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Abstract- The mechanical response of a RF MEMS shunt 

connected switch in coplanar waveguide configuration has been 
studied by using both an analytical approach based on uni-
dimensional equations and FEM simulations. The analytical 
model has been developed for predicting the dynamics of the 
device, especially concerning its re-configuration time and the 
energy balance involved in the actuation and in the de-actuation 
mechanisms. The analytical evaluation was based on a 
MATHCAD program. After that, 2D and 3D simulations have 
been performed to get the deformed shape of the bridge, 
depending on the central and lateral actuation of the suspended 
beam. Theoretical and experimental results about the threshold 
voltage confirm the validity of the proposed modeling.  

I. ANALYTICAL MODEL OF THE RF MEMS SWITCH 

RF MEMS switches are devices for signal processing at high 
frequencies, ideal candidates for substituting pin diodes in 
many applications, from redundancy switches, to phase shifters 
and matrices, even for space systems [1],[2],[3],[4]. They take 
advantage from being all passive devices, with no distortion 
and linear phase response. RF MEMS switches can be actuated 
in several ways but, generally, the electrostatic actuation is 
preferred because no current is flowing in the device and no 
power absorption is involved in the process. 
The equation which accounts for the most part of the physical 
mechanisms governing the dynamics of a RF MEMS switch 
can be written as: 
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where: Atm ρ=  is the bridge mass in the actuation region, 
computed by means of the density ρ , the area A  and the 

thickness t ; 2
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∂=  is the electric force due to the 

applied voltage V and to the change of the capacitance along 
the direction of the motion z; )]([ gdzkFp +−−=  is the 
force due to the equivalent spring with its constant k , acting 
against the electrical force to carry back the bridge to the 
equilibrium position; zFd α−=  is the damping of the fluid, 
dependent on the bridge velocity z  and on the damping 
parameter α , which, in turns, is related to the geometry of the 
bridge and to the viscosity of the medium, d is the dielectric 

thickness and g the gap between bridge and substrate. cF  is the 
contact contribution, which can be divided in the Van Der 
Waals and surface forces, the first acting as attracting and the 
second one as repulsive, with a possible equilibrium position at 
a given distance from the bottom electrode of the switch [5]. 
Currently, many papers about the dynamics of the switch are 
available in literature (see, for instance, [10] and related 
references, or [3]), including also possible collateral effects due 
to the Casimir force [11],[12] or self-actuation mechanisms due 
to the RF power [13]. The capacitance of a shunt capacitive 
MEMS switch can be described in terms of two series 
capacitors, each of them having its own dielectric constant. 
From the above considerations, the total capacitance will be: 
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where 12

0 1085.8 −×=ε is the vacuum dielectric constant in 
MKS units and rε is the relative dielectric constant of the 
material covering the bottom electrode. The derivative of )( zC  

is used in the definition of the electric force 2
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Eq. (1) can be rewritten as: 
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The voltage difference V is imposed between the metal 

bridge, connected to the ground plane of a coplanar waveguide 
(CPW) structure, and the central conductor of the CPW, which 
also carries the high frequency signal. Under these 
circumstances, the switch will experience an electrostatic force 
for the actuation which is balanced by its mechanical stiffness, 
measured in terms of a spring constant k . The balance is 
theoretically obtained until the bridge is going down 
approximately (1/3) of its initial height. After that, the bridge is 
fully actuated, and it needs a value of V less than the initial one 
to remain in the OFF (actuated) position, because contact 
forces and dielectric charging effects help in maintaining it in 
the down position. The actuation as well as the de-actuation are 
affected also by the presence of a medium (typically air, or 
preferably nitrogen for eliminating humidity residual 
contributions in a packaged device) which contributes with its 
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own friction, introducing a damping, and changing the speed of 
the switch [5],[6],[7]. Other contributions to the motion of the 
switch are given by the "contact force" of the bridge with 
respect to the plane, when it is actuated or very close to the 
plane of the CPW, i.e. close to the substrate. They are due to 
the interaction between the two surfaces. The Van Der Waals 
force, having an attractive effect, has to be also included 
[5],[7]. It is difficult to manage all of these contributions, and 
usually a phenomenological approach is followed, trying to 
individuate the most important parameters useful for the 
required response. For instance, higher is the ratio between 
bridge thickness and bridge length, higher will be the spring 
constant value and, consequently, the robustness of the switch. 
It is common practice that a good value for k  is in the order of 
tens of N/m. A recent theoretical evaluation is given in [14] 
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Where Ld is half of the non-contact region of the bridge, 
defined as the full length of the bridge minus the actuation 
region. A MATHCAD program based on the above equations 
was written to predict the actuation and de-actuation of the 
switch. Typical responses for the de-actuation envelope curve 
of a RF MEMS switch are given in the following Fig. 1, where 
the contributions of the restoring mechanical force and of the 
damping have been clearly evidenced. For the results of Fig. 1 
as well as for the next ones, we assume the following 
parameters for the simulated bridge: L=600 μm as the bridge 
total length, LS=300 μm as the switch length in the RF contact 
region (width of the central conductor of the CPW), w=100 μm 
as the bridge width, before the contact region, to be averaged as 
an approximation of the real cases if a tapering is present, 
wS=100 μm for the switch width (transversal dimension of the 
switch, parallel with respect to the CPW direction), 
d=thickness of the dielectric material=0.1 μm, with dielectric 
constant ε=3.94 (SiO2), t=1.5 μm for the gold bridge, ρ=19320 
kg/m3 for the gold density, E=Young modulus=80×109 Pa, 
ν=0.42 for the metal Poisson coefficient and σ=18 MPa as the 
residual stress of the metal. 
 

 
Fig.  1.  Envelope of the de-actuation Vs time for the shunt switch used as an 

example (MATHCAD computation). The green curve is the exponential 
envelope of the restoring mechanism, while the red one accounts also for the 

air damping. The reference line is drawn at (2/3) of the full gap. 

From capacitance dynamics considerations at the threshold 
voltage, it can be assumed that the de-actuation time is defined 
as the time at which the capacitance reaches the 90% of the 
final one. By using a purposely developed analytical treatment 
based on energy considerations, the actuation time has be 
obtained from the following equation: 
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Then, we included the dependence on the applied voltage, 
obtained by means of the energy spent for the actuation, and 
the second of Eq. (4) was transformed in: 
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Where COFF is the capacitance in the down state, and it has 
been also given the explicit dependence on the applied voltage 
Va. In Fig. 2 the actuation time Vs the applied voltage is shown. 

 
Fig.  2.  Actuation time (in sec) of an RF MEMS capacitive shunt switch Vs the 

applied voltage Va (in volt). 
 
The results in Fig. 2 are confirmed by those in Fig. 3, where the 
actuation dynamics calculated by the analytical approach is 
shown, by imposing the voltage threshold for this 
configuration, i.e. Vthreshold≈40 volt, calculated by means of the 
definition in [3]. 

II. BI- AND THREE-DIMENSIONAL MECHANICAL SIMULATIONS 

2D and 3D approaches have been used to simulate the same 
structure, based on the software package COMSOL Multi-
physics. Simple geometries can be efficiently simulated by 
using an uni-dimensional approach, as also stated in [3], and 
actuation times can be estimated without using long and 
complicated simulations with finite element methods (FEM). 
On the other hand, a full simulation is very important when the 
shape of the bridge is tailored in a not simple way. This 
happens when the cross section has not a constant width, or 
specific technological solutions, like multi-layers for the bridge 
and dimples are realized in the actuation area, to improve the 
electrical contact; or holes are present on the beam to help the 
sacrificial layer removal and to lower the spring constant. 
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Fig.  3.  Actuation of the exploited bridge. The complete OFF state is obtained 

starting from 40 μs ca. from the application of the force. The damped 
oscillation is due to the analytical solution of the motion equation, as also 

evidenced in Fig. 1, corresponding to a possible bounce before the full 
actuation of the bridge. 

 
For the above situations, only effective quantities can be 
defined in an analytical approach. Moreover, a software to treat 
combined solicitations involving the mechanical, thermal and 
electrical response of the MEMS device could be useful in the 
definition of a figure of merit for such a technology. For this 
purpose, 2D and 3D mechanical simulations have been 
performed to clearly state the advantages of such an approach 
with respect to the uni-dimensional one. Some 2D results are 
presented in Fig. 4 and in Fig. 5, where the OFF state of the 
switch is shown by using a central actuation (DC signal along 
the central conductor of the CPW) or a lateral one by means of 
symmetrical pads (RF and DC paths separation).  
The proper shape of the actuated bridge, also in the case of 
simple geometries, is particularly useful for the prediction of 
the electrical properties of the device. In fact, the real deformed 
shape of the bridge can be used as the input for high frequency 
simulations, and parasitic contributions could be predicted in 
an easier way, especially when the millimetre wave range is 
considered. 

 
Fig.  4.  2D simulation for the central actuation of the MEMS switch 

(COMSOL simulation). A mechanical force on the central conductor of the 
CPW has been applied as high as 9000 N/m2 to obtain an almost full actuation. 
In this case, the computation is performed including the width of the bridge just 

as a parameter. 

From the result in Fig. 5, it turns out that by properly choosing 
the shape and the dimensions of the structure, the actuation 
occurs without having the bridge touching the lateral pads. This 
could help in decreasing the charging effects for these devices, 
mainly due to the dielectric used onto the actuation pads. The 
necessity to separate the RF and DC paths is the reason for 
preferring a lateral actuation in actual devices. 

 
Fig.  5.  Lateral actuation of the 2D structure (COMSOL simulation). The same 

force was necessary for having a full collapse of the bridge, but applied on 
smaller lateral pads (50 μm width). A more uniform actuation is obtained, as 
evidenced by the colour in the central part. Moreover, it is contact-less on the 

pads, which helps in minimizing the charging effects. 
 
An example of the 3D response is given in the following Fig. 6 
and Fig. 7, where the actuation has been performed by means 
of the same force used for the 2D case, with details about the 
full device.  

 
Fig.  6.  3D COMSOL simulation of the RF MEMS shunt capacitive switch in 

the OFF state (bridge in the down position), centrally actuated. 
 

The result in Fig. 6 is coherent with the prediction performed 
by using the analytical approach, as the imposed mechanical 
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force corresponds to an applied voltage Va=40 volt, thus 
demonstrating that the actuation of the bridge can be easily 
predicted by using the uni-dimensional approach, exception 
done for those structures where holes or shape tailoring are 
present. 

 
Fig.  7.  3D simulation of the RF MEMS switch in the OFF state (bridge in the 
down position), laterally actuated when the applied force is F=9000 N/m2 . The 
deformation of the bridge is represented by the change in the colours, from the 

blue (at rest) to the red (fully actuated). The distribution of the force in the 
actuation area is more uniform with respect to the case of Fig. 5. 

 
Only in simple cases the presence of holes can be 
approximated by defining an effective stiffness for the metal 
beam. For the above reason, the 3D simulation is really useful, 
as already stressed, only in the case of configurations which 
have a very peculiar shape. Also in the case of a moving mesh, 
to be used for the dynamical response of the device, many 
information can be already obtained from evaluations based on 
the previous equations, by using a fully analytical model, 
without involving cumbersome simulations with a computer. 
The real advantage in having a full modelling of the device is 
in the combination of mechanical and RF predictions, being 
based on the same geometry construction. Specifically, as it is 
the case of the COMSOL software package, thermal, power 
and charging effects can be considered in the same simulation 
environment. For the above reasons, this will be very useful to 
get a figure of merit for the RF MEMS technology based on 
different input conditions. 

III. EXPERIMENTAL RESULTS 

An actual configuration having the same dimensions 
described in the previous sections has been realized and 
preliminary tested. A photo of the structure, using a central 
actuation, is given in Fig. 8. SU-8 polymeric sides have been 
realized by photo-lithography to obtain the ground planes of 
the CPW, where the metal bridge is suspended. Silicon oxide 
has been deposited as a dielectric, and the actuation has been 
performed by means of the central conductor of the CPW. 
Actuations in the order of 30-35 volt have been obtained in 
different samples, as expected accounting also for the presence 

of the holes, which lower the stiffness of the beam with respect 
to the ideal case (Vthreshold=40 volt for a uniform beam). 

 
Fig.  8.  RF MEMS switch realized by means of SU-8 photo-lithography. 
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