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A B S T R A C T

The generating efficiency of an micro electro mechanical system vibrational energy harvester (MEMS VEH),
which converts vibrational energy into electrical energy, is maximized at resonance. However, because the
resonance frequency of an MEMS VEH is an order of magnitude higher than the vibrational frequency in the
environment and not only has a high Q value, but the frequency of vibration in the environment changes
randomly, it is difficult for MEMS VEHs to harvest vibrational energy efficiently. In this study, we propose a
method to improve the generation efficiency of MEMS VEHs using a Frequency Conversion Interposer (FCI) that
vibrates nonlinearly with its bistable no-internal stress curved-beam. As a simulation model combining FCI with
the MEMS VEH, we fabricated a Two-Dimensional Monolithic Structure (TDMS) with a curved-beam and a
straight beam that mimicked the FCI and oscillatory structure of the MEMS VEH, respectively. It was observed
that the vibration of the straight beam induced snap-through (ST) of the curved-beam of the FCI, and the
measured acceleration was more than 1.3 times the applied acceleration applied from the FCI to the MEMS VEH.
As the power generation of the MEMS VEH is proportional to the square of the applied acceleration, the FCI is
useful for improving the generating efficiency of the MEMS VEH.

1. Introduction

Wireless Sensor Networks (WSN) are being constructed to realize an
Internet of Things (IoT) society that shares, analyzes, and feeds back all
information in the living environment, making society safe and efficient
[1–3]. WSNs are constructed using wireless sensors on the order of
trillions [4]. Because many wireless sensors must function as sensor
nodes independent of the power source, a small power source (battery)
must be mounted on the wireless sensor. However, conventional
rechargeable or replaceable power sources (batteries) have low dura-
bility and high replacement costs, making them difficult to use as sensor
node power sources that require long-term autonomous operation.

Energy Harvesters (EH) that directly retrieve energy from the envi-
ronment and convert it into electrical energy have been developed with

the aim of applying them to batteries mounted on sensor nodes [5]. The
general power sources for EH are light [6], heat [7], electromagnetic
waves [8], and vibrations [9]. Photovoltaic power, such as solar power,
is widely used as a renewable energy source. Although the energy
density of sunlight is up to 15mW/cm3, there are significant restrictions
on the usage environment such as weather and location [10]. In addi-
tion, there are problems with the use environment and low energy
density for thermal energy harvesters that generate power owing to
temperature differences and electromagnetic wave power generation
that generates power owing to communication waves. However, vibra-
tion occurs in various environments where the use of sensor nodes is
assumed, such as the human body, home appliances, buildings, and
industrial equipment, and is less affected by weather; thus, the vibration
power generation method has high versatility compared to other power
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generation methods. In addition, its vibrational energy density is higher
than that of other energy sources in the environment [11]. Therefore,
Vibration Energy Harvesters (VEH) with advantages in versatility and
energy density are actively being conducted [12,13]. VEH, which gen-
erates power by vibrating an oscillatory structure with a mass point,
includes piezoelectric type that generates power by the piezoelectric
effect that occurs when a piezoelectric body deforms and distorts [14],
electromagnetic induction type that generates power by the change in
electric field caused by the relative motion of a magnet and coil [15,16],
friction type that generates power by the charge movement caused by
the difference in charge column when two materials are contacted [17],
electrostatic induction type that generates power by the charge move-
ment associated with the change in electrostatic capacity due to the
change in the gap of opposing electrodes [18], and various power gen-
eration methods such as hybrid type that combines multiple mecha-
nisms [19,20]. In recent years, it has been developed using
semiconductor/microelectromechanical systems (MEMS) fabrication
technology, which is excellent for miniaturization, integration, andmass
production. VEHs manufactured with these technologies are called
MEMS VEH [21–23]. Microelectromechanical systems (MEMS) VEH,
which are easy to miniaturize, enhance functions, and reduce costs/high
throughput compared to other VEHs, are gaining attention as power
sources for integration on sensor nodes. The generating efficiency of the
MEMS VEH is maximized at the resonance of the oscillatory structure,
and the generating efficiency without resonance is one-tenth that at
resonance; therefore, to improve the generating efficiency of the MEMS
VEH, the natural frequency of the oscillatory structure is adjusted ac-
cording to the input frequency [24,25]. However, even when various
methods are used, the resonance frequency of the MEMS VEH is still an
order of magnitude higher than the vibrational frequency in the envi-
ronment. Additionally, it has a high Q value, and efficient energy con-
version using resonance phenomena is difficult. Furthermore, because
the frequency of vibrations in the environment changes randomly, it is
extremely difficult for existing MEMS VEH to efficiently convert the
vibrational energy in the environment.

Generally, it is expected that the generation efficiency of the MEMS
VEH can be improved by integrating a bistable structure that vibrates
nonlinearly to the interposer, connecting the MEMS VEH and the circuit
board, and converting random vibrations in the environment [26]. The
vibration of a bistable structure with two stable equilibrium positions
exhibits intrawell oscillations that do not involve movement between
stable equilibrium positions, chaotic vibrations that involve movement
between stable equilibrium positions called snap-through (ST) that
vibrate nonlinearly, and interwell oscillations that vibrate linearly be-
tween stable equilibrium positions [27]. In particular, in chaotic vi-
brations and interwell oscillations, impulse vibrations due to ST, which
involve changes in stable equilibrium positions, occur continuously.
Because ST occurs due to the potential energy possessed by the bistable
structure, the magnitude of the acceleration resulting from ST does not
correlate with the acceleration and frequency of the applied vibrations
from the environment. By applying a bistable structure to the interposer
that connects the MEMS VEH and circuit board and converts random
vibrations in the environment into impulse vibrations, it is expected that
various environmental vibrations can be converted and efficiently sup-
plied to MEMS VEH without being affected by the frequency of the
applied vibrations. A bistable structure is mainly constructed by
assembling small magnets and spring structures with internal stress
[28–31]. However, an interposer structure constructed by combining
multiple elements, such as magnets and springs, is not suitable for batch
fabrication, assembly, and packaging processes using semi-
conductor/MEMS processing technology, and there are challenges in the
miniaturization and mass production required for sensor node power
sources.

In this study, we propose a method to improve the generation effi-
ciency of existing MEMS VEH by combining a Frequency Conversion
Interposer (FCI) with a bistable structure and a no-internal stress curved-

beam. The proposed FCI only has planar and no-internal stress curved-
beams. Thus, they can be fabricated and packaged using existing semi-
conductor/MEMS processing technology, making them suitable for
miniaturization and mass production of sensor nodes [32–35]. In this
study, we demonstrate the usefulness of the proposed FCI for improving
the generating efficiency of MEMS VEH using a two-dimensional
monolithic structure (TDMS) with a curved-beam of FCI and a simu-
lated oscillatory structure of a MEMS VEH. Specifically, we fabricated a
TDMSwith a curved-beam of FCI and a simulated oscillatory structure of
a MEMS VEH and evaluated the acceleration conversion function of the
FCI. First, we analyzed the bistable characteristics depending on the
shape of the curved-beam of the TDMS by elucidating the
force-displacement curve (F-D curve) using the finite element method
(FEM). Next, we fabricated the TDMS, which is a two-dimensional
planar structure, by machining in one direction. Finally, when the vi-
bration was applied to the fabricated TDMS, the acceleration of the
converted vibration applied to the mimicking part of the MEMS VEH
was measured using a no-internal stress curved-beam. By comparing the
applied acceleration from the environment and the acceleration con-
verted by the FCI, which determines the electrical power generated by
the MEMS VEH, we evaluated the acceleration conversion function of
the FCI. The definition of abbreviations is shown in Table 1.

2. FCI evaluation using TDMS

The power generation device that combines the FCI with a no-
internal stress curved-beam, which is a bistable structure, and the
MEMS VEH with an oscillatory structure is a two-freedom vibration
degree system with two vibration parts. In this study, we applied peri-
odic vibrations to the TDMS that modeled this combined power gener-
ation device and evaluated the vibration conversion function of the no-
internal stress curved-beam of the FCI. Interposers are used in various
electronic devices to connect electronic components such as semi-
conductors and circuit boards. A normal interposer is a no-deformable
substrate integrated with an electrical circuit using a microfabrication
process normally used for fabricating semiconductors [36]. In the pro-
posed method, by using the FCI, which is an interposer with a deform-
able no-internal stress curved-beam, the acceleration of ST due to the
nonlinear vibration of the FCI induced by vibrations from the environ-
ment is applied to the MEMS VEH without significantly deviating the
device manufacturing/packaging process and device size from the
general size. Additionally, by making the FCI shape that can be manu-
factured in one direction, it is possible to mass-produce and integrate it
with electrodes using semiconductor processing technology, similar to a
regular interposer.

In the power generation mechanism of the power generation device
composed of the MEMS VEH and FCI, first, the vibration input from the
environment induces the ST of the no-internal stress curved-beam of the
bistable structure of the FCI, and the acceleration due to the ST is applied
to the MEMS VEH. Next, the oscillatory structure of the MEMS VEH
generates electrical power by vibrating owing to the ST. Fig. 1 shows a
schematic of the TDMS, which is a model that combines the MEMS VEH
and FCI. The MEMS VEH has a mass point (Mass), oscillatory structure,
and connection parts (electrical and mechanical connection points) that
transmit electric energy to other parts. The FCI has an electrode that

Table 1
Definition of abbreviations in this paper.

Abbreviation Definition

VEH Vibration energy harvester
FCI Frequency conversion interposer
TDMS Two-dimensional monolithic structure
ST Snap-through
F-D curve Force-displacement curve
FEM Finite element method

H. Ueno et al.
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receives electrical energy from the MEMS VEH and transmits it to other
parts and a no-internal stress curved-beam that converts vibrations from
the outside to nonlinear vibrations. The MEMS VEH and FCI were con-
nected at the electrical and mechanical connection points, as indicated
by yellow circles. The applied external vibration, including the impulse
vibration (white arrow in Fig. 1(A)), is converted in both magnitude and
period by the ST of the no-internal stress curved-beam of the FCI (green
arrow in Fig. 1(A)). The converted vibration generated the vibration of
the mass point of the MEMS VEH and electrical power (blue arrow in
Fig. 1(A)). The ST of the no-internal stress curve-beam causes large
displacements and accelerations, and its magnitude does not correlate
with the vibration frequency of the vibration from the environment.
Therefore, it is expected that the FCI with a no-internal stress curved-
beam can efficiently supply vibration energy in the environment,
which is a wideband random vibration, to the MEMS VEH regardless of
its frequency. Because the vibrations indicated in green and blue
mutually influence each other through a complex mechanism, we
created a verification model to directly demonstrate and evaluate the
vibration phenomena. The verification model TDMS used in this study
has a mass part that mimics the oscillatory structure with the mass point
(Mass) of the MEMS VEH, a solid part that is the nondriving part of the
MEMS VEH, and a curved-beam that mimics the no-internal stress
curved-beam of the FCI (Fig. 1(B)). The acceleration characteristics of
the converted vibration applied from the FCI to the MEMS VEH were
clarified by measuring the vibration of the solid part of the TDMS when
the vibration was applied from the outside to the TDMS with a laser
displacement sensor. Through these verifications, the effectiveness of
the FCI on the power generation efficiency of the MEMS VEH was
evaluated.

3. Structural mechanics analysis

The Finite Element Method (FEM) was used to evaluate the vibra-
tional characteristics of TDMS. The FEM was performed using computer
aided engineering software (COMSOL, Inc.; COMSOL Multiphysics 5.4)
to verify the bistability of the TDMS. The designed shape and material
properties of the TDMS are illustrated in Fig. 2. The TDMS has two
oscillatory structures: a curved-beam with an initial displacement H and
a second beam, which is a parallel beam, within an approximately
50 mm square (Fig. 2(A)). The curved-beam had a thin film hinge, the
length of which is shown I (Fig. 2(B)). In addition, the initial displace-
ment of the curved-beam is H. The value of I was designed in 4 mm
increments from 0 to 8 mm, and H was designed in 2 mm increments
from 0 to 4 mm. Each model is described using the values of I and H. For
example, a model with a thin film hinge part length I of 4 and an initial
displacement H of 2 is described as I4H2. The material properties of
polycarbonate, which is a TDMS material, are shown in Fig. 2(C). In the
analysis, both sides of the TDMS model were fixed, and the reaction
force of the TDMS was calculated from the applied force when a pre-
determined displacement was made at the tip of the TDMS. A F-D curve
was also plotted. In the F-D curve, the displacement and reaction force
are on the horizontal and vertical axes, respectively. The F-D curve of a
typical bistable structure is shown in Fig. 3. The F-D curve of a typical
bistable structure has six characteristic values. The maximum reaction
force and its displacement against deformation are ftop and dtop,
respectively. When the reaction force is zero, it is dmid. The maximum
values of the reaction force that occurred in the same direction as the
deformation and displacement were fbot and dbot, respectively. The
displacement when the reaction force becomes zero after further
deformation is dend. The bistable structure generates a reaction force in

Fig. 1. Conceptual image of TDMS for simulating the FCI assembled to MEMS VEHs with an oscillatory structure. (A) Schematic image of energy harvesting system
composed of FCI and MEMS VEH. (B) Schematic image of TDMS that is a model of FCI assembled to MEMS VEHs.
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the direction opposite to that of deformation. As shown in Fig. 3, the
direction of the reaction force is positive.

The characteristics of the bistable structure were evaluated based on
the shape of the F-D curve. The minimum energy E1, required to move
from the first stable equilibrium point, which is the first stable equilib-
rium point, to the opposite second stable equilibrium point, is repre-
sented by Eq. (1).

E1 =

∫ dmid

0
f(x)dx (1)

Furthermore, the minimum energy required to move from the second
stable equilibrium point to the first stable equilibrium point E2 is given
by Eq. (2).

E2 = −

∫ dend

dmid

f(x)dx (2)

The smaller the absolute values of E1 and E2, the smaller is the input
energy required to cause a shift in the stable position. The ratio R of the
magnitudes of E1 and E2 is represented by Eq. (3).

R =
E2

E1
(3)

The difference in energy between the directions of the ST was smaller
and correlated to R. This means that the smaller R is, the more stable the
ST that can be generated under sinusoidal vibration.

The FEM analysis was performed using nine TDMS analysis models
with different I and H, and the F-D curves for each model were plotted.
The F-D curves for each model are shown in Fig. 4. Graphs with
maximum transverse force values of 2.0 N and 0.25 N are shown in
Fig. 4(A) and Fig. 4(B), respectively. For models with an initial
displacement H of 0 mm, the reaction force increased with the
displacement, and the F-D curve was not N-shaped. The F-D curve of
I0H2 was N-shaped, but fbot was not negative. The reaction forces of the
other models followed an N-shaped F-D curve, and fbot exhibited a
negative value. The characteristic values of the F-D curves for each
model are listed in Table 2. Models I0H0, I4H0, and I8H0, which did not
have an initial displacement, did not have an N-shaped F-D curve;
therefore, the characteristic values on the F-D curve were not written.
The reaction force of I0H2 was N-shaped; however, because fbot is not
negative, the values of dmid and dend were not described. The reaction

Fig. 2. Analytical model of TDMS. (A) Overall of analytical model of TDMS. The unit in the figure is millimeter. (B) Enlarged image of thin film hinge. (C) Other
analysis conditions.

Fig. 3. Typical F-D curve of a bistable, pre-shaped curved-beam. Red and blue
circles mean the first and second stable equilibrium points, respectively.

Fig. 4. Reaction forces calculated by FEM analysis. (A) Vertical scale is − 0.25–2.0 N. (B) Vertical scale is − 0.25–0.25 N.

H. Ueno et al.
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forces of I0H4, I4H2, I4H4, I8H2, and I8H4 had an N-shaped F-D curve,
and fbot had a negative value; therefore, all the characteristic values were
described. In all the models that drew an N-shaped F-D curve containing
a negative reaction force, E1 was larger than E2. In addition, the larger
the length of the thin film hinge and the smaller the initial displacement,
the smaller both E1 and E2 become. The value of R decreased in the
following order: I4H4, I4H2, I8H4, I8H2, and I0H4. Models with an
initial displacement H value of 0 mm all increased the reaction force
with displacement, and because neither a negative reaction force nor an
N-shaped F-D curve was observed, they were not bistable structures. In
addition, the I0H2 model exhibited an N-shaped F-D curve; however,
because fbot is not a negative value and does not have a second stable
position, it is not a bistable structure. However, for the other models,
because the reaction force shows an N-shaped F-D curve and fbot has a
negative value, they are bistable structures. Therefore, it is indicated
that multiple structures, either monostable or bistable, can be designed
by only changing the size of the thin film hinge part and the initial
displacement. However, because the energy ratio R required to move
between stable positions was the smallest in the I4H4 model, it is also
indicated that I4H4 has the smallest asymmetry with respect to the di-
rection of the input vibration acceleration among the models.

4. Materials and methods

4.1. Fabrication of TDMS

The nine types of TDMS analyzed were fabricated by milling a pol-
ycarbonate plate in one direction. The fabricated shape is shown in
Fig. 5. A structure for preventing lateral deformation and fixing it to the
excitation shaker, shown in blue in the figure, was added to the TDMS
analysis model shape, which included the curved-beam and the second
beam shown in gray in the figure. The TDMS was fabricated using a
5 mm thick polycarbonate plate (PC 1600, TAKIRON Corporation) as
the material and a numerical control (NC) milling machine (MDX-40A,
Roland DG Corporation) with a 2 mm diameter end mill. To prevent
structural damage and machining heat, the amount of machining per
layer was set to 0.05 mm. Because the 5 mm thick polycarbonate plate
was milled in one direction, no elastic or thermal deformation occurred
in the polycarbonate plate during the milling process. Therefore, no
internal stress was generated in the TDMS, which included the fabri-
cated curved-beam and the second beam.

4.2. Vibrational experiment

Using feedback control with an accelerometer attached to the stage
of the excitation shaker, we clarified the output acceleration of the
primary beam of the TDMS when the stage of the excitation shaker
vibrated sinusoidally with a constant maximum vibration acceleration
amplitude by measuring the displacement of the solid part of the TDMS.
The primary beam indicates a no-internal stress curved-beam and a non-
curved-beam with an initial displacement H of 0 mm. The average ac-
celeration of the TDMSwas calculated by taking the second derivative of

the displacement of the solid part using the central difference method.
The acceleration that occurs in the primary beam of the TDMS can be
directly measured by assembling a small accelerometer on the primary
beam. However, there are concerns about the unexpected effect of the
wire connecting the accelerometer. In this study, to measure the rela-
tionship between the applied acceleration and the output acceleration
that changes owing to the interaction of two vibrating beams in a two-
DOF vibration system, we obtained the average acceleration by
measuring the displacement with a laser displacement sensor that did
not impose physical constraints on the TDMS. In addition, the acceler-
ation generated by the TDMS is due to nonlinear vibration, so it cannot
be evaluated using the maximum acceleration, such as the linear vi-
bration of a constant period. Therefore, regardless of the linearity or
nonlinearity, we evaluated the relationship between the input acceler-
ation of the TDMS and the output acceleration of the primary beam of
the TDMS using the average acceleration, which is the average value of
the acceleration of the vibration that occurs within a certain time.

Because the maximum acceleration amplitude achieved through
feedback control using an accelerometer attached to the excitation
shaker differs in principle from the average acceleration of the TDMS, it
is not possible to make a direct comparison. Therefore, similar to the
calculation of the average acceleration of the primary beam of the
TDMS, the average acceleration applied to the TDMS from the excitation
shaker was calculated by considering the second derivative of the

Table 2
Calculated results of FEM analysis.

Model ftop (N) dtop (mm) dmid (mm) -fbot (N) dbot (mm) dend (mm) E1 =
∫ dmid
0 f(x)dx (mJ) E2 = −

∫ dend
dmid

f(x)dx (mJ) 1 −
E2

E1
(-)

I0H0 - - - - - - - - -
I0H2 (7.94×10− 1) (7.00×10− 1) - (− 3.45×10− 2) (3.20) - - - -
I0H4 1.65 1.30 6.20 5.43×10− 2 6.60 7.00 5.94 3.09×10− 2 9.95×10− 1

I4H0 - - - - - - - - -
I4H2 1.08×10− 1 7.00×10− 1 2.20 1.02×10− 1 3.60 4.00 1.57×10− 1 1.17×10− 1 2.55×10− 1

I4H4 2.23×10− 1 1.30 4.40 2.08×10− 1 7.20 8.10 6.44×10− 1 4.84×10− 1 2.48×10− 1

I8H0 - - - - - - - - -
I8H2 3.07×10− 2 6.00×10− 1 2.30 1.61×10− 2 3.40 3.90 4.40×10− 2 1.65×10− 2 6.25×10− 1

I8H4 6.12×10− 2 1.20 4.60 3.21×10− 2 6.70 7.80 1.75×10− 1 6.69×10− 2 6.18×10− 1

Fig. 5. Schematic image of TDMS fabricated by milling processing. The Gray
area is the same shape as FEM analytical model. The Blue area is for fixing to
excitation shaker and preventing the deformation of TDMS, except for the
deformation of beams. The unit in the figure is a millimeter.

H. Ueno et al.
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displacement of the stage of the excitation shaker. The acceleration
conversion function of the FCI was evaluated by directly comparing the
average accelerations of the stage of the excitation shaker and TDMS
primary beam, both of which were calculated using the second deriva-
tive with the central difference method. Specifically, the displacement of
the stage of the excitation shaker was measured using a laser displace-
ment meter when the excitation acceleration amplitude was varied in
increments of 2.5 m/s2 from 1 m/s2 to 50 m/s2. The vibration frequency
was 10 Hz. The measurement time for the displacement during vibration
was set to 20 s. The measured displacement was taken as the second
derivative using the central difference method to calculate the acceler-
ation applied to the TDMS at the excitation stage. Furthermore, the
validity of the average acceleration obtained from the second derivative
using the central difference method was evaluated by comparing the
calculated average acceleration derived from the measured displace-
ment of the stage with that derived from the maximum excitation ac-
celeration amplitude.

To evaluate the acceleration generated in the solid part of the TDMS
when subjected to vibrations, the TDMS and a laser displacement sensor
were assembled on the stage of the excitation shaker, and the
displacement of the solid part of the TDMS was measured using the laser
displacement sensor. A schematic of the experimental vibration system
is presented in Fig. 6. The TDMS and laser displacement sensors (LK-
H080, KEYENCE CORPORATION) were placed on the stage of an exci-
tation shaker (m060/MA1, IMV Corporation). During the vibration of
the excitation shaker, the TDMS and laser displacement sensor, fixed on
the same stage, vibrated at the same amplitude and frequency, allowing
only the vibration of the primary beams with no internal stress from the
TDMS to be detected. The laser emitted from the laser displacement
sensor was reflected at the measurement point on a 2 mm thick poly-
styrene chip attached to the solid part of the TDMS. The oscillatory
waveform converted by the primary beam was measured using the re-
flected laser light. During the vibration experiment, a 10.5 g weight was
assembled to the mass part at the center of the TDMS. To clarify the
effect of the vibration of the oscillatory structure of the MEMS VEH on
the vibration of the FCI, vibration experiments were conducted under
two conditions: with and without vibration of the mass of the TDMS
using sinusoidal excitation. To suppress the vibration of the mass, the
mass part and solid part of TDMS were fixed using an almost massless
adhesive tape, normally called scotch tape. Vibration was applied to the
TDMS via sinusoidal excitation. The frequency of the sinusoidal exci-
tation was fixed at 10 Hz, which corresponded to a relatively low fre-
quency of vibrations in the environment [37]. The measurement
duration for the displacement during vibration was set to 20 s. Through

feedback control using an accelerometer attached to the stage of the
excitation shaker, the maximum value of the excitation acceleration
amplitude during sinusoidal excitation was varied in increments of
2.5 m/s2 from 1 m/s2 to 50 m/s2. The displacement of the solid part of
the TDMSwasmeasured, and the acceleration generated in the solid part
was calculated by taking the second derivative using the central differ-
ence method.

5. Results and discussions

5.1. Fabrication of TDMS

The fabricated TDMS was evaluated using images taken by a scan-
ning electron microscope (SEM, JCM-5700LV, JEOL Ltd.). The fabri-
cated TDMS is shown in Fig. 7. By visual observation, there are no
significant thickness variations in the milling direction or surface cracks
observed in the fabricated TDMS (Fig. 7(A)). Even in the thinnest part of
the thin film hinge, no significant cracks were observed (Fig. 7(B)). The
fabricated values of the no-internal stress curved-beam with a design
thickness of 400 µm and 100 µm were approximately 318 µm and
80 µm, respectively, and the thickness of the no-internal stress curved-
beam was fabricated thinner than the design value. When cutting with
an endmill, the endmill becomes larger than its original diameter owing
to the adhesion of the adhesive used for the stage fixation of the poly-
carbonate plate. In addition, the cutting radius becomes larger than the
diameter of the end mill owing to the offset of the rotation center axis of
the end mill. These causes increased the machining amount more than
the design value, and it is considered that the width of the no-internal
stress curved-beam became smaller than the design value. In addition,
during fabrication, no surface finishing or rough cutting, which is usu-
ally performed during cutting, was performed, and the cutting amount
in the thickness direction was extremely small at 0.05 mm compared to
general machining conditions, so it is considered that no significant
damage such as cracks where stress concentrates occurred in TDMS. In
addition, polycarbonate has a relatively high melting point compared to
other resin materials such as polystyrene; therefore, it is considered that
no internal stress occurred due to deformation caused by heat during
cutting [38]. Therefore, although the film was thinner than the design
value, a vibration experiment was conducted by modeling a secondary
vibration system formed from the MEMS VEH and FCI using TDMS with
a curved-beam without internal stress, which was fabricated without
damage.

Structures I0H0, I0H2, I4H0, and I8H0, which did not show bistable
characteristics in the FEM analysis, deformed in the opposite direction to

Fig. 6. Schematic image of vibration experiment system.
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the original curve when a force was applied. However, when the force
was removed, the beam returned to its initial orientation. This indicated
that these structures had only one stable position and were monostable.
Therefore, as shown in the FEM analysis results, structures I0H0, I0H2,
I4H0, and I8H0 were not bistable. However, all the other structures that
were shown to be bistable by the FEM analysis deformed in the opposite
direction of the curve when force was applied and did not return to the
original stable position even after the force was removed. This indicates
that these structures have two stable positions and are bistable. There-
fore, stable and bistable structures can be fabricated without internal
stress by cutting them in one direction.

The TDMS, which includes a structure that mimics the FCI, was
fabricated by milling in one direction using an NC milling machine. This
demonstrates that the structure of the FCI is two-dimensional, and
similar structures can be easily fabricated using semiconductor/MEMS
processing techniques, such as photolithography, that perform
machining on a two-dimensional plane. MEMS VEHs are advantageous
in miniaturization and mass production as they are fabricated using
semiconductor/MEMS processing techniques that are an advantage in
miniaturization and mass production. However, the bistable structure
proposed in previous research, which has a buckling beam with a
magnet and internal stress, involves many processes that are not used in
general semiconductor/MEMS processing techniques, such as aligning
magnetic materials and adding deformations. This makes it difficult to
complete fabrication within normal semiconductor/MEMS fabrication
processes, making it difficult to combine with the semiconductor/MEMS
processing techniques of MEMS VEHs. On the other hand, the proposed
FCI can be fabricated on a two-dimensional plane and does not require
the assembly of magnetic materials or the addition of deformations after
fabrication; therefore, it is expected that FCI can be fabricated and
assembled with MEMS VEHs in the same manufacturing line.

5.2. Vibrational experiment

Three measurement values “the maximum vibrational acceleration
amplitude inputted using feedback control from an accelerometer on the
excitation stage,” “the calculated average acceleration derived from the
maximum acceleration amplitude,” and “the measured average accel-
eration calculated by differentiating the displacement of the excitation
stage measured with a laser displacement meter using the second de-
rivative with the central difference method” were compared. The
calculated average acceleration is approximately 63.7 % of the
maximum vibrational acceleration amplitude. The calculated average
acceleration, measured average acceleration, and their ratios for each
maximum vibrational acceleration amplitude are shown in Fig. 8. The x-
axis represents the maximum vibrational acceleration amplitude set by
the vibrator, which was varied at intervals of 2.5 m/s2 from 1 m/s2 to

50 m/s2. The y axis represents the calculated and measured average
accelerations. The r-axis represents the ratio obtained by dividing the
measured average acceleration by the calculated average acceleration.
Under all conditions of maximum vibrational acceleration amplitude,
the measured average acceleration was smaller than the calculated
average acceleration. The minimum and maximum values of the ratio of
the measured average acceleration to the calculated average accelera-
tion for each maximum vibrational acceleration amplitude were
59.39 % and 60.55 %, respectively. The mean and standard deviation
were 60.24 % ± 0.28 %. The difference between the maximum and
minimum values of the ratio of the measured average acceleration to the
calculated average acceleration was 1.16 %, which was almost constant.
The average acceleration measured with a laser displacement meter was
approximately 60.24 % of the arithmetic average acceleration, which
was thought to be due to errors during the displacement measurement
and errors caused by the differentiation interval. Because these errors
occurred at a constant rate, regardless of the magnitude of the original
vibration acceleration, the measurement method was found to be
reproducible. Therefore, by differentiating the displacement acquired by
the laser displacement meter using the second derivative with the cen-
tral difference method, the acceleration applied from the excitation
stage to the TDMS and the output acceleration generated by the primary
beam of the TDMS were directly compared using the average accelera-
tion derived from the second derivative using the central difference
method.

An experimental system for measuring the displacement of the pri-
mary beam of the TDMS was developed by setting up the fabricated
TDMS and a laser displacement sensor. The TDMS setup of the

Fig. 7. Fabricated TDMS. (A) Photograph of fabricated TDMS. (B) SEM image of thin film hinge of TDMS.

Fig. 8. Calculated and measured average acceleration and ratio of these value.
Unfilled triangle indicates calculated average acceleration. Filled triangle in-
dicates measured acceleration. Red triangle indicates the ratio of calculated and
measured average acceleration.
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experimental vibration system is shown in Fig. 9. The vibration direction
is set perpendicular to the direction of gravity. The vibration of the solid
part when a 10 Hz vibration was applied to the I4H4 structure, which
was suggested to have bistable characteristics from the FEM analysis,
was measured by the laser displacement sensor. The measured vibration
waveforms and FFT results are shown in Fig. 10. When ST occurred, the
direction of the no-internal stress curved-beam was reversed, so a large
displacement of more than ±1 mm was observed. When the average
acceleration is set to 0.18 m/s2, the I4H4 model vibrates without an
accompanying ST (Fig. 10 (A)). In the FFT results, a clear peak was
observed at an applied frequency of 10 Hz (Fig. 10 (D)). When the
average acceleration was set to 0.35 m/s2, ST was observed where the
bending direction of the no-internal stress curved-beam was reversed,
and the measured amplitude was a large displacement compared to the
applied acceleration of 10 m/s2 (Fig. 10 (B)). In the FFT results, a peak
was observed at an applied frequency of 10 Hz, and the vibration fre-
quency was more dispersed than the other vibrations (Fig. 10 (E)). Even
when the average acceleration was set to 0.51 m/s2, the STwas observed
(Fig. 10 (C)). In the FFT results, a clear peak was observed at an applied
frequency of 10 Hz (Fig. 10 (F)). Similar vibration waveforms were
observed in other models that exhibited N-shaped F-D curves. From the
vibration waveforms, the TDMS with N-shaped F-D curves exhibited
intrawell oscillations, chaotic vibrations, and interwell oscillations,
which are characteristic of bistable structures. Therefore, the FCI
fabricated by unidirectional milling can produce large displacements
owing to the ST as a bistable structure and can convert applied
vibrations.

The output acceleration of the solid part of the TDMS was calculated
when a constant acceleration was applied. To evaluate the effect of the
vibration of the oscillatory structure of the MEMS VEH, the acceleration
of the solid part measured when the mass was vibrated is shown in
Fig. 11(A), and the acceleration of the solid part measured when the
mass was not vibrated is shown in Fig. 11(B). The model in which the
mass part is vibrated is denoted by (_V) at the end of each structure
name, and the model in which the mass part is not vibrated is denoted by
(_N). When the mass vibrated, an output acceleration larger than the
applied acceleration was measured under certain conditions. However,
when the mass part did not vibrate, no output acceleration larger than
the applied acceleration was measured. In addition, the ST was observed
under 11 conditions. The applied and output accelerations at the ST are
shown in Fig. 11 (C). For samples with the same design, ST occurred at a
smaller applied acceleration when the mass part was vibrated. For each

TDMS design, a graph showing the difference in applied acceleration
that caused ST when the mass part was vibrated and when it was not
vibrated on the horizontal axis and the ratio of applied acceleration to
output acceleration at the ST on the vertical axis are shown in Fig. 11(D).
In Fig. 11(D), the designs in the right direction of the graph cause ST to
have a smaller applied acceleration when the mass is vibrated compared
to when the mass is not vibrated. The conditions in the vertical direction
of the graph indicate that vibrations can be converted with high effi-
ciency. The I4H2 and I8H2 models cause ST at the same applied accel-
eration, regardless of the vibration of the mass. In the other models, the
difference in the applied acceleration at the ST was largest in the order of
I0H2, I8H4, and I4H4. The output acceleration when ST occurred was
larger when the mass part vibrated under all conditions. In addition, the
conditions under which the output acceleration was greater than the
applied acceleration were I4H2_V, I8H2_V, and I8H4_V, all of which
were conditions in which the mass vibrated. When the mass part, which
mimics the oscillatory structure of the MEMS VEH, vibrates, it always
causes ST at a smaller applied acceleration and generates a larger output
acceleration compared to the condition in which the mass part is not
vibrated. Furthermore, under the three conditions, I4H2_V, I8H2_V, and
I8H4_V, an output acceleration larger than the applied acceleration was
generated. In particular, under the condition of I4H2_V, an output ac-
celeration of more than 1.3 times the applied acceleration was
measured. The output acceleration was larger under all five conditions,
as shown in Fig. 11(D), where the oscillator vibrated. It is expected that
ST was induced by the temporary resonance of the vibration of the mass
and the no-internal stress curved-beam. Because the induction of ST by
temporary resonance is thought to occur even in the FCI and MEMS VEH
with an oscillatory structure, the vibration energy in the environment
can be recovered with extremely high efficiency by assembling the FCI
with a bistable structure and the MEMS VEH with an oscillatory struc-
ture. Therefore, it is expected that by simply assembling an MEMS VEH
with an oscillatory structure on an FCI with a bistable structure, a large
acceleration at the ST can be applied to the MEMS VEH regardless of the
frequency of vibration in the environment.

The analysis did not show a clear correlation between the symmetry
of the F-D curve of each model and the ease of ST occurrence or output
acceleration in the vibration experiment. For the initial displacement
type of the primary beam, the energy required to move from the first
stable equilibrium point, which is the initial state, to the second stable
equilibrium point is always greater than the energy required to return
from the second stable equilibrium point to the first stable equilibrium
point. In this experimental system, where the same magnitude of ac-
celeration is applied bidirectionally to a bistable structure, the condition
that applies the acceleration necessary to move from the first to the
second stable equilibrium point inevitably causes movement from the
second to the first stable equilibrium point. Hence, no relationship was
observed between the symmetry of the F-D curve and the occurrence of
ST or output acceleration. However, in environments where the
magnitude of the input acceleration differs depending on the direction,
such as walking vibrations, or where the influence of gravity is present,
adjusting the point symmetry of the F-D curve can produce ST more
stably and efficiently in each environment [39–41].

I0H2 forms an N-shaped F-D curve but does not exhibit a negative
fbot, indicating that it is not a bistable structure. However, similar to
other bistable TDMS, ST occurs efficiently when a mass is vibrated. Even
without a second stable equilibrium point, shapes that exhibit an N-
shaped F-D curve can cause significant displacement and efficiently
harvest vibrational energy from the environment. Because I0H2 lacks a
thin film hinge, incorporating shapes without thin film hinges into the
FCI could be advantageous for applications requiring high applied ac-
celerations or long-term durability, as they are less prone to stress
concentration during deformation. However, all shapes that produced
an output acceleration greater than the input acceleration in the ex-
periments were bistable structures with a negative fbot. Therefore, to
harvest environmental vibrations efficiently, it is appropriate toFig. 9. Photograph of vibration experiment system.
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incorporate bistable structures into FCI.
The bistable structure undergoes a large displacement and vibrates

with a large acceleration at ST. ST is generated by releasing the potential
energy of the bistable structure, that is, a no-internal stress curved-
beam, when the force determined by the acceleration of the applied
vibrations and the mass of the oscillatory structure cause the no-internal
stress curved-beam to deform over dmid. Because ST can occur regardless
of the applied vibration frequency, the FCI can convert the energy of
random environmental vibrations into ST vibrations by applying the
acceleration generated by the ST to the MEMS VEH. Furthermore, by
designing these parameters, such as the thin film hinge length of the no-

internal stress curved-beam, to consider only the acceleration of vibra-
tions expected to occur in the operating environment of the MEMS VEH,
high efficiency power generation accompanied by ST is expected
because the minimum acceleration required to induce ST is determined
by the initial displacement of the no-internal stress curved-beam and the
length of the thin film hinge. Additionally, the oscillatory structure of
the MEMS VEH induces ST, and an output acceleration of more than 1.3
times the applied acceleration was detected at the ST in this study. When
the oscillatory structure of the MEMS VEH undergoes sinusoidal or
decaying sinusoidal vibrations, power generation is normally propor-
tional to the square of the input acceleration. However, the vibrations

Fig. 10. Amplitude-time responses (top row) and fast fourier transformed plot (bottom row) of I4H4 model. (A)(D) Applied acceleration is 10 m/s2 (Intrawell
oscillations). (B)(E) Applied acceleration is 20 m/s2 (Chaotic vibrations). (C)(F) Applied acceleration is 30 m/s2 (Interwell oscillations).

Fig. 11. Measured acceleration of solid part of TDMSs. (A) Measured acceleration of solid part of TDMSs with mass part vibration. (B) Measured acceleration of solid
part of TDMSs without mass part vibration. (C) Measured acceleration of ST points. (D) Measured/Applied acceleration difference in applied acceleration between
same design TDMSs.
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caused by the FCI are nonlinear and not sinusoidal. Thus, the vibrator of
the MEMS VEH does not always produce sinusoidal or decaying sinu-
soidal vibrations when subjected to nonlinear acceleration. Therefore,
the power generation of a MEMS VEH is not always proportional to the
square of the applied acceleration. However, even when nonlinear vi-
brations are applied, the oscillatory structure of a non-bistable MEMS
VEH generates sinusoidal vibrations; thus, the power generation of the
MEMS VEH is expected to increase approximately quadratically with an
increase in the applied acceleration. Thus, the proposed FCI can improve
the power generation efficiency of the MEMS VEH by approximately
1.69 times [26]. Consequently, a power generation device combining
FCI and MEMS VEH is expected to be a highly efficient power source for
sensor nodes.

6. Conclusions

To improve the power generation efficiency of the MEMS VEH, we
evaluated the usefulness of the FCI,which has a bistable no-internal stress
curved-beam, through vibration experiments using the TDMS, which has
a structure that simulates the oscillatory structure of the MEMS VEH and
FCI. TDMS is aplanar, bistable structure that doesnot require any internal
stress or assembly for the addition of magnetic materials at the time of
manufacture, indicating that FCI can easily be miniaturized and mass-
produced by two-dimensional planar processing, which is a semi-
conductor/MEMS processing technology, and can be assembled with an
MEMS VEH. Through FEM analysis and vibration experiments using
TDMS, it was indicated that the ST by the no-internal stress curved-beam
of FCI, which produces an acceleration that does not correlate with the
vibration mode or frequency of vibration in the environment, is induced
by the oscillatory structure of the MEMS VEH. In addition, it was also
indicated that an output acceleration of more than 1.3 times the
maximum acceleration of vibration in the environment is supplied from
the FCI to the MEMS VEH at ST. Because the generated power of the
MEMS VEH is proportional to the square of the applied acceleration, the
generated power of the MEMS VEH can be improved by more than 1.69
times by FCI. Furthermore, the FCI can easily optimize the required
applied acceleration that causes ST to the applied acceleration expected
in an environment where the MEMS VEH is used, only by changing the
initial displacement of its no-internal stress curved-beam and the length
of the thinfilmhinge. Therefore, the FCI is useful for improving the power
generation efficiency of MEMS VEH in various environments.
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