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Abstract—Nonlinear MEMS resonator exhibits
two stable periodic vibrations with hysteresis at a sin-
gle excitation frequency. Badzey et al. reported that
the nonlinear MEMS resonator can be applied to a
memory device. Based on their results, we try to
demonstrate read and write operations of the mem-
ory device. In this paper, the read out operation of
the device is achieved via a current through capacitor
which is proportional to the displacement of MEMS
resonator in differential configuration. Through the
experiments and numerical simulations, the write op-
eration is also performed by a displacement feedback
control.

1. Introduction

Micro-electro-mechanical systems (MEMS) devices
contain both electrical and mechanical components
at the micron-scale dimensions [1]. Among many
MEMS devices, we focus on MEMS resonators which
have been studied as sensor elements, filters, and fre-
quency references [1]. Because of hardening nonlinear
stiffness, MEMS resonators are known to have non-
linear frequency responses at large amplitude excita-
tion [1, 2]. MEMS resonators exhibit hysteresis char-
acteristics at an up and down sweep of frequency and
have two stable vibrating states at a single frequency
in the hysteresis region [1, 2]. Badzey et al. indicated
that these nonlinear MEMS resonators can be used
as a mechanical 1 bit memory device [3]. Based on
their results, we study read and write operations of
the memory device.

The memory device consisting of MEMS resonator
has two advantages. One is the power consumption of
the device. It becomes principally lower than CMOS-
based memories when it is fabricated in nano-electro-
mechanical systems technology [4, 5]. The other is
the possibility to develop an active MEMS memory.
It allows parallel logic circuits in a single mechanical
resonator [5].

For the memory device in micro- and nano-
electromechanical resonators [3, 4, 6, 7], the write op-
eration corresponds to a switching of two stable peri-
odic vibrations. Recently, Unterreithmeier et al. dis-
cussed a switching between two coexisting stable states
in a nonlinear MEMS resonator at a fixed excitation

frequency [7]. They applied a radio-frequency pulse to
bring one stable state to the other. Their results mo-
tivated us to find other appropriate continuous con-
trol methods for the practical use based on feedback
control. Through the experiments and numerical sim-
ulations, it is found that the switching is achieved be-
tween two coexisting stable states by a displacement
feedback control.

On the other hand, for the displacement feedback
control, the real-time displacement measurement is re-
quired. We propose the measurement by a self-sensing
method for the combined structure of actuator and
sensor in a MEMS resonator. The self-sensing can be
a solution for the integration and the simplification of
whole system [8, 9]. From this standpoint, we con-
firm a self-sensing method as a measurement of the
current through capacitor which is proportional to the
displacement of MEMS resonator. The displacement
measurement also implies the read operation of mem-
ory device.

The overview of this paper is organized as follows.
In Sec. 2, a fabricated MEMS resonator is presented.
Sec. 3 explains the details of the displacement mea-
surement as the read operation in the MEMS res-
onator. In Sec. 4, we introduce the switching control
as the write operation. Sec. 5 summarizes this paper.

2. MEMS resonator

As for a MEMS resonator, a comb-drive resonator
is designed and fabricated to obtain hysteretic charac-
teristics during the up and down sweep of frequency
as shown in Fig. 1 [10, 11]. Fig. 1 shows a perforated
mass suspended by springs, which are connected to an-
chor [10, 11]. When the MEMS resonator is excited,
the mass vibrates only in x-direction.

When the mass vibrates, the capacitance changes
with relations

C1 = 2εN
h(l + x)

d
, C2 = 2εN

h(l − x)

d
, (1)

where C1 denotes the capacitance of the right elec-
trode, C2 the capacitance of the left electrode, x the
displacement, d (= 3 µm) the gap between the fingers,
l (= 100 µm) the initial overlap between the fingers,
ε (= 8.8541× 10−12 F/m) the permittivity, N (= 39)
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Figure 1: Schematic diagram of fabricated MEMS res-
onator.

Figure 2: Switching and measurement system.

the comb number, and h (= 25 µm) the finger height.

3. Read operation

In this section, we explain a displacement measure-
ment of comb-drive resonator by using the differential
measurement [12] as the read operation of memory de-
vice consisting of the nonlinear MEMS resonator.

In the measurement, the excitation force F is ob-
tained by the following equations:

F =

(

∂C1

∂x

)

V 2
1

2
+

(

∂C2

∂x

)

V 2
2

2

= 4εN
h

d
Vdcvac sin 2πft, (2)

where V1 (= Vdc + vac sin 2πft) denotes the applied
voltage to the right electrode, V2 (= Vdc−vac sin 2πft)
the applied voltage to the left electrode, and f the
excitation frequency. In the experiments, the dc bias
voltage Vdc and the ac excitation amplitude vac are
set at −0.15V and 0.7V in room temperature with a
vacuum at 10Pa.

The sum of the current through the right and left ca-
pacitor i is converted to the output voltage Vout by two
operational amplifiers. The first stage operational am-
plifier works as the current-to-voltage (I-V) converter
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(b) Oscillogram of two stable pe-
riodic vibrations at 9.0668 kHz.

Figure 3: Displacement measurement by differential
configuration (experimental results).

and the second as the inverting amplifier. When the
displacement x(t) is assumed as A0 sin(2πft + φ), the
output voltage Vout becomes

Vout = R
R2

R1

i = R
R2

R1

(

∂(C1V1)

∂t
+

∂(C2V2)

∂t

)

= 8πfR
R2

R1

εN
h

d
vacA0 sin(4πft + φ), (3)

where A0 and φ denote the amplitude and the phase
of the displacement. The resistors R, R1, and R2 are
set at 1MΩ, 1 kΩ, and 100kΩ, respectively. We can
confirm that Vout depends on both the amplitude A0

and the phase φ of the displacement x. The frequency
of the output voltage becomes twice to the excitation
frequency f .

Figure 3(a) depicts the experimentally obtained fre-
quency response curve of Vout. The red and aqua lines
show the response at the up and down sweep of fre-
quency, respectively. It was found that the MEMS res-
onator has hysteresis characteristics to frequency and
two stable states coexist in the hysteresis.

Figure 3(b) shows the oscillogram of two stable peri-
odic vibrations at 9.0668kHz. In Fig. 3(b), the red and
aqua lines are obtained by the average of 16 times mea-
surements. We confirmed that the amplitude and the
phase of these vibrations are obviously distinguished.
In the following experiments, the excitation frequency
is fixed at 9.0668kHz.

4. Write operation

In this section, we discuss the switching operation
between two coexisting states as the write operation
of memory device. The results in Sec. 3 provided that
the fabricated MEMS resonator has two stable peri-
odic vibrations. When we consider the set of initial
conditions sampled by the period of the periodic exci-
tation, the basins of attraction for the two stable solu-
tions are completely separated by stable manifolds for
an unstable solution [13]. We aim for smooth switch-
ing between two stable periodic vibrations at a fixed
excitation frequency.
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4.1. Experimental result

Here, the switching operation between two coexist-
ing states is experimentally discussed by a displace-
ment feedback control at a fixed excitation frequency.
The feedback control is based on the output voltage,
which is returned as a proportional signal to the dis-
placement (see Fig. 2). However, the control input
must avoid the influence to measurement. It should
be noted that the excitation force F depends on both
the ac and dc voltages but the output voltage Vout does
not on the dc voltage as in Eqs. (2) and (3). The fea-
ture makes it possible that the control input is applied
as a slowly changed dc voltage to MEMS resonator.

Figure 2 is the proposed switching system between
two vibrations by the displacement feedback control
to the MEMS resonator. The output ac voltage Vout

is converted to the square average dc voltage V 2
ave by

an analog multiplier and a low pass filter of the oper-
ational amplifier.

The control input ud is given as a slowly changed dc
voltage by

ud = −Vref + KV 2

ave, (4)

where K denotes the feedback gain and Vref the ex-
ternal reference signal. The external reference signal
is set as K|V L

out|
2 and K|V S

out|
2 when the state is re-

quested to switch to the large and small amplitude vi-
bration, respectively. Here, V L

out and V S
out correspond

to the targeted output voltage for the large and small
amplitude vibrations. The feedback gain is set at 5.1.
As a result, the excitation force F is given with the
control input ud by

F = 4εN
h

d
(Vdc + ud)vac sin 2πft. (5)

Figures 4(a) and 4(b) show the vibrations switched
by the feedback input ud. In these figures, aqua and
purple lines correspond to the output voltage Vout and
the control input ud, respectively. The control in-
put was applied at 1 s from the beginning of the os-
cillogram. Figs. 4(a) and 4(b) show the result of the
switching from small to large amplitude vibrations and
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(a) Switching from small to
large amplitude vibration.
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Figure 4: Switching between two stable periodic vi-
brations (experimental results).

from large to small, respectively. In Figs. 4(a) and
4(b), it was observed that the state converged to small

and large amplitude periodic vibrations in the comb-
drive resonator, respectively. After the switching was
completed, the control input ud became null.

4.2. Numerical result

It was shown that a MEMS resonator can be a dy-
namic memory device. For the write operation, the
memory device exhibits the convergence to the steady
state experimentally. Here, we discuss the transient
behavior using numerical simulations at the low noise
condition in the measurement and the switching.

The motion of the MEMS resonator with non-
linearity is given by the following non-dimensional dif-
ferential equations [14]:















dx

dt
= y,

dy

dt
= −

y

Q
− x − α3x

3 + (ke + u) sin ωt,

(6)

where x denotes the resonator displacement, y the dis-
placement velocity, u the control signal, ω (= 1.02) the
excitation frequency, Q (= 282) the quality factor, α3

(= 3.23) the coefficient of cubic correction to the lin-
ear restoring force, and ke (= 0.001) the amplitude
of the excitation force. The parameter settings are
due to Ref. [14] because the same device is assigned as
shown in Fig. 1. Fig. 5 shows the simulated frequency
response curve of the resonator, which has two stable
solutions and an unstable solution.

According to the experimental method, the control
signal u is given as the following equations:

u = K∗(Aref − A2

ave), (7)

A2

ave =
A2

1 + A2
2 + · · · + A2

m + · · · + A2

M

M
, (8)

where K∗ denotes the feedback gain, Aref the external
reference signal of amplitude, m natural number, M
the average number, and Am the displacement ampli-
tude of the previous m period within 1 ≤ m ≤ M .
Then, A2

ave is the average of A2
m. We set K∗ at 0.05

and so do M at 100. When the state is switched to
the large and small amplitude vibration, the external
reference signal Aref is set at (AL

out)
2 and (AS

out)
2, re-

spectively. Here, AL
out and AS

out show the target of
amplitude to the large and small vibrations.

Figures 6(a) and 6(b) depict the time evolution
from small to large vibration and from large to small,
respectively. In these figures, the purple and aqua
plots correspond to the control signal and the displace-
ment, respectively. We can find the similarity of nu-
merical results in Figs. 6(a) and 6(b) to experiments
in Fig. 4.

Figure 6(c) shows the obtained trajectories in the
phase space. In the figure, the white and black regions
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show the basins of two stable solutions [15] without
control signal in Eq. (6). Every initial state obviously
corresponds to the convergence to small (white) and
large (black) amplitude solutions. The aqua and red
points imply the loci of stroboscopic states from small
and large vibrations, respectively. It should be noted
that the states slowly transfer from small to large am-
plitude solutions and from large to small. These loci
of stroboscopic states appear along unstable manifolds
of an unstable saddle. Therefore, the feedback gain
should be enough for the loci of stroboscopic states
to pass across the unstable manifolds. Fig. 6(c) shows
that there exist the points of intersection of these loci.
The active MEMS memory may allow the rewrite op-
eration when the vibrating state is the transient state
near these points. It will be a new research target. We
are currently investigating the detail transient behav-
ior.
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Figure 5: Frequency response curve (numerical result).
The red lines show two stable solutions and the blue
line an unstable solution.
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Figure 6: Switching between two stable periodic vi-
brations (numerical results).

5. Concluding remarks

This paper experimentally realized the read and the
write operations of the memory device consisting of the
nonlinear MEMS resonator by the self-sensing method
and the displacement feedback control. Furthermore,
the transient behavior was numerically investigated in
the write operation. As a result, we confirmed the
requirement of the feedback gain and the possibility of
the rewrite function. The controlled transition of the
state of device will give us another possible design of
memory at their active operation.
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