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Abstract—This paper presents the robust design optimization
of an RF-MEMS direct contact cantilever switch for minimum ac-
tuation voltage and opening time, and maximum power handling
capability. The design variables are the length and thickness of
the entire cantilever, the widths of the sections of the cantilever,
and the dimple size. The actuation voltage is obtained using a 3-D
structural-electrostatic finite-element method (FEM) model, and
the opening time is obtained using the same FEM model and the
experimental model of adhesion at the contact surfaces developed
in our previous work. The model accounts for an unpredictable
variance in the contact resistance resulting from the microma-
chining process for the estimation of the power handling. This is
achieved by taking the ratio of the root mean square power of the
RF current (“signal”) passing through the switch to the contact
temperature (‘“noise”) resulting from the possible range of the
contact resistance. The resulting robust optimization problem is
solved using a Strength Pareto Evolutionary Algorithm, to obtain
design alternatives exhibiting different tradeoffs among the three
objectives. The results show that there exists substantial room for
improved designs of RF-MEMS direct-contact switches. It also
provides a better understanding of the key factors contributing
to the performances of RF-MEMS switches. Most importantly,
it provides guidance for further improvements of RF-MEMS
switches that exploit complex multiphysics phenomena.

Index Terms—Contact physics, radio-frequency-
microelectromechanical-systems (RF-MEMS) switches, robust
design.

I. INTRODUCTION

HE introduction of microelectromechanical systems
(MEMS) technology to conventional microwave inte-
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grated circuit processing enabled a new class of radio-frequency
(RF) micromechanical switches [1]. RF-MEMS direct contact
switches possess superior characteristics such as wideband,
ultralow loss, high linearity, and negligible power consumption
[2]. Typically, less than 0.1-dB loss from dc to 100 GHz with
power consumption on the order of microwatts is obtained by
using high conductivity metallic materials [3], [4]. Such wide-
band low-loss switches can be used in radar and communication
antennas [5]-[9] and tunable filters [8]-[12].

However, they also often suffer from several unfavorable
drawbacks including high actuation voltage, low power han-
dling capability, and long opening time [13]. Nonetheless,
these switching characteristics can be improved by selecting
appropriate switch designs and operational conditions. The
geometry and structural properties of the switch body, both of
which influence its stiffness, determine the actuation voltage,
i.e., the dc voltage applied to pull the switch body down to
an operational contact state. There exists a strong correlation
between the power handling capability and contact reliability
of the switches. The contact reliability is highly affected by
the temperature of the contact surfaces. For switches made of
sputtered gold, the temperature should be maintained between
60 °C and 80 °C, since the lower temperatures cause unbounded
increase in contact resistance [14], whereas higher temperatures
cause the melting and welding of the contact surfaces. These
phenomena occurring outside the desirable temperature range
result in the permanent failure of the switches. The opening
time, i.e., the time for the switch contact surfaces to experience
complete physical separation after the actuation voltage is
turned off, is governed by the size of the contact dimple as it
influences the adhesion force between the contact surfaces.

This paper presents the design optimization of RF-MEMS
direct contact cantilever switches (Fig. 1) to achieve minimum
actuation voltage and opening time, while maximizing power
handling. The design variables are the length and thickness
of the entire cantilever, the widths of the cantilever sections,
and the dimple size. The finite element method (FEM) com-
bined with an experimental model of adhesion at the contact
surfaces [15] are used to evaluate the following objectives:
1) the actuation voltage; 2) the switch opening time; and
3) the power handling capability. Here, the power handling
capability is defined as the maximum allowable RF power
that can be sustained by the switch body without causing the
contact temperature outside the aforementioned range. Here,
the contact temperature is determined by the contact resistance
value. However, it is difficult to uniquely determine it due to
uncontrollable variations in the contact resistance during the
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Fig. 1. RF-MEMS direct contact cantilever switch.

actual micromachining processes. Therefore, we employ the
signal-to-noise ratio model [16], [17] to estimate the power
handling. In this model, the signal value is the root mean square
(rms) power of the RF current passing through the switch,
whereas the noise is the contact temperature resulting from
the uncertainty in the contact resistance value. The resulting
robust optimization problem is solved using a Strength Pareto
Evolutionary Algorithm (SPEA) [18]-[20], to obtain Pareto-
optimal design alternatives exhibiting different tradeoffs among
the three objectives.

II. RELATED WORK
A. Characterization and Modeling of RF-MEMS Switches

A number of researchers have studied the performance of
RF-MEMS switches and pointed out some unfavorable draw-
backs. Chan et al. [21] and Goldsmith et al. [22]-[24] indicated
that a high actuation voltage may lead to a shorter lifetime
for direct contact and capacitive MEMS switches which use
dielectric layers for isolation. Schauwecker er al. [25] and
Rebeiz and Muldavin [26] point out that that the power handling
capability is often lower than 100 mW, whereas most wireless
applications may require 1 W.

The electromagnetic modeling of RF-MEMS switches is a
challenging task due to the tiny electrical dimensions and the
switch motion during the operation [27]. Some papers suggest
solutions to these challenges, such as finite difference time
domain [28] and moment method [1], [29]. Wang ef al. [27]
developed an extended finite-element boundary-integral
(EFE-BI) method by applying a conventional FE-BI [29] on
the substrate and a BI for the switch beam. This model was
experimentally verified by Chow et al. [30] for air-suspended
transmission lines. A closed-form thermal model capturing the
skin effect was employed in [27] and [30]. This latter model
saves computational time and demonstrates very reasonable
accuracy and is therefore adopted in this paper.

B. Contact Modeling for RF-MEMS Switches

Understanding the thermal and mechanical behavior of con-
tact surfaces is the key to improving the performance, reliabil-
ity, and power handling of RF-MEMS direct contact switches.
Greenwood and Williamson developed a classical model of
contact heating in 1958 based on the assumption that equipo-
tential surfaces are coincident with the isotherms in the contact
[31]. In our previous work, Jensen et al. [15] extended the
model and further demonstrated the control of the contact resis-
tance by a softening temperature. When the contact temperature
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exceeds the contact material softening temperature, the contact
resistance drops drastically and remains low.

As expected, switch opening time is highly affected by
adhesion, and most models and experiments have focused on
steady-state behavior. More recently, Jensen et al. developed a
kinetic model, and therefore, this model will be adopted in this

paper.

C. RF-MEMS Switch Optimization

A number of efforts have already been published on RF-
MEMS optimization. Among them, Ducarouge et al. [32] de-
veloped a design method for fixed—fixed RF-MEMS switches
and optimized the beam by varying three width variables.
Miao et al. [33] controlled the performance of a capacitive
fixed—fixed RF-MEMS switch by changing the geometry at
both ends of the beam to have smaller widths, thus reducing
the switch stiffness. Huang er al. [34] pursed a more general
approach by dividing the beam into several sections, each
with a different width and length to have more control on the
switch performance. The artificial neural network method was
then used to simulate and optimize the beam [35]. The input
variables were the beam length and width at each beam section
with the insertion and return loss as the output variables.

Nevertheless, none of the aforementioned models dealt with
cantilever RF-MEMS switches which are known to have better
structural properties and are less prone to buckling. Further-
more, previous optimization models only handled one to three
design objectives and few design variables.

D. Robust Design Optimization

Taguchi [16] defined robustness as the “insensitivity of the
system performance to parameters that are uncontrollable by
the designer.” A robust design incorporates this concept of ro-
bustness into design optimization and aims at achieving designs
that optimize given performance measures while minimizing
sensitivities against uncontrollable parameters using different
approaches, such as signal to noise ratio [36]-[40].

A key system parameter affecting power handling in
RF-MEMS switches is contact resistance. This parameter is vir-
tually impossible to precisely control during micromachining.
Thus, in the following, we focus on design optimization with
the contact resistance being a free parameter.

III. ROBUST OPTIMIZATION OF RF-MEMS SWITCHES
A. Overview

The optimization problem statement for RF-MEMS direct
contact cantilever switches can be summarized as follows:

* Given: switch material properties (mechanical, electrical,
and thermal including), geometry of one side of cantilever
beam with parameters for optimization, contact dimple,
gap length between the switch beam and the substrate, and
the acceptable range of contact resistance.

¢ Find: beam and dimple dimensions, and RF current.

¢ Subject to: a feasible contact temperature accounting for
contact resistance variations.
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Power handling capability factors.

* Minimize: actuation voltage and switch opening time.
e Maximize: switch power handling.

The optimization problem is set up via a SPEA to obtain
Pareto-optimal design alternatives exhibiting different tradeoffs
among the three objectives: actuation voltage, switch opening
time, and power handling capability.

Fig. 2 shows the input—output relationships between the
mathematical models used to compute the three objectives.
Three different computational models are employed within the
optimization loop. The actuation voltage (V,q) is obtained
using a 3-D structural-electrostatic FE beam model; the switch
opening time (fopen) evaluation is based on an experimental
contact adhesion model from our previous work [15]. This
model accounts for the dimple size, contact resistance, and the
restoring force (Flestore) Of the beam at the down state. Finally,
for power handling evaluation, an analytical model based on a
2-D thermal FE model was adopted.

A sensitivity analysis was made to check the effect of varying
the beam’s dimensions, dimple size, and contact resistance on
the power handling capability. The results are shown in Fig. 3
(referring to a typical beam with dimensions of 200 x 100 x
7 pm, dimple size of 10 qu, contact resistance of 1.5 €2, and
contact roughness of 20 nm). From the pie chart, we note that
varying the contact resistance highly affects power handling,
whereas the effect of varying the beam dimensions and dimple
size can be neglected. As a result, the robust optimization will
only consider the variation in the contact resistance.

We remark that, because Z,pen and Tiongact are dependent on
the contact resistance, which is uncontrollable, we used robust
optimization using signal to noise ratio to reduce the sensitivity
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Fig. 4. Cross-sectional view of the cantilever beam.

of the results to the contact resistance as discussed in detail in
Section III-F.

In the following, we discuss each of these models in more de-
tail before proceeding with the integration into the multiphysics
design optimization loop.

B. Structural/Electrostatic Model

Fig. 4 shows a cross-sectional view of a cantilever switch.
When the actuation voltage is applied to the pad, electrostatic
fields at the gap between the beam and the pad generate an
electrostatic force ¢(z) along the beam length. This causes a
vertical beam displacement w(x). The relation between the
electrostatic force g(x) and the beam displacement w(x) is
approximately given by (1)—(5) [41]

1 ,0c(w) 1 ,c(w+ Aw) — c(w — Aw)
N §V 18w N 5‘/ 2Aw M
= S 2
Zc(w)\/:u'OsO @
2
Zu(w) = = [HO 1| 95 H(Qw) 3)
2 €0 e be

Fy =6+ (2m—6) exp { ~ [30.666(gu +w) /6] ™} &)

be:b+t{1+1n[2gt+w” )
m t

where (see Fig. 4) b is the beam width, ¢ is the beam thickness,
gy is the total initial gap, b, is the effective beam width, F
is a numerical parameter (of no physical significance), pg =
47 x 1077 H/m is the free space permeability, eg = 8.85 x
10712 F/m is the free space permittivity, Z..(w) is the character-
istic impedance of the equivalent microstrip line at the location
where the displacement is w, and Aw = 1 nm.

The minimum voltage that can deflect and close the beam is
called the actuation voltage or pull-down voltage (V},q). For the
design considered in this paper, the total gap g; and the dimple
height Aqgimple are chosen as 1.7 and 1.3 um, respectively. These
design choices ensure that the beam will be able to make contact
without unstable pull-in, since the dimple height is more than
2/3 of the total gap. In this design, the authors avoided using
dielectric to avoid any change in the actuation voltage due to
dielectric charging. Hence, with V,,q4 applied, the beam end is
barely touching the contact pad, making the reaction force to
the dimple nearly zero. If the applied voltage is too small, the
reaction force from the beam will be negative, meaning that
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TABLE 1
COMPARISON OF OUR MODEL WITH CW

Applied Voltage (V) 4 8 10 12 16 20 24

F () 0.073 0320 0.794 0983 1463 2.135 3.083
Ourmodel  0.072 0.313 0.794 0976 1438 2.075 2.985
F(uN) CW N/AT WA N/AD 0.084 0506 1.097  1.960
Ourmodel ~ N/AD NAD WAl 0085 0505 1.098 1949

"The applied voltage less than the pull-down voltage

additional force is needed to pull the switch to the “close” state.
Similarly, when the applied voltage is high enough, the reaction
force is positive, meaning that the switch is applying force on
the contact pad.

The actuation voltage giving zero reaction to the dimple can
be iteratively found as follows.

1) Apply an initial (artificial) displacement at the beam,
such that the dimple touches the contact pad, and set the
actuation voltage V' = V|, where V) is arbitrary.

2) Calculate the vertical displacement w(x) using the struc-
tural model of beam deflection.

3) Calculate electrostatic force g(x) for w(x) and V using
the electrostatic model (1)—(5).

4) If the reaction force at the dimple Ficacy < 0, increase V.
If Flieact > 0, decrease V. Otherwise return V.

5) Goto2).

We remark that a combination of the bisection, secant, and
inverse quadratic interpolation methods [42], [43] were used at
step 4) to find the next iterate for V.

The restoring force (Fjestore) necessary for the switch open-
ing time is also obtained by calculating Fiea.ct With zero actua-
tion voltage.

Table I shows a comparison of our method with the commer-
cial code CoventorWare (CW) for the reaction force (F).) at the
fixed support and at the dimple (contact force F.) with different
applied voltages (for a switch having L = 200 pym, b = 20 pm,
t=2 um, g =2 pum, Lp,q = 160 pm, material gold with
E =78 GPa, and v = 0.44). The results agree quite well.

C. Contact Adhesion Model

Assuming gold as the contact material, the following dif-
ferential equation can be used to determine the number of
gold—gold bonds on the contact area [14]:

ON;
oti

Ko FrestoreT2
kpT(¢1Aq + KaNo) |

= —Nako2 exp (6)

Here, N> is the number of gold—gold bonds at a certain
time ti, koo is the bond dissociation rate constant, K5 is the
gold—gold bond stiffness [36], Frestore represents the restoring
force acting to open the contact obtained using the beam pull-
down model, x5 is a numerical parameter roughly equivalent
to the gold—gold bond distance before breaking, kp is the
Boltzmann constant, T is the temperature, ¢, is a numerical
parameter describing the density and stiffness of bonds other
than the gold—-gold bonds, and A, is the apparent contact
area, typically the area of the contact dimple in a switch. One
may state that topen is the time needed for all gold bonds

1015

TABLE 1I
VALUES OF PARAMETERS USED TO MODEL CONTACT OPENING TIME [14]
Parameter Value Unit
kop 3.52x10°7 ms’!
X 0.021 nm
s 12,320 pN/pm’
K, 12 N/m
o 12x10° Bonds/pm?
A 38 nm
De 3.6x10°° Q-m

to dissociate between the contact surfaces (and thus open).
Equation (6) is solved numerically using the initial condition

Ny, = po(ma?). (7)

In which, p» is the initial area density of the gold—gold bonds,
and a is the radius of the actual contact spot. We remark that
the theoretical contact resistance value is related to a by the
following [45]:

R,

_ApeA [1 + 0.83()\/a)] Pe ®)

© 3ma? |1+ 1.33(M\/a)] 2a

where R is the contact resistance, p. is the metal’s electrical
resistivity (assumed to be the same for both contact surfaces),
and A is the mean free path of the electron. Nevertheless,
in practice, the contact resistance is not deterministic, due
to manufacturing inaccuracies. During manufacturing, we can
adjust the manufacturing parameters to obtain R, = 1.5 €2; yet,
in reality, it would range between 1.3 and 1.7. To solve (6), we
take R, = 1.5 €, which is the median value of R, and refer
the reader to [27] and [15] for the other parameter values. The
values of all parameters used in this paper are summarized in
Table II.

D. Contact Temperature Model

Joule heating is primarily caused by the electric resistance.
For switches made of sputtered gold, the temperature should be
maintained between 60 °C and 80 °C, (since lower temperatures
cause an unbounded increase in contact resistance [11] and
higher temperatures cause melting and welding of the contact
surfaces). Basically, temperature controls resistance which, in
turn, causes switch failure.

The current flow in the switch causes Joule heating in accor-
dance with the heat transfer equation

—kV2T =P, = J?%p )

where ~ refers to thermal conductivity, T' is temperature, Py
represents dissipated electrical power, J is the RF current den-
sity, and p is the electrical resistivity. We shall assume that the
temperature varies negligibly across the thickness of the beam
as compared with the beam length and width. Thus, a 2-D finite
element model was used and found sufficient. The additional
heat generated at the contact due to the contact resistance R, is
simply added to the heat generation of the finite elements on the
contact surfaces. This heat is approximated as I3 R./2, where
Iy is the rms RF current. Furthermore, since the electrical signal
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Fig. 5. Switch geometry and design variables.

period is sufficiently smaller than the thermal response time, we
can assume a constant rms current in solving (9).

Taking into account the high-frequency effect [48], the
contact temperature can be approximated by [31]

R, /RV2 T2+ T2
Tcontact = \/’Y( 4/L ) + E 2 0

Tp (10)

where T5 is the average temperature over the dimple obtained
by solving (9), Ty is the ambient temperature at the substrate,
L=245x%x10"8 V2/K2 is the Lorentz constant, V = Iy R, is
the voltage drop across the contact, R, refers to the contact
resistance, R,, = (p/2a)uf?, a is the radius of the contact
spot, v = (1 +0.83(\/a))/(1 4+ 1.33(\/a)), and p = 3.58 x
108 Q - m is the gold conductivity.

Equation (10) shows that the contact temperature is mainly
dependent on the electrical contact resistance (typically be-
tween 1 and 2 ), the RF current, and the dimple area. Our
earlier work [49] indeed confirmed that a larger dimple area
decreases thermal resistance and, in turn, decreases contact
temperature. Thus, since Teontact in (10) must lie between
60 °C and 80 °C, the RF current and the dimple area must be
controlled to achieve this T¢ontact range.

E. Design Variables
There are 15 design variables as shown in the following:

1) yi1,...,y10: widths of the beam sections along its length;
2) L, t: beam length and thickness, respectively;

3) di, d,: dimple length and width, respectively;

4) Iy: RF current (in rms).

The design variables are shown in Fig. 5. We remark that the
actuation pad always starts at L/10 and ends at 8L/10 from
the anchor. Since power handling is directly proportional to 17,
RF current I is regarded as one of the design variables, and its
power, not the RF power input, is regarded as one of the design
objectives to be maximized.
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F. Design Objectives

We aim to design RF-MEMS switches with low pull-down
voltage Vpq, short opening time ¢,pcn, and high power handling
or equivalently capable of large RF current [y. While I is
a design variable, it has an upper bound since the contact
temperature Tiontact depends on Iy and it must lie between
60 °C and 80 °C. Nevertheless, t,pen and Ig cannot be used as
objectives since they depend on the uncontrollable parameter
contact resistance R.. R. can be kept between 1.3 and 1.7 2
by the proper control of the contact material and insulating
film [14]. Thus, these objectives have to be modified to reduce
their sensitivity to R.. In an effort to do so and using the
signal to noise ratio method [16], [38], we define the opening
time robustness objective f and power handling robustness
objective f3. We choose the signal parameters as topen@r,=1.5
and Ig while minimizing the noise parameters as Atopen (11)
and ATeontact (12), since Teontact 1S proportional to 13. We
remark that the noise equations are formulated as given in (11)
and (12) because topen and Tcontact vary monotonically with
respect to R,

Y
(12)

Atopen = topen@RC:LS - topen@RC:1.7
AT‘contact = Tcontact@RC:L? - Tcontact@Rczl.ZS-

In summary, our optimization problem can be stated as
follows:

* minimize: f1, fo

* maximize: f3

where
J1 =Voull-in = V(1. - .-, y10, L, ) (13)
f2 = topen@RC:LS L4 Atopen (14)
f3= I (15)
ATcontact

subject to the following constraints:
10 Syl,...,y10§75um (16)
200 < L <400 pm (17
0.5 <t <5 pum (18)
1.1 <d;,dy < 10 pm (19)
10 < Iy < 1000 mA (20)
Voull-in <80V (21
topen < 100 pis (22)
60 < Topcn@Rczl.S» Topcn@RC:1.7 <80 °C. (23)

The upper and lower bounds of the beam widths, lengths,
and thicknesses are obtained based on the micromachining
capabilities available. The lower bound on d,, and d; is set
to the skin depth at a typical operational frequency of 5 GHz
to confine all RF energy without any radiation. The pull-in
voltage and the opening time are constrained not to exceed their
practical values.

G. Optimization Algorithm

Since the aforementioned optimization problem is multiob-
jective (three objectives to optimize), we adopted SPEA [18],
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TABLE III
PARAMETERS FOR SPEA
Parameter Value
Population size 100
Number of generations 120
External population size 50
Crossover probability 0.50
Mutation probability 0.15

[20] to find the tradeoff among the various conflicting design
objectives. SPEA has several advantages over the conventional
multiobjective genetic algorithms, namely, 1) dominating so-
lutions are sorted externally in a second continuously updated
population, 2) the fitness of each individual in the normal pop-
ulation is evaluated with respect to the number of dominating
points in the external population that dominate that individual,
3) Pareto dominance preserves the population diversity, and
4) a clustering procedure is used to reduce the dominating
set without destroying its characteristics [18]. In the imple-
mentation of SPEA, side constraints (16)—(20) are embedded
in the chromosome encoding of the algorithm, whereas con-
straints (21)—(23) are handled as penalties on their objective
functions. The parameters used in the SPEA are summarized
in Table III.

IV. RESULTS AND DISCUSSION

The resulting 2-D projections of the Pareto optimal solutions
are shown in Fig. 6(a)—(c).

We note that these solutions correspond to similar values of
L =200 pm, beam thickness ¢ = 5 pum, dimple width d,, =
1.1 pm, and RF current Iy = 53.5 mA. As expected, when the
beam thickness increases, switch stiffness increases, resulting
in smaller switch opening times. This could be the reason that
the Pareto solutions correspond to the thickness upper bound
t = 5 pum. The optimizer also tries to maximize the beam width
at the actuation pad, to maximize the area affected by the
voltage; thus, the pull-down force is also maximized, for the
same voltage value. When the beam width at the anchoring
point increases, the beam stiffness increases; thus, the pull-in
voltage increases, and the opening time decreases. It should
be noted that the optimum results presented in this paper are
based on the use of gold as the switch material. Gold is chosen
because of its ease of accessibility in most fabs. The optimum
parameters are expected to vary if a different structural/contact
material is used.

The two most promising results (easy to manufacture and
have minimum constrictions, eliminating stress concentrations)
are denoted by the numerals 1 and 8 in Fig. 6, and their
corresponding geometry are in Figs. 7 and 8. These results
have small opening time, reasonable pull-down voltage, and
good power handling. Specifically, Figs. 7 and 8 show the lines
connecting the beam optimized coordinates (i.e., beam geom-
etry). Fig. 7 shows the design subject to minimum opening
time due to its maximum stiffness, owing to its wide cross
section at the anchoring point. Correspondingly, the required
pull-down voltage is also large to overcome the switch stiff-
ness. In contrast, Fig. 8 shows a design with longer opening
time, three times longer, and having an anchoring point almost
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Fig. 6. Pareto solution projected in 2-D. (a) Power handling robustness
versus pull-down voltage, (b) power handling robustness versus opening time
robustness, and (c) pull-down voltage versus opening time robustness.

half the cross section of the previous solution. Of course,
since the stiffness of the switch is lower, the pull-down volt-
age is much less. We remark that none of the designs have
sharp edges that may cause stress concentration or issues with
manufacturing.

The remaining 12 Pareto optimum results that have practical
opening time and pull-down voltage results (< 50 ps and
< 35V, respectively) are shown in the Appendix (Figs. 9-20).
Although experimental validation is not given here, these re-
sults suggest that there is a substantial room for optimizing
RF-MEMS switches to achieve a better performance than
typical values such as opening time of 50 s—200 ms, pull-down
voltage of 50-80 V, and power handling of 20-50 mW [26].
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V. CONCLUSION AND RECOMMENDATIONS

This paper presented a unique design method that utilizes
variable multiphysics models (structural, contact adhesion, and
thermal models combined together for the first time) to de-
sign an optimum RF-MEMS cantilever switches. The designed
switches have low pull-down voltage, high power handling,
and short opening time. The objectives were to minimize
pull-down voltage and opening time, and maximize power han-
dling. Solutions to the optimization problem were formulated
using SPEA. The optimization algorithm utilizes the concept of
robust optimization to minimize the effect of the variation of the
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contact resistance, which cannot be precisely controlled during

the micromachining process, on the switch performance.
Based on the obtained results, the authors suggest the follow-

ing rules for designing RF-MEMS cantilever switches. 1) Try to
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maximize the switch area above the actuation pad to minimize
the actuation voltage. 2) If a larger beam width is used at the
anchoring point, the opening time will decrease; yet, the pull-
down voltage will increase and vice versa.
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The results provided a better understanding of the key factors
contributing to the performances of RF-MEMS switches. Most
importantly, it provided guidance for further improvements of
RF-MEMS switches that exploit complex multiphysics phe-
nomena. In addition, introducing the concept of robust design in
the MEMS field will open the area for more robust RF-MEMS
cantilever switches that have optimum performance regardless
of uncontrolled changes in the design parameters. This can
help in implementing such switches in real-world appli-
cations without worrying about changes in performance during
regular use.

As a future work, the authors intend to do finite element
analysis on the optimized switches to better understand their
performance. Also, the actual manufacturing and testing of the
proposed switches is a next step to experimentally justify the
simulation results achieved in this paper.

APPENDIX

See Figs. 9-20.
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