma? is varied from
0.35 to 5.54 while Ma’st? and the beam oscillating frequency are
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kept constant with respective values of 8.65 and 1 GHz. In the sec-
ond set, Ma? is kept fixed at 0.07 (for a constant velocity ampli-
tude of 90 m/s) while Ma2st? is varied from 0.09 to 8.65, and in
the third set, Ma® is varied from 0.21 to 3.0 while St is kept
constant at a value of 0.64.

When the beam oscillates toward the fixed substrate (i.e., dur-
ing the first half period, t < 0.5), it forms a high-pressure wave in
the “inside region” and a low-pressure wave in the “outside
region,” where the inside region and the outside region refer,
respectively, to the squeeze film region between the beam and
substrate and the region between the beam and the atmosphere.
The opposite happens when the beam reverses its oscillation
direction. The pressure waves initiated by the beam oscillatory
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motion interact with the pressure waves in the flow field (formed
at previous time steps) that could be traveling in or opposite to the
beam direction of motion. This interaction could be constructive
if both waves are expansion or compression waves and destructive
otherwise. The average speed of the pressure waves (Vpy /V,) in
the flow field, for Maz/Re < 1, depends on both Ma and
St. Figures 9(a) and 9(b) show the time evolution of the pressure
and temperature at the plane of symmetry (BA in Fig. 2) over a
full period for two cases: case (a) is low compressibility case with
V,=90m/s and f=100MHz (set 2, Ma’? = 0.07, Ma’St?
= 0.087), while case (b) is a high compressibility case with
V, =800m/s, f =1GHz (set 1, Ma® = 5.536, Ma?St? = 8.651).
The pressure and temperature distributions shown in Figs. 9(a)
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Table 3 List of values for Ma? and Ma2st? for the compressibil-
ity simulation case studies

st Ma? Ma’st? Ma?/Re

V, (m/s) f(MHz) Set 1

200 1000 5 0.346 8.651 0.018
400 1000 2.5 1.384 8.651 0.037
600 1000 1.667 3.114 8.651 0.055
800 1000 1.25 5.536 8.651 0.073
Va (m/s) f(MHz) Set 2

90 100 1.111 0.07 0.087 0.008
90 500 5.556 0.07 2.163 0.008
90 1000 11.111 0.07 8.651 0.008
Va (m/s) f(MHz) Set 3

507 100 0.64 0.213 0.087 0.014
1007 200 0.64 0.854 0.346 0.029
1257 250 0.64 1.334 0.541 0.036
151.51n 303 0.64 1.960 0.794 0.044
187.57 375 0.64 3.002 1.216 0.054

and 9(b) are presented along the plane of symmetry that spans
both the “inside” and “outside” flow regions.

Since both Ma? and Ma’St? are significantly larger in case (b)
when compared to case (a), we expect compressibility effects to
be stronger in case (b). This is manifested in terms of larger varia-
tions in pressure and temperature as observed in Fig. 9(b) com-
pared to those observed in Fig. 9(a). Figure 9(a) shows that the
pressure wave in the outside region of the beam is characterized
by a periodic spatial variation with a mean equal to the far-field
pressure and an amplitude that decays away from the beam. The
spatial rate of decay of the pressure wave amplitude is expected to
be caused by viscous dissipation with larger decay rates for
smaller values of Re. The speed at which the wave is traveling,
which is estimated by dividing the distance a peak travels over
one period of beam oscillation by the beam oscillation period, is
close to a, the local speed of sound in the medium. In the inside
region, however, it can be seen that the pressure wave undergoes
a single period per beam oscillation period, indicating that, unlike
in the outside region, the pressure wave travels at the average
plate speed in the inside region. Figure 10(a) shows the time evo-
lution of the density (normalized by atmospheric density) field
over one period of beam oscillation for case (a). By comparing
Figs. 9(a) and 10(a), it can be seen that regions of low and high
pressure coincide, respectively, with regions of low- and high-
density. Strongest compression is observed inside the gap at
7 ~ 0.4, while strongest rarefaction is observed at T ~ 0.9, which
indicates that gas compressibility in the gap is almost in phase
with the beam motion. The corresponding temperature profiles,
plotted in Fig. 9(a), show that the spatial temperature distribution
generally follows the pressure, but with smaller variations due to
thermal diffusion that tends to bring the temperature distribution
toward its far-field (atmospheric) value. Note that the normalized
temperature of both the beam and the substrate is unity, the aver-
age temperature inside the gap is above unity for the compression
half period (0 < 7 < 0.5) and less than unity for the expansion
half period (0.5 < © < 1). For the high compressibility case, case
(b), one can notice from the time evolution of the pressure distri-
bution along the symmetry plane over a full beam oscillation pe-
riod, shown in Fig. 9(b), that there exists a zone in the outside
region (2 um < x < 5.35 um) where the pressure maintains a per-
sistent distribution irrespective of the beam motion. The periodic
beam motion at high speed (800 m/s) and high frequency (1 GHz)
seems to affect only the immediate neighborhood of the beam
since the beam is oscillating so fast which generates alternate
compression and expansion waves that “kill” each other since
they do not have enough time to propagate away from the beam
and “survive.” Figure 10(b) shows the time evolution of the den-
sity (normalized by atmospheric density) field over one period of
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beam oscillation for case (b). The fact that the beam is oscillating
at a very high-speed at a very high frequency creates a low-
density region in its vicinity. In other words, there is no enough
time for the molecules to fill in the low-density region created by
the beam’s oscillation, sweeping out all molecules in its way.
Molecules that hit the beam are reflected to a distance relatively
far from the beam creating two high-density regions on both sides
of the beam, one at the substrate in the inside region and another
in the outside region where 2 um < x < 5.35 um. If the beam was
moving at a slower speed, as in Fig. 10(a) for case (a), molecules
would not be reflected far from it, and therefore, they can more
quickly fill in the low-density region. Similarly, if the beam had a
high speed but lower frequency, then the molecules are still
reflected away from the beam but now they have more time to fill
in the low-density region because of the relatively low oscillating
frequency.

In support of the argument that the high-speed and high fre-
quency of the beam lead to the observed behavior of case (b),
reducing the speed from 800m/s to 200 m/s, while keeping the
frequency at 1 GHz (set 1 in Table 3), shows a persistent high-
pressure zone in the outside region neighboring the beam for
beam velocities larger than 400 m/s, as seen in Fig. 11. Figure
11 shows the pressure variation along the beam’s plane of sym-
metry (BA in Fig. 2) starting from the fixed substrate to the end
of the simulation domain (i.e., ambient atmospheric conditions)
at Tporm = 0.9. The figure also shows that as Ma’ increases, the
amplitude of the high-pressure wave on both sides of the beam
increases as seen by the two set of points (H, H', H”, and H")
and (I, I',I”, and I"). Similarly, the amplitude of the low-
pressure waves increases with increasing Ma? as illustrated by
the two set of points (L, L', L”, and L") and (O, O, O, and
O'"). This observation is in accordance with the fact that com-
pressibility effects become much more significant with higher
Mach numbers.

Pressure distributions along the beam’s plane of symmetry (BA
in Fig. 2) at = 0.9 are shown in Fig. 12 for the low Mach num-
ber cases of set 2. Note that in the outside region, the low-pressure
wave is initiated during the first half period of motion and the
high-pressure wave is initiated during the second half period, it is
expected that the distance between the peaks (wavelength)
increases as the period increases. This is confirmed in Fig. 12
where the distance d between the alternative cusps increases as
the frequency decreases (i.e., djpomuz > dsoomuz > dicuz)- For all
the cases of set 2, and for which Ma < 1, the speed of the pressure
waves is approximately the speed of sound. This behavior, in con-
trast to that of the high frequency cases of set 1, is attributed to
the relatively low frequency of the beam. For the low frequency
beam (100 MHz), once a compression wave is formed, the beam
takes much more time to oscillate back as compared to that of
high frequency (f=1 GHz) and this allows the wave to propagate
for longer distances and “escape” the destructive effect of the
low-pressure wave created by the beam. In the inside region, it
may be observed from Fig. 12 that, toward the end of the beam os-
cillation period (t = 0.9), the compressibility pressure waves for
beam oscillation frequencies of 1 GHz and 500 MHz (points I’
and [”) are still moving toward the substrate as compared to the
100 MHz case (point /). This is because low beam oscillation fre-
quency allows enough time for the gas to follow the beam motion.
Figure 12 also shows that the pressure wave peaks amplitude (see
points Hy, HY, and H}) decreases as St increases due to the kill
and survive effect explained before. The compressibility pressure
wave of the 100 MHz “survived” due to the relatively low
microbeam’s oscillating frequency and consequently has a higher
peak than those with high frequencies although the values of Ma®
and Ma?St? are smaller.

To shed more light on this behavior, an additional set of simula-
tions (set 3 of Table 3) is presented where Ma? is varied from
0.21 to 3 for fixed St =0.6366 (Ma’St? varies from 0.09 to 1.22).
Figure 13 shows that the pressure wave peak amplitude in the
inside region increases as Ma’ increases from 0.213 to 1.334
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(points P, Py, and P%, respectively) and then decreases for
Ma? > 1.334 (points P and P%). This transition is due to the inter-
play of compressibility effects of Ma and Ma St. While higher Ma
introduces more compressibility as captured by larger peaks of
pressure waves, higher Ma St implies that the beam oscillation
frequency gains a bigger role to the point where the beam inverts
its oscillating direction so quickly that it reduces the amplitude of
the pressure wave in its vicinity.
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Pressure distribution along plane of symmetry as a function of velocity

Figure 13 shows double cusps for the peak pressure variation
over a whole period for the high oscillating frequencies. This is
due to the effect of the fixed substrate where the pressure wave
moving in front of the microbeam (due to inertia effects) meets
the pressure wave reflected by the substrate causing a drop in the
pressure peak amplitude.

According to Fig. 14, the speed of the pressure waves in the
flow field approaches unity for large values of Ma, indicating that
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Fig. 13 Pressure waves peaks at the inside region as a function of Ma? over a complete period of motion (set 3)

the pressure waves acquire the speed of the beam when the speed
of the beam exceeds that of sound (similar to case (b) of set 1).
For values of Ma? < 1, the pressure waves travel at approximately
the speed of sound, as can be deduced from Fig. 14 (similar to
case (a) of set 2).

5 Three-Dimensional (3D) Microcantilever Beam

In this section, simulations are performed on an oscillating
microcantilever beam of width smaller than its length (i.e., 3D) as
compared to that of a two-dimensional (2D) microcantilever plate
(width > larger). Unlike the 2D microbeam which is modeled (in
DSMC) as one cell along its width, the 3D microbeam is open at
its sides. Therefore, in DSMC, standard conditions of temperature
and pressure are assigned at the simulation domain after moving
away a sufficient distance from beam sides. Figure 15 shows a top

Journal of Tribology

view of the 3D computational domain where the microbeam
efgh of finite width w is cut in half at the centerline bc due to
symmetry while the side view is shown in Fig. 16. All the
microbeam sides along with side ab are modeled as diffusive
walls at room temperature, bc is modeled as a symmetry plane
with specular reflections, and the enclosed region adcc’ia’a con-
tains the reservoir cells that impose the ambient conditions of tem-
perature and pressure away from the oscillating beam.

Table 4 summarizes the geometrical parameters used and the
ambient gas medium physical conditions. Table 5 lists physical
and dimensional parameters for the cases investigated. In this set
of simulations, two cases are studied, where (Ma’,Ma2St?) are
(5.33,2.16) and (21.32,8.65) for cases 1 and 2, respectively, while
St is kept constant at 0.64.

Figure 17 shows the maximum pressure over a complete oscil-
lation period in the gas film squeezed between the beam and

JULY 2016, Vol. 138 / 031704-11
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Table 4 Microbeam geometry and gas flow conditions

Physical property Symbol Value
Beam length L 5 um
Beam thickness t 0.1 um
Beam width?® w 1 um
Initial gap height h, 1 um
Ambient temperature T, 293K
Ambient pressure (air) P, 101.1 KPa

*Only defined for the 3D beam.

Table 5 List of values for Ma2 and Ma?st? for the compressibil-
ity simulation case studies

Fig. 14 Dependence of the normalized wave speed in the
squeeze film region on Mach number
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St Ma? MaZst? Ma?/Re
V, (m/s) f(MHz) Set 1
785 500 0.637 5.331 2.163 0.072
1570 1000 0.637 21.323 8.651 0.144

the substrate for both the 2D and 3D microbeams for case 1 in
Table 5. It shows that at sufficiently high-beam oscillation fre-
quencies (1 GHz), the pressure distributions underneath the 2D
and 3D microbeams are similar indicating comparable compressi-
bility effects whereas at lower frequencies (500 MHz), the pres-
sure underneath the 2D beam is higher than that underneath the
3D microbeam indicating that the compressibility effects in the
2D case are larger than those in the 3D case. This behavior is
explained by the fact that when the 3D beam is oscillating at a
high frequency (i.e., 1 GHz), there is no enough time for the gas to
flow between the squeezed film region underneath the microbeam
and the surrounding medium. With the gas mostly “trapped”
underneath the microbeam, its behavior underneath the 2D
and 3D microbeams is similar. In such a case, the nonphysical
boundaries extending from the beam peripheries ef and gh, as
seen in Fig. 15, to the fixed substrate underneath approach the
behavior of closed boundaries for both the 2D and 3D microbe-
ams. However, at smaller oscillation frequencies (i.e., 500 MHz),
there is more time for the gas to flow between the squeeze film
region and its surrounding in the 3D case. In this case, compressi-
bility effects are stronger in the squeeze film underneath the 2D
microbeam since the gas can only escape under the fg side the
beam, whereas for the 3D case, it can escape under the ef, fg,
and gh sides.

The degree of compressibility can be assessed by comparing
the time scale characterizing the gas flow between the squeeze
film region and its surrounding to the period of oscillation of the
beam. This is clearly reflected by the larger values of Ma? and
Ma’st? for the 1 GHz case as compared to the 500 MHz case
implying that the compressibility effect for the former case is
higher than that for the latter which agrees with the 2D compressi-
bility analysis discussed in Sec. 4.3.

Mass flow rates of gas leaving and entering the squeeze region,
as the beam travels toward and away from the substrate, are
expected to be larger in the 3D case when compared to the 2D
case, thus reducing the pressure in the squeeze film underneath
the 3D beam when its oscillation frequency is sufficiently low, as
depicted in Fig. 17. The computed gas average mass flow
rate underneath the 3D microbeam’s boundaries for the 1 GHz at
the time where pressure in the squeeze film is largest (i.e., at
Thorm = 0.3 in Fig. 15) is 3.8727 x 10712 kg/s, whereas the corre-
sponding value for the 500 MHz case is 1.0056 x 10~"* kg/s,
which is in agreement that higher pressure in the squeeze film is
associated with smaller gas mass flow rates. Moreover, the aver-
age mass flow rate underneath the microbeam sides (i.e., ef and gh
in Fig. 15) is larger in the 500 MHz case (1.0474 x10~'? kg/s)
than that in the 1GHz (1.3171 x 101 kg/s) due to the fact that
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Fig. 18 Pressure contours in the cross-sectional plane of the 3D microcantilever beam oscillating at 1 GHz. Pressure variation

at x=>5 from ground to beam tip is shown in the inset.

the squeezed air has more time to spread throughout the film gap
and consequently to its surroundings. However, by precisely look-
ing at the mass flow rate underneath the beam tip (i.e., fg in
Fig. 15) alone, the average mass flow rate for the 1GHz
microbeam was found to be 2.943 x 10™'? kg/s which is larger
than that of the 500 MHz calculated as 5.8786 x 10~ kg/s,
which appears to be contradicting to the gas “entrapment” phe-
nomena discussed earlier. To further investigate this apparent con-
tradiction, we focus on the dynamics of the gas flow in the region
of the beam tip (fg). Figure 18 (x and y axes represent the simula-
tion domain in pm) shows the pressure contours at the time where
the microbeam is moving toward the fixed substrate at its maxi-
mum speed (i.e., Thorm = 0.3). It can be seen from the figure there
exist two high pressure (waves 1 and 3) and one low-pressure
wave (wave 2) during the compression first half period, the first

Journal of Tribology

high-pressure wave is from the current period and the second
high-pressure wave along with the low-pressure wave is from the
previous period. Note that this figure along with all the figures
that follow for the 3D beam represents a cross-sectional view of
the symmetry plane (represented by bc in Fig. 15) cutting the 3D
microcantilever beam in half.

The corresponding gas flow velocity field, presented in Fig. 19,
shows that in region B underneath the microbeam tip, the gas
flows from inside the squeeze film to the outside due to the high-
pressure wave (wave 3 in Fig. 18) that persisted from the first half
period of the previous oscillation cycle which is “not trapped”
anymore and had enough time to induce mass flow outside the
gap region.

Figure 20 shows a different flow behavior beneath the beam tip
when the oscillation frequency is 500 MHz. In this case, two

JULY 2016, Vol. 138 / 031704-13
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pressure waves are present beneath the beam tip: a high-pressure
wave (wave 1) and a low-pressure wave (wave 2). The absence of
the third high-pressure wave (that was observed in the 1GHz
case) is explained as follows. By the time the beam starts a new
oscillation cycle, the intensity of the high-pressure wave caused
by the previous cycle has faded away and in this case the high-
pressure wave formed by the current period coexists only with the
low-pressure wave caused by the second half period of the previ-
ous oscillatory cycle (i.e., destructive effect). This behavior cre-
ates the coexisting high (wave 1) and low (wave 2) pressure gap
regions underneath the oscillating microbeam as seen in Fig. 20
which tends to locally decrease the mass flow rate at the microbe-
am’s tip as compared to the 1 GHz case with the high-pressure
gap region. This is confirmed by inspecting the gas flow velocity
field near the beam tip presented in Fig. 21 where it can be seen
that in region B, the gas flows from outside to the inside of the

031704-14 / Vol. 138, JULY 2016

squeeze region due to the presence of the low-pressure wave
(wave 2 in Fig. 20) from the second half period of the previous
cycle.

Therefore, the coexistence of the second high-pressure wave
(wave 3 in Fig. 18) for the 1 GHz case induces a mass flow rate
escaping the squeeze region at the microbeam’s tip that is larger
than that of the 500 MHz case where such a high-pressure wave
does not coexist with the newly formed high-pressure wave.

The existence of these high-pressure waves underneath the
microbeam’s tip tends to increase the pressure at the back face of
both the 2D and 3D microbeams due to flow circulation around
the microbeam’s tip. This can be observed from Fig. 22, where
the force acting on the microbeam’s back face is plotted versus
the beam’s length, for both the S00MHz and 1GHz cases at
Thorm = 0.3. For both cases, the force starts with a value close to
that exerted by atmospheric pressure at the microbeam’s fixed end
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and then starts decreasing as expected since the microbeam is
moving toward the fixed substrate thus creating a low-pressure
region at its back face. However, as we move closer to the
microbeam’s tip, the back beam force experiences an increase due
to circulation induced by the high-pressure, high-density, and
high-speed gas flow escaping just underneath the tip. This
increase is much more intense for the 1 GHz case due to the higher
mass flow rate underneath the tip, as already demonstrated.

6 Conclusion

The dynamic force on a microbeam oscillating above a sub-
strate imparted by a surrounding medium is investigated for a
range of oscillating speed amplitudes and frequencies. The micro-
flow behavior of the gas film between the beam and the substrate
and its relation to the forces acting on the front and back sides of
the beam are interpreted in terms of the relative contributions of

Journal of Tribology

diffusion and the unsteady and convective components of inertia,
as quantified by the various dimensionless groups. It has been
observed that for larger values of Reynolds number (i.e., inertia
effects), the force on the side of the beam facing the substrate
(front face) departs from the harmonic profile of the beam motion
and the force amplitude on both beam faces during the first half
period is larger than their counterparts during the second half
period. For small Strouhal number, the phase difference between
the beam and flow within the gap decreases. When Re and St are
small, diffusion plays a dominant role over inertia, increasing the
phase difference between the beam’s motion and front face force
and decreasing the front face force amplitude. This corresponds to
relatively low squeeze number where the gas has enough time to
diffuse and escape from getting trapped between the oscillating
beam and the fixed substrate. The compressible effects of the gas
are shown to be dependent on the values of Ma> and Ma?St?. It
has been observed that when the beam oscillates at a low Ma, the

JULY 2016, Vol. 138 / 031704-15
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pressure waves travel at a near sonic speed, while for high Ma the
pressure wave speed approaches the speed of the beam itself.
Finally, a 3D microbeam was simulated and the behavior of the
pressure waves in its vicinity was compared to those of a 2D
microbeam under the same conditions. The force distribution at
the microbeam’s faces was plotted, and the effect of circulation
around the beam’s tip was clearly indicated which plays a signifi-
cant role in designing micro-RF switches especially at the point of
contact (i.e., tip).

Nomenclature

b = microplate width
¢ = damping constant
f = oscillation frequency
F . = net force
ho = initial gap film thickness
Kn = Knudsen number
L = microplate length
Ma = Mach number
p. = ambient pressure
p» = microplate’s back face pressure
py= microplate’s front face pressure
Re = Reynolds number
St = Strouhal number
t = microplate thickness
V. = microplate velocity amplitude
w. = cutoff frequency
¢ = oscillation amplitude
1 = dynamic viscosity
p = gas density
01,05, = squeeze numbers
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