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ABSTRACT

In this paper a novel electrostatic MEMS combined shock
sensor and normally-closed switch is presented. The switch uses
combined attractive and repulsive forcing to toggle a cantilever
beam to and from the pulled-in position. The attractive force
is generated through a parallel plate electrode configuration and
induces pull-in. The repulsive force is generated through electro-
static levitation from a third electrode and serves to pull the beam
out of its pulled-in position. A triboelectric transducer converts
impact energy to electrical energy to provide voltage for the third
electrode, which temporarily opens the switch if enough impact
energy is supplied. Triboelectricity addresses the high voltage re-
quirement for electrostatic levitation. The multi-electrode sensor
also addresses the low current output from the generator because
it acts as an open circuit between the parallel plate and levitation
electrodes. A theoretical model of the switch is derived to ana-
lyze stability and the dynamic response of the cantilever. Thresh-
old voltages to pull-in and release the beam through repulsive
forcing is calculated. Output voltage plots from a prototype gen-
erator under a single impact are applied to the sensor-switch
model to demonstrate the working principle of the sensor-switch
is feasible.

∗Address all correspondence to this author.

INTRODUCTION
With increasing demand for high performance and techno-

logically advanced electronic devices, more efficient and reliable
sensors are needed to achieve the performance that has come to
be expected of new technology. Sensors play a vital role in these
devices by enabling them to interact with and acquire informa-
tion from the user, their environment, and from themselves. Be-
cause of the demand for fast, simple, and energy efficient elec-
tronic devices, microelectromechanical systems (MEMS) are of-
ten used as sensors for their fast response time, low bulk fabrica-
tion costs, and low power consumption [1].

MEMS have a tremendous range of applications and can be
used as sensors [2–4], switches [5, 6], energy harvesters [7–11],
signal filters [12–15], etc, or for multiple applications at once
[16, 17] (e.g. a sensor-switch). Many of these devices use elec-
trostatic actuation because it can be easily fabricated, consumes
minimal power, and can be integrated in electronic circuits with-
out much difficulty [1]. Traditional electrostatic actuation uti-
lizes a parallel plate capacitor configuration with electrostatic
forces pulling a movable electrode (typically a beam or plate)
towards a fixed one. This can cause the electrodes to collapse
if the voltage potential between them is high enough (pull-in).
For switches, this is desirable because it closes a circuit between
the electrodes if the contacting faces are conductive. Therefore
a MEMS switch can be toggled to closed by applying the pull-in
voltage between the electrodes. While pull-in is necessary for
switches, it is usually undesirable for sensors, which in many
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cases need the ability to move freely.
Some effort has been made to eliminate the pull-in instabil-

ity by exploiting electrostatic levitation [18–30]. This creates an
effectively repulsive force between the two electrodes instead of
an attractive one. Lee and Cho [18] first applied a similar con-
cept to a MEMS device in 2001 where they demonstrated that
two grounded electrodes would be pulled away from each other
when in close proximity to a charged electrode on their side. He
and Ben-Mrad flipped this design on its side to create out of plane
actuation [21]. This configuration, shown in Figure 1, has a beam
placed above a fixed electrode, both of which are grounded. Two
charged electrodes are placed on either side of the fixed elec-
trode and generate a net electrostatic force on the beam away
from the substrate. Because the electrostatic force is generated
through the fringe field, a very large voltage is needed to actuate
the beam. This requirement of high voltage can easily be satis-
fied by connecting the actuator to a triboelectric generator.

Triboelectricity has been investigated in recent years as a
possible transduction mechanism for converting mechanical en-
ergy to electrical energy because of its high energy conversion
efficiency and large voltage output [31–39]. Triboelectric charg-
ing occurs when two materials with different affinities to gain or
lose electrons are brought into contact with each other. Electrons
are passed from one material to another at the contact area to
equalize the potential at the interface. These materials retain their
charge even after the materials have been separated. Despite its
large voltage, the current produced is on the order of nanoamps.
However, the repulsive force electrode configuration from [21]
acts as a completely open circuit between the side electrodes and
beam/center electrode, requiring no current. This means the high
output voltage of a tribolelectric generator can be exploited for
this purpose without the downside of a low power output.

The working principle of a triboelectric generator (TEG) is
based on coupling between triboelectrification and electrostatic
induction [40]. A 3D model of the generator can be seen in Fig-
ure 2. The TEG consists of two aluminum electrodes (one fixed,
one free) and a PDMS insulator. The PDMS is mounted on the
fixed electrode with the exposed face machined to increase sur-
face area. The free electrode is also machined on one side with
a reverse pattern and mounted above the PDMS with a set of
springs or a clamped-clamped beam. When the generator re-
ceives an impact, the free electrode comes into contact with the
PDMS and triboelectric charges are created. After the impact, the
layers separate because of the springs and a potential difference
is generated between the two electrodes. If the two electrodes
are connected, the current will be induced through the wire to
equalize the voltage potential. If the electrodes are disconnected,
the PDMS retain its triboelectric charges, which allows the elec-
trodes to stay charged for a short period of time, such as in the
case of Figure 2.

In this paper a threshold shock sensor-switch is introduced.
The sensor consists of a triboelectric generator connected to a

FIGURE 1. REPULSIVE FORCE ELECTRODE CONFIGURA-
TION WITH CANTILEVER BEAM (BLACK), FIXED MIDDLE
ELECTRODE (GREEN) AND FIXED SIDE ELECTRODES (RED).
THE SIDE ELECTRODES ARE CONNECTED TOGETHER AND
TREATED AS A SINGLE, THIRD ELECTRODE.

MEMS cantilever with a repulsive-force electrode configuration
(Figure 1). A small bias voltage is applied between the beam
and center electrode to initiate pull-in (Figure 2a). The generator
is connected between the side and center electrodes and creates
a large voltage potential between them when the generator re-
ceives an impact. The amount of voltage the generator produces
is a function of the impact force magnitude, with a larger impact
generating more voltage. This creates a large repulsive force that
pulls the beam off of the substrate and opens the switch if the
impact force is large enough (Figure 2b). Dimples are placed on
the underside of the beam to reduce contact forces and prevent
the beam from sticking to the substrate. Over the course of a few
minutes the charge on the generator electrodes decays, which re-
duces the repulsive force until the switch pulls back in and closes
itself. The sensor-switch can be designed such that when the im-
pact force passes a threshold level, the switch is triggered and the
beam is released from its pulled-in position.

The contribution of this work is to demonstrate the feasibil-
ity of powering a repulsive-force MEMS switch with a triboelec-
tric generator that produces voltage from an impact to create a
combined sensor-switch system. The repulsive-force electrode
configuration allows for a very large dynamic range and can be
exploited to eliminate the pull-in instability in electrostatic sen-
sors. The triboelectric generator is capable of overcoming the
large threshold voltage to actuate the beam via the electrostatic
fringe field, and the multi-electrode repulsive-force sensor al-
lows the generator to remain completely open circuit, eliminating
the issue with low power output. This opens the possibility for
a wide range of novel sensors with increased performance and
functionality.

The organization of this paper is as follows: The next section
outlines the formulation of the governing equation of motion for
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FIGURE 2. LAYOUT OF THE IMPACT SENSOR. TOP SHOWS
SENSOR IN THE INITIAL CLOSE STATE PRIOR TO IMPACT. BOT-
TOM SHOWS SENSOR DURING IMPACT AS THE SWITCH IS
OPENED.

the cantilever. Then the switch is characterized by calculating the
threshold voltages needed to initial pull-in and release the beam.
Next, voltage curves are experimentally extracted from a proto-
type generator and applied to the model to simulate the beam
response. Lastly, our conclusions and future work are discussed
in the final section.

THEORETICAL MODEL
The beam is linear-elastic polysilicon with dimensions and

material properties given in Table 1. The beam is modeled us-
ing Euler-Bernoulli beam theory with geometric nonlinearities
ignored.

ρA
∂ 2ŵ
∂ t̂2 + ĉ

∂ ŵ
∂ t̂

+EI
∂ 4ŵ
∂ x̂4 + f̂e(ŵ) = 0 (1)

In Equation (1), ŵ is the transverse beam displacement, I is the
moment of inertia, and f̂e is the electrostatic force. The elec-
trostatic force is calculated numerically with an FEA simulation
in COMSOL, and a 9th order polynomial is fit to the data. Be-
cause the bias voltage between the cantilever and center elec-
trodes remains constant, the electrostatic force will not scale with
the square of the generator voltage. A new simulation and poly-
nomial fit must be performed for a different generator voltage

TABLE 1. BEAM GEOMETRY AND MATERIAL PROPERTIES

Parameter Symbol Value

Cantilever Length (µm) L 500

Beam Width (µm) b 10

Beam Thickness (µm) h 2

Beam-Electrode Gap (µm) d 2

Electrode Gap (µm) g 5

Electrode Width 1 (µm) b1 32

Electrode Width 2 (µm) b2 28

Electrode Thickness (µm) h1 0.5

Elastic Modulus (GPa) E 158

Density (kg/m3) ρ 2330

Poisson’s Ratio ν 0.22
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FIGURE 3. ELECTROSTATIC FORCE AS THE GAP BETWEEN
ELECTRODES (d) VARIES AT A 2.2 Vbias AND 0, 12, AND 30 Vside.
THE GREEN LINE INDICATES THE REST POSITION OF THE
BEAM. THE RESULTS ARE OBTAINED FROM COMSOL SIMU-
LATIONS

level. This means the polynomial coefficients are functions of
the generator voltage, which is continually changing in time. The
electrostatic force at 2.2 Vbias and several side voltages is shown
in Figure 3.

Equation (1) is non-dimensionalized using the substitutions
shown in Table 2, which gives the non-dimensional equation of
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TABLE 2. NONDIMENSIONAL SUBSTITUTIONS

Parameter Substitution

x-direction position x = x̂/L

z-direction position w = ŵ/h

Time t = t̂/T

Damping c∗ = ĉL4/EIT

Time Constant T =
√

ρAL4/EI

Force Constant r1 = L4/EIh

motion as

∂ 2w
∂ t2 + c∗

∂w
∂ t

+
∂ 4w
∂x4 + r1

9

∑
j=0

p jh jw j = 0 (2)

where p j are coefficients from the 9th order polynomial forcing
fit, and are functions of the generator and bias voltages. Equa-
tion (2) is then reduced into a set of coupled ordinary differential
equations (ODE) through Galerkin’s method. First, separation of
variables is performed on Equation (2), with the beam response
approximated as

w(x, t)≈
n

∑
i=1

qi(t)φi(x) (3)

where φi(x) are the mode shapes of the beam, qi(t) are the time
dependent generalized coordinates, and n is the number of de-
grees of freedom (DOF). The effect of the electrostatic force on
the mode shapes of the beam is neglected and thus the mode
shapes for a cantilever micro-beam are given in Equation (4).

φi(x) = cosh(αix)− cos(αix)−σi(sinh(αix)− sin(αix)) (4)

where α2
i are the non-dimensional natural frequencies, and σi are

constants that depend on the boundary conditions and mode. αi
and σi for the first three modes are obtained from [41].

Once the mode shapes are known, Equation (3) is plugged
into Equation (2), which yields a coupled set of n ODE’s for qi.

n

∑
i=1

(
φi

∂ 2qi

∂ t2 + c∗φi
∂qi

∂ t
+

∂ 4φi

∂x4 qi

)
+

r1

9

∑
j=0

p jh j

(
n

∑
i=0

qiφi

) j

= 0 (5)

To decouple the linear terms, Equation (5) is multiplied by
φk and integrated over the length of the beam, resulting in,

miq̈i + ciq̇i + kiqi + r1

9

∑
j=0

p jh j
∫ 1

0
φk

(
n

∑
i=0

φiqi

) j

dx = 0 (6)

where nonlinear terms remain coupled and,

mi =
∫ 1

0
φ

2
i dx ki = α

4
1 mi ci = c∗mi (7)

For a one mode approximation, Equation (6) becomes,

m1q̈1 + c1q̇1 + k1q1 +
9

∑
j=0

f jq
j
1 = 0 (8)

where

f j = r1 p jh j
∫ 1

0
φ

j+1
1 dx (9)

A one mode model is used because one DOF is a very good ap-
proximation of the system, as verified in our previous experi-
ment [28].

The damping coefficient is estimated using the quality fac-
tor, Q, and natural frequency, α2

1 .

c =
α2

1
Q

(10)

The quality factor is assumed to be 70. Once all terms are de-
fined, Equation (8) can be solved.
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SWITCH CHARACTERIZATION
First, the pull-in voltage for the cantilever is calculated. This

is the minimum required voltage for the switch to start in the
closed state. Since the cantilever and center electrode act as a
simple parallel plate actuator, the pull-in voltage can be calcu-
lated with the relationship shown in Equation (11).

Vpull =

√
8k1d3

27εA
(11)

where ε is the permittivity of air and A is the area of the under-
side of the beam. From Equation (11), the pull-in voltage should
be approximately 1.9 V. Therefore 2.2 V (Vbias) is applied be-
tween the beam and center electrode so that the starting position
of the switch is in the closed state. A voltage slightly higher than
the pull-in voltage is necessary for the switch to stay closed be-
cause the dimples (0.75 µm long) do not allow the beam to travel
the entire 2 µm gap. If the voltage is too low the beam will start
to pull-in, but the force will be too weak to hold it in the pulled
in position of -1.25 µm.

Next, the threshold generator voltage to open the switch
when given an initial bias of 2.2 V is calculated. This can be
estimated by calculating the potential energy and phase portrait.
If the voltage is too low the beam should have an unstable tra-
jectory in the phase plane. However, when the voltage exceeds a
threshold it becomes stable and wants to settle to an equilibrium
position somewhere above the substrate. The phase portrait will
then show a periodic orbit about the equilibrium point.

To calculate the potential energy, Equation (8) is integrated.
The damping has a small effect on the stability and is set to zero.
This yields,

m1
q̇1

2

2
+ k1

q2
1

2
+

9

∑
j=0

f j

j+1
q j+1

1 = H (12)

In Equation (12) the first term is the kinetic energy, while the
second two terms are the potential energy. H is the total energy
of the system, which can be varied to view various trajectories
in the phase portrait. Figure 4 shows the potential energy for the
case of Vbias = 2.2 V and Vside = 0V , showing the system will
pull in at this voltage.

To calculate the phase portrait, Equation (12) is rearranged
to solve for q̇1

2, which is a pair of nonlinear function of q1. The
separatrix can be calculated by setting H to be the potential en-
ergy (V) at a local peak (if one exists). For the case of Figure 4,
no such peak exists and the system remains unstable everywhere.
Figure 5 shows the phase plane trajectory of the beam starting at
rest for a bias voltage of 2.2 V.
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FIGURE 4. POTENTIAL ENERGY OF THE BEAM AS A FUNC-
TION OF TIP DISPLACEMENT AT Vbias = 2.2 V AND Vside = 0V .
THE RED LINE INDICATES THE SMALLEST POSSIBLE GAP BE-
CAUSE OF THE DIMPLES.
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FIGURE 5. PHASE PORTRAIT AT Vbias = 2.2 V AND Vside =

0V . THE RED LINE INDICATES THE SMALLEST POSSIBLE
GAP. THE MARKER SHOWS THE PULLED IN POSITION OF THE
BEAM AT -1.25 µm AND ZERO VELOCITY

Next, the side voltage is gradually increased until the system
becomes stable again. This occurs when the pulled-in position
of the beam (indicated in the phase portrait by the intersection
of the red line and zero velocity axis) moves inside of a closed
loop in the phase portrait. A loop in the phase portrait occurs
when a local minimum appears in the potential energy plot. If the
side electrode voltage is increased past a threshold, the potential
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FIGURE 6. POTENTIAL ENERGY AT Vbias = 2.2 V AND Vside =

12V . THE RED LINE INDICATES THE SMALLEST POSSIBLE
GAP. THE PULLED IN POSITION IS THE INTERSECTION OF THE
RED AND BLUE LINE. THE ARROWS SHOW THE BEAM SET-
TLING TO ITS NEW EQUILIBRIUM POSITION.
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FIGURE 7. PHASE PORTRAIT AT Vbias = 2.2 V AND Vside = 12V .
THE INLET SHOWS A ZOOMED IN PICTURE OF THE INTERSE-
TION AT ZERO VELOCITY AND -1.25 µm.

well will grow large enough to allow the beam to oscillate in a
stable orbit and the beam will release. Figures 6 and 7 show the
potential energy and phase portrait respectively when the side
electrode voltage is increased to 12 V.

As can be seen in the phase portrait (Figure 7), at side volt-
age of 12 V, the pulled-in position of the beam exists inside
a closed loop indicating the beam is now stable. This means,

0.45 0.5 0.55 0.6 0.65 0.7
Time [s]

-30

-20

-10

0

10

20

30

Vo
lta

ge
 [V

]

Actual Voltage
Approximate Step Voltage

FIGURE 8. OPEN CIRCUIT GENERATOR VOLTAGE RESULT-
ING FROM A SINGLE LIGHT IMPACT. THE VOLTAGE IS MEA-
SURED WITH A KEITHLEY 6514 ELECTROMETER. THE VOLT-
AGE OUTPUT CAN BE ESTIMATED AS A SERIES OF STEP IN-
PUTS.

neglecting stiction forces, only 12 V is necessary to open the
switch. Contact forces holding the beam in the pulled-in position
will inevitably increase this threshold, however it can be difficult
to estimate theoretically and thus its influence will be determined
through an experiment. The tribolelectric generator is capable of
producing voltages over an order of magnitude above the cal-
culated threshold. This allows the bias voltage to be increased
significantly to tune the sensitivity of the sensor. It also opens
the possibility of miniaturizing the generator to the millimeter or
even smaller scale, which is very attractive for MEMS sensors.
Both threshold voltages to close and open the switch have been
verified through integration of Equation (8).

RESULTS
Next, the generator output was experimentally extracted us-

ing a prototype triboelectric generator from [40]. The generator
was struck with a 1 lb weight to see the open circuit voltage pro-
duced from a single impact. Figures 8 and 9 show the voltage
plots for two separate impact tests.

In Figures 8 and 9 the voltage responds in two steps during
the impact. For the smaller impact (Figure 8) the first step is a
negative voltage, while for the larger impact (Figure 9) the first
step is a positive voltage. The reason for this difference is still
under investigation but does not significantly affect the operation
of the device. The delay between steps is relatively short at 10 ms
and 25 ms respectively. However, the beam response period is
less than 0.1 ms and therefore the short delay can not be ignored.

6 Copyright © 2018 ASME

Downloaded From: https://proceedings.asmedigitalcollection.asme.org on 07/12/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



0 0.05 0.1 0.15 0.2 0.25
Time [s]

0

20

40

60

80

100

Vo
lta

ge
 [V

]

Actual Voltage
Approximate Step Voltage

FIGURE 9. OPEN CIRCUIT GENERATOR VOLTAGE RESULT-
ING FROM A SINGLE HARDER IMPACT. THE HARDER IMPACT
RESULTS IN A HIGHER OUTPUT VOLTAGE. THE VOLTAGE IS
MEASURED WITH A KEITHLEY 6514 ELECTROMETER. THE
VOLTAGE OUTPUT CAN BE ESTIMATED AS A SERIES OF STEP
INPUTS.

In both cases, the voltage jump occurs in much less than 2 ms
(the sample rate of the electrometer) and is modeled as a step
input.

Both cases produced a voltage that was large enough to open
the switch. This is a result of the generator size, which has ap-
proximately 20 cm2 of contact area between triboelectric layers.
This means that even a light impact will produce enough volt-
age to open the switch. To tune the output voltage such that it
is closer to the threshold voltage level, a new, smaller generator
should be made so that lower level impacts will produce small
voltages that will not open the switch.

The voltage from Figures 8 and 9 decayed slowly back to
approximately zero over the course of a few minutes. This is
because the PDMS layer in the generator is an insulator and be-
comes charged during the impact. The consequence of this is
that the switch will stay in the open position for a few minutes
until the voltage decays enough for the beam to pull back into
the closed state. In this case the charge decay can be beneficial
because it allows the sensor to reset itself after being triggered.

The simplified step voltages are then applied to Equation (8)
to see the beam response. The generator output is not applied
directly to Equation (8) because the electrostatic force does not
scale with the square of the generator voltage. The voltage is ap-
proximated as a series of two steps so that the electrostatic force
only needs to be simulated at three voltage levels for each plot. If
the voltage is assumed to start at 0 V, then only two simulations
are necessary to achieve the stepped voltage response. The elec-
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FIGURE 10. BEAM TIP DISPLACEMENT FOR A SIDE VOLT-
AGE CORRESPONDING TO THE STEP VOLTAGE SHOWN IN FIG-
URE 8. THE FIRST VOLTAGE STEP IS AT TIME ZERO AND THE
SECOND VOLTAGE STEP IS AFTER 10 ms. THE GENERATOR
VOLTAGE IS ABOVE THE THRESHOLD AND THEREFORE THE
SWITCH IS OPERATING IN THE OPEN STATE.

trostatic force coefficients in Equation (8)), p j, become piece-
wise functions that change suddenly at each jump in Figures 8
and 9. For the dynamic beam analysis, the beam will start at its
pulled-in position and experience a jump in voltage at time zero
corresponding to the first step in Figures 8 and 9. Then it will
receive a second step to the final voltage after a short delay. The
beam responses are shown in Figures 10 and 11. In both cases,
the beam is released from its initial pulled-in position showing
the switch opens from the shock the generator experiences.

For the smaller impact (Figures 8 and 10) the beam first be-
gins to settle around -0.34 µm from the first voltage spike, then
jumps up to 0.37 µm after the second spike, which is its final
equilibrium position. The larger impact (Figure 11) moves the
beam to approximately 2 µm above the substrate from the first
spike, and to over 6 µm from the second spike. Because the
force is effectively repulsive, there is no voltage limitation on
the sensor. This means the sensor should remain mechanically
undamaged from a very large voltage spike, which could occur
from an unexpectedly large impact.

Because the delay between each voltage step is much longer
than the response period, the beam has time to settle to its static
position between the two voltage spikes. If the device is oper-
ated at very low pressure, this may not be the case. However, for
a quality factor of 70, the beam settles to its equilibrium point
in about 10 ms, which is roughly the time between voltage steps
in Figure 8. If the beam does not have time to settle to its equi-
librium position prior to the second spike, the operation of the
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FIGURE 11. BEAM TIP DISPLACEMENT FOR A SIDE VOLT-
AGE CORRESPONDING TO THE STEP VOLTAGE SHOWN IN FIG-
URE 9. THE FIRST VOLTAGE STEP IS AT TIME ZERO AND THE
SECOND VOLTAGE STEP IS AFTER 28 ms. THE GENERATOR
VOLTAGE IS ABOVE THE THRESHOLD AND THEREFORE THE
SWITCH IS OPERATING IN THE OPEN STATE.

device should not be affected in most cases.

CONCLUSION AND FUTURE WORK
In this paper a novel shock sensor-switch is presented. The

sensor uses a triboelectric generator to convert mechanical en-
ergy from an impact to an electrical signal that opens a switch
when the impact passes a threshold value. The switch consists
of a MEMS cantilever beam with a multi-electrode configura-
tion that can generate both attractive and repulsive forces on the
beam. The center electrode is given a small bias voltage to initi-
ate pull-in, and the side electrodes receive voltage from the gen-
erator. If the impact is large enough, the repulsive force from
the side electrodes releases the beam from pull-in and opens the
switch. After a few minutes the charge on the generator decays
and the switch resets to its closed state. The theoretical results
in this paper have shown that the levitation force is capable of
balancing the parallel plate electrostatic force when the beam is
in its pulled-in position without tremendously high voltage lev-
els. It has also been experimentally demonstrated that a tribo-
electric tranducer can generate voltages well above this thresh-
old level and will not immediately discharge when the generator
electrodes are left as an open circuit. This design opens the pos-
sibility for a new class of electrostatic sensor-switch, which has
functionality that would not be possible with traditional electro-
static actuation.

The future work entails fabricating the MEMS switch and

a new triboelectric generator, then testing to see if the generator
can toggle the switch from closed to open. More in depth analy-
sis of the switch, such as insertion loss, isolation, and reliability,
is needed to demonstrate it will work as a switch in practice.
Also, ways of reducing power consumption, such as eliminating
the need for the 2.2 V bias to create a completely self-powered
sensor, will be investigated.
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