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ARTICLE INFO ABSTRACT

Keywords: An interposer with a bistable structure and no internal stress can convert random environmental vibrations and
Vibration energy harvester efficiently transmit vibrational energy to micro-electromechanical systems vibrational energy harvesters (MEMS
Bistable . VEHs). However, with conventional methods, the MEMS VEH must be designed to match the interposer,
f:f;ﬁ;g conversion significantly limiting its design flexibility. This study presents an extended approach for broadening the recovery
Micro vibration bandwidth and efficiently transmitting acceleration to a MEMS VEH using a dual-beam frequency

conversion interposer (dual-beam-FCI). The MEMS VEH receives large acceleration induced by a snap-through
(ST) of a bistable beam. A comparison between the theoretically calculated energy required for ST and the
energy input during the vibration experiments revealed that ST occurred with less energy than that theoretically
calculated, regardless of the input frequency, i.e., even at low input frequencies of approximately 10-20 Hz.
Therefore, the dual-beam-FCI, which can be integrated into various MEMS VEHS, is useful for broadening the
recovery bandwidth and efficiently harvesting low-frequency vibrational energy, particularly in the range of
10-20 Hz. The dual-beam-FCI can generate large accelerations via ST without imposing design limitations on the
integrated MEMS VEH and thus shows applications for environmental energy harvesting using various MEMS
VEHs.

Electro Mechanical Systems

1. Introduction sensitivity to environmental fluctuations. Furthermore, MEMS VEHs,

which are fabricated using microfabrication techniques commonly used

Wireless sensors, which serve as independent sensor nodes and
collect various data from the Internet of Things (IoT), require compact
onboard batteries. However, conventional batteries are generally un-
suitable as power sources for sensor nodes that require long-term
autonomous operation. This is primarily because of their limited elec-
trical storage capacity and the high cost associated with battery
replacement [1-3].

Among the various types of energy harvesters (EHs) that convert
ambient energy directly into electrical energy, micro-electromechanical
system vibration energy harvesters (MEMS VEHs) have attracted
attention as potential power sources for autonomous sensor nodes. VEHs
offer notable advantages in terms of efficiency and versatility owing to
the relatively high energy density of vibrations and their reduced

* Corresponding author.
** Correspondence to: 1-5-1 Tenjin-cho, Kiryu, Gunma 376-0052, Japan.

in semiconductor processing, can be easily miniaturized. This renders
them highly promising compact power sources for small sensor nodes
requiring autonomous operation under diverse environmental condi-
tions [4-6].

MEMS VEH:s typically generate electrical power via the oscillation of
an oscillatory structure in response to ambient vibrations [7]. In
vibration-based energy harvesting, energy conversion efficiency can be
enhanced by matching the resonance frequency with the frequency of
ambient vibrations that induce resonance. Generally, the natural fre-
quency of a resonator is inversely correlated with its size. Consequently,
MEMS VEHs with volumes ranging from a few cubic centimeters to a few
cubic millimeters tend to resonate at high frequencies, typically
exceeding several hundred hertz [8]. However, many ambient
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vibrations observed in real-world environments fall within the
low-frequency range, which is generally below 100 Hz [9-12]. There-
fore, MEMS VEHSs cannot easily harvest vibrational energy efficiently.
To address this issue, various MEMS VEHs have been designed for
low-frequency operations [13-18]. However, further enhancement in
practical applications, such as size, integration, and production cost, is
necessary. Moreover, because the amplitude and frequency of environ-
mental vibrations fluctuate randomly over time, conventional MEMS
VEHs struggle to stably and continuously convert vibrational energy into
electrical energy.

To enhance the power generation efficiency of MEMS VEHS, studies
have proposed a novel approach that integrates a bistable structure
exhibiting nonlinear vibrations into the interposer, which is a compo-
nent that electrically and mechanically connects circuit boards to de-
vices such as MEMS VEHs [19-21]. Bistable structures are expected to
improve energy-conversion efficiency by transforming random vibra-
tions, including low-frequency vibrations in a general environment, into
a frequency that is close to the resonance frequency of the MEMS VEHs.
A bistable structure is characterized by the presence of two stable
equilibrium positions. Its vibrational behavior can be broadly classified
into two modes: intrawell oscillations, where motion remains confined
within a single potential well, and interwell oscillations, which involve
transitions between two potential wells and are also known as
snap-through (ST) [22-23]. Although chaotic vibrations are also pre-
sent, they occur only under highly specialized conditions and are
therefore not discussed in detail in this study. Interwell oscillations
include impulse vibrations due to ST. Because ST is driven by releasing
the potential energy inherent in the bistable structure, the resulting
acceleration is substantially independent of the amplitude and fre-
quency of the input vibration [24-26]. Therefore, by incorporating a
bistable structure into the interposer, a wide range of ambient vibrations
can be efficiently transformed and supplied to the MEMS VEH, thereby
enhancing its ability to efficiently harvest vibrational energy under
various environmental conditions [27].

Bistable structures are typically assembled using combinations of
small magnets or structures with internal stresses [28-32]. However,
interposer structures that incorporate magnets or internally stressed
components are not suitable for batch fabrication, assembly, and pack-
aging processes based on semiconductor/MEMS manufacturing tech-
nologies. This poses challenges in terms of miniaturization and mass
production, which are requirements for power sources in sensor nodes.
To address this issue, a vibrational energy conversion approach that
employs non-internal stress curved beams as bistable structures has been
proposed [33-36]. Because these beams can be fabricated using con-
ventional semiconductor manufacturing processes, they can be easily
batch-manufactured and assembled using MEMS VEHs [37-39].
Furthermore, in our previous study, using a structure without internal
stress, we observed that the oscillatory waveform of a MEMS VEH can
induce ST in a bistable structure, thereby efficiently supplying vibra-
tional energy to the MEMS VEH [40]. However, this approach, which
relies on the oscillatory structure of the MEMS VEH to induce ST,
significantly restricts its design flexibility.

In this study, we presented an extended approach using a dual-beam
frequency conversion interposer (dual-beam-FCI) that converts ambient
vibrational energy through a bistable structure and efficiently transmits
it to a MEMS VEH without constraining the design flexibility of the
MEMS VEH. In this method, MEMS VEHs based on various principles,
such as piezoelectric, electromagnetic, and electrostatic mechanisms,
can be simply integrated into the dual-beam FCI, enabling efficient en-
ergy harvesting from diverse vibration environments. To simulate the
function of the dual-beam FCI, we fabricated a dual-beam monolithic
structure (DBMS) comprising bistable and non-bistable beams, both free
from internal stress, with structures similar to those in the dual-beam-
FCI. By comparing the input and output accelerations through the
DBMS, we evaluated the acceleration transmission efficiency of the dual-
beam-FCIL. Table 1 presents spell-out forms of abbreviations.
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Table 1

Spell-out forms of abbreviations.
Abbreviation Definition
VEH Vibration energy harvester
MEMS Micro-electromechanical systems

Dual-beam-FCI Dual-beam frequency conversion interposer

DBMS Dual-beam monolithic structure as a model for Dual-beam-FCI
ST Snap-through

F-D curve Force-displacement curve

FEM Finite element method

2. Concept of this study

The vibrational behavior of the dual-beam-FCI was verified using the
DBMS. Fig. 1 shows conceptual images of the DBMS, which is a model of
the dual-beam-FCI. Although the power generation mechanism of MEMS
VEHs differs depending on the device, all MEMS VEHs have connection
points for transmitting the generated electrical energy and connecting it
mechanically. The dual-beam-FCI has two types of beams that convert
vibrations and an electrode that receives electrical energy from the
MEMS VEH and transmits it to an external circuit, such as an IC. The
MEMS VEH and dual-beam-FCI are connected via a connection point.
Input vibration, including impulse vibration (purple arrow in Fig. 1(A)),
induces nonlinear vibration using the ST of the first beam of the dual-
beam-FCI and linear vibration of the second beam. Input vibration
from the environment and output vibration converted by the two beams
are input to the MEMS VEH (red arrow in Fig. 1(A)). The ST of the first
beam induces considerable displacements and accelerations, the mag-
nitudes of which, in principle, are not correlated with the frequency of
the input vibration. Therefore, the first beam can transmit environ-
mentally induced vibration energy, which is a broadband random vi-
bration, to the second beam regardless of its frequency. In addition, the
vibration of the second beam induces ST of the first beam [40]. In other
words, input vibration from the environment and the vibrations of the
first and second beams exhibit a complex relationship, thus producing
output vibration.

Because the composite vibration induced by the complex interaction
between the first and second beams was input into the MEMS VEH, a
verification model with a structure mimicking the dual-beam-FCI was
developed to clarify the magnitude and frequency of the acceleration
input to the MEMS VEH. The verification model DBMS used in this study
has a first and second beam corresponding to the bistable first beam and
non-bistable second beam of the dual-beam-FCI, respectively (Fig. 1(B)).
The curved first beam was designed to buckle and function as a bistable
structure. An acceleration sensor was integrated at the location of the
MEMS VEH. We evaluated the acceleration of the frequency-converted
vibration input from the dual-beam-FCI to the MEMS VEH and the ac-
celeration transmission efficiency of the dual-beam-FCI using an accel-
eration sensor. To this end, the sensor measured the magnitude and
frequency of the vibration acceleration on the second beam of the DBMS
when an external vibration was applied to the DBMS.

3. Materials and methods
3.1. Modal analysis

The natural frequencies of the two beams in the DBMS were
measured via modal analysis using a finite element method (FEM),
which was performed using computer-aided engineering software
(COMSOL, Inc.; COMSOL Multiphysics 5.4). The FEM analysis model is
shown in Fig. 2. The DBMS had two oscillatory beams; the first being
curved and the second straight. The first beam had a thin film hinge part;
the thickness and length of which are 0.1 mm and I, respectively. The
initial displacement of the first beam was H. The value of I was set in
increments of 4 mm, ranging from 0 to 12 mm, and the value of H was
set in increments of 2 mm, ranging from O to 6 mm. Each model is
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Fig. 1. Conceptual image of dual-beam monolithic structure (DBMS) for simulating the dual-beam-FCI assembled to micro-electromechanical systems vibrational
energy harvesters (MEMS VEHs). (A) Schematic of energy harvesting system composed of dual-beam-FCI and MEMS VEH. (B) Schematic of DBMS, which is a model

of the dual-beam-FCI assembled to the acceleration sensor.
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Fig. 2. Analytical model of dual-beam-FCI. (A) Overall analytical model of DBMS. The unit in the figure is a millimeter. (B) Analysis conditions.

expressed using the values of I and H. For example, the model with a 4-
mm thin-film hinge part and 2-mm initial displacement is expressed as
[4H2. In the FEM analysis, the change in the vibration mode due to the
mass of the central part mimicking the MEMS VEH was evaluated by
changing the density of the central part of the second beam of the DBMS.
The densities of the central part were 1200 and 40,000 kg/m>. The
analysis results, natural frequency, and mode order for each model were
plotted using MathWorks Inc. (MATLAB 6.1). Furthermore, an analysis
was performed when the vibration of the second beam was suppressed

by setting the part covered by the green frame in Fig. 2(A) as a rigid
body, and the influence of the second-beam vibration on the vibration
mode of the DBMS was evaluated.

3.2. Fabrication

Among the models analyzed, four types of DBMS were manufactured
by unidirectional processing of polycarbonate plates. The DBMS was
fabricated by cutting a 5-mm-thick polycarbonate plate (PC 1600,
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TAKIRON Corporation) in one direction using an NC milling machine
(MDX-40A, Roland DG Corporation) and an end mill of diameter 2 mm.
By 5 mm thickness of PC, the DBMS bending caused by gravity is pro-
hibited. This processing method enabled the fabrication of a DBMS with
curved beams without internal stress. The structure for installation on
the vibrator is the same as that used in the literature [40].

3.3. Vibration experimental setup

The vibration characteristics of the fabricated DBMS were evaluated
through a vibration experiment using an acceleration sensor. The vi-
bration experimental system and the specifications of the sensor
(LIS3DH, STMicroelectronics, mass: 1.5 g) are shown in Fig. 3. The
DBMS with the acceleration sensor was fixed on an excitation shaker.
The vibration direction of the DBMS beam was perpendicular to the
direction of gravity; therefore, gravitational acceleration did not affect
the vibration of the DBMS beams. The acceleration sensor was fixed at
the center of the second beam of the DBMS. A 9.0-g weight was also
attached to the center of the second beam using double-sided tape. This
reproduced almost the same conditions as those of the analysis model, in
which the density of the central part was 40,000 kg/m°. An acceler-
ometer was attached to the excitation shaker, enabling the shaker to
reproduce the set maximum vibration acceleration amplitude through
feedback control.

The maximum acceleration amplitude set by the excitation shaker
software and the acceleration acquired by the acceleration sensor fixed
to the DBMS were different. In this experiment, the acceleration ac-
quired from the accelerometer was used as the input acceleration.

3.4. Evaluation of vibrational waveforms and frequency conversion

To determine a conversion function for the input vibration of the
DBMS, the acceleration of the output vibration was measured using an
acceleration sensor fixed to the second beam of the DBMS. The accel-
eration was measured when a 10-Hz vibration, which is a relatively low
frequency among the vibrations in the general environment, was input
to the I4H4 model. Previous studies have shown that the vibration en-
ergy recovery efficiency of a MEMS VEH with a bistable structure can be
improved by a sudden increase in acceleration caused by an ST [40].
Therefore, the vibration frequency and acceleration of the second beam
in the intra-and interwell oscillations near the ST of the DBMS were
measured. In addition, the acceleration was calculated using a fast
Fourier transform (FFT) to determine the main frequency.

3.5. Verification of acceleration transmission and amplification effect

To explain the effect of differences in the shape of the DBMS on the
output acceleration, the I4H2, [4H4, and I8H2 models were used and the
acceleration generated on the second beam was measured when the
input vibration frequency was fixed at 10 Hz and the input acceleration
varied from 0.1 to over 2.0 G. The accelerations measured by the

B
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accelerometer and acceleration sensor on the second beam of the DBMS
were compared. The root mean squares of both accelerations were
compared to evaluate the acceleration conversion function of the DBMS.

3.6. Dependency analysis of ST thresholds and theoretical comparison

To elucidate the relationship between the input vibration frequency
and the ST of the DBMS, the acceleration at which the DBMS induces the
ST was measured while varying the frequency of the input vibration. For
14H2, 14H4, I8H2, and I8H4, the frequency of the input acceleration was
changed from 10 to 40 Hz, and the input acceleration at which the ST
occurred was measured. In addition, to clarify the effect of differences in
mass on the second beam, the experiment was performed by attaching a
9.0 or 18.0-g weight to the second beam of the DBMS. The magnitude
and frequency of the input acceleration to the DBMS were measured,
and the effects of the differences in the shape of the DBMS and the mass
placed on the second beam on the ST were clarified.

To induce ST, input vibration energy is required to overcome the
potential barrier between stable equilibrium points. The efficiency of the
vibration power generation of the DBMS was evaluated by comparing
the ST generation acceleration calculated via the FEM analysis with the
ST generation acceleration of the DBMS obtained by the vibration
experiment. The analysis targeted four models, namely 14H2, 14H4,
I8H2, and I8H4. The potential energy required to induce ST was
calculated using the integral of the F-D curve. The input energy is the
kinetic energy generated when the input vibration acts on the weight of
the straight beam. As the input acceleration from the vibrator is a sine
wave, the acceleration a(t) can be expressed as

. 2
a(t) = Asm?t 1

Here, A is the acceleration amplitude, and T is the period. The
displacement x(t) is obtained by integrating a(t) twice with respect to
time assuming zero initial displacement and velocity, and is expressed
as:

2
x(t) = —A%sinz—;t 2

Because this is a periodic function and the direction of the applied
force reverses in half a cycle, the displacement-acceleration curve
expressed by Egs. (1) and (2) is integrated over an integration interval of
T/2, and the input energy per unit acceleration is calculated by multi-
plying it by the mass of the central part. The ST generation acceleration
is calculated by dividing the potential barrier by the input energy. The
ST generation efficiency of the DBMS is determined by comparing the
calculated ST generation acceleration with the ST generation accelera-
tion obtained from a vibrational experiment.

Acceleration sensor conditions

Direction of gravitation
(Vertical to the vibration axis)

Measurement range [G]:

+2 4 %8 * 16

Sensitivity [mg/digit]: 1,2,4,12
Resolution [bits]: 8,10, 12
Output data rage [Hz]: 5000
Bandwidth [Hz]: 2500

Fig. 3. Vibrational experimental system and condition. (A) Photograph of experimental system. The vibration axis is vertical to the direction of gravity. (B) Ac-

celeration sensor conditions.
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4. Results and discussion
4.1. Modal analysis

The FEM analysis was conducted using the analytical models of 16
dual-beam-FCIs with different I and H. The deformation shapes obtained
from the modal analysis under the resonance of the first and second
beams are shown in Fig. 4. When the first beam is in resonance, it ex-
hibits significant deformation, and the second beam exhibits consider-
able deformation. Although the second beam deforms during the
resonance of the first beam, the central part where the acceleration
sensor is integrated exhibits negligible vibration (Fig. 4(A)). By contrast,
during the resonance of the second beam, the central part of the second
beam, where the acceleration sensor is integrated, exhibits significant
deformation, whereas the first beam does not undergo significant
deformation (Fig. 4(B)). The modal analysis results show that the
vibrational deformation shapes of the dual-beam-FCI can be used to
identify the natural frequency that corresponds to each mode and beam
structure.

The modal analysis helps to determine the natural frequencies up to
the sixth mode. The natural frequencies and eigenmode numbers of each
model are shown in Fig. 5. The horizontal axis of the graph represents
the design parameter I or H for each model, and the vertical axis rep-
resents the resonance frequency of each eigenmode number. The color of
each plot corresponds to the eigenmode number. Regardless of the first-
beam geometry, the natural frequency of the second beam decreases as
the density at the center of the second beam increases (Fig. 5(A) and
(B)). Because a negative correlation exists between mass and natural
frequency, it was inferred that the models with a lower density at the
central part of the second beam exhibited higher natural frequencies.
However, when the second beam was actively vibrating, the mode
number of the first beam associated with the generation of the ST varied
depending on the central density of the second beam, although the
natural frequency remained almost unchanged (Fig. 5(C) and (E)).
Conversely, when the second beam did not vibrate, the natural fre-
quency of the first beam changed significantly (Fig. 5(D) and (F)). These
results show that in a two-degree-of-freedom vibrational system, where
the second beam is oscillating, the first beam responsible for generating
the ST is minimally affected by the presence of the integrated MEMS
VEH on the second beam. Therefore, in the proposed dual-beam-FCI
with two degrees of freedom, the first beam exhibits a considerable
displacement and high output acceleration accompanied by ST, without

A
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being significantly affected by the mass of the MEMS VEH integrated on
the second beam. This confirms that the proposed dual-beam-FCI does
not significantly affect the design of the MEMS VEH. The resonance
frequencies of each beam and the acceleration levels at which ST occurs
have been reported in a previous study [40]. In addition, it has been
shown that ST can occur at lower acceleration levels in models with
lower stiffness and smaller initial displacement. Furthermore, the tran-
sition process from intrawell oscillations to ST was experimentally
confirmed to be consistent with the analytical model. These results
indicate qualitative agreement between the analytical model and the
fabricated DBMS.

4.2. Evaluation of vibrational waveforms and frequency conversion

The acceleration output generated by the second beam of the DBMS
during intrawell and interwell oscillations was measured using the [4H4
model. The frequency of the input vibration was fixed at 10 Hz, and the
input acceleration was varied. The resulting oscillatory waveforms of
the output acceleration acquired using the acceleration sensor and their
corresponding FFT analyses are shown in Fig. 6. In Fig. 6(A), (B), and
(C), the horizontal axis represents the measurement time and the ver-
tical axis represents the acceleration measured by the acceleration
sensor. In the FFT results shown in Fig. 6(D), (E), and (F), the horizontal
axis represents the frequency of the output acceleration obtained from
the acceleration sensor, and the vertical axis represents the amplitude.

The time history response of the vibration and its FFT result when the
input acceleration is set to 2.0 G are shown in Fig. 6(A) and (D). Based
on visual observation, the vibration under this condition was identified
as intrawell oscillations without the occurrence of ST. Although the
acceleration waveform exhibited an approximately constant period and
amplitude, the oscillation was asymmetric. This asymmetry is attributed
to the first beam of the DBMS. Because the first beam is pre-curved to
function as a bistable structure, it induces asymmetric vibration when
the second beam undergoes oscillation. The FFT analysis reveals that the
dominant frequency is an input frequency of 10 Hz, as indicated by the
blue hatch in Fig. 6(D). In addition, a frequency peak is observed in the
range of 20-30 Hz, as indicated by the red hatch in Fig. 6(D). For
intrawell oscillations without an ST, the peak observed between 20 and
30 Hz is considered to be caused by the vibration of the second beam
because its stiffness is lower than that of the first beam.

The vibration time history response and FFT processing results when
the input acceleration is 2.7 G are shown in Fig. 6(B) and (E). Visual

B

e TN

Fig. 4. Resonance vibration shape of dual-beam-FCI in modal analysis. (A) Resonance vibration shape of first-beam. (B) Resonance vibration shape of second-beam.
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Fig. 5. Natural frequency of each beam of dual-beam-FCI in modal analysis. The colors of plots represent the eigenmodes. (A) The natural frequency of the second-
beam of dual-beam-FCI in modal analysis. The density of the central part is 1200 kg/m®. (B) The natural frequency of the second-beam of dual-beam-FCI in modal
analysis. The density of the central part is 40,000 kg/m®. (C) The natural frequency of the first-beam of dual-beam-FCI in modal analysis. The density of the central
part is 1200 kg/m®. The second-beam is vibrated. (D) The natural frequency of the first-beam of dual-beam-FCI in modal analysis. The density of the central part is
1200 kg/m®. The second-beam is not vibrated. (E) The natural frequency of the first-beam of dual-beam-FCI in modal analysis. The density of the central part is
40,000 kg/m>. The second-beam is vibrated. (F) The natural frequency of the first-beam of dual-beam-FCI in modal analysis. The density of the central part is
40,000 kg/m>. The second-beam is not vibrated. Detailed values of the natural frequencies are given in the Supplementary Material.
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Fig. 6. Time history and fast Fourier transform (FFT) spectrum of acceleration of the I14H4. (A) Time history with 2.0 G input acceleration. (B) Time history with
2.7 G input acceleration. (C) Time history with 3.0 G input acceleration. (D) FFT spectrum with 2.0 G input acceleration. (E) FFT spectrum with 2.7 G input ac-
celeration. (F) FFT spectrum with 3.0 G input acceleration. Blue hatch indicates vibration frequency that is close to input vibration from the excitation shaker. Red

hatch indicates the peak frequency of converted vibration by DBMS.

observation shows that this vibration condition induces ST, which is an
interwell oscillation in which the acceleration sensor moves between
stable equilibrium points. The time history response exhibits a nonlinear
waveform with a constant period and magnitude. FFT processing shows
that the largest frequency component of the vibration is 10 Hz, which is
the same as the input frequency (blue hatch in Fig. 6(E)). Peaks were
observed between 20 and 30 Hz, 30 and 40 Hz, and 50 and 60 Hz (red
hatch in Fig. 6(E)). This indicates that these multiple peaks are caused by
the nonlinear vibration of the ST of the first beam.

The vibration time history response and FFT processing results when
the input acceleration is 3.0 G are shown in Fig. 6(C) and (F). Visual
observations show that this vibration condition induces ST, and the
acceleration sensor undergoes interwell oscillations, transitioning be-
tween stable equilibrium positions. The time history of the acceleration
displays a nonlinear waveform. The FFT analysis shows that the domi-
nant frequency is 10 Hz, which corresponds to the input frequency (blue
hatching in Fig. 6(F)). Additional peaks were observed in the frequency
ranges of 20-30, 30-40, 40-50, and 55-65 Hz (red hatch in Fig. 6(F)).
Compared with the response under 2.7 G input acceleration, the number
of frequency peaks increased, and the relative magnitudes of these peaks
also changed. For example, although the third-largest acceleration peak
under 2.7 G was observed in the range of 30-40 Hz, under 3.0 G, it
shifted to the range of 55-65 Hz. These results indicate that interwell
oscillations involving ST produce multiple frequency peaks whose
magnitudes and orders vary with the amplitude of the input vibration.
This variation is attributed to the reduced frequency correlation be-
tween the input excitation and ST-induced vibration due to the
nonlinear dynamic behavior of the first beam.

This vibrational experiment shows that the frequency and peak
magnitude of the vibration generated by the second beam can be
determined by the magnitude of the input vibration, for both intrawell
and interwell oscillations generated by ST. Therefore, by designing a
dual-beam-FCI considering the magnitude of vibration in the environ-
ment and the resonance of the MEMS VEH, the vibration energy of the
peak magnitude can be applied to the MEMS VEH integrated on the

second beam, enabling efficient energy conversion from the vibration.

4.3. Verification of acceleration transmission and amplification effect

The output acceleration generated by the DBMS under different
input accelerations was measured using an acceleration sensor inte-
grated into the second beam of the DBMS. Fig. 7 shows the root mean
square (RMS) values of the output acceleration measured on the second
beam for the 14H2, 14H4, and I8H2 models at a constant excitation
frequency of 10 Hz with varying input accelerations. The horizontal axis
represents the RMS of the input acceleration measured by an acceler-
ometer directly integrated into the stage of the excitation shaker, and the

8 . .
—e—T4H2 I
—o14H4 '

6| ——ISH2 .

______ X=y

Output RMS acceleration [G]

Input RMS acceleration [G]

Fig. 7. Root mean square (RMS) accelerations of input and output vibrations in
each DBMS model. Arrows indicate the minimum input RMS acceleration that
caused ST.
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vertical axis represents the RMS values of the output acceleration
generated on the second beam of each DBMS in response to the corre-
sponding input acceleration.

At a low input acceleration, all DBMSs exhibited intrawell vibration,
and the output acceleration was approximately equal to the input. For
all models, a sharp increase in output acceleration was observed near the
ST. The output acceleration was consistently greater than the input ac-
celeration across all cases. Among the three models, I8H2 required the
lowest input acceleration to induce ST, and 14H4 required the highest.
Immediately after ST, I8H2 exhibited the smallest output acceleration,
and I4H4 exhibited the largest. This behavior could be attributed to the
combined effects of the interaction between the two beams. Specifically,
the coupled motion of the first and second beams led to an effective
amplification of the acceleration response at the sensor location. In
addition, since the acceleration sensor was mounted on the second
beam, the measured signal inherently included contributions from both
beams, resulting in a larger apparent output compared to the input.

Our previous study demonstrated that models with lower energy
barriers between stable equilibrium positions undergo ST at lower en-
ergy levels. Moreover, we observed that the magnitude of output ac-
celeration following ST correlated with the energy required for
transitioning between stable equilibrium positions [40]. The results of
this study support these findings. However, although a previous study
has reported output acceleration exceeding the input only immediately
after ST, the current measurements from acceleration sensors integrated
on the second beam consistently show output accelerations greater than
the input. This discrepancy can be attributed to the measurement loca-
tion. The previous study measured the acceleration from only the first
beam, whereas the present study measured the combined acceleration
resulting from the vibrations of both the first and second beams.
Consequently, the measured output accelerations in this study exceeded
those reported in previous studies. Therefore, integrating the MEMS
VEH onto the second beam, which induces the ST of the first beam,
enables the MEMS VEH to be subjected to significantly amplified
accelerations.

4.4. Dependency analysis of ST thresholds and theoretical comparison

The magnitude of the input acceleration at which ST occurred was
evaluated by varying the frequency of the input vibration. Four models
(14H2, 14H4, I8H2, and I8H4) were evaluated. The masses integrated at
the center of the second-beam had values 9.0 and 18.0 g. The magnitude
of the input acceleration that induced ST for each model under these two
masses is shown in Figs. 8(A) and 8(B), respectively. In the graphs, the
horizontal axis represents the frequency of the input vibration, and the
vertical axis indicates the input acceleration at which ST occurred.

The input acceleration at which ST occurred increased quadratically

A
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across all models. In the low-frequency domain, ST occurred at lower
input accelerations. Particularly in the frequency range below 20 Hz, all
models except [4H4 exhibited ST at input accelerations below 1 G.
Therefore, the dual-beam-FCI can generate high output accelerations
because ST occurs in a broadband low-frequency region below 20 Hz
and under low-acceleration conditions, rendering it highly suitable for
the recovery of vibrational energy, which is abundant in the
environment.

However, although a slight difference was observed in the required
acceleration for ST occurrence in the high-frequency domain across
different mass conditions, in the low-frequency domain, a greater inte-
grated mass led to lower input acceleration thresholds for ST occurrence.
This is attributed to the decrease in the natural frequency of the second
beam as the mass increases, resulting in high second-beam oscillations at
lower input frequencies, thereby facilitating ST. Therefore, adjusting the
mass of the MEMS VEH and the integrated weights on the second beam
of the dual-beam-FCI enables a more efficient recovery of vibrational
energy in the low-frequency range below 20 Hz, which exists in various
environments.

The input acceleration at which each model integrated a mass of
9.0 g at the center of the second beam induced ST was compared with
the theoretically calculated acceleration required for ST. The compari-
son results are shown in Fig. 9. The horizontal axis represents the fre-
quency of the input acceleration, and the vertical axis represents the
acceleration at the occurrence of ST. The experimental and theoretical
values are indicated by solid and dashed lines, respectively.

The experimental results show that the acceleration at which ST
occurs increases quadratically for all the models. This result aligns with
the theoretical values, which are proportional to the square of the fre-
quency, indicating that the ST in the DBMS varies approximately with
theoretical predictions. However, in the I[4H4 model, although both the
experimental and theoretical values exhibit quadratic trends, the dif-
ference between them is more pronounced than that in the other ge-
ometries. The 14H4 model exhibits ST at lower input accelerations than
those predicted analytically. Because the dual-beam-FCI is a two-degree-
of-freedom vibrational system comprising a curved first beam and
straight second beam, vibrational interactions in which the vibration of
the second beam improves or suppresses that of the first beam may
occur. Because the analysis in this study is based on the curve of the
reaction force obtained via steady-state analysis, it does not account for
vibrations specific to a two-degree-of-freedom system. Therefore, we
presume that the vibration of the second beam enhances that of the first
beam, resulting in lower experimental values than analytical values. In
other words, this is likely because the dynamic coupling between the
two beams is more pronounced in the I4H4 model, which the present
steady-state analytical model does not capture. As a result, the vibration
of the second beam can more effectively enhance that of the first beam.
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Fig. 8. Input frequency and generated acceleration when ST occurs. (A) Models with masses of 9.0 g on the central part. (B) Models with masses of 18.0 g on the

central part.
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This enhanced coupling reduces the effective threshold for ST, leading to
lower experimental values than those predicted analytically.

These results show that the acceleration required to induce ST is
determined by the potential barrier inherent to the bistable curved beam
and influenced by the frequency of the input acceleration. To induce ST,
sufficient input energy must overcome the potential barrier between
stable equilibrium positions. However, under periodic vibrations, the
magnitude of acceleration required for ST varies with input frequency.
Therefore, in two-degree-of-freedom systems such as the DBMS used in
this study, designing geometries that match the frequency and acceler-
ation ranges of vibrations present in the operating environment can
promote ST-inducing vibrations. This design strategy is expected to
broaden the frequency bandwidth for vibrational energy recovery in
MEMS VEHs.

5. Considerations for MEMS VEH integration

In this research, a 5-mm-thick PC plate was used as the DBMS ma-
terial to prevent the bending by gravity due to the high aspect ratio of
the structure. Generally, it is difficult to fabricate high-aspect-ratio
structure as the microscale compared with the millimeter scale. How-
ever, at the microscale, not only do body forces become less significant,
but recent advances in microfabrication technologies have also enabled
the realization of high-aspect-ratio structures [41]. Therefore, even for
microstructures incorporating MEMS VEH, it is reasonable to assume
that structural deformation is negligible and does not significantly affect
their vibrational behavior.

In a previous study, where acceleration was calculated as the second
derivative of the displacement waveform measured using a laser
displacement sensor, the output acceleration exceeded the input accel-
eration by up to 1.3 times only immediately after ST [40]. However, in
this study, direct measurement using an acceleration sensor revealed

that the output acceleration of the second beam consistently exceeded
the input acceleration under all conditions. Moreover, following ST, the
output acceleration was consistently more than 2-3 times greater than
the input acceleration. This indicates that the acceleration generated by
the second beam, which was mechanically coupled to the first beam, was
greater than that produced by the first beam only. Consequently, inte-
grating a MEMS VEH onto the second beam enables a more efficient
vibrational energy-harvesting strategy compared with the approach in a
previous study, where the oscillatory structure of the MEMS VEH was
used to trigger the ST of the first beam.

However, in a previous study, the use of a laser displacement sensor
to derive acceleration as the second derivative of displacement likely
introduced amplified noise in the high-frequency range. By contrast, the
direct measurement of output acceleration using an acceleration sensor
in this study ensured a more accurate acquisition and evaluation of the
output acceleration of the DBMS. Because the electrical output of a
MEMS VEH is proportional to the square of the input acceleration, the
proposed dual-beam-FCI in this study is expected to theoretically
improve power generation by a factor of over 4 [19]. In reality,
considering practical constraints such as structural damping, signifi-
cantly improving the amount of power generation to a theoretically
predicted value is challenging. However, the power generation effi-
ciency of MEMS VEHs can be improved without significantly changing
the total size of the generation device using the proposed structure,
which can be fabricated via semiconductor microfabrication processes.
While this study is limited to a millimeter-scale demonstration, future
work will focus on evaluating the applicability of the proposed structure
to micro- and nano-scale energy harvesting devices.

6. Conclusions

In this study, the vibrational energy transmission capability of a
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dual-beam-FCI was evaluated using a DBMS. Modal analysis shows that
the dual-beam-FCI can induce an ST without being significantly affected
by the mass integrated into the second beam. This indicates that the
dual-beam-FCI does not limit the design flexibility of the MEMS VEH.
The synthesized oscillatory waveform generated on the second beam
exhibited greater acceleration than the input acceleration, and the
output acceleration exceeded three times the input acceleration when ST
occurred. Because the power generated by the MEMS VEH is propor-
tional to the square of the input acceleration, the use of a dual-beam-FCI
is expected to improve the generation efficiency of the MEMS VEH
without significantly changing the total size of the generation device.
Furthermore, environmental vibrations with frequencies below 20 Hz,
which are commonly present in natural settings, can readily induce ST in
the first beam with less energy than that calculated theoretically.
Therefore, the dual-beam-FCI, which can generate large accelerations
via ST without imposing design limitations on the integrated MEMS
VEH, is highly suitable for environmental energy harvesting using
various MEMS VEHs. As future work, the proposed structure will be
scaled down to the micro- or nano-scale using semiconductor
manufacturing processes, and its applicability and effectiveness will be
evaluated.
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