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Abstract: For different metals and varying geometries, this paper presents simulations of electrostati-
cally actuated MEMS cantilevers regarding their influence on pull-in voltage and actuation speed.
Three-dimensional electromechanical modeling including many non-linearities has been performed
to study some static but mainly dynamic features. The results show that the involved parameters
have different influences on the actuation speed and pull-in voltage: lower length, higher thickness
as well as lower density and higher Young’s modulus of material diminish the actuation time, while
longer length, smaller thickness, and smaller Young’s modulus reduce the actuation voltages. Shorter
actuation times and smaller actuation voltages cannot be obtained and optimized simultaneously. Dif-
ferent metals such as Au, Ag, Cu, Ti, Ni, Al, W, Cr, Ta, and Mo as well as artificial metals are studied
and compared. In this study, Al is found to be the best material for achieving shorter actuation times
and smaller actuation voltages. The design rules of MEMS cantilevers are derived considering the
large variety of studied parameters. Many involved non-linearities are discussed in detail influencing
the MEMS dynamics. Finally, the actuation times are related to the existing experimental actuation
times of optical MEMS shutters and MEMS cantilevers.

Keywords: MEMS cantilever; pull-in voltage; actuation speed; non-linearity; dynamics; metallic
material systems

1. Introduction

Electrostatically actuated MEMS cantilevers are one of the most typical structures in
the field of micro-electromechanical systems (MEMS) and are widely used in many kinds
of micro-sensors [1,2], micro-switches [3,4] micro-resonators [5] and many other kinds
of micro-actuators [6,7] such as air-bag sensors, particle sensors, mass sensors, optical
switches, display subdevices, micro-mirrors, and RF switches because of their simple
structure, large actuation force, and for Si-based MEMS, the IC compatibility.

Pull-in voltage and actuation speed are two of the most important properties of electro-
static MEMS cantilevers [8]. For many applications in sensors and switches, lower pull-in
voltage reduces the energy consumption, extends the applicable scope, and enhances relia-
bility [9,10]. In MEMS resonators, e.g., the driving voltages need be controlled accurately,
and the pull-in phenomenon must be avoided when the devices are working [11]. Higher
responsiveness saves operating time and broadens applications, and it is always a huge
advantage for all applications. The manufacturing of compact MEMS cantilevers with fast
response has been demonstrated via batch manufacturing processes in large quantities at
low cost [12]. It has been proven that the dynamic and static pull-in features of cantilevers
are affected significantly by small-scale structural and geometric parameters as well as
non-linearities [13]. Moreover, higher resonant frequencies and thus faster actuation speed
can be achieved as the microstructures become smaller [14].
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All these points define research gaps and a strong motivation to identify contributions
to design rules leading to improvements in MEMS dynamics regarding pull-in voltage and
actuation speed.

Many studies and simulations on MEMS cantilevers have been reported. Siddaiah et al.
presented a U-shaped and rectangular triple-coupled micro-cantilever and simulated corre-
sponding eigenfrequencies, surface stresses and displacements. The results showed that
the U-shaped structure reveals higher sensitivity than the rectangular one [15]. Tuma and
Skutova calculated the transfer function relating the displacement to the acting force and
simulated the time response following an acting force [16]. Sanchez-Fraga et al. designed
a mass sensor based on a silicon MEMS cantilever which is horizontally actuable and
simulated eigenfrequency and displacement under voltage of the sensor with and without
added mass [17]. Xu et al. investigated and optimized MEMS cantilevers based on the
simulation results of vibration modes, effect of slots and effect of edge serration [18]. Arya
et al. designed and fabricated an electrostatically actuable cantilever arrays as an audible
frequency generator and simulated the vibration response under pulsed signal input [19].
In the study of uniaxial capacitive accelerometers, Zega et al. simulated the frequencies
of combs of cantilevers. The results have good agreements when a reduced thickness is
considered [20]. Sharma et.al proposed an analytical model for static and dynamic pull-in
of curled microcantilevers and found an excellent agreement of the present results [21].

Silicon is the by far dominating MEMS material. However, there are also metallic
materials in use for specific MEMS devices, such as optical MEMS shutter arrays for
smart glass applications [22–31] to modulate daylight in windows, for space instrumen-
tation [28], for camera shutters [32], and for artificial eyelids for sensor protection [33]
and displays [22–24,30,34,35]. In the anchor region, these MEMS shutters are fixed to the
transparent conductive oxide layer located on the glass substrate. Due to intrinsic stress,
these shutter blades are curled in the open state and are uncurled by electrostatic actuation
to close them toward the glass substrate. For active daylight steering applications, our
flat metallic micromirrors [25,26] have been developed, which are flat in the mirror region
by stress compensation. These metallic MEMS mirror actuators have an anchor region, a
curled hinge region, and a flat mirror region.

For all these metallic and hybrid MEMS shutter and micro-mirror arrays for optical
applications [22–35], the closing time or the actuation time is crucial. Since the shutter
dynamics is also related to the magnitude of the applied voltage, also the pull-in voltage is
involved and of high interest. Therefore, the main motivation of our paper is to simulate
how pull-in voltage and actuation speed depend on geometrical shape and metallic material
parameters and to provide support in material selection and optimization. Our studies are
contributing to design rules by identifying the trends, in which way dynamic properties
depend on different metallic materials, geometrical shapes and material parameters. The
knowledge of these trends is helpful in the design process of electrostatic MEMS actuators.
Our studies further reveal that expensive materials can be avoided in the design of metallic
MEMS devices since low-cost materials deliver even better performance.

The structure of this paper is given in the following. First, the pull-in voltage and
actuation time of electrostatically actuated metallic MEMS cantilevers are studied as a
function of geometrical and material parameters. This will be completed twice, analytically
and numerically. For simple idealized parallel plate MEMS actuators, an analytical formula
can be given for the pull-in voltage (in Section 2) and for the eigenfrequency, charging
time and the temporal step-response function (in Section 3). Basic knowledge is recalled
in Sections 2 and 3 as well as reconsidered in Section 4 for qualitative explanation of the
numerical simulation results. The analytical formulas displayed below in Sections 2 and 3
are intended to simplify the access to Section 4 and to support a better intuitive understand-
ing of the MEMS cantilever device studied in Section 4. For the latter device, no analytical
formulas are given. In Section 4, COMSOL Multiphysics is used for numerical simulations
based on a self-consistent solution of electro-mechanical equations concerning all these
properties. but with the focus on pull-in voltage and actuation speed for different metals
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and varying geometries. In Section 5, the results of Section 4 are compared with trends
from analytical formula: in Section 5.1 for a parallel plate MEMS actuator and in Section 5.2
for a cantilever MEMS actuator. Section 6 proposes the workflow of optimization processes.

2. Idealized Parallel Plate MEMS Actuator: Introduction of the Pull-In Effect
2.1. Model and Differential Equation

First, the 2D schematic of an idealized parallel plate actuator is shown in Figure 1.
This is a spring–mass–damper system and represents a typical second-order system. The
initial gap distance between two electrodes is described by d.
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Figure 1. A 2D schematic of a parallel plate MEMS capacitor. A static situation is depicted here,
where the elastic restoring force is in equilibrium with the external electrostatic force.

The static and dynamic properties of this idealized oscillator structure can be charac-
terized by a differential equation describing that the sum of the inertia force, the friction
force and the elastic restoring force is equal to the external force (here the electrostatic
actuation force):

m
..
wz(t) + c

.
wz(t) + kwz(t) = Fe(t) (1)

where m, wz(t),
.

wz(t) and
..
wz(t) represent the mass, position, velocity and acceleration,

respectively. The spring constant k is an inherent material property of the spring which
represents the tendency to return to the initial state when the cantilever is subjected for
a moment to an external excitation force Fe(t). The damping coefficient c represents the
characteristic that the vibration amplitude gradually decreases due to inherent or external
friction. If an external voltage V is applied, the movable electrode will be pulled down by
the electrostatic force Fe(t) [36]:

Fe(t) =
εAV2(t)

2(d− wz(t))
2 (2)

where ε is the dielectric constant of the surrounding medium, A is the area of the plate and
d is the initial distance between the two electrodes. Dynamic variables are the displacement
wz(t) of the movable plate and the applied voltage V(t). Equation (2) shows a nonlinear
relation between Fe(t) and wz(t). Here, the elastic force Felast(t) = kwz(t) reveals a linear
dependence on the displacement wz(t). A schematic of the elastic force and the electrostatic
actuation force is shown in Figure 2.
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2.2. Pull-In Voltage

During the continuous process in which the upper electrode is moving toward the
lower electrode, it will suddenly snap down to the fixed capacitor when the voltage
increases to a threshold value, which is named the pull-in voltage. For a quasi-static
condition (

.
wz(t) =

..
wz(t) = 0), the required voltage Vs for a particular equilibrium position

combining Equations (1) and (2) can be written as:

Vs =

√
2kwz(t)·[d− wz(t)]

2

εA
(3)

The Vs has a maximum value when wz(t) = d/3 and when the voltage continues to
increase, the electrostatic force grows much faster than the spring force, no force equilibrium
is possible anymore, and therefore, the pull-in (snap-down) occurs. The value of quasi-static
pull-in voltage Vpi is:

Vpi =

√
8kd3

27εA
(4)

3. Dynamic Properties of the Idealized Parallel Plate MEMS Actuator

In practical applications, the input signal for a MEMS actuator is normally a dynamic
value such as sinusoidal functions, cosine functions, step-function and so on. In addition,
here, we recall some basic knowledge, briefly. The analytical formula displayed below
describe an idealized parallel plate MEMS actuator as shown in Section 2. Note that this
section is intended to support the understanding of the MEMS cantilever actuators (in
Section 4) for which no analytical formula is given.

3.1. Eigenfrequency

Without external excitation force Fe(t), the device oscillates at the eigenfrequency (also
called resonance frequency or natural frequency) [37]:

fn =
1

2π

√
k
m

(5)

fd = fn

√
1− ζ2 (6)

with
ζ =

c
4πm fn

(7)
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where f n is the eigenfrequency without damping and f d is the eigenfrequency of order
n with damping. ζ is the damping ratio, which is a dimensionless measure describing
how oscillations in a system decay after external excitation is switched off. When ζ = 0,
0 < ζ < 1, ζ = 1 and ζ > 1, these systems are called an undamped system, underdamped
system, critical damped system and overdamped system, respectively. The eigenfrequency
f n is affected by geometrical and material parameters. Oscillations with larger amplitudes
appear in the system when the frequency of input signal is close to the eigenfrequency.

3.2. Step Response

For many MEMS actuators, a common input signal is a temporal voltage step-function.
For an underdamped second-order system, the corresponding step response of a real
parallel plate MEMS actuator is shown in Figure 3. The response curve reaches a first
extremum at the time tv and after further damped oscillations tends to a steady-state value.
The system overshoots the equilibrium position temporally, which means the movable
plate has a larger displacement there than for the static value. In this case, temporally, the
electrostatic force becomes greater and might reduce the pull-in voltage. This dynamic
pull-in voltage is represented by Vpi’.
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Figure 3. Performance of the step response for a second-order system (completely redrawn using the
idea of [37]).

The swiftness of the step response is described by the characteristic times td and tv,
which are defined in Figure 3 given by [37]:

td =
π − β

2π fn
√

1− ζ2
(8)

tv =
1

2 fn
√

1− ζ2
(9)

β = arctan

√
1− ζ2

ζ
(10)

where β is the phase angle of this system. As f n increases and ζ decreases, td and tv decrease,
which means the system has a faster response speed which is related to geometrical and
material parameters.

4. Metallic MEMS Cantilevers: Nonlinear Dynamics of the Pull-In Behavior

The goal of our paper is to study the nonlinear dynamics of the pull-in effect of metallic
MEMS cantilevers as a function of different cantilever geometries (thickness, length) and
material parameters (mass density, Young’s modulus). This section presents the influence
of different parameters on the pull-in voltage and actuation speed of the MEMS cantilevers,
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which are made of different metals. At the beginning of Section 4, a distinct separation of
Sections 2 and 3 versus Section 4 is prepended.

In Sections 2 and 3, an idealized parallel plate actuator is considered:

– It is a 1D problem.
– An idealized spiral spring is considered, revealing a linear stress–strain relation

(Hooke’s law, i.e., linear force–displacement relation).
– The electrostatic force depends on the square of the displacement and the problem

can be treated on the basis of analytical formula.

In Section 4, a metallic MEMS cantilever is considered:

– It is a more complex 3D problem.
– The electrical field is varying in 3D, i.e., it is a 3D vector field. Close to the surfaces of

the electrodes, the electrical field is perpendicular to the surfaces. The local electrostatic
forces vary with x, y and z.

– The electrical capacity is varying with the voltage in a nonlinear way. Thus, also the
charging of the cantilever/base plate cannot be any longer treated as a simple RC ele-
ment. The voltage built up at the MEMS cantilever is not any more simply exponential.

– A non-homogenous charge distribution is existing, and it is varying dynamically.
– The description of the elastic behavior is 3D and based on continuum mechanics.
– Stray fields in the y-direction and x-direction are considered.
– Nearly all relations are nonlinear.
– The problem has to be treated by a self-consistent dynamic electro-mechanical numer-

ical model. COMSOL Multiphysics is used here.

First, a 3D representation of the considered MEMS cantilevers is shown in Figure 4. The
metallic cantilever is characterized by the length l, thickness h, width b, mass density ρ and
Young’s modulus E. In Figure 5, a 2D cross-section of the cantilever taken in the center of the
width b in the xz-plane is shown, including electrical field lines (blue) and electrostatic forces
(red), schematically. The density of the field lines indicates the magnitude of the electrical
field. The stray fields in the x-direction are shown at the right-hand side end of the cantilever.
The electrostatic forces are always oriented in the direction of a tangent to the field lines.
Thus, the force increases with growing x at the lower surface of the cantilever (upper
electrode) and is oriented vertical to the surface, locally. As a consequence of the bending,
the electrical capacitance of the system nonlinearly increases as the voltage increases.
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COMSOL Multiphysics® 5.6 is a simulation tool with Multiphysics field coupling
including a MEMS module that can be used for the simulations on a microscopic scale. As
the cantilever bends, the air gap geometry changes as a function of coordinates and leads
to local changes in the electric field between the two electrodes, together with the varying
charge distribution. The electrostatic field in the air gap is described by Poisson’s equation.
The coupled physics is handled self-consistently by the Electromechanics Multiphysics
modules. The electrostatic force density that acts on the electrode of the cantilever is
simulated by COMSOL [38]:

Fes = −
1
2
(E·D)n + (n·E)D (11)

where E and D are the electric field and electric flux density vector fields, respectively, and n
is the outward normal vector of the surface. This force is always oriented along the normal
of the boundary. So, COMSOL can self-consistently handle variations with changing vector
field directions and varying parameter values. The problem of displacement is treated
using continuum mechanics involving the strain tensor, stress tensor, and elasticity tensor.

In this paper, the stress–strain relation is considered to be linear. This a valid approx-
imation if the displacements are small related to the total length of the cantilever. The
extension of the linear stress–strain regime is strongly dependent on the metal materials:
highly elastic materials such as steel show a large one, and ductile materials such as copper
show a small one. Beyond the linear regime, all materials show nonlinear behavior.

Rayleigh damping has been considered, keeping the coefficients constant (mass damp-
ing parameter αdM and stiffness damping parameter βdK) for the dynamic studies. As
mentioned by COMSOL for many applications, it is common to assume the case of damp-
ing being proportional to the stiffness, and it is sufficient in that case to consider αdM = 0
and to define damping only using the coefficient βdK = η/2πf [39]. The loss factor η of
aluminum at a given frequency f = 80 kHz is 0.05% [40]. This provides the two values
αdM = 0 and βdK = 1 × 10−9 s. As already mentioned, we kept damping constant, since
variable damping was not the scope of our paper. Damping has been found to have a
major influence on the dynamics of MEMS devices and has been studied in detail in [41],
revealing excellent insights on this crucial point.

In the following, 3D electro-mechanical simulations of MEMS cantilever (as defined in
Figures 4 and 5) are performed for different geometrical and material parameters compiled
in Table 1. For the meshing of the model, tetrahedra, triangles, edge elements and vertex
elements have been automatically built by COMSOL.
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Table 1. Geometrical and material parameters of the considered metallic MEMS cantilevers.

Parameters Values

Length (l) 50–400 µm
Thickness (h) 1–2 µm

Width (b) 20 µm
Air gap distance (d) 3 µm

Young’s modulus (E) 35–411 GPa
Mass density (ρ) 2700–19,350 kg/m3

Poisson ratio (v) 0.21–0.44
Specific electrical resistivity (ρR) 1.587–42 × 10−8 Ω·m

Regarding E-ρ charts of materials [42], foams, natural materials, polymers, elastomers,
technical ceramics, composites and metals can be found in characteristic “bubbles”. For
some selected metals, we depict an orange “bubble” in Figure 6. The red rectangles
represent the metal materials used in our simulations, and the white rectangles show
further metals for comparison. To identify the influence of different values for ρ and E,
separately and together, artificial metals not existing in nature are also considered (red
points in Figure 6). These ρ and E variations are starting from aluminum (Al) as a reference
and are displayed by black arrows.
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4.1. Simulation of Pull-In Voltages and Displacements for Electrostatic Actuations

First, stationary simulations are performed for increasing applied voltages. In the
voltage–displacement relations, the increase in voltage is interrupted when the pull-in
is reached (pull-in voltage Vpi). In Figure 7, the displacement–voltage curve for an Al
MEMS cantilever with l = 100 µm, h = 1 µm, ρ = 2700 kg/m3 and E = 70 GPa is shown.
As above, the displacement wz of the cantilever tip is considered in the z-direction. The
simulation stops when the voltage approaches 24.41 V and some irregular variations occur
(magnified curve area shown in the inset). However, finally, the cantilever free end (tip)
reveals a sudden strong displacement through the entire gap, leading to a contact of the
cantilever tip to the lower electrode (snap-down). Beyond the pull-in point A, the elastic
counterforces are no longer able to balance the electrostatic attraction forces. Therefore, we
define the pull-in voltage Vpi by the voltage value at the end of the curve still allowing
force equilibria between attraction and repulsion before the abrupt change into the non-
equilibrium condition occurs.
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In order to study the influences of several parameters on Vpi, four groups with
varying l, h, ρ and E are considered. The pull-in voltages Vpi and the corresponding pull-in
displacements wpi of the four groups are shown in Table 2. Group 1 and 2 are considering
Al MEMS cantilevers with h = 1 µm and h = 2 µm, respectively. Group 3 considers a
halved value of E (35 MPa) compared to Al (left, vertical downward-pointing arrow in
Figure 6). Group 4 considers a doubled value of ρ (5400 kg/m3) compared to Al (left
point of the horizontal arrow in Figure 6). The results illustrate that the Vpi values are
significantly different, but the wpi values remain close to each other, which means l, h and E
have a huge influence on Vpi but little impact on wpi. In addition, comparing the results of
Group 1 and 4, ρ has no significant effect on Vpi. The mean values of wpi of three groups
are 1.34 µm, 1.36 µm, 1.34 µm and 1.30 µm, which translate to 44.7%, 45.3%, 44.7% and
43.3% of the d, respectively. It indicates that there is only a very weak relationship between
the wpi and these parameters of the cantilever.

Table 2. Pull-in voltages Vpi and displacements wpi of cantilevers for different l, h, E and ρ.

l/µm 50 100 200 300 400

Group 1: h = 1 µm, E = 70 GPa, ρ = 2700 kg/m3 (Al cantilever)

Vpi/V 99.66 24.41 6.28 2.74 1.53

wpi /µm 1.37 1.34 1.36 1.31 1.31

Group 2: h = 2 µm, E = 70 GPa, ρ = 2700 kg/m3 (Al cantilever)

Vpi/V 291.21 71.02 17.54 7.82 4.30

wpi /µm 1.32 1.36 1.35 1.36 1.39

Group 3: h = 1 µm, E = 35 GPa, ρ = 2700 kg/m3 (Cantilevers with half E of Al)

Vpi/V 70 17.26 4.44 1.94 1.08

wpi/µm 1.34 1.34 1.36 1.36 1.30

Group 4: h = 1 µm, E = 70 GPa, ρ = 5400 kg/m3(Cantilevers with double ρ of Al)

Vpi /V 99.03 23.84 6.25 2.71 1.54

wpi /µm 1.34 1.30 1.36 1.23 1.26

Based on the data from these groups of Table 2, further displacement curves of the
free ends as a function of voltage are shown in Figure 8 in order to illustrate the influence
of different parameters on the Vpi. The Al MEMS cantilever with parameters l = 100 µm,
h = 1 µm, and E = 70 GPa (case 1 in blue color) is set to a reference. Within each group,
we have different cases. Based on the structure of case 1, case 2 with doubled h = 2 µm,
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case 3 with halved E = 35 GPa and case 4 with halved l = 50 µm are represented by green,
orange and purple curves, respectively. The pull-in voltage of the reference case is named
Vpi1 and the three cases are described by Vpi2, Vpi3 and Vpi4. The Vpi1 value is 1.41 times
that of Vpi3, while the Vpi2 and Vpi4 values are 2.91 and 4.08 times that of Vpi1. Thus, it is
demonstrated that the degree of influence of these parameters on the Vpi is in descending
order in the sequence of l, h, and E.
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keeping ρ = 2700 kg/m3 constant. These colors correspond to the colors in Table 2.

In Figure 6, outside of the orange metal “bubble”, the properties of Al2O3 are also
shown. Even when Al is only shortly exposed to oxygen or water, a thin natural oxide
layer of about 4 nm thickness is growing on the Al surfaces. This oxide layer is sealing
the underneath pure metal and is not revealing ongoing oxidization if no artificial an-
odization (eloxal) processes are applied. Al2O3 belongs to the “bubble” of the dielectric
materials [42]. We checked that the existence of the natural oxide is influencing our pull-in
voltage only by 3.8%. We compared the pull-in voltage for a pure Al cantilever with
h = 1000 nm thickness with an Al cantilever with natural oxides having the same total
thickness h = (4 + 992 + 4) nm.

4.2. Simulation of Resonance Frequencies

First, we will recall and demonstrate that the actuation speed of MEMS cantilevers is
related to the mechanical oscillation modes and their corresponding resonance frequencies
f n (mechanical Eigenfrequencies or natural frequencies). Each characteristic dynamic move-
ment of the cantilever can be attributed to one or a superposition of several modes (There
are different notations in the literature for the resonance frequencies (eigenfrequencies,
natural frequencies). In some cases in the literature, the notation is as follows: fundamental
mode, 1st order mode, 2nd order mode, 3rd order mode.To make it as simple as possible
for the reader, we use the following notation instead: 1st order mode, 2nd order mode, 3rd
order mode, 4th order mode. These modes are also related to mechanical eigenfunctions,
and the corresponding mechanical resonance frequencies are also called eigenvalues). The
cantilever movement which has been considered up to now is simple and is representing
the fundamental mode (here, we call it the 1st order mode, which is characterized by the
resonance frequency f 1). The higher f 1, the faster the response speed (e.g., shorter actuation
time until the cantilever tip has reached the lower electrode). In general, the higher f n, the
faster the response speed of motions in that characteristic way.

For the Al cantilever with l = 100 µm, h = 1 µm, b = 20 µm, E = 70 GPa and
ρ = 2700 kg/m3, the 1st order, 2nd order, 3rd order, and 4th order eigenfrequencies as
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well as the mode shapes (Eigenfunctions) are shown in Figure 9. The 1st order mode shape
is the fundamental bending oscillation with a frequency of 83.87 kHz. Here, the tip oscil-
lates the strongest. The 2nd order mode shape has one node line and is oscillating in the
middle and oscillating in the opposite direction at the free-end (tip), and the eigenfrequency
equals 525 kHz. The 3rd order mode shape is the torsion motion, and the eigenfrequency is
810 kHz. The 4th order mode shape has three oscillation ranges and two node lines, and it
comes with an eigenfrequency of 1470 kHz.
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The operating modus of the MEMS cantilever considered here is related to the 1st
order mode having no node outside of the fixed end. At the tip (free-end), the cantilever is
always most displaced, as already mentioned. Among the lowest four modes, only the first
mode shape contributes to the pull-in process, so this mode is normally used to actuate the
cantilever and to study its time response.

4.3. Simulation of Dynamic Properties

The required time to reach a certain final situation after the electrostatic actuation of
the MEMS cantilevers includes two aspects: the temporal charging of the electrodes tc and
the mechanical response time tmr.

A simple calculation of the electrical charging time of an Al cantilever with l = 100 µm,
b = 20 µm and h = 1 µm which was kept static in a first step (capacitance kept constant)
reveals charging times in the fs range. In the next step, the cantilever was slowly actuated,
which is leading to a variation of the capacitance. This actuation was performed via a
quasi-static variation of the voltages. A corresponding rise in capacitance from 8.6 to only
10.5 fF was observed (Figure 10a). In the third step of fast actuation, the charging time is
found to increase but still remains in the fs range. That means that tc can be neglected,
since it is very short compared to tmr.
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Figure 10. (a) Capacitance as a function of actuation voltage, revealing nonlinear rising. (b) Capac-
itance as a function of time, also revealing nonlinear rising. A voltage step function is considered,
with a step from zero to 22.2 V occurring at t = 0. The simulation includes temporally rising voltage
as well as the bending dynamics of the cantilever.

Next, a moving cantilever under a step function of voltage 22.2 V is considered, and
the temporal variation of capacitance is simulated by COMSOL and found to be nonlinear
(Figure 10b). Due to the temporal bending of the cantilever, the capacitance is varying
with the voltage in a nonlinear way. The required time to reach a certain final situation
is denoted ta (actuation time). In our case, the final situation is specified that the tip is
reaching the lower electrode (snap-down and pull-in is finished).

Next, the dynamic behavior, i.e., the temporal response curves of this Al MEMS
cantilever after applying a step-function at t = 0, is simulated. For voltages steps ranging
from 22 to 23 V, the results are shown in Figures 11 and 12. The slopes of the curves
represent the movement speed of the cantilever tips. Finally, when the voltage is less than
or equal to 22.195 V, the system reveals a damped oscillation tending to a stable state.
However, when the voltage is higher than 22.196 V, the free-end will snap down and will
be attached to the lower electrode. Here, the value of dynamic pull-in voltage is between
about 22.196 and 23.0 V and can be represented by Vpi’, which is smaller than the static
pull-in voltage Vpi with a value of 24.41 V (shown in Table 2). The reason is that when
the displacement wz is inside the overshoot (see Figure 3) of the step response, the voltage
required to generate the same electrostatic force decreases.
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applied voltages.

The inset of Figure 11 indicates that when the applied voltage is at 22.2 V, the move-
ments show retardation effects in the pull-in process. At the beginning, the free-end acts
fast, a bit later, the moving speed slows down, and finally, the pull-in is completed by a
rapid motion. In the meantime, as the voltage increases, the time required for the pull-in
to occur becomes shorter, and the retardation effects become weaker. This is because the
cantilevers always tend to oscillate, and as the wz approaches the peak value of oscillation,
the velocity of the free-end decreases, while the wz still raises, causing a continuous increase
in the Fe. When the cantilever tip passes the critical point, the increasing speed of Fe is
faster than for Felast, so the pull-in action completes quickly.

Similar studies have been reported in Ref [43], focusing on transition to a chaotic
behavior for specific voltages. Different authors use different wordings such as chaos,
irregularities and instabilities [43,44]. It seems that we can also confirm these findings in a
voltage range between 22.199 and 22.2 V for the considered Al cantilever. However, this is
not the scope of our paper.

In Figure 12, the retardation is even more pronounced. For voltages between 22.196
and 22.199 V, the pull-in occurs much later after following another oscillation period. Most
probably, the pull-in is initiated by a larger peak value at about 22 µs compared to the case
at 22.2 V, revealing an ongoing damped oscillation.

Based on the temporal response of an Al MEMS cantilever with a longer length
l = 400 µm, Figure 13 shows the retardation effects in a more pronounced way. In this case,
the pull-in voltages are smaller than in the previous figures, but when there is a small
change in the voltage, the actuation time of cantilever shifts considerably. As the value of
voltage changes from 1.4065 to 1.41 V, the actuation time difference is about 60 µs.

Next, for the Al MEMS cantilevers with the parameters E = 70 GPa, ρ = 2700 kg/m3,
h = 1–2 µm, and l = 50–400 µm, the influence of length l and thickness h on actuation time
ta are shown in Figure 14. The actuation time ta decreases as l decreases and h increases.
Among these three points A (h = 1 µm, l = 400 µm), B (h = 1 µm, l = 200 µm) and C (h = 2 µm,
l = 400 µm), the point A has the highest actuation time taA. From point A to B, the length is
halved and the actuation time decreases by 75%, and from point A to C, the thickness is
doubled and the actuation time reduces by 44%. Thus, the length l has a greater impact on
actuation time than the thickness h.
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Figure 15 depicts the influence of variations in mass density ρ and Young’s mod-
ulus E on actuation time ta for the MEMS cantilevers with the parameters l = 100 µm,
h = 1 µm, ρ = 5400–10800 kg/m3 and E = 70–210 GPa. In three points D (ρ = 10800 kg/m3,
E = 70 GPa), E (ρ = 5400 kg/m3, E = 70 GPa) and F (ρ = 10800 kg/m3, E = 140 GPa) selected
in Figure 15, the maximum actuation time taD occurs in point D. From point D to E, the
mass density is halved, and the actuation time decreases by 24%. From point D to F, the
Young’s modulus is doubled and the actuation time reduces by 21%, which means the
impact on actuation time from density and Young’s modulus are relatively close to each
other. Combining Figures 14 and 15, as the parameters l, h, ρ and E vary regularly (doubled
and halved), the reduction ratios of ta are 75%, 44%, 24% and 21%, respectively. The results
show that the primary factors affecting actuation time are length, then thickness, and finally
mass density and Young’s modulus (in this sequence decreasing influence). This is because
when the parameters h and E increase, while l and ρ decrease, the resonance frequency f 1
increases and the actuation time ta is decreasing.
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The results are partly surprising concerning increasing thickness, since doubling the
thickness doubles the mass. The negative influence of growing mass (inertia) is however
overcompensated by the counter-running positive effect of growing thickness coming from
much higher resonance frequencies.

4.4. Simulations on Pull-In and Actuation Time for Different Real Materials

Since pull-in voltage and actuation time are strongly dependent on material properties
in a MEMS cantilever, it is interesting to plot the dynamic pull-in voltage Vpi’ as a function
of the actuation time ta for MEMS cantilevers made of different metals, aluminum (Al),
titanium (Ti), copper (Cu), nickel (Ni), silver (Ag), gold (Au), tungsten (W), tantalum (Ta),
molybdenum (Mo) and chromium(Cr). The corresponding material properties are shown
in Table 3.

Table 3. Properties of different metallic MEMS materials.

Material Mass Density Young’s Modulus Poisson Ratio

Aluminum (Al) 2700 kg/m3 70 GPa 0.35

Titanium (Ti) 4506 kg/m3 116 GPa 0.32

Copper (Cu) 8690 kg/m3 120 GPa 0.34

Nickel (Ni) 8900 kg/m3 219 GPa 0.31

Silver (Ag) 10,500 kg/m3 83 GPa 0.37

Gold (Au) 19,300 kg/m3 70 GPa 0.44

Tungsten (W) 19,350 kg/m3 411 GPa 0.28

Tantalum (Ta) 16,690 kg/m3 186 GPa 0.34

Molybdenum (Mo) 10,280 kg/m3 329 GPa 0.31

Chromium (Cr) 7150 kg/m3 279 GPa 0.21



Appl. Sci. 2023, 13, 1118 16 of 22

The results are shown in Figure 16, and it is evident that the Vpi’ and ta have opposite
tendencies, which means one value increases while the other decreases. If the curve is close
to the vertical axis, this shows better high-speed performance of the MEMS cantilevers.
If the curves are close to the horizontal axis, this shows better low-voltage performance
of the MEMS cantilevers. Considering both Vpi’ and ta, it can be concluded that out of
these considered metals, aluminum is the best for MEMS. For practical applications, low
drive voltages and short actuation times are the most desirable goals, but it seems to
be impossible to achieve both targets simultaneously. For application and research, it is
important to consider the priorities and subsequently to make tailored optimum designs.
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sub-figures.

Finally, the calculated actuation times are related to experimental MEMS closing times.
Table 4 includes the type and dimensions of the MEMS device, the material of the moving
part of the MEMS device, the closing time and the possible application. Although no
quantitative comparison is possible, a qualitative agreement with the findings of this paper
is obtained. For example, the shortest closing time of 1 µs is obtained in our MEMS micro-
shutters having l = 40 µm and the longest closing time of 62.3 ms is obtained for a long
cantilever with l = 40 mm.

Due to the involved mechanical stress, the reported shutters and mirrors which have
been fabricated are not easy to simulate. The stress in the thin layers modifies the elastic
material properties. The material properties of very thin layers are often unknown and
deviate from the values known for bulk materials. Deformations of thin stressed layers
change the elastic properties additionally. This makes simulations of MEMS which include
sub-layers (under stress) very challenging. Furthermore, an interdiffusion of material
at interfaces, occurs and metallic surfaces are often covered by an unknown thin oxide
layer. These altogether make a quantitative comparison between experiment and theory
extremely challenging and sometimes nearly impossible. Thus, the qualitative agreement
obtained in the last part is deemed acceptable. The metallic cantilever considered in this
paper is a model structure to identify basic relations in nonlinear dynamics.
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Table 4. Comparison of actuation times (here closing times) of MEMS shutters/mirrors/cantilevers.
The type of the study is experimental or theoretical. The dimensions are given as long they are
available from the literature. The dimensions are denoted as in this paper: length l, width b and
thickness h. For the top electrode, which is moving, materials and dimensions are given. The type of
the study is experimental or theoretical or both.

Ref. Study Type MEMS Type MEMS
Dimensions/µm

Moving
Material

Closing
Time/µs

Actuation
Voltage/V Application

[22–24] Experiment Curled
shutter

l = 450–2400,
b = 200–600, h = 0.5–1 Cu 100

200
80

180
Display and
smart glass

[25,26] Experiment Flat mirror l = 150, b = 400,
h = 0.22 Al-Cr-Al 300 40

Light
steering via
smart glass

[33] Experiment Curled
shutter

l = 600–1000,
h = 1.25–1.6

Poly-Cr-Au-
poly 18 180

Eyelid
protection of

sensors

[27,28] Experiment Curled
shutter

l = 100–400,
h = 0.1

Si-Cr and
other metals 40 20

Light
modulation

via smart
glass

[32] Experiment Curled trian-
gularshutter

l = 1400,
h = 0.3 + 0.35 Al/Mo/SiNx 1000 30 Camera

shutter

[34,35] Experiment Curled
shutter

l = 200, b = 160,
h = 0.1 Ti-Au 20 20 LED displays

[29] Experiment Curled
shutter

l = 200, b = 30,
h = 0.3 SiO2-Al 3000 55

Light
modulation

via smart
glass

This
paper Experiment Curled

shutter
l = 40, b = 2000

h = 0.185 Al-Cr-Al 1 100

Fast
mechanical
shutter for

optics

[45] Experiment Cantilever l = 140, b = 10–12,
h = 2.2 SiONx-Au 10.75

15
60
50

RF MEMS
switch

[46] Experiment Cantilever l = 10,000,
b = 180, h = 50 Si 20,000 0.3

Fiber-optical
switching

device

[19] Experiment Cantilever l = 650, b = 200,
h = 0.3 Al 60 32

Audible
frequency
generator

[30] Theory Cantilever l = 200,
h = 0.1–0.6 Mo-Ta- SiNx <50 - Display

[47] Theory and
Experiment Cantilever l = 40,000,

b = 10,000, h = 50 Si 62,300 85 Electrostatic
actuator

[48] Theory and
Experiment Cantilever l = 1500,

b = 12, h = 60 Cu-Au 120 28 MEMS re-
lays/switches

[49] Theory and
Experiment

Irregular
Cantilever l = 67, b = 42, h = 6 Au 2 55

MEMS
electrostatic

actuator
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5. Discussion of Trends from Section 4 against Models Delivering Analytical Results
5.1. Comparison of Trends of Analytical Results for Parallel Plate MEMS Devices with Numerical
Results from Section 4

Here, the results obtained by numerical simulations in Section 4 are qualitatively
related to the analytic formula given in Sections 2 and 3 for a parallel plate MEMS actuator.
Equation (4) in Section 2 reveals that the pull-in voltage Vpi is proportional to the root of
the spring constant

√
k and inversely proportional to the root of the area

√
A of plates.

Therefore, the Vpi of a parallel plate qualitatively increases with growing k and decreasing A.
The eigenfrequency f n (described in Equation (5) of Section 3) for a parallel plate

capacitor is proportional to the root of the spring constant
√

k and inversely proportional
to the root of the mass

√
m. Therefore, f n increases with growing k and decreasing m.

As mentioned before, the actuation time is reversely related to the frequency. Thus, the
actuation time qualitatively increases with growing m and decreasing k.

Therefore, the simple formula of the parallel plate actuator can provide a prelimi-
nary qualitative tendency, even for such a simplified geometry (parallel plate actuation)
compared to a cantilever actuator. For quantitative statements, numerical simulations (as
performed in Section 4) are required.

5.2. Comparison of Trends of Analytical Results for MEMS Cantilevers with Numerical Results
from Section 4

For a cantilever system, the spring constant can be roughly approximated by

kc = 2Eb
3 ( h

l )
3

[50]. Therefore, Vpi increases with growing E and h, and it increases with
decreasing l. In the literature, the calculated pull-in voltage Vpi of cantilevers is reported

to be proportional to
√

Eh3

l4 [51], which means that Vpi rises with growing E and h as well
as with decreasing l. This trend is in agreement with the results obtained in Section 4.
The results show that the primary factors affecting pull-in voltage are length, followed by
thickness, and finally Young’s modulus (showing decreasing influence in this sequence),
which is consistent with the simulation results in Section 4.

Then, based on the eigenfrequency formula of cantilevers from Ref [52], f n is pro-

portional to
√

Eh2

ρl4 . Thus, f n grows with increasing E and h as well as decreasing ρ and l.
The actuation time is inversely proportional to the frequency, and the relation is also in
agreement with our numerical simulations obtained in Section 4.

In many theoretical papers, the parameters in the results have been converted into
reduced parameters (dimension-less). In order to enable a comparison with our results from
Section 4, we reconverted the parameters, delivering the following: the actuation voltage

V is proportional to
√

2d3EI
εbl4 and the actuation time ta is proportional to

√
ρSl4

EI [21,53].
For a cantilever, the area of the cross-section is S = bh, and the area moment of inertia is
I = bh3

12 . Therefore, the pull-in voltage of the cantilever Vpi is proportional to
√

Eh3

l4 , and

the actuation time ta is proportional to
√

ρl4

Eh2 . In addition, this trend is in agreement with
the above-mentioned trends and in agreement with our numerical results from Section 4.

5.3. Proposed Optimization Concept

Figure 16 reveals that higher actuation voltages are required if cantilever thickness is
increased. Thus, instead of reducing the actuation time, the opposite could also happen
in practice due to non-idealities. Switching higher voltages results in longer electrical
switching times, which is known from circuit design. That could reveal in practice that
thicker cantilevers (requiring higher voltages) move slower in combination with real driving
circuits, although simulations predict the opposite. Mobile sensors require in most cases
that voltage sources from battery packs are used; therefore, the question of adequate voltage
converters arises. The converters are only available in defined voltage steps and there are
threshold values, making the converters considerably more bulky and more expensive.
Thus, increasing the cantilever thickness could be beneficial, but it could also be contra-
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productive, since electrical switching becomes slower, more expensive and bulkier in case
larger voltages have to be modulated. Note that in many cases, size is superior to speed
and the main goal is to reduce the actuation voltage in order to substantially miniaturize
the driver circuit for mobile sensor applications in smart personal environments.

A possible approach for an optimization procedure is given here. Step 1: Identifying
which degree of miniaturization (l, b) is still acceptable for the application, since the smaller
the structure, the lower the required actuation voltage and the shorter the actuation times.
Step 2: The thickness h is optimized. Step 3: For the chosen geometry (strongest accept-
able miniaturization), the actuation time as a function of the pull-in voltage is calculated
(Figure 16) for the envisaged metal heterostructure stack or metal stack with metal oxides
on the top. Step 4: Finetuning of h and of the individual metal layer thicknesses is per-
formed. Step 5: If no restrictions concerning the metals are existing, it is advisable to choose
Al. Step 6: Several iterations involving steps 1–5 are performed to obtain planarization if it
is required for the device performance. Step 7: Identifying which maximum voltage can be
tolerated that still allows for envisaged economic and unbulky solutions for the drive cir-
cuits. This is related to the choice of adequate voltage converters. Choosing the maximum
voltage is a trade-off between size (miniaturization), price and power consumption, and
it has an influence on the smallest achievable switching time of the MEMS device. Step 8:
Finally, some iterations involving all seven steps have to be performed.

Concerning the dynamical behavior, the performance of real MEMS devices is often
deviating from theoretical model calculations due to strong non-linearities, non-idealities
in the system, or by damping related to the geometry and the working environment.

6. Conclusions

The influences of material and geometrical properties on pull-in voltage and actuation
speed have been studied. Comparing results obtained by numerical simulations with trends
predicted from simple analytical formula, a similar tendency can be observed qualitatively.
The formula can provide a qualitative tendency, even if only a simple parallel plate actuator
is considered and compared to a more complex cantilever actuator. However, for quanti-
tative statements, numerical simulations are required. Based on COMSOL Multiphysics®

simulations, various results have been obtained for metallic cantilever actuators. If a short
actuation time is the goal, the most important dependencies are:

– Thicker cantilevers are acting faster;
– Shorter cantilevers are acting faster;
– Cantilevers with larger E are acting faster;
– Cantilevers with smaller ρ ratio are acting faster; and
– Higher step function voltages make the actuation faster.

However, if the cantilever thickness is increased, higher actuation voltages are also
required, which could be contra-productive, since electrical switching becomes slower with
larger actuation voltages.

Our simulations reveal that reducing actuation time and actuation voltage cannot
be obtained at the same time. However, optimizing the material is found to be efficient.
Different metals such as Au, Ag, Cu, Ti, Ni, Al, W, Cr, Ta, and Mo as well as artificial metals
are studied and compared. Aluminum is found to be an ideal material concerning the
improvement with respect to smaller pull-in voltages and shorter actuation times.

The calculated actuation times are found to be in the same order of magnitude as
experimental data from the literature. The trends obtained from numerical simulations
are also in agreement with the trends from analytical formula for MEMS cantilevers and
MEMS parallel plate actuators.
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