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Editorial for the Special Issue on Smart Devices and Systems
for Vibration Sensing and Energy Harvesting
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The Internet of things (IoT) poses new challenges for sensors and their power sys-
tems [1,2]. The deployment of large numbers of sensor nodes requires the sensor to work
for a sufficient period without battery replacement. As self-sustained power sources, mi-
cro/nano energy harvesting systems can capture and transform unused ambient energy
into electrical energy [3–5]. They have been regarded as an alternative to conventional
electrochemical batteries, which will pave the way for actualizing energy-autonomous
devices and intelligent monitoring activities. Integrating micro/nano power sources with
IoT will be a revolutionary technology in the following decades. In addition, as many of the
vibration energy harvester devices are sensitive to vibration, they are inherently considered
as excellent candidates for vibration sensing.

This Special Issue focuses on state-of-the-art vibration sensing and energy harvesting
technologies. After being carefully reviewed, 11 articles have been accepted for publication
in this Special Issue [6–16] that can be divided into three aspects: (i) new materials for
vibration energy harvesting applications, (ii) design and fabrication of vibration energy
harvesters (VEHs), and (iii) system-level integration and testing of VEHs.

New materials are crucial for breaking the bottleneck in the performance of the VEHs.
Zhang et al. investigated the influence of ferromagnetic material on the output charac-
teristics of the Halbach array energy-harvesting structure. After adding the iron sheet,
the energy-harvesting efficiency of the Halbach array can be significantly improved [6].
Chen et al. proposed a novel double-network ionic hydrogel and fluorinated ethylene
propylene (FEP) electret-based tactile sensor. Combining with a corona-charged FEP film,
the output performance of the sensor is significantly boosted by 156.3% through the hybrid
of triboelectric and electrostatic effects [7].

Structural design is another essential aspect for boosting the output performance of
the VEHs. A torsional oscillating magnet-based vibration energy harvester was reported by
Wang et al. Microfabricated silicon torsional springs contributed to the torsional movement
of the magnet, which effectively reduced the footprint of the device and achieved an
output power of 6.9 µW with a size of 1 cm × 1 cm × 1.08 cm [8]. Li et al. proposed an
electromagnetic vibration energy harvester with tunable resonance frequency based on the
stress modulation of flexible springs. By physically pulling and pushing the springs via
a pair of metallic fixtures, the total tuning frequency range is 56 Hz (74–130 Hz) [9]. To
improve the energy harvesting performance of an energy harvester, Chen et al. proposed
a novel bistable piezoelectric energy harvester by introducing a linear-arch beam, the
dynamics model of the system was established, and the simulation was conducted to verify
the feasibility [10]. Furthermore, Zhang et al. reported a tri-stable piezoelectric energy
harvester based on a linear-arch composite beam. The experiment result shows that the
system can be mono-stable, bi-stable, and tri-stable by adjusting the horizontal or vertical
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spacing of the magnets [11]. Xu et al. utilized the vibration energy to drive a single-phase
ultrasonic motor directly. The motor obtains advantages in structure miniaturization and
circuit simplification [12]. Dong et al. reported stretchable strain sensors with a controllable
negative resistance sensitivity coefficient by designing a silica gel/CNTs/silica gel sandwich
structure [13].

Optimization of the system-level integration methodologies of VEHs is important for
their practical applications. Cao et al. proposed an electrostatic-piezoelectric-electromagnetic
hybrid vibrational power generator. By designing the energy management circuit at the
rear end of the device, the packaged device can directly export a 3.3 VDC voltage to supply
power to most of the sensing equipment [14]. A novel hydraulic interconnected regen-
erative suspension was reported by Guo et al. [15]. The root means square values of the
bounce and roll acceleration of the proposed system are 64.62% and 11.21% lower than that
of a standard suspension, respectively. The suspension system could output 186.93, 417.40,
and 655.90 W at speeds of 36, 72, and 108 km/h for an off-road vehicle on a Class-C road,
respectively. Apart from the design and fabrication processes, the reliability study on the
VEHs is also necessary for the application of vibration energy harvesters. For this purpose,
Li et al. presented a micro-tester for measuring the reliability of the energy harvester
and other MEMS devices in controlled environmental conditions [16]. The system could
generate a temperature range of 0–120 ◦C and a humidity range of 20–90% RH (0–55 ◦C)
within a small footprint and weight.

In conclusion, the researchers reported large numbers of innovative research pro-
gresses in materials, device configuration, and system-level VEHs. This Special Issue
gathers the latest developments in smart devices and systems for vibration sensing and
energy harvesting applications, which could serve as a good reference for VEH research.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: With the rising demand for wearable, multifunctional, and flexible electronics, plenty of
efforts aiming at wearable devices have been devoted to designing sensors with greater efficiency,
wide environment tolerance, and good sustainability. Herein, a thin film of double-network ionic
hydrogel with a solution replacement treatment method is fabricated, which not only possesses
excellent stretchability (>1100%) and good transparency (>80%), but also maintains a wide application
temperature range (−10~40 ◦C). Moreover, the hydrogel membrane further acts as both the flexible
electrode and a triboelectric layer, with a larger friction area achieved through a micro-structure
pattern method. Combining this with a corona-charged fluorinated ethylene propylene (FEP) film, an
electret/hydrogel-based tactile sensor (EHTS) is designed and fabricated. The output performance
of the EHTS is effectively boosted by 156.3% through the hybrid of triboelectric and electrostatic
effects, which achieves the open-circuit peak voltage of 12.5 V, short-circuit current of 0.5 µA, and
considerable power of 4.3 µW respectively, with a mentionable size of 10 mm × 10 mm × 0.9 mm. The
EHTS also demonstrates a stable output characteristic within a wide range of temperature tolerance
from −10 to approximately 40 ◦C and can be further integrated into a mask for human breath
monitoring, which could provide for a reliable healthcare service during the COVID-19 pandemic.
In general, the EHTS shows excellent potential in the fields of healthcare devices and wearable
electronics.

Keywords: flexible electronics; electret/hydrogel-based tactile sensors; pyramidal parented hydrogel;
anti-freezing and anti-drying

1. Introduction

The rapid development of wearable and functional electronics has drawn significant
attention towards the field of transparent, flexible, and efficient devices that are urgently
demanded by human beings [1–7]. Various devices and applications of mechanical sen-
sors [2,8–10], flexible electronic skins [11–15], and wearable devices [16–18] have been
designed and introduced into our lives, which facilitate the evolution of human science
and technology. Various flexible devices have been widely employed and investigated
for their merits of easy integration, outstanding biocompatibility, and mechanical char-
acteristics [19–26]. The conventional power supply methods for the devices mentioned
above, such as batteries, unavoidably lead to environmental problems. Additionally, the
poor flexibility and inconvenient maintainability of traditional devices give rise to severe
restrictions for their biophysical applications in wearable electronic device industry. Hence,
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the capability of harvesting energy from external stimulations, namely self-powered, to
drive the devices or generate output signals, is urgently demanded [27–34].

The triboelectric effect has received enormous interest for its effective power gener-
ation function and was first proposed by Prof. Zhonglin Wang in 2012 as triboelectric
nanogenerators (TENGs) [4]. Subsequently, many absorbing devices have been presented
and studied, including TENGs with intense output power density, entirely newly designed
structures for ocean energy harvesting, ultra-thin devices for wearable biophysiological
sensing, and integration in diverse engineering applications [35–43]. Due to the synergistic
effect of triboelectrification and electrostatic induction, TENG will generate the output
signals continuously according to the external stimulations. When two friction layers with
different electron affinities contact and separate with each other, a redistribution of charges
happens in the external circuit, which will generate an alternating current responding to the
dynamic variations of the stimulations, capable of powering small electronic devices [44].

However, there still remain two significant drawbacks that need to be considered for
the self-powered electronics. The first problem is that most flexible TENGs’ performances
are limited by environmental temperatures. Traditional electrodes utilized in traditional
TENGs are generally metals, which lead to a rigid and opaque device, further restricting
their applications seriously [45–49]. Some flexible electrodes, such as liquid metals or elas-
tomeric polymers, are currently adopted by TENGs [11,50–53], and such materials improve
the flexibility and deformable ability a lot but are also constrained by their poor tempera-
ture tolerance, resulting in the invalidation phenomenon in extreme environments [54–59].
To solve this problem, a double-networked ionic hydrogel with a solvent replacement
treatment method is proposed and applied in this work. Due to the excellent stretchability,
electrical stability, and wide temperature tolerance of the hydrogel [60], the EHTS device
in this paper demonstrates great potential in the field of wearable and flexible electronics
under some extreme environments.

The second problem here is that the output performance of most self-powered sensors
is primarily constrained by the efficiency of triboelectrification and electrostatic induction,
which naturally depends on the materials utilized. To increase the output signals, a micro-
pyramid patterned spin coating method is introduced in the hydrogel fabrication process
to further enlarge the triboelectric(contacting) area, and thus the output voltage increases
significantly. Moreover, a fluorinated ethylene propylene (FEP) film with an effective
corona discharging processing method is integrated into the EHTS, which further promotes
performance.

In this article, we proposed an electret/hydrogel-based tactile sensor (EHTS) with
a pyramidal patterned double-networked (DN) ionic hydrogel membrane and charged
FEP electret thin film to realize self-sustained physical detection (Figure 1a). As is imple-
mented in our previous work [2], conductive silver nanowires (AgNWs) synthesized with
polyethylene terephthalate (PET) film were adopted as the flexible substrate for the AgNWs
electrode. The fabricated EHTS has a basic cavity structure which consists of an FEP and
AgNWs film opposite the micro-pyramidal structured DN ionic hydrogel film. During the
simple operating mode of pressing and releasing, both triboelectric and electrostatic effects
occured to generate the external currents between the top AgNWs and the bottom hydrogel
electrodes (Figure 1b(i,ii)). Due to the high transparency and deformability of hydrogel
and FEP and AgNWs layers, EHTS demonstrates excellent visibility and flexibility (As
is demonstrated in Figure 1c, ETHS could be easily adhered to the fingertip. Inset image
shows the size of the EHTS on top of a fifty-cent coin). The scanning electron microscope
(SEM) images of the nanostructured FEP film (Figure 1d) and AgNWs electrode (Figure 1e)
show the roughness surface topography, which boosts the ability to capture more charges to
improve the performance of EHTS. Besides, to further increase the contact area to enhance
the output performance of EHTS, micro-pyramidal patterned hydrogel (confocal laser
scanning microscope image of Figure 1f) was employed to promote the triboelectric effect
of the device.
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2. Materials, Characteristics and Fabrication Methods

Traditional DN hydrogel is often supposed to be a promising material for flexible
and transparent electronics due to its ultra-high deformability, outstanding transparency,
excellent mechanical strength, and ionic conductivity. However, the above properties of
DN hydrogel can be seriously affected by the external temperature, which is mainly due to
the large water content of the hydrogel (>80% usually). Thus, the performance of hydrogel-
based electronics is often constrained by their low-temperature tolerance, which leads to
severe limitations of their practical value. Herein, a novel solvent replacement treatment
(SRT) based on a saturated solution of LiBr is utilized in the hydrogel fabrication process
to improve the temperature tolerance. To investigate the wide-temperature tolerance
of the SRT hydrogel, comparison tests between the pristine hydrogel and the hydrogel
with SRT are presented. A carrageenan/polyacrylamide (PAM) DN hydrogel is utilized
in this work as the pristine hydrogel by a simple thermal polymerization method. The
PAM and carrageenan can be naturally cross-linked via covalent bonds and particle bonds
(As is schematically demonstrated in Figure 2a). The manufactured DN hydrogel is
cut into five samples with the same size of 20 mm × 5 mm × 5 mm to investigate the
environmental tolerance properties between the pristine hydrogel and the hydrogel with
SRT. Two samples are immersed in the 50 wt% LiBr solution (saturated solution at room
temperature) to fabricate the hydrogel samples with SRT while the others stay untreated.
The pristine DN hydrogel sample shows excellent flexibility and transparency as shown
in Figure 2a. However, free water molecules in the pristine hydrogel remain unbonded,
which will freeze or evaporate naturally due to the temperature change in the external
environment. After being kept in the oven (set for 40 ◦C) for 1 h, the pristine hydrogel
shrunk severely due to the rapid evaporation of water (shown in Figure 2b), which results
in the severe dehydration and significant rigidity of the test sample (inset in Figure 2b).
On the contrary, the counterpart with SRT remains unchanged under the same condition
due to the formation of ion complexes between the LiBr and water molecules (right inset
of Figure 2d), which leads to the strong ionic hydration effect of the hydrogel with SRT
(Figure 2d). For the extreme cold condition, Figure 2c schematically illustrates the phase
transformation of the free water molecules in the pristine hydrogel. After being stored
at −10 ◦C in a refrigerator for 1 h, a test sample of pristine hydrogel thoroughly froze
(inset in Figure 2c). Conversely, owing to the low freezing point of LiBr solution, no icing
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phenomenon is found in the DN ionic hydrogel sample with SRT at the same experimental
conditions.
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Figure 2. (a) Schematic illustration of the double-networked (DN) hydrogel without solvent re-
placement treatment (SRT) at original state. Inset is the photograph of the original hydrogel;
(b,c) Dehydration and freeze state of the original DN hydrogel when stored at 40 ◦C and −10 ◦C for
1 h; (d) Anti-freezing and anti-drying properties of DN hydrogel after SRT.

Due to the strongly interconnected networks of carrageenan and PAM chains as well
as the covalent bonds and hydrogen bonds in the DN ionic hydrogel (as is demonstrated in
Figure 2d), excellent stretchability and flexibility can be achieved. The stretch test of the
fabricated DN ionic hydrogel is implemented in Figure 3a. The original hydrogel sample
(cut to 7.5 mm × 4 mm × 3 mm) can be easily stretched over 1180% in a mechanical tensile
platform (Figure 3a(i–iii)), demonstrating the promising ductility of the DN ionic hydrogel.
By a simple spin coating method, DN ionic hydrogel with SRT (hereinafter referred to
as SRT hydrogel) achieves ultra-thin thickness within 200 µm. Therefore, the fabricated
SRT hydrogel membrane can be easily twisted, rolled, and folded (Figure 3b(i–iii)), which
contributes a lot to the excellent flexibility as well as the considerable transparency of
the fabricated EHTS. As the transmittance testing results shown in Figure 4a, the SRT
hydrogel membrane and EHTS remain around 90% and 80% luminousness in the range
of 400 nm~800 nm (visible region), respectively. A logo beneath the SRT hydrogel mem-
brane can be observed clearly (as the inset of Figure 4a), which could bring tremendous
application potential for EHTS in wearable electronics.

Additional experiments have been carried out to evaluate the resistance performance
while stretching the SRT hydrogel (Figure 4b). The dynamic resistance variation shows
the excellent electrical stability of the SRT hydrogel sample in the cyclic test (10 cycles for
50%, 100%, 150%, and 200% strain state, respectively). Additionally, the resistance of SRT
hydrogel is positively correlated with the stretching state. As the tensile strain increases
from 0% to 335% sequentially, resistance changes accordingly. The same trend can also be
found in the releasing process (Figure 4c). Therefore, we chose SRT hydrogel as the flexible
electrode as well as the triboelectric layer in EHTS.
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To fabricate EHTS, a production process has been put forward, including a series
methods of Si wafer etching, spin coating, peeling off, FEP discharging, and final assembly
(as shown in Figure 5). The Si wafer (100) was oxidized in a furnace to grow a SiO2 layer of
300 nm thickness on the substrate surface. The thermally oxidized Si wafer is spin-coated
by the Shipley1805 (MicroChem, Round Rock, TX, USA) photoresist (PR) (Figure 5a). As
is demonstrated in Figure 5b, the Cr-coated hard photomask was utilized to fabricate the
blank square array on PR layer (by SUSS MJB4 UV400, SUSS MicroTec company, Garching,
Germany). After the exposure process of PR, the wafer was immersed in the buffered
oxide etch (BOE, NH4F/HF = 7:1, v/v, Transene Company, MA, USA) for 4 min to remove
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the SiO2 under the square array (Figure 5c). Then, the PR was removed by sonication in
acetone (Figure 5d). The anisotropy of the wet etching by KOH etching solution (30% KOH
in H2O/isopropanol (4:1 v/v)) was carried out for 2 mins, ensuring to format the inverted
pyramidal structures (with the) on the Si surface (Figure 5e). To complete the fabrication
of the Si mold, the SiO2 layer was removed through BOE solution treatment (Figure 5f).
The micro-pyramid patterned DN hydrogel membrane can be achieved by spin coating
the pre-mixed hydrogel solution at the speed of 800 rpm for 15 s (Figure 5g). After the
formation, the DN hydrogel membrane is peeled off, followed with the SRT to acquire
the SRT hydrogel layer (Figure 5h). As shown in Figure 5i, the AgNWs/FEP composite
is prepared as the triboelectric layer and flexible electrode by a typical process method
described in our previous research. The fabricated AgNWs/FEP film is charged by the
corona discharging system (Figure 5j). Finally, the formed micro-patterned SRT hydrogel
is assembled with the charged AgNWs/FEP film with double-sided tape to ensure the
charged FEP film is opposite the micro-patterned hydrogel surface (Figure 5k). At last,
EHTS is completely fabricated by connecting the hydrogel and AgNWs electrodes together.
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Figure 5. Fabrication of the micro-pyramidal patterned hydrogel membrane and EHTS. (a) The thermally oxidized Si wafer
was spin-coated with Shipley1805 photoresist (PR); (b) PR was partial removed through photolithography; (c) The SiO2

was etched in BOE plasma; (d) PR was completely removed; (e) Si etching with KOH to form the inverted pyramids array;
(f) SiO2 layer was removed with BOE thoroughly; (g,h) The micro-pyramidal patterned hydrogel film was spin-coated and
peeled off; (i) FEP electret film and AgNWs electrode are bonded together with ethoxylate resin; (j) Corona discharging
method is adopted to implant charge into FEP film; (k) EHTS was fabricated by assembled micro-pyramidal patterned
hydrogel film and charged FEP & AgNWs together.

3. Working Principles

Figure 6 shows the charge circulation and the electric field variations of the fabricated
EHTS in the compress–release cycle. Figure 6a demonstrates the initial state without any
stimulation, when charged FEP/AgNWs film and hydrogel layer are opposite with, and
separate from each other. After the external force is applied on EHTS, the gap distance
between two plates decreases and electrostatic induction happens naturally. The implanted
electrons in FEP film induce the positive charges transfer through the external circuit to
generate the current (Figure 6b). As the deformation intensifies, the triboelectrification
effect occurs when the FEP film contacts the hydrogel surface, which will further increase
the output current (Figure 6c). After the compressing force is removed, EHTS will recover
to its original state and drive the charges flow back to the balanced state again (Figure 6d).
During this cycle, both electret-based electrostatic and triboelectric effects work together to
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magnify the output performance of EHTS. Moreover, due to the deformation of the micro-
pyramids on the hydrogel surface, the contact area is increased, which leads to a stronger
triboelectrification effect. Numerical simulations of EHTS have also been calculated by
Comsol Multiphysics software (Version 5.5, COMSOL, Inc., Stockholm, Sweden) to analyze
the potential variations. Figure 6e shows the initial potential distribution of EHTS at the
original state. The upper FEP film has already been corona charged, which provided
the strong negative potential. As the applied force increases, the distance between FEP
film and hydrogel layer becomes closer due to the compressing deformation of the FEP
& Ag NWs layers, which causes electrostatic induction and the variation of the potential
(Figure 6f). Eventually, with the increase of the applied pressure, FEP film fully contacted
the bottom hydrogel. The different electron affinities between the hydrogel electrode and
FEP film lead to the triboelectric effect in the contact interface. The potential difference
between the two friction layers has been dramatically increased (Figure 6g). Thus, the
output performance of EHTS has been boosted significantly by the combination promoting
efforts of the triboelectric and electrostatic effects. As a result, potential distribution varies
accordingly when two contacted layers separate to their original states (Figure 6h).
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4. Results

The enhanced effects of the output performance obtained by micro-pyramidal pat-
terned method and charged FEP electret have been further investigated. Four kinds of
EHTSs are fabricated by different process methods, such as the EHTS with plain hy-
drogel and non-charged FEP, the device with micro-pyramidal patterned hydrogel but
non-charged FEP, the plain hydrogel with charged FEP, and the EHTS with both microstruc-
tures and charged FEP. The output voltages of the three EHTSs are measured at the same
stimulation conditions by a vibration platform at 1 Hz. As we can obviously conclude
in Figure 7a, the 1st, 2nd, 3rd, and 4th EHTS outputs the signals with the average peak
voltage of 4.8 V, 8.6 V, 9.8 V, and 12.3 V, respectively. Therefore, the enhancement rates of
the micro-pyramidal patterned method and charged FEP film are about 79% and 104%.
With the combined effect of microstructures and FEP electret, EHTS generates a consider-
able peak open-circuit voltage of 12.5 V and an impressive short-circuit current of 0.54 µA
(Figure 7b). The maximum output voltage of the experiments result is approximately
only 1/10 of the simulation one. The output voltage is related to the charge density of
the electret according to the relative research implemented by X. Ye, et al. [31]. During
negative corona charging, a lot of positive charges are injected into the back-side of the
hydrogel surface, which indicate the double sides surface potential are pretty close. There-
fore, difference between the front and back surface charge densities is much smaller than
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the charge density of the front side, which is identified as the main reason for the much
lower result. As is shown in Figure 7c, the maximum instantaneous output power of EHTS
achieves 4.3 µW with an optimum load resistance of 24 MΩ. What needs to be emphasized
is that all the above output performances are generated by the EHTS with the small size of
10 mm × 10 mm × 0.9 mm, which is sufficient to be integrated in wearable electronics and
sensors with a strict dimension limitation.
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Figure 7. (a) Comparison of the output performance between plain & uncharged, pyramidal hy-
drogel & non-charged FEP, plain hydrogel & charged FEP and pyramidal hydrogel & charged FEP;
(b) Output voltages and currents of EHTS at different load resistances by shaker tapping; (c) The
optimization of output power with different load resistances; Output performance of EHTS at −10 ◦C
(d), 40 ◦C (e); (f) Long-time durability test over 15,000 cycles; (g) Output signals of EHTS when be
bent for 30◦, 60◦ and 90◦; (h) Dynamic output of the EHTS attached to a mask when man blowing;
(i) Output performances of EHTS attached into a mask to detect the dynamic breath of a person.

To explore the influence of the external temperature variations on the output perfor-
mance of the EHTS, comparative experiments have been designed to test the voltages of the
EHTS under −10 ◦C and 40 ◦C. The results are shown in Figure 7d,e. With a simple finger
compressing stimulation, EHTS can generate the output signals around a peak voltage of
10 V with no noticeable variations among a wide temperature range from −10 ◦C to 40 ◦C.
The excellent output stabilities under the extreme temperature environment can be mainly
attributed to the extraordinary anti-freezing property of the flexible SRT hydrogel, which
will further broaden the applicability of the self-powered wearable electronics. In addition,
a long-time durability test is also investigated, and EHTS has been tested using a mechani-
cal shaker at a constant frequency of 10 Hz continuously. Hence, EHTS shows excellent
durability, and the output voltage remains unchanged after 15,000 cycles. No apparent
structural damage occurred during this period. The fabricated EHTS demonstrates great
flexibility as well as considerable output performance during bending. As is demonstrated
in Figure 7g, EHTS can generate peak voltages around 2.3, 2.9, and 5 V, respectively, when
being bent at 30◦, 60◦, and 90◦.
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Finally, the fabricated EHTS is assembled into the two filter layers of a mask to monitor
dynamic breaths. Although the stimulation strength of man’s breath is too weak to activate
traditional TENGs, a clear signal with the peak voltage around 2 V can still be acquired
by integrating the EHTS between the two filter layers of a mask (Figure 7h). EHTS is
further attached in a mask to monitor dynamic breath frequency. Figure 7i significantly
demonstrates different peak voltages and frequencies when the tester breaths slow (1 Hz)
and fast (~2.5 Hz), which offers a considerable method for healthcare monitoring during
the COVID-19 pandemic.

5. Conclusions

In this paper, an electret/hydrogel-based tactile sensor combined with the pyramidal
patterned DN SRT ionic hydrogel membrane and FEP electret thin film is proposed and
researched in detail. To enhance the temperature tolerance of the DN ionic hydrogel, a
LiBr solvent replacement treatment is introduced to fabricate the SRT hydrogel. Due to
this improvement method’s low freezing point and strong hydration effect, SRT hydrogel
demonstrates great anti-freezing and anti-drying properties (from −10 to 40 ◦C), which are
both critical capabilities for wearable electronics and devices. The mechanical stretchability
and electrical stability of the SRT hydrogel with double networked structures are further
investigated, while ultra-elongation (>1100%) of the hydrogel sample is obtained along
with stable resistance responses while stretching. Multi-layered encapsulation and the
spin-coating method were utilized to produce the hydrogel membrane and the whole
sensors, ensuring the flexibility (including twisting, folding, and rolling for hydrogel
membrane), ultra-thin thickness (<1 mm), and excellent transmittance (around 80% in the
visible spectral range) of the EHTS. Moreover, the microstructure patterned SRT hydrogel
is fabricated with a typical MEMS process, significantly enhancing the triboelectric output
performance by 87.5%. Not only is the triboelectrification strengthened, but the electrostatic
induction is also boosted. With a customized corona discharging platform, the FEP film is
implanted with the negative charges, which increases EHTS output performance efficiency
by 77%. The output power of 4.3 µW is obtained by the EHTS with the small size of only
10 mm × 10 mm × 0.9 mm, and the wide temperature tolerance (−10 to 40 ◦C) of EHTS is
achieved simultaneously.

In general, the hydrogel utilized in this research demonstrates great flexibility, out-
standing transparency, excellent stretchability, and anti-freezing/drying properties, which
provides an ideal electrode and triboelectric friction layer solution for self-powered wear-
able electronics. Combined with the triboelectrification and electrostatic induction effects,
the self-powered tactile sensor proposed in this paper demonstrates larger output perfor-
mance and considerable sensitivity, and can even be integrated into a mask to monitor the
breath during the COVID-19 pandemic. Therefore, EHTS shows great potential in the field
of healthcare devices and wearable electronics.
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Abstract: Most of the miniaturized electromagnetic vibrational energy harvesters (EVEHs) are based
on oscillating proof mass suspended by several springs or a cantilever structure. Such structural
feature limits the miniaturization of the device’s footprint. This paper presents an EVEH device based
on a torsional vibrating magnet over a stack of flexible planar coils. The torsional movement of the
magnet is enabled by microfabricated silicon torsional springs, which effectively reduce the footprint
of the device. With a size of 1 cm × 1 cm × 1.08 cm, the proposed EVEH is capable of generating an
open-circuit peak-to-peak voltage of 169 mV and a power of 6.9 µW, under a sinusoidal excitation
of ±0.5 g (g = 9.8 m/s2) and frequency of 96 Hz. At elevated acceleration levels, the maximum
peak-to-peak output voltage is 222 mV under the acceleration of 7 g (±3.5 g).

Keywords: electromagnetic; energy harvester; MEMS; planar coil

1. Introduction

Vibration energy harvesters (VEHs) are devices that transduce vibration kinetic energy
to electric power [1]. They have attracted much attention lately due to their potential as
alternative power sources to batteries in vibration environments [2]. The vibration energy
harvesters can be implemented with different operation principles, such as piezoelectric [3],
electromagnetic [4], electrostatic [5], and triboelectric [6]. Among them, electromagnetic
vibration energy harvesters (EVEHs) have the advantage of easy design and fabrication,
relatively high output voltage and power, as well as good reliability [7]. The transduction of
the EVEH is often realized by vibration-induced movement between a permanent magnet
and a set of solenoid coils.

Traditional EVEHs can be implemented by fixing a macroscopic magnet or magnet
array to the vicinity of a coil, which is a simple and robust approach [8]. However, the
macroscopic EVEH is too bulky to power most of the smart electronic devices, giving
rise to the strong demand to miniaturize the EVEHs. The typical methods to miniaturize
the EVEHs are based on printed circuit board (PCB) [9–11] and microelectromechanical
system (MEMS) technologies [12–15], where the coils are often fabricated with deposited
planar coils. The main bottleneck for the planar coils is the limited number of turns,
as the wires are confined within a single plane [16]. To cope with this limitation, the
microfabricated vibrating proof mass is sometimes used with wound coils [17,18] However,
such an approach has two issues: Firstly, the assembly process of the microcomponents
is difficult; secondly, when the size of the coil is big, many of the turns in the coils cannot
effectively cut the magnetic field generated with the micro magnet. In order to deal with
these two issues, the authors have proposed a method based on stacked flexible coils, where
high-density coils can be formed within the thickness range of 1–2 mm [19]. The low-cost
repeating layers of flexible coils also simplifies the assembly and fabrication processes. It
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has been shown that with flexible coils, the EVEH device was capable of generating an
output voltage of 1.56 V, with a volume of 7.5 cm3.

Toward the goal of miniaturization, the fabrication of the vibrating proof mass has
been shifted from PCB to MEMS technologies in a previous study [20]. In these designs,
the permanent magnet is suspended by four folded springs, which is a classic type of
layout for reducing the resonant frequency of MEMS structures (in addition to cantilever
structures). However, it is discovered that these design strategies limit the miniaturization
of the device. Therefore, a structure with a torsionally oscillating magnet is proposed in
2021, which has been proven to be as effective as the folded spring design in terms of
output power, but with a relatively small footprint [21]. In this work, we will extend our
conference contributions in [21] and systematically present the design, implementation,
and results of a torsional EVEH device.

2. System Design
2.1. Structure of the EVEH

The operation of the proposed EVEH device is based on the torsional movement
of a disc magnet suspended by microfabricated torsional silicon springs, over a stack of
high-density flexible coils, as shown in Figure 1a. Figure 1b shows the exploded view of
the proposed EVEH device. A disc magnet is glued to the bottom surface of a silicon plate
suspended by straight torsional springs. The magnetization direction of the disc magnet is
along the z axis, as depicted by the coordinate in Figure 1a. Two types of torsional springs
are presented in this work, i.e., the EVEH denoted as T1 consists of a straight torsional
spring connecting to the magnet plate via a wide and short silicon beam (spring–plate
connector), and device T2 consists of a folded torsional spring consists of three segments
of straight springs, as shown in Figure 1c. For the fabrication of the silicon plate and
torsional spring, a 200 µm thick monocrystalline silicon wafer is glued to a carrier wafer
and etched through using inductively coupled plasma (ICP) reactive ion etching (RIE)
process. A flexible coil stack is mounted below the disc magnet, and the coil–magnet
distance is precisely controlled by the spacers between the coil and magnet (0.4 mm in
this study). Each flexible coil layer consists of two oppositely wound spiral copper wires
electroplated on the two sides of a 180 µm thick polyimide film, as shown in Figure 1d. The
stack of flexible coils is aligned by the bolt holes and clamped together between two rigid
FR4 layers, in order to be connected in series and form a coil with a large number of turns.
Four M1 bolts are used to fix all the components. When the EVEH experiences external
vibrations, the magnet oscillates torsionally (around the y axis in Figure 1) and generates
electrical power in the coil. The torsional movement is mainly asserted on the long torsional
beam, and the spring–plate connector will not deform due to its high stiffness. The main
innovation of this technology is the torsional movement of the magnet and the formation
of a high-density coil. The torsional movement of the magnet is capable of generating a
large magnetic field gradient in the coils, with a reduced footprint. The overall footprint of
the EVEH device is the same as the device reported in [20], but the functional area of the
silicon layer (plate and spring area) is significantly reduced by using the torsional spring
design. In this design, a much larger margin area is included in the device layer, which
greatly facilitated the assembly process of the device. The stacked coils are formed by
simple and low-cost repeating units of flexible coils. With proper technology development,
the stacked coils may have the potential to be integrated into the fabrication of MEMS
energy harvesters, enabling batch fabrication of the devices. The main design parameters
of the EVEH device are listed in Table 1.
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Figure 1. Schematic and exploded illustration of the assembled EVEH. (a) schematic illustration of
the EVEH device; (b) exploded view of the EVEH device; (c) two types of torsional spring; (d) a layer
of flexible coils.

Table 1. Main design parameters of the EVEH device.

Parameters Designed Measured

Overall device
Size of device (L ×W × H) (mm) 10 × 10 × 10.7 10 × 10 × 10.8

Thickness of the wafer (mm) 0.2 0.2

Device T1

Size of torsional spring (L ×W) (mm) 4 × 0.08 4 × 0.08

Size of spring–plate connector (L ×W) (mm) 0.4 × 0.8 0.4 × 0.8

Functional area (mm2) * 20.3 20.3

Device T2

Size of torsional spring unit (L ×W) (mm) 2.04 × 0.08 2.04 × 0.08

Number of torsional spring folds 2 2

Size of spring–plate connector (L ×W) (mm) 0.5 × 0.4 0.5 × 0.4

Functional area (mm2) * 20.6 20.6

Magnet
Diameter (mm) 4.00 4.04

Thickness (mm) 3.00 3.04

Coil
Numbers of turns 40 40

Magnet–coil distance (mm) 0.40 0.45

* Functional area indicates the total area occupied by the silicon plate and springs.
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2.2. Modeling of the EVEH

According to Newton’s second law, the EVEH dynamic behavior can be described
using a second-order spring mass damper system as follows:

m
d2z(t)

dt2 + c
dz(t)

dt
+ kz(t) = mω2Y sin(ωt) (1)

2π f =

√
k
m

(2)

where m is the proof mass (magnet) of the EVEH device, c is the total damping coefficient
including mechanical and electromagnetic damping, k is the effective stiffness of spring, z(t)
is the relative displacement between the magnet and base of the z axis, y(t) = Ysin(ωt) is the
external vibration applied to the base, and f is the resonant frequency of spring. According
to Equation (2), the resonant frequency of the device can be reduced by decreasing the
effective stiffness of the spring or increasing the mass of the magnet. For a torsional spring,
the effective torsional stiffness can be described as follows [22]:

T =
KGθ

L
(3)

where K is the spring torsion constant dependent on the form and dimensions of the cross
section, T is the twisting moment, L is the length of the spring on y direction in Figure 1, G
is the shear modulus of the spring, and θ is the torsional angle of spring (twisting around
the y direction). According to [22], the value of K is given by

K = ab3
[

16
3
− 3.36

b
a

(
1− b4

12a4

)]
for a ≥ b (4)

where a and b are half of the width of the spring and half of the thickness of the spring,
respectively. When the magnet moves under external vibration, according to Faraday’s
law, the induced voltage in a coil within a changing magnetic field is given by

V = −N
dφ

dt
= −NA

dB
dz

dz
dθ

dθ

dt
(5)

where N is the number of turns of the solenoid coil, Φ is the magnetic flux, t is time, A is
the area of the coil, and B is the magnetic flux density. Additionally, when the EVEH device
is twisting around the y direction (in Figure 1) at a small angle, the value of z equals θ. The
magnetic flux density of a disc magnet along the central axis (z axis) can be described as
follows [23]:

Bz =
Br

2





d + t√
(d + t)2 + R2

− d√
d2 + R2



 (6)

where Bz is the magnetic flux density of the z axis, Br is the remnant magnetic flux density,
R and t are the radius and thickness of the disc magnet, and d is the distance from the
surface of the magnet. For a torsional spring, Equation (6) can be written as

Bz =
Br

2





r sin θ + d0 + t√
(r sin θ + d0 + t)2 + R2

− r sin θ + d0√
(r sin θ + d0)

2 + R2



 cos θ (7)

where r is the distance between the center of the magnet and torsional spring, and d0 is the
initial distance between magnet and coil. Figure 2 shows the analytical calculated magnetic
flux density along the z-axis as a function of θ, and the magnetic field gradient (dB/dθ) is
linear at a small angle.
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Equation (4) indicates that under a certain external vibration, the following parameters
can be increased in order to enhance the induced voltage: the number of coil turns (N), the
area of the coil (A), the magnetic field gradient (dB/dθ) around the coil, or the torsional
spring design (dθ/dt). However, when designing a miniaturized EVEH device, the coil area
(A) and magnetic flux gradient (dB/dθ) are always limited by the device design (size and
materials) and fabrication technologies. Therefore, a more effective way to increase induced
voltage is by increasing the number of turns in the coil and the vibration amplitude of the
EVEH device’s movable part. The vibration amplitude can be improved by different spring
designs. In comparison, the number of coil turns (based on the planar coil technology) is
difficult to improve in most of the reported MEMS EVEH devices.

In order to study the dynamic characteristics of the EVEH device with a torsional
spring, a FEM modal analysis of the proposed EVEH was performed with COMSOL
Multiphysics software, as shown in Figure 3. In the FEM model, the simplification of
the anchoring frame structure was carried out by applying fixed constraints to the end
of the springs. This simplification is valid as the torsional spring is an in-plane spring.
The material parameters of the silicon used in the FEM model were Young’s Modulus of
170 GPa and Poisson’s ratio of 0.28. The torsional vibration mode (the main resonance
mode during operation, as the device is subjected to a uniform z-direction acceleration,
and other resonant modes have a very low possibility be excited with the z-axis vibration)
of the EVEHs is shown in Figure 3: T1 device twisting mode around the x-axis at 128.49 Hz,
and T2 device twisting mode around the x-axis at 107.97 Hz. However, the FEM simulation
of the torsional mode is not accurate, for the mode is influenced by the residual stress of
the spring, and the complex stress distribution is difficult to include in the FEM model.
The factor also ignored in the FEM model is the slight geometrical asymmetry caused
by the device assembly process (e.g., the eccentric position of the magnet caused by the
gluing process).
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mediate package and the silicon layer device were then installed with four bolts, as shown 
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Figure 3. FEM modal analysis of the EVEH: (a) T1 device (128.49 Hz); (b) T2 device (107.97 Hz).

Figure 4 shows the distribution of the magnetic flux over the coil at different magnet–
coil distances: (a) 0.15 mm and (b) 0.75 mm. It was obtained from a 2D axisymmetric FEM
model of the simplified magnet–coil structure. In the figure, M and C represent the magnet
and coil, respectively, and the arrowed lines indicate the magnetic flux lines of the magnet
with z-axis magnetization. When the distance between magnet and coil is increased from
0.15 mm to 0.75 mm, the magnetic flux density along the z axis is decreased from 0.34 T to
0.29 T. This change of the magnetic flux in the coil represents the origin of the induction
process of the EVEH under vibration excitation.
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3. Experimental
3.1. Assembly Process

Figure 5 shows the assembly process of the proposed EVEH. As shown in Figure 5a,
the flexible coil layers were stacked onto a rigid FR4 frame, which contained electrical
feedthroughs on the bottom. Subsequently, four bolts were used to fix the stacked coils and
bottom package, as shown in Figure 5b. Afterward, the disc magnet was glued to a circular
silicon plate connected to the torsional spring, as shown in Figure 5c. The intermediate
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package and the silicon layer device were then installed with four bolts, as shown in Figure
5d. Finally, the top cover of the package was installed by using four bolts, as shown in
Figure 5e. The package of the EVEH device in this work was an anodized aluminum case
for both mechanical protection and electrical insulation.
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Figure 5. Assembly process of: (a) the stacked flexible coils; (b) the bottom package; (c) the magnet
and device layer; (d) the intermediate package; (e) the package top cover.

3.2. Measurement Setup

Figure 6 shows the measurement setup for characterizing the dynamic behavior of the
fabricated EVEH. In the setup, the EVEH device was mounted on a vibration shaker, which
was excited by a sinusoidal signal produced by the signal generator and amplified by a
power amplifier. The real-time excitation acceleration was monitored by an accelerometer
mounted underneath the EVEH by a customized installation fixture. Experimental data
including the EVEH output and applied acceleration signals were collected simultaneously
by a NI USB-6211 data acquisition board and LabVIEW software, with a sampling rate
of 1000 samples per second. A fourth-order Butterworth low pass filter with a cut-off
frequency of 500 Hz was used to remove the high-frequency noise, implemented in the
LabVIEW software. The acquired voltage in this work has a measurement error of±0.05 mV,
derived from the standard deviation of 594 periods of sinusoidal voltage output.
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4. Results and Discussions
4.1. Fabrication Results of the EVEH Device

The designed EVEH device (T1 device) was successfully fabricated and assembled,
as shown in Figure 7a. Additionally, for the T2 device, the difference is the spring type
shown in Figure 1c. The NdFeB disc magnet was glued to the bottom of the circular
silicon microplate as the proof-mass (not visible in the photo). The magnet proof-mass
was suspended by a long torsional beam above a stack of flexible coils. Under external
vibration excitation, the relative position of the magnet and the coil changed to generate
a changing magnetic field, and an electrical voltage was induced in the coil. The stacked
flexible coils (clamped between two rigid FR4 frames) were mounted on the bottom of
the EVEH device. Additionally, for a large number of turns, the thickness of the stacked
flexible coils is reasonable. The thin substrates make it possible to have high-density coils
close to the magnet. This is essential for the miniaturized device, as the magnetic field
decays exponentially from the outer surface of the magnet. Through this coil design, the
EVEH device can achieve high output power with a minimum footprint. The proposed
technology is a general technology that can address the limitations of planar coils widely
used in MEMS devices. This method is simple and cost effective because the coil stack
is composed of repeating low-cost flexible layers. In addition, the distance between the
magnet and the coils could be adjusted by the spacers between them. The flexible coil had
an identical spiral coil on each side but with opposite winding directions, connected by the
via in the center of the coil, as shown in Figure 7b. The electrode and dummy electrode
were located at the edge of the film, and the positions were reversed on the other side of the
coil layer. When two layers were clamped together (the electrodes were connected), a coil
with four windings connected in series was formed. The dummy electrodes were patterned
on each side of the coil layer to maintain the mechanical symmetry of the coil layer during
stacking and clamping. For comparing the performance of four types of spring design,
the coil size and the overall footprint of the EVEH in this work is the same as the device
reported in [20], but the functional area of the silicon layer is greatly reduced, which has
the potential to the goal of miniaturization.
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4.2. Open-Circuit Frequency Domain Response of the EVEH Device

Figure 8 shows the open-circuit peak-to-peak output voltage of the assembled EVEH
device as a function of frequency, under a sinusoidal excitation (the most common vibration
signal existing in both nature and industry), with an amplitude of ±0.5 g. The output
voltage of the EVEH increases gradually as the frequency of the excitation vibration
increases toward the resonant frequency, reaches a maximum value at resonance and
then decreases again as the frequency further increases. For device T1, at the resonant
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frequency of 104 Hz, the output voltage reaches the maximum peak-to-peak value of 138.9
mV. For device T2, the maximum open-circuit peak-to-peak output voltage is 169 mV at the
resonant frequency of 96 Hz. It is known that most of the ambient vibrations concentrate in
the frequency band of 1–200 Hz, the resonant frequency around 100 Hz of the devices T1
and T2 may find applications in several industrial scenarios such as power transformers,
transmission lines, and power inductors. In comparison, the open-circuit peak-to-peak
output voltage of the EVEH devices presented in [20] is 208.3 mV at the frequency of 143 Hz
for D1 and 149.3 mV at the frequency of 156 Hz for D2. Additionally, the functional area of
T1, T2, D1, and D2 are 20.3 mm2, 20.6 mm2, 23.4 mm2 and 24.1 mm2, respectively. Thus, the
torsional springs with a reduced functional area of the silicon layer and lower frequency
generate a higher output voltage.
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The presented energy harvester (T1 device) achieves 10 times higher maximum output
voltage at 3.8 times lower resonant frequency, compared with a two-degree-of-freedom
EVEH based on coils suspended by springs [24], and almost 188 times higher maximum
output voltage at 1.2 times lower resonant frequency, compared with an EVEH based on
magnet suspended by folded springs reported in 2014 [25]. Compared with the traditional
planar coil used in MEMS or PCB technologies, the optimized performance of the EVEH
device results from the stacked flexible coils, which greatly enhance the number of turns of
the coils.

4.3. Impedance Matching

To study the optimal closed-circuit behavior of the EVEH, matching resistors between 1
Ω and 1000 Ω were connected to the output of the energy harvester. Through the measured
closed-circuit voltage, the output power of the EVEH can be described as

P =
V2

rms
RL

=
V2

pp

8RL
(8)

where Vrms is the root-mean-square voltage over the matching resistor, RL is the resistance
of the matching resistor, and Vpp is the peak-to-peak voltage over the matching resistor.

Figure 9 shows the closed-circuit peak-to-peak output voltage and output power of
the EVEH device as a function of the load resistance, under a sinusoidal excitation with
an amplitude of ±0.5 g and frequency of 104 Hz for T1 device (96 Hz for T2 device). For
both types of devices, the internal (coil) resistance of the EVEH under test is 128.7 Ω. With
the increase in load resistance, the output voltage of the EVEH first increases sharply and
then decreases gradually. For the T1 device, the maximum power measured is 4.6 µW at
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the load resistance of 128.7 Ω and the resonant frequency of 104 Hz. In comparison, the T2
device has a maximum power measured as 6.9 µW at the load resistance of 128.7 Ω and
the resonant frequency of 96 Hz. Additionally, with the same coil resistance, both designs
of the proposed torsional EVEHs have lower frequencies than previous work in [20]; the
maximum output power is 10.5 µW (143 Hz) for the D1 device and 5.4 µW (156 Hz) for the
D2 device.
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4.4. Closed-Circuit Frequency-Domain Response of the EVEH Device

Figure 10 shows the closed-circuit peak-to-peak output voltage and output power
of the EVEH device when connected to a load resistance of 128.7 Ω. The measurements
were performed under sinusoidal excitation of ±0.5 g. For the T1 device, the maximum
peak-to-peak closed-circuit output voltage is 69.4 mV at 104 Hz (resonant frequency). For
device T2, the maximum peak-to-peak closed-circuit output voltage of the EVEH is 84 mV
at 96 Hz (resonant frequency). Due to the similar values of the coil and load resistance, the
closed-circuit output voltage is approximately half of the open-circuit voltage in Figure 8.
The maximum power device T1 and T2 are 4.6 µW at the frequency of 104 Hz and 6.9 µW
at the frequency of 96 Hz, respectively. The performance of the EVEH device is improved,
compared with recently reported work with similar technologies, in terms of output voltage,
power, and resonant frequency (low resonant frequency is preferable for matching to the
low-frequency ambient vibrations). For example, Zhang et al. reported an EVEH based on
MEMS technology with an output power of 0.82 µW at the resonant frequency of 350 Hz
under the acceleration of 4.5 g [26]. Tao et al. reported a MEMS electromagnetic vibration
energy harvester with two degrees of freedom; the maximum amplitude of the output
voltage in the study is 6.5 mV at the resonant frequency of 391 Hz [24]. The maximum
closed-circuit output power of 4.6 µW (T1 device) is 4792 times higher than the maximum
closed-circuit output power of 0.96 nW with an optimum load resistance of 12 kΩ at 0.12 g
vibration reported in [24]. Since the volume of the EVEH device and external excitation
vibration (A0) have a greater impact on device performance, to accurately describe it, the
normalized power density (NPD) is given by

NPD =
P

Volume · A2
0

(9)
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The calculated NPD values of the T1 device and T2 device are 17.04 (µW/cm3/g2)
and 25.56 (µW/cm3/g2), respectively. Additionally, the NPD value is 38.89 (µW/cm3/g2)
for D1 device and 20 (µW/cm3/g2) for D2 device [20]. Tao et al. reported a MEMS
electromagnetic vibration energy harvester with two degrees of freedom in 2016 with the
NPD value of up to 0.23 (µW/cm3/g2) at the resonant frequency of 391 Hz from 0.02 to
0.2 g [24]. Liu et al. reported an in-plane approximated nonlinear MEMS electromagnetic
energy harvester in 2014 with the NPD value of 0.62 × 10−2 (µW/cm3/g2) at the resonant
frequency of 146.5 Hz and acceleration of 3 g [25]. Compared with the work reported
in [24], the coil resistance in this work is much smaller, so the increase in closed-circuit
output power is much bigger than the square of the increase in open-circuit output voltage
(see discussions about Figure 8). In addition, with the same footprint, the device T2 has
increased its NPD by 50%, compared with T1, indicating the good potential of optimization
for the torsional design of the EVEH device. For future optimization of the springs, coils,
and magnets, the output power of the proposed EVEH device can be further enhanced.

4.5. Acceleration Test

The dependence of the EVEHs output on the acceleration level was studied, and the
open-circuit and closed-circuit peak-to-peak output voltages of the EVEH device were
measured as a function of acceleration, as shown in Figure 11. All data were obtained
at EVEH’s resonant frequency of 104 Hz, for the T1 device, and 96 Hz for the T2 device;
the applied peak-to-peak acceleration increases from 1 g to 7 g (step length is 1 g). At
acceleration higher than 7 g, the distance between coil and magnet must be increased
to reduce the potential collision. The magnet–coil distance can be increased by simply
changing the thickness of the spacers. At an acceleration of 7 g, the maximum peak-to-peak
open-circuit output voltage is 185.2 mV and 222 mV for device T1 for T2, respectively. Com-
pared with a previous work, also based on microfabricated springs, where the maximum
peak-to-peak open-circuit output voltage is 333.1 mV and 225.5 mV at 7 g [20], the output
voltage–acceleration relationship in this work shows a similar trend but lower maximum
voltage at higher acceleration levels. The output voltage in [20] increases almost linearly
as the acceleration increases, whereas the output voltage of devices shows a gradually
decreasing rate of enhancement as the acceleration increases. The possible explanation for
this phenomenon is that the shear strain induced in the single-beam torsional spring is
much larger than the shear strain in the multibeam folded spring, at the same acceleration.
Therefore, at elevated acceleration, nonlinearity in the torsional spring arises and limits the
deflection angle of the magnet, which reduces the amplitude of enhancement of the output
voltage. In addition, it is increasingly difficult for the magnet to maintain its movement
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perpendicular to the coil plane (z direction) as the vibration excitation acceleration in-
creases, and there will be a tendency to twist in the x or y direction. The torsional vibration
tendency will reduce the working efficiency of the device, thereby reducing the output
voltage of the device. The closed-circuit output voltage shows a similar linear characteristic
to the open-circuit output but with half of the amplitude of the open-circuit output.
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5. Conclusions

In this work, an EVEH device was designed and fabricated based on hybrid PCB and
MEMS technology. The proposed EVEH was composed of a stack of flexible coils and a disc
permanent magnet mounted vertically. The assembled EVEH was excited by sinusoidal
accelerations and its dynamic behavior was characterized. At a sinusoidal acceleration
with a peak-to-peak value of 1 g (±0.5 g, ±4.9 m/s2), a maximum output peak-to-peak
voltage of 169 mV and output power of 6.9 µW are realized at a resonant frequency of
96 Hz. At an elevated acceleration of 7 g (±3.5 g), a maximum output peak-to-peak voltage
of 222 mV is realized. In the future, the bonding technologies between the stacked coils
and silicon proof mass will be explored.
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Abstract: This paper presents a compact electromagnetic vibrational energy harvester (EVEH) with
tunable resonance frequency. The resonance frequency of the EVEH is tuned by adjusting the axial
stress in the flexible polymeric springs, which is realized by physically pulling and pushing the
springs. The stress tuning functionality is realized with a compact structure with small volume. The
total frequency tuning range of the proposed EVEH is 56 Hz (74–130 Hz), which is 64% of the natural
resonance frequency of the EVEH (88 Hz). It is found that the tensile stress increases the resonance
frequency of the EVEH, while the compressive stress firstly reduces the resonance frequency and
then increases the resonance frequency due to buckling.

Keywords: polymer beam; vibration energy harvesting; tunable resonant frequency

1. Introduction

Electromagnetic vibration energy harvesters (EVEHs) are devices capable of convert-
ing vibration kinetic energy to electrical power [1,2]. The transduction process usually
involves relative movement between a permanent magnet and a solenoid coil induced
by external vibration. Most of the reported EVEH devices are resonant structures that
output maximum power only when its mechanical resonance frequency matches the exter-
nal vibration frequency. Under off-resonance conditions, the output power of the EVEH
decreases significantly. However, the frequency matching is often difficult because the
frequency of the environmental vibration sources is often random and unpredictable [3].
Even if the source vibration frequency is constant, it is still difficult to realize the frequency
matching due to uncertainties and inaccuracies of the fabrication processes and geometrical
parameters of the devices [4].

Two major approaches to improve the frequency matching between the VEH and
the vibration sources are the frequency tuning and band broadening techniques. The fre-
quency tuning techniques can be realized by both mechanical tuning and electrical tuning
approaches. Mechanical tuning approaches can be implemented by different structures
and technologies, but the basic principle is mainly based on tuning the resonance frequency
of the VEH by changing certain physical parameters of the device such as the mass or the
stiffness [5,6]. Electrical tuning approaches is mainly based on load tuning or frequency
tracking technologies. However, Roundy et al. [7] showed that for the active frequency
tuning techniques, the energy consumed by the tuning actuators is sometimes more than
the energy generated by the VEH, which limits the application of these approaches. The fre-
quency band broadening techniques can be realized by four main different configurations:
multi-mode devices, multi-frequency devices, nonlinear devices and bistable devices. The
multi-mode device uses different resonance modes of the VEH to harvest energy in differ-
ent frequency bands [8–12]. Nevertheless, the operation of this type of device is still limited
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to several rather narrow frequency bands. To extend the number of these bands, the VEH
can be implemented using array of structures with different size to realize multi-frequency
operation [13–15]. These bandwidth tuning techniques above extend the frequency band
of the VEHs to several fixed bands. However, for excitation vibrations with arbitrary
frequencies, it is still possible that the VEH’s operation band mismatches the excitation
frequency. In addition to the multi-mode or multi-frequency methods, the frequency band
of the VEH can also be broadened by utilizing nonlinear springs. It has been shown that
the cubic stiffness of the springs effectively broadens the bandwidth of the VEH [16,17].
However, one of the deficiencies of the nonlinear VEH is the hysteresis in the frequency
response, i.e., different sweep-up and sweep-down characteristics in the frequency domain.
In comparison, the bistable broadband energy harvester has a better-defined frequency
response to vibrations, but the excitation vibration must be beyond certain threshold to
reliably operate this type of device.

From the literature above, it can be concluded that the main goal for the frequency
tuning technologies is large tuning range or wide bandwidth. However, the working
frequency range of many reported works are still limited to around 10 Hz. In addition,
many of the proposed devices are still proof-of-concept prototypes which are rather bulky
in size. In this paper, we propose a compact EVEH device with large tunable resonance
frequency, based on soft polymer springs and stacked polymer coils. The frequency tuning
function of the EVEH is realized by a compact tuning structure that changes the stress
within the polymeric springs. The stacking of repeating thin polymer coils enables high
output voltage of the EVEH device and the resonance frequency of the EVEH is tuned
by modulating the axial stress in the polymer springs. The remainder of the paper is
organized as follows: Section 2 reports the design of the EVEH device, Section 3 describes
the experimental procedures of the work, Section 4 presents the results and discussions
and Section 5 is the conclusion of the work.

2. System Design
2.1. Concept of the Device

The proposed EVEH is schematically illustrated in Figure 1a,b. A disc magnet is
suspended by two straight polyimide springs over a stack of flexible coil layers. The details
of the flexible coils are detailed in another work [17]. When the EVEH is subjected to
external vibration, the magnet oscillates and generates a changing magnetic field around
the coil. Consequently, electrical power is generated in the coil via induction. To minimize
the footprint of the device, the disc magnet is glued onto a 1 mm-thick reinforcement
structure which provides space for the springs to oscillate. The polyimide springs are laser-
cut straight beams with a length of 5.5 mm, a width of 1 mm and a thickness of 0.16 mm.
Each of the springs is connected to an anchor frame, which is sandwiched between two
anodized aluminum fixtures (four fixtures in total for the two anchors). Among the four
aluminum fixtures, two are fixed to the stacked coils and two are free to move along the
X direction in Figure 1. The four bolts on the side of the two movable aluminum fixtures
can be fastened or loosened to adjust the distance between the movable fixtures and the
fixed fixtures. By adjusting the distance, compressive or tensile stress is introduced into
the polyimide springs, resulting in the shift of the EVEH’s resonance frequency, as shown
in Figure 1c. Once the tuning is complete, the position of the movable fixture is fixed by
two slidable bolts in the trenches. The other two fixed bolts visible on top of the movable
fixture are used to create a firm and strong clamping force for the anchor area of the
polyimide springs. During the assembly of the EVEH device, acrylic glue is used between
the polyimide anchor and the fixtures to further improve the clamping and facilitate the
assembly process. The coils used in the study are a stack of 15 layers of double-sided
copper planar coils electroplated on 180 µm-thick polyimide substrates. The flexible coil
layers are clamped between two rigid FR4 frames to be electrically interconnected, forming
a serially connected high density coils.
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Figure 1. Schematically illustration of (a) the assembled EVEH device; (b) the EVEH in an exploded
view; and (c) tuning process of the EVEH.

2.2. Analytical Modeling

For a uniform spring under small deflections, if we assume the axial load is constant,
the equation of motion can be obtained by summing the internal shear, moment and inertial
forces acting on an element dx in the spring length. Therefore, the equation of motion for
the spring under constant axial load F is given by [18]:

∂4V(x, t)
∂x4 +

F
EI

∂2V(x, t)
∂x2 +

ρ

EI
∂2V(x, t)

∂t2 = 0, (1)

where V(x, t) is the deflection of the spring at the position x and time t. F is the axial load. E
and I are the Young’s modulus and the area moment of inertia of the spring’s cross section,
respectively and ρ is the mass per length. Assuming that the spring performs harmonic
oscillations with an angular frequency ω, the expression for its transversal displacement
can be written as:

V(x, t) = v(x) sin(ωt), (2)

Substituting Equation (2) into Equation (1) yields:

d4v(x)
dx4 + k2 d2v(x)

dx2 − β4v(x) = 0, (3)

where k2 = F/EI and β4 = ρω2/EI, v(x) describes the oscillation amplitude of the spring
at position x. Transforming this equation into a nondimensional form by letting x = x/l,
v = v/l, k = kl and β = βl. The nondimensional equation of motion is then given by:

d4v(x)
dx4 + k

2 d2v(x)
dx2 − β

4v(x) = 0 (4)

The solution to this differential equation is given by:

v(x) = Acos h(α1x) + Bsin h(α1x) + C cos(α2x) + D sin(α2x), (5)
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where A, B, C and D are constants that can be obtained from certain boundary conditions
and the constants α1 and α2 are given by:

α1 =

√
− k

2

2 +

√
k

4

4 + β
4

α2 =

√
k

2

2 +

√
k

4

4 + β
4

(6)

The spring-magnet structure in this work can be modeled as a clamped-guided beam
with tip mass, as shown in Figure 2. The equivalent tip mass is half of the mass of the
magnet and reinforcement structure. The boundary conditions of the spring are given as
follows:

v(0) = 0
v′(0) = 0

Clamped

v′(1) = 0
v′′′ (1) + k

2
v′(1) + 1

2 ηTβ
4v(1) = 0

Guided with tip mass
, (7)

where ηT is the ratio between the tip mass MT to the spring mass M = ρl.

−ηTβ
4
α1 +

1
2 ηTβ

4
(

α2
2−α2

1
α2

)
sin h(α1l) sin(α2l)

+ηTβ
4
α1cos h(α1l) cos(α2l) +

(
α2

1α2
2 + α4

1
)
sin h(α1l) cos(α2l)

+
(
α3

1α2 + α1α3
2
)
cos h(α1l) sin(α2l) = 0

(8)

Figure 2. Schematic diagram of the clamped-guided spring with tip mass.

The design and structural parameters of the proposed EVEH is given in Table 1. By
using these values, the analytical solution of Equation (8) can be obtained. The normalized
frequency ω/ω0 as a function of normalized axial load F/Fcr is shown in Figure 3. When
the normalized axial load is 0, the normalized frequency of the device is defined as 1. Under
compressive load (F/Fcr is positive), ω/ω0 decreases as the compressive load increases.
When the critical buckling point (F/Fcr = 1) is reached, ω/ω0 drops to zero theoretically.
Under tensile load (F/Fcr is negative), ω/ω0 increases as the tensile load increases. The
maximum value of ω/ω0 is 1.406, at a F/Fcr value of −1. This indicates that when the
critical buckling load is applied, the resonance frequency of the EVEH device is 40.6% of
the natural resonance frequency of the device. In another word, by adjusting the axial load
in the spring, a normalized frequency tuning range of 40.6% with respect to the natural
resonance frequency of the EVEH device can be achieved.
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Table 1. Design parameters of the EVEH.

Parameter Description Value

E Young’s modulus 3.2 × 109 Pa
I Area moment of inertia, I = bh3/12 3.4 × 10−16 m4

l Length of the spring 7.0 × 10−3 m
b Width of the spring 1.0 × 10−3 m
h Thickness of the spring 1.6 × 10−4 m
ρ Weight per length 2.2 × 10−4 kg/m

MT Weight of the tip mass 5.5 × 10−3 kg
Fcr Critical buckling load, Fcr = π2EI/l2 2.2 × 10−1 N

Figure 3. The analytical normalized frequency ω/ω0 as function of normalized axial load F/Fcr.

2.3. Finite Element Method (FEM) Modeling

A FEM modal analysis of the EVEH is performed with Comsol Multiphysics. In the
model, the anchoring frame structure is simplified by applying fixed constrains to the
end of the springs. This simplification is valid as the springs are fixed at the end when
being clamped between two rigid frames. Different axial loads are asserted by specifying
different axial displacements of the end of the springs. The material parameters of the
polyimide used in the simulation are Young’s Modulus of 3.2 GPa, Poisson ratio of 0.34.
The four primary vibrational modes of the EVEH are shown in Figure 4: out-of-plane
twisting mode around the x-axis at 25.07 Hz, out-of-plane torsional mode around the z-axis
at 82.08 Hz, the out-of-plane piston motion mode at 118.78 Hz and in-plane twisting mode
around the y-axis at 194.04 Hz. In spite of being the 3rd resonance mode, the piston motion
mode will be the dominant resonance mode during operation as the entire EVEH device
is subjected to a uniform acceleration vertically (Y-direction in Figure 4). Slight torsional
movement may be combined the piston motion movement of the proof mass due to the
slight geometrical asymmetry induced by the assembly process of the device, e.g., the
off-centered position of the magnet induced by the gluing process.
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Figure 4. FEM Modal analysis of the EVEH. (a) twisting around the x-axis (25.07 Hz); (b) twisting around the z-axis
(82.08 Hz); (c) out-of-plane piston (118.78 Hz); (d) in-plane twisting around the y-axis (194.04 Hz).

For the piston mode of the EVEH device, the effect of the axial stress on the resonance
frequency is studied. The resonance frequency as a function of the relative fixture distance
∆d is shown in Figure 5. The resonance frequency of the device with no stress in the
spring is 118.78 Hz. When tensile force (∆d > 0) is applied, the resonance frequency
increases with the increase of ∆d. In the simulation, a maximum resonance frequency of
234.46 Hz is obtained with ∆d of 0.6 mm. When compressive stress (∆d < 0) is applied,
the resonance frequency decreases rapidly with the increase of stress. It is difficult to
predict the influence of spring buckling on the resonance behavior of the EVEH. The
simulated resonance frequency of the EVEH drops to 0 at the critical buckling point of
∆d = −0.146 mm. However, it has been shown that buckling stiffens the spring because it
changes the resonant movement of spring from dynamic bending to dynamic stretching [19].
Therefore, as ∆d further decreases beyond the buckling mode, the spring-stiffening effect
originated from the tensile stress induced by buckling will begin to dominate and the
resonance frequency will rise accordingly.

Figure 5. The FEM resonance frequency as function of the relative fixture distance ∆d.

3. Experimental

Figure 6 shows the measurement setup for characterizing the EVEH. The setup is
capable of generate different vibration conditions while simultaneously measuring the
output voltage of the EVEH device. The assembled EVEH is tuned to different resonance
frequency and then systematically characterized when being excited by a piezo shaker. The
sinusoidal actuation signal of the shaker is generated by a signal generator and amplified
by a power amplifier. The proposed EVEH has FR4 rigid PCB board at bottom which
facilitates the mounting process. The acceleration applied to the EVEH is measured by an
accelerometer installed between the EVEH and the shaker. The signals of the EVEH and the
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accelerometer are measured simultaneously using a NI USB-6211 data acquisition board. A
4th-order Butterworth low-pass filter is applied to the measured output of the EVEH to
filter the high frequency noise. The filter is implemented by using the LabVIEW software
and has a cut-off frequency of 1000 Hz which is far beyond the resonance frequency of the
EVEH.

Figure 6. Schematic diagram of the measurement setup.

4. Results and Discussions

This section presents the characterization results of the fabricated tunable EVEH
device. As the main goal of the presented work is to demonstrate the frequency tuning
capability of the proposed EVEH device, only open-loop performance of the EVEH device
in the time and frequency domain is presented, while the impedance matching and closed-
loop performance of the EVEH device is not reported in this work.

4.1. Manufactured EVEH Device

The photo of the assembled EVEH device is shown in Figure 7a. At the bottom of
the device is the stacked flexible coils sandwiched between two rigid FR4 frames. Fifteen
layers of 180 µm-thick flexible coils are included in the device shown in the photo. The
disc magnet is mounted above the coil stack and suspended by two straight polyimide
springs. The anchor of one spring is clamped between two fixed aluminum fixtures, while
the anchor of the other spring is clamped between two movable fixtures. The surfaces of
the fixtures are black anodized for a better surface protection. The fixtures in the photo are
in a slightly compressed state and, thus, the springs are buckled downwards. The magnet
in this work is a circular N50 NdFeB magnet with a diameter of 15 mm and a thickness
of 4 mm. Figure 7b shows the magnet, the springs and anchors of the EVEH. The magnet
is glued onto a reinforcement structure attached to the top surface of the polyimide layer,
in order to create space for the springs to oscillate below the magnet and minimize the
footprint of the device. Two independent anchors are connected to the end of the springs.
When the springs are in a natural state (neither stretched nor compressed), the gap between
the magnet and the coil is 4.8 mm. This distance will decrease when the spring is buckled
downwards by the compressive stress introduced during the tuning process. Figure 7c
shows the photo of a layer of the flexible coils. The coil layer consists of spiral copper
wires electroplated on the two sides of a polyimide layer. The patterns of the coils are
identical on the two sides but 180 flipped degrees. The winding directions of the coils on
the two sides are opposite and are interconnected by the via in the center of the layer. The
electrodes at the edge are used to connect coils on different layers. By clamping many coil
layers together with 180-degree rotation, a high-density coil consisting of many sub-coils
connected in series is formed.
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Figure 7. Photos of (a) the assembled EVEH device; (b) the magnet on the reinforcement structure
fixed to the spring layer; and (c) a layer of the planar coils.

4.2. Time Domain Response

The lengths of the springs are tuned by adjusting the distance between the two pairs
of fixtures, which is realized by tightening or loosening the side tuning bolts. At each
distance, the open-circuit output voltage of the EVEH is measured. The applied excitation
signal is a sinusoidal vibration with a peak-to-peak value of 2 g. Figure 8 shows the output
voltage of the EVEH as a function of time, measured at the resonance frequency of five
different relative distances between fixtures (∆d, with respect to distance between the
fixture when the spring is in the natural and relaxed state). These 5 distances correspond to
the natural state of the spring (∆d = 0 mm), the extreme compressive state of the spring
(∆d = −0.3 mm), the extreme tensile state of the spring (∆d = 0.5 mm) and two intermediate
stress levels of the springs (∆d = −0.1 mm and ∆d = 0.3 mm), respectively. The measured
output curves have mostly well-defined sinusoidal characteristics with no distortion or
nonlinearity, except the curve at ∆d = 0.3 mm. The curve at ∆d = −0.3 mm exhibits
slight non-symmetric characteristics, as a result of the buckling-induced nonlinearity from
elevated compression stress level. The period of the EVEH’s output voltage corresponds
with the excitation vibration frequency. The peak-to-peak output voltage of the EVEH
under natural state (∆d = 0 mm) is 749.8 mV. It is lower than the results of 1.57 V we have
reported in another work due to the large coil-magnet distance in this work [17]. As the
main goal of this EVEH is to tune the resonance frequency, only open-loop performance of
the EVEH device is investigated in this work, while the impedance matching and closed-
loop performance of the EVEH device is not detailed. The power produced by this device
under natural state (∆d = 0 mm) with a matching resistance of 923 Ω is approximately
19.04 µW.
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Figure 8. Output voltage of the EVEH versus time, measured at different relative fixture distances ∆d.

4.3. Frequency Tuning of the Device

Figure 9 shows the output voltage of the EVEH as a function of the frequency, mea-
sured at different fixture distance. All the voltage-frequency curves show typical linear
characteristic with symmetric resonance peaks. The total tuning frequency range is 56 Hz
(74–130 Hz), which is 64% of the natural resonance frequency of the EVEH (88 Hz). The
tuning range of 64% is 3 times higher than the tuning range of 22% realized by an active
frequency tuning technique (which consumes energy) of an EVEH with similar resonance
frequency (64 Hz) [20]. When tensile stress is induced in the spring (∆d = 0.1–0.5 mm),
the resonance peak of the EVEH shifts towards higher frequency, because tensile stress
increases the effective spring stiffness. In addition, the influence of the tensile stress on
the output voltage amplitude of the EVEH is not obvious while tuning the resonance
frequency. When compressive stress is induced in the spring, the resonance frequency
first shifts towards lower frequency (∆d = −0.1 mm) and then shifts towards higher fre-
quency (∆d = −0.2 mm and −0.3 mm). This phenomenon will be discussed with respect
to Figure 10. The output amplitude first decreases (∆d = −0.1 mm and −0.2 mm) and then
increases (∆d = −0.3 mm). Such a characteristic is induced by the combined effect of the
increased spring stiffness from spring buckling and decreased coil-magnet distance.
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Figure 9. Output peak-to-peak voltage as a function of frequency, measured at different relative
fixture distance ∆d.

Figure 10. Resonance frequency and coil-magnet distance as a function of relative fixture distance ∆d.

Figure 10 shows the resonance frequency and coil-magnet distance as a function of the
relative distance ∆d between the fixtures. The coil-magnet distance is constant (4.8 mm)
when the tensile stress is introduced into the spring (∆d = 0.1–0.5 mm), because no buckling
occurs with the presence of tensile stress. The resonance frequency increases from 88 Hz
to 130 Hz when ∆d increases from 0.1 mm to 0.5 mm. The increase in the resonance
frequency is a result of the enhanced effective spring stiffness for the bending mode of the
spring. When the compressive stress is introduced into the spring, the coil-magnet distance
decreases from 4.8 mm to 3.7 mm. Meanwhile, the resonance frequency first decreases from
88 Hz to 74 Hz and then increases to 115 Hz. The decrease in the resonance frequency is
due to the reduced effective spring stiffness by the compressive stress and the subsequent
increase in the resonance frequency is induced by the buckling. When the compressive
stress increases beyond the buckling point, the excess length of the spring is relaxed by
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a central deflection, the stress will not increase anymore. Although compressive stress is
known to decrease the spring stiffness, the buckling effect induced by the compressive
stress is known to increase the effective spring stiffness, due to the dynamic axial force and
the dynamic stretching of the springs. This behavior of successive decrease and increase in
the resonance frequency induced by compressive stress is identical as the pattern predicted
by Bouswtra and Geijselaers [21].

Table 2 lists the comparison between the present work and recent works of tunable
energy harvesters based on both band broadening and frequency tuning techniques. For
band broadening techniques, the multi-mode devices have rather narrow band width (often
less than 10% of their resonance frequency) and the frequency band is the superposition
of several narrow frequency bands [8,9]. The frequency tuning range of 64% in this work
is larger than the bandwidth of the multi-mode devices. The multi-frequency device
often utilizes array structures with different resonance frequency to expand frequency
band. Despite the very large frequency band of ~1000 Hz [13]. The very high resonance
frequency (~4000 Hz) deteriorates the applicability of such device in most of the ambient
vibrations (1–200 Hz). For low frequency vibration energy harvesting, the non-linear [14],
bistable [22], magnetostatic [23] wideband energy harvesters have the bandwidth between
5–19%, which is also lower than the relative tuning range of 64% in this work. These
three types of devices have the potential to realize very large bandwidth, but each of
them must overcome their inherent behavioral limitations before put into real applications,
e.g., hysteresis for nonlinear devices, uncertain dynamic behavior under random and
low vibrations for bistable devices and limitation of inter-magnet distance. For frequency
tuning techniques, one of the most common techniques is to use magnetic force/coupling
to tune the effective spring stiffness and, thus, the resonance frequency [20,24,25]. It is a
simple and effective method, but its tuning range is limited by the distance between the
magnets. Furthermore, the magnetic force increases rapidly when the distance between
the magnets is small, giving rise to very limited output level at high frequency regime.
The frequency tuning process can also be realized by adjusting the stress in the beam,
which is often used in the piezoelectric energy harvesters [26–28]. Despite the effectiveness
of tuning performance, the tuning structure used in these devices are often bulky, e.g.,
1700 cm3 for a 6–62 Hz frequency range. Few works have been reported on the stress
modulation in the spring of electromagnetic energy harvesters. In [29], the reported VEH
device achieves a 65% frequency tuning range by applying an axial load on an aluminum
spring with a central point mass. In this work, similar relative frequency tuning range
is realized with a compact device with 28 times smaller volume compared to the VEH
in [29]. It is worth mentioning that besides the common methods listed in Table 2, there
are also other novel approaches to broaden the bandwidth of energy harvesters, such as
using rotational pendulum [30], anti-resonance structure [31] and implementing the VEH
in a non-resonating principle [32]. Compared with most of the works listed in Table 2, the
tunable EVEH in this work has higher absolute and relative frequency tuning range, with
a relative compact volume. However, before the proposed tunable EVEH can be used in
real-world applications, the nonlinearity in the tuning performance must be addressed.
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Table 2. Comparison between tunable energy harvesters.

Reference Technology Size/cm3
Absolute

Frequency
Range/Hz

Relative
Frequency
Range/%

Band
Broadening

[8] Multi-mode device 1
71–74

105–107
111–114

4
2
3

[9] Multi-mode device 3.18
345–395
900–980

1130–1230

14
9
8

[13] Multi-frequency device,
40 cantilevers 1.40 3500–4500 25

[13] Multi-frequency device,
35 cantilevers 1.40 4200–5000 17

[14] Nonlinear device 9 94.1–98.9 5

[22] Bistable device 2.97 30–35 15

[23] Magnetostatic coupling device 68.9 45.5–55.5 19

Frequency
Tuning

[24] Combination of linear springs
and magnetic nonlinearity 61 2–7 110

[20] Magnetic coupling adjustment
of the spring stiffness 1.12 64–78 22

[25] Magnetic coupling adjustment
of the spring stiffness 1.8 409–516 25

[26] Stress modulation of
piezoelectric springs 1700 6–62 191

[27] Stress modulation of
piezoelectric cantilever 54 292–380

440–460
22
4

[28] Stress modulation of a
piezoelectric spring 60 200–250 24

[29] Stress modulation of an
aluminum spring 280 16–46 65

This work Stress modulation of polymeric
springs 9.95 74–130 64

5. Conclusions

In this paper, we report an electromagnetic vibrational energy harvester with tunable
resonance frequency. The resonance frequency of the EVEH is tuned by adjusting the axial
stress introduced into the springs, which is realized by physically pulling and pushing the
springs via a pair of metallic fixtures. The total tuning frequency range is 56 Hz (74–130 Hz),
which is 64% of the natural resonance frequency of the EVEH (88 Hz). The tensile stress
increases the resonance frequency of the EVEH, while the compressive stress firstly reduces
the resonance frequency and then increases the resonance frequency due to buckling. In
the future, new spring design might be implemented to improve the nonlinear relationship
between the tuned resonance frequency and the tuning parameter (∆d). In addition, the
tuning range of the resonance frequency might be further increased by optimizing the
spring and fixture structure.
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30. Ambrożkiewicz, B.; Litak, G.; Wolszczak, P. Modelling of Electromagnetic Energy Harvester with Rotational Pendulum Using
Mechanical Vibrations to Scavenge Electrical Energy. Appl. Sci. 2020, 10, 671. [CrossRef]

31. Foong, F.M.; Thein, C.K.; Ooi, B.L.; Yurchenko, D. Increased power output of an electromagnetic vibration energy harvester
through anti-phase resonance. Mech. Syst. Signal Process. 2019, 116, 129–145. [CrossRef]

32. Tao, K.; Chen, Z.; Yi, H.; Zhang, R.; Shen, Q.; Wu, J.; Tang, L.; Fan, K.; Fu, Y.; Miao, J.; et al. Hierarchical Honeycomb-Structured
Electret/Triboelectric Nanogenerator for Biomechanical and Morphing Wing Energy Harvesting. Nano-Micro Lett. 2021, 13, 1–16.
[CrossRef]

44



micromachines

Article

All-in-One High-Power-Density Vibrational Energy Harvester
with Impact-Induced Frequency Broadening Mechanisms

Yongqi Cao 1,2,†, Weihe Shen 3,†, Fangzhi Li 1, Huan Qi 4, Jiaxiang Wang 1, Jianren Mao 3, Yang Yang 2

and Kai Tao 1,2,*

Citation: Cao, Y.; Shen, W.; Li, F.; Qi,

H.; Wang, J.; Mao, J.; Yang, Y.; Tao, K.

All-in-One High-Power-Density

Vibrational Energy Harvester with

Impact-Induced Frequency

Broadening Mechanisms.

Micromachines 2021, 12, 1083.

https://doi.org/10.3390/mi12091083

Academic Editor: Kenji Uchino

Received: 28 July 2021

Accepted: 5 September 2021

Published: 8 September 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Ministry of Education Key Laboratory of Micro and Nano Systems for Aerospace,
Northwestern Polytechnical University, Xi’an 710072, China; caoyq@mail.nwpu.edu.cn (Y.C.);
2017300086@mail.nwpu.edu.cn (F.L.); jiaxiang@mail.nwpu.edu.cn (J.W.)

2 Research & Development Institute in Shenzhen, Northwestern Polytechnical University, Shenzhen 518057,
China; yang_yang@cqu.edu.cn

3 Science and Technology on Space Physics Laboratory, China Academy of Launch Vehicle Technology,
Beijing 100076, China; weihenihao@gmail.com (W.S.); maoren_99@163.com (J.M.)

4 Beijing Institute of Astronautical Systems Engineering, China Academy of Launch Vehicle Technology,
Beijing 100076, China; qi_huan@sina.com

* Correspondence: taokai@nwpu.edu.cn
† These authors contributed equally to this work.

Abstract: This paper proposes an electrostatic-piezoelectric-electromagnetic hybrid vibrational power
generator with different frequency broadening schemes. Both the nonlinear frequency broadening
mechanisms and the synergized effect of the electrostatic-piezoelectric-electromagnetic hybrid struc-
tures are investigated. The structure and performance of the composite generator are optimized
to improve the response bandwidth and performance. We propose that the electrostatic power
generation module and the electromagnetic power generation module be introduced into the can-
tilever beam to make the multifunctional cantilever beam, realizing small integrated output loss,
high output voltage, and high current characteristics. When the external load of the electrostatic
power generation module is 10 kΩ, its peak power can reach 3.6 mW; when the external load of the
piezoelectric power generation module is 2 kΩ, its peak power is 2.2 mW; and when the external load
of the electromagnetic power generation module is 170 Ω, its peak power is 0.735 mW. This means
that under the same space utilization, the performance is improved by 90%. Moreover, an energy
management circuit (ECM) at the rear end of the device is added, through the energy conditioning
circuit, the device can directly export a 3.3 V DC voltage to supply power to most of the sensing
equipment. In this paper, the hybrid generator’s structure and performance are optimized, and
the response bandwidth and performance are improved. In general, the primary advantages of the
device in this paper are its larger bandwidth and enhanced performance.

Keywords: vibration energy harvesting; all-in-one; frequency broadening

1. Introduction

Over the past few decades, tremendous advances have been made in microelectronic
systems, with devices becoming smaller and requiring less energy [1]. However, lim-
ited by the service life and energy density of the traditional batteries, the power supply
scheme of these systems is still a challenge. Therefore, researchers hope to design some
devices to harvest the energy in the environment to power these microelectronic systems
autonomously. Meanwhile, these low-power electronic devices pose a challenge to cheap,
flexible, portable, and sustainable energy resources [2–9]. Therefore, many researchers are
devoted to the demand of these microelectronic systems, among which vibration energy
harvesting technology has become a research hotspot [10–21].

The energy conversion mechanism based on ambient vibration is electrostatic (ES),
electromagnetic (EM), piezoelectric (PE), and triboelectric [22–27]. In terms of the electro-
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static mechanism, Naruse et al. [28] present a low-frequency electrostatic micro-vibrational
energy harvester (VEH) supported by microspheres. The result shows that the output
power can reach 40 µW under the excitation of 2 Hz and 0.4 g vibration. Nobuhide Kasagi
et al. [29] present an microelectromechanical systems (MEMS) electret generator with
nonlinear spring. Additionally, the power output of 1 µW has been obtained at 63 Hz.
Ugur Erturun et al. [30] present a vibration energy harvester using push–pull electrostatic
conversion. The stored energy of ~900 µJ and the power of ~15 µW are obtained by charg-
ing a capacitor for around a minute. Additionally, the output voltage can reach 318 V.
James E. West et al. [31] demonstrate an energy harvester that combines a piezoelectric
nanogenerator and an electret-based electrostatic generator. The maximum peak–peak
voltage output of the electrostatic part is 500 V at 20 Hz. The short-circuit current output of
the electrostatic part is 1.1 µA at 10 Hz. In these studies, the electrostatic energy harvesting
method can output a large voltage, but the current generated is small.

In terms of the electromagnetic mechanism, Kulkarni et al. [32] present a miniature
electromagnetic VEH with the help of MEMS technology. By changing the structure, the
maximum output voltage and power of the device can reach 950 mV and 85 µW. Külah
et al. [33] present an electromagnetic VEH that converts a low-frequency vibration into
a higher-frequency vibration through frequency conversion technology. The maximum
output voltage and power obtained by VEH at a natural frequency of 64 Hz are 6 mV
and 120 nW, respectively. Peihong Wang [34] uses MEMS technology to make a new
electromagnetic VEH. When the acceleration is 0.8 g and the frequency is 280.9 Hz, the
maximum output voltage and power are 101 mV and 19.5 µW, respectively. Kankana Paul
et al. [35] present the design and performance of fully integrated EM vibration energy
harvesters on the scale of microelectromechanical systems (MEMS). The device produces
a power density as high as 52 µW/cm3 at 1 g acceleration. The nonlinear counterpart
enhances the bandwidth almost six times to 25 Hz at the cost of reduced power density. In
these studies, the voltage performance of the small-size electromagnetic energy generator
in the low-frequency environment is not very prominent, but the current generated using
the electromagnetic energy harvesting method is large.

Additionally, in terms of the piezoelectric mechanism, a small piezoelectric cantilever
beam type linear narrow-band generator is proposed by Bai et al. [36], which can acquire
the average power of 50 and 20 µW, respectively, when placed on the arm and top of the
human body, and the power density is 0.35 and 0.14 µW/mm3, respectively. However,
linear narrow-band generators cannot adapt to variable environmental vibrations at any
time and cannot provide a stable output. Therefore, Shahruz et al. [37] proposed an array
piezoelectric broadband generator. The different natural frequencies of the array cantilever
beams increase the bandwidth of the generator. Xue et al. [38] also proposed a piezoelectric
generator with a bimorph cantilever beam array, which uses different resonance frequencies
caused by different wafer thicknesses to increase the bandwidth of the generator. However,
the average power of the array generator is low. Leland et al. [39] proposed a clamped
beam adjustable resonant generator with axial compression preload. This generator can
change the beam stiffness to change the natural frequency and increase the bandwidth.
However, the adjustable resonant generator cannot respond quickly to changes in excitation.
In addition to the above two types of generators that achieve broadband, Li et al. [40]
proposed a hardened extrusion-type nonlinear generator that can harvest energy at a lower
vibration level. Alireza Rezaniakolaie et al. [41] proposed a trapezoid harvesting multi-
beam structure with macro-fiber-composite toward the energy conversion enhancement of
piezoelectric energy harvesters from wideband excitation signals. The power generation by
this harvester is 84% greater than a common multi-beam design at a 47%-reduced volume,
resulting in a 160% power density improvement. Additionally, Weiqun Liu et al. [42]
proposed a nonlinear generator with curved surface fixtures, effectively increasing the
bandwidth and power.

In general, there are many methods to implement broadband generators, but the
nonlinear generator is a more effective solution due to its large bandwidth when carrying
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out energy harvesting. Therefore, this paper proposes a hybrid nonlinear generator with
vibration energy harvesting technologies. On the one hand, we adopt the curved fixture
structure to increase the bandwidth. On the other hand, the electrostatic [43–48] generator
module and the electromagnetic module are integrated with the piezoelectric generator
module to improve the output power of the nonlinear generator. We propose that the
electrostatic power generation module and the electromagnetic power generation module
be introduced into the cantilever beam to make the multifunctional cantilever beam,
realizing small integrated output loss, high output voltage, and high current characteristics.

2. The Conception of Device

This paper designs a hybrid nonlinear generator that combines three power generation
methods. The structure design of the power generation is a multifunctional cantilever beam
structure composed of the piezoelectric power generation module, a partial structure of the
electrostatic power generation module, and a partial structure of the electromagnetic power
generation module. As shown in Figure 1, this paper integrates the piezoelectric power
generation module, the electrostatic power generation module, the electromagnetic power
generation module, and the energy conditioning circuit module based on the LTC3588 chip
into a package.
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Figure 1. Overall diagram of the electrostatic-piezoelectric-electromagnetic hybrid vibrational power
generator: ES-VEH module is the electrostatic power generation module, PE-VEH module is the
piezoelectric power generation module, EM-VEH module is the electromagnetic power generation
module, and EMC is the energy management circuit module.

The power generation principle of the three power generation modules is shown
in Figure 2. The piezoelectric power generation module in this paper is mainly based
on the positive piezoelectric effect of piezoelectric materials. Its working principle is as
shown in Figure 2a, if the pressure to the direction of the polarization is applied to the
piezoelectric chip, due to the compression and deformation of the piezoelectric chip, the
distance between the positive and negative charges in the piezoelectric layer will decrease
and the polarization strength of the chip will be weakened, which causes a part of the free
electrons on the surface electrode of the piezoelectric layer to be released and a discharge
phenomenon occurs. After the pressure is removed, the distance between the positive and
negative charges in the chip will increase, and the polarization strength will also increase.
At this time, a part of the free charges will be adsorbed on the surface of the upper and
lower electrodes of the piezoelectric layer and a charging phenomenon will occur.
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In the actual working process, the device’s piezoelectric layer constantly repeats the
charging and discharging process under the influence of the alternating forces provided
by the external vibration environment in order to realize the conversion of mechanical
energy into electrical energy. The working principle of the electrostatic power generation
module is to convert external mechanical disturbances into capacitance changes of variable
capacitors under a constant bias voltage, which causes the charge flow between the two
electrodes, thereby converting mechanical energy into electrical energy under external
excitation. The FEP is a dielectric with permanent charge or dipole polarization. It can
form a permanent electric field around it; therefore, it can be used as a constant voltage
source to provide a bias voltage for the electrostatic power generation module.

The working principle of the electrostatic power generation module based on out-
of-plane motion is shown in Figure 2b. Due to the electrostatic induction, the negative
charge in the electret material on the movable electrode will generate the corresponding
positive charge on the fixed electrode, and the positive charge will flow back and forth
with external disturbances, thereby converting the mechanical energy into electric energy.

The working principle of the electromagnetic power generation module in this paper
is based on the electromagnetic induction, which converts the change of the magnetic flux
in the coil into the induced current. It is generally composed of a permanent magnet, a coil,
and an elastic unit. When the outside vibrates, the elastic unit will induce the vibration
of the outside, causing relative movement between the magnet and the coil, and the coil
will sense the changing magnetic flux to generate the output of the electrical energy. The
relative movement between the permanent magnet and the coil can be either the permanent
magnet moving without the coil moving, or the coil moving without the permanent magnet
moving (Figure 2c). The electromagnetic power generation module of this paper uses the
electromagnetic power generation method that the permanent magnet moves, and the coil
does not move.

Among them, the piezoelectric power generation module uses an MEMS piezoelectric
vibration energy harvester design scheme. The dual-crystal cantilever beam of this module
uses a metal substrate piezoelectric film multilayer composite structure preparation process,
which mainly includes the surface polishing of the material to be bonded, the hot-press
bonding of conductive silver glue, the mechanical thinning of the piezoelectric layer, metal
electrode sputtering, laser cutting, fixing of the cantilever beam, and the lead process. To

48



Micromachines 2021, 12, 1083

enhance the electrical performance, the piezoelectric power generation module adopts the
bonding and thinning technology based on the intermediate layer to fabricate the film with
excellent piezoelectric properties. At the same time, the mass block is attached to the free
end of the cantilever beam, thus, further improving the output performance.

In the piezoelectric power generation module, the PZT piezoelectric material is used
as the piezoelectric functional layer. The piezoelectric cantilever beam is used as the main
structure of the energy harvester, and a mass block is added at the free end of the beam.
The electrostatic power generation module is composed of a movable electrode and a fixed
electrode. The fixed electrode is a Cu material layer attached to the top of the internal side
of the package shell. The movable electrode is the pre-charged electret material film (FEP)
attached to the Cu material layer and bonded to the piezoelectric ceramic generating layer.
The electromagnetic power generation module is composed of an inductance coil and a
cylindrical permanent magnet. The inductance coil is placed in the center of the package
shell base, and the permanent magnet is glued under the cantilever beam to provide a
magnetic field for the electromagnetic power generation module.

In this way, the piezoelectric power generation module, the electret layer of the electro-
static power generation module, and the permanent magnet of the electromagnetic power
generation module are integrated into a multifunctional cantilever beam that incorpo-
rates three power generation methods. The manufacturing process of the multifunctional
cantilever beam is shown in Figure 3.
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The energy conditioning circuit mainly consists of LTC3588-1, which integrates a
full-wave bridge rectifier with low loss and a buck converter with high efficiency. The
package is a 3D printed shell made of resin material. The entire device collects vibration
energy in the environment by piezoelectric and electrostatic power generations. It then
converts into a well-regulated output to power application microcontrollers, sensors, data
converters, and wireless transmission components.

Figure 4 shows the movement of the three power generation modules when the
device is subjected to vibration. When affected by the external vibration, the free end
mass of the multifunctional cantilever beam vibrates the cantilever beam up and down.
The piezoelectric crystal produces the piezoelectric effect. The distance between the FEP
movable electrode layer on the piezoelectric layer and the fixed electrode on the top of the
shell changes, and thus the electrostatic effect is generated. The permanent magnet at the
bottom of the cantilever beam starts to move up and down in the inner ring of the inductor
coil to generate electromagnetic induction to complete the power generation process. At
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the same time, this article explores the nonlinear effect, and uses the bending fixture to
broaden the frequency band. The advantages of the bending fixture will be given in the
experimental section.
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Figure 4. The movement of the three power generation modules.

The vibration of the multifunctional cantilever beam causes the piezoelectric, electro-
static, and electromagnetic power generation modules to start working at the same time.
The power generation of the three power generation modules is based on the movement of
the multifunctional cantilever beam, which simplifies the complexity of the device.

3. Experimental Design

Firstly, this paper explores the nonlinear effect and designs two fixtures; one is an
ordinary linear fixture, the other is a curved fixture. The design will test the respective
characteristics of the two fixtures in an experiment for comparative analysis. First of
all, based on these two fixtures, stoppers will be added at the middle and the end of
the ordinary linear fixtures to explore the nonlinear effects of piezoelectric cantilever
beams under three different structures. When the cantilever beam is deformed by external
excitation, the cantilever beam will come into contact with the fixture, the effective length of
the beam will be shortened, and the rigidity of the system will increase, thereby introducing
nonlinear effects.

As shown in Figure 5, it shows the mechanical structure of the cantilever beam with
stoppers at the middle and end of the cantilever on the basis of ordinary linear clamps and
the use of curved clamps. The two cases of the ordinary linear fixture setting stoppers are
shown in Figure 5a,b. The stoppers are, respectively, set at the middle and the end of the
cantilever beam. When the cantilever beam is deformed due to vibration, the cantilever
beam contacts the stopper; at this time, the effective length of the cantilever beam will
change greatly, but this change is fixed. Figure 5c shows a curved fixture, which makes
the effective length of the cantilever beam have different changes in one working cycle.
Therefore, the nonlinear effect curves of the three structures are also significantly different.
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Figure 5. The mechanical structure of three non-linear test structures.

Additionally, this paper has carried on a certain theoretical derivation. In the general
linear piezoelectric vibration power generation theoretical model, Meq is the equivalent
mass of the piezoelectric power generation module, ξ is the damping coefficient, Keq is
the equivalent stiffness of the piezoelectric power generation module, u(t) is the vibration
of the cantilever piezoelectric vibrator displacement, ∂ is the electromechanical coupling
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coefficient of the piezoelectric power generation module, and RL is a purely resistive load.
When the external excitation F(t) affects, the dynamic equation of the equivalent mass
block can be obtained according to Newton’s second law, and the lumped parameter
equivalent model of the piezoelectric power generation module shown in the following
Equation (1) can be obtained according to Kirchhoff’s law:

{
Meq

..
u(t) + ξ

.
u(t) + Kequ(t) + ∂V0(t) = F(t)

∂
.
u(t) = Cp

.
V0(t) + V0(t)/RL

(1)

where V0(t) is the output voltage of the piezoelectric power generation module, and ∂V0(t)
reflects the reaction force of inverse piezoelectric effect on the cantilever piezoelectric
vibrator.

In the three fixtures shown in Figure 5, a theoretical model is established for two struc-
tures of the nonlinear piezoelectric power generation module with a stopper in Figure 5a,b.
The damping coefficient, equivalent stiffness, and electromechanical coupling coefficient
are expressed as a function of vibration displacement ξ(u), Keq(u), and Θ(u), in order to ob-
tain the general form of the system model of the nonlinear piezoelectric power generation
module, as shown in the following Equation (2):





Meq
..
u(t) + ξ(u)

.
u(t) + Keq(u)u(t) + Θ(u)Q(t)/Cp = F(t)

Θ(u)u(t) = CpQ(t)RL + Q(t)
ξ(u) = a1 + a2

∣∣ .
u
∣∣

Keq = b1 + b2u2

Θ(u) = d1 + d2
√

u

(2)

where Q(t) is the charge generated at both ends of the electrode; ξ(u) is the square damp-
ing, where α1 is the linear damping coefficient, and α2 is the nonlinear damping coefficient;
Keq(u) is the nonlinear stiffness, where b1 is the linear stiffness coefficient, b2 is the non-
linear stiffness coefficient; and Θ(u) is nonlinear electromechanical coupling coefficient,
where d1 is the linear electromechanical coupling coefficient, and d2 is the nonlinear elec-
tromechanical coupling coefficient.

After integration and dimensionless processing, the vibration displacement, output
charge, and time are standardized through the following Equation (3), and the theoretical
general model of the nonlinear piezoelectric power generation module is obtained, as
shown in Equation (4): 




u(t) = czz(τ)
Q(t) = cqq(τ)
t = τ

√
m/b1

(3)

where cz and cq are standardization coefficients in units of m and C, respectively. τ is the
standardization time.





..
z + ( a1√

mb1

.
z + cza2

m

∣∣ .
z
∣∣ .
z) + (z + b2cz

2

b1 z3) +
cq

b1czCp
(d1 + d2

√
cz|z|)q

= F(τ
√

m/b1)/(b1cz)

CpRL
.
q
√

b1
m − cz

cq
(d1 + d2

√
cz|z|)z + q = 0

(4)

Simplified:





..
z + (2µ

.
z + η

∣∣ .
z
∣∣ .
z) + (z + ϕz3) + ε(θ + β

√
|z|)q

= F(τ
√

m/b1)/(b1cz)

ρ
.
q− (θ + β

√
|z|)z + q = 0

(5)

Making 2µ = α1/
√

mb1, η = czα2/m, ϕ = b2c2
z/b1, ε = c2

q/
(
b1c2

zCp
)
, θ = d1cz/cq,

β = d2cz
√

cz/cq, and ρ = CpRL
√

b1/m. z is the dimensionless vibration displacement, µ is
the dimensionless linear damping coefficient, η is the dimensionless nonlinear damping co-
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efficient, ϕ is the dimensionless nonlinear stiffness coefficient, θ is the dimensionless linear
electromechanical coupling coefficient, β is the dimensionless nonlinear electromechanical
coupling coefficient, q is the dimensionless output charge, and ρ is the dimensionless pure
resistance load.

When the input excitation is F(t) = F0sin(Ω′t), the normalized formula on the right
side of Equation (5) is as follows:

F̂(τ) = F0/(b1cz)sin(Ω′
√

m/b1τ) = γsin(ωτ) (6)

where γ = F0/(b1cz) and ω =
√

m/b1Ω′. Equation (5) is further transformed into the
following: 




..
z + (2µ

.
z + η

∣∣ .
z
∣∣ .
z) + (z + ϕz3) + ε(θ + β

√
|z|)q

= γsin(ωτ)

ρ
.
q− (θ + β

√
|z|)z + q = 0

(7)

Then, the average power in a period T is as follows:

P̃avg =
1
T

∫ T

0
ρ

.
q(τ)

2

dτ (8)

which, when converted to dimensional average power, is as follows:

Pavg =
c2

q

Cq

√
b1

m
P̃avg (9)

Figure 5c shows the designed nonlinear piezoelectric power generation module of
the bending fixture. The elastic restoring force Fr = Keq(u)u(t) is added to the established
theoretical general model of the nonlinear piezoelectric power generation module to
obtain the theoretical model of the nonlinear piezoelectric power generation module of the
bending fixture, as shown in Equation (6).





Meq
..
u(t) + ξ

.
u(t) + Fr + ∂V0(t) = F(t)

∂
.
u(t) = RLCp

.
V0(t) + V0(t)

Fr = f1u(t) + f2u(t)3

k = dF/du(t) = f1 + 3 f2u(t)2

(10)

where k is the nonlinear stiffness, where f1 is the linear stiffness coefficient, and f2 is the
nonlinear stiffness coefficient.

Secondly, this paper also designs the experiment of the coupling characteristics among
the three power generation modules, and explores the respective power generation charac-
teristics of the three power generation modules and discusses the effect that the coupling
can achieve.

4. Testing Results

Firstly, this paper explores the influence of the ordinary linear fixture and the curved
fixture on the performance of piezoelectric power generation structures. As shown in
Figure 6, when the external load is 10 kΩ and the excitation amplitude increases from 1.5
to 4 m/s2, the non-linear effect exhibited by the curved fixture makes the frequency band
continue to expand, which shows the good non-linear effect of the curved fixture. It can
be seen that the bandwidth of the curved fixture is 25 to 33 Hz under 3 m/s2, while the
bandwidth of the ordinary linear fixture is 22 to 27 Hz. The curved fixture bandwidth
under 3.5 m/s2 is 26 to 35 Hz, and the bandwidth of the ordinary linear fixture is 22 to
27 Hz. At 3 and 3.5 m/s2, the curved fixture has an expanded bandwidth compared to
the ordinary linear fixture. Compared with the ordinary linear fixture, the curved fixture’s
bandwidth increased by 60 and 80%, respectively. At this time, the power of the curved
fixture is 112 and 120% of the ordinary linear fixture.
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Figure 6. Ordinary fixture and curved fixture test comparison.

Secondly, based on the ordinary linear fixture, the experiment set stoppers at the
middle and the end of the cantilever, and the nonlinear effects of the cantilever caused by
these two structures and using the curved fixture are tested in Figure 7. It can be seen in the
figure that although the non-linearity of placing the stopper at the end may not be obvious
due to the small acceleration, it can be seen that the nonlinear effect of placing the stopper
at the middle and using the curved fixture is more obvious. Obviously, the bandwidth
and performance of using the curved fixture have been greatly improved compared to the
ordinary linear fixture of setting stoppers. Using the curved fixture, the performance of the
device is improved by nearly two times.
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Figure 7. Three structural non-linear tests.

After exploring the advantages of the curved fixture, the experiment adds the elec-
trostatic power generation module on this basis. The result is shown in Figure 8. After
adding the electrostatic power generation module, because of the structure design of the
electrostatic power generation module, it also shows a nonlinear effect. The half-power
bandwidth of the piezoelectric cantilever beam is 14 to 19 Hz, and the half-power band-
width of the electrostatic power generation module is 14 to 19.5 Hz. At this time, the
electrostatic external load is 10 kΩ and the peak power is 3.6 mW, while the piezoelectric
external load is 2 kΩ and the peak power is 2.2 mW. It can be seen that although the
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addition of the electrostatic power generation module does not expand the frequency
bandwidth, it improves the performance of the generator. This means that under the same
space utilization, the performance is improved by 60%.
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In addition, this paper also explores the specific performance of the electromagnetic
power generation module. After testing, the contribution of the electromagnetic module is
0.5 V of the voltage. The voltage test is shown in Figure 9. Although the electromagnetic
power generation module has no nonlinear effect and does not broaden the frequency band
of the device, its high current characteristics can improve the output current of the device.
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Figure 9. The voltage test of the electromagnetic power generation module.

To explore the influence of the high current characteristics of the electromagnetic
module on the output current of the device, a design experiment is designed to test the
current of the three modules and the current of the entire device. As shown in Figure 10,
the electromagnetic high-current characteristics are well preserved, which greatly improves
the current output of the device. The electrostatic module current can reach 28 µA, the
piezoelectric module current can reach 7 µA, and the electromagnetic module current can
reach 764 µA. Although the hybrid current of the three modules has a loss, it can still be
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seen that the electromagnetic module has increased the device current. The hybrid current
can reach 653 µA.
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Figure 10. Three kinds of module current comparison and hybrid current.

In this paper, three kinds of power generation modules are integrated and encapsu-
lated in the 3D printing shell together with the energy conditioning circuit. Figure 11 shows
the appearance of the device after packaging and the energy management strategy used in
this paper. In the paper, the impedance of PE is 2 kΩ, the impedance of ES is 10 kΩ, and the
impedance of EM is only 170 Ω; the electrical impedance of the EM is significantly different
from the PE and ES part. To overcome the problem, an additional impedance matching
circuit needs to be incorporated in PE and ES after the AC-DC conversion, respectively.
The impedance matching circuit is capable of adjusting the impedance of PE and ES to
the same level of EM. After that, the DC signals from three mechanisms are superposed
together for an improved performance.

This paper integrates the three power generation modules and the energy conditioning
circuit in a small-sized package shell. Under ensuring its good performance, the size of
the device is reduced as much as possible so that the device can adapt to more application
scenes. According to the calculation, the circuit power consumption of the current system
is calculated up to 3 mW, and the overall converted energy before the power conditioning
circuit is about 6.5 mW. The conversion efficiency of mechanical energy to electrical energy
ratio is calculated as 0.12/1.6 = 0.075, 7.5%.

Three kinds of power generation modules are effectively integrated into the confined
space. During the working process of the device, the electromagnetic power generation
module actively participates in the contribution in the low-frequency domain, and its high
current characteristic is fully utilized. In the high-frequency domain, the electrostatic power
generation module and the piezoelectric power generation module actively participate in
the contribution, and the high-voltage characteristics are fully exerted. Therefore, the device
has a wider working frequency domain and achieves a higher energy conversion efficiency
in multiple vibration frequency bands. In the same time domain, the multifunctional
cantilever beam structure means that the output of the piezoelectric, electrostatic, and
electromagnetic power generation modules is basically in the same phase. The integrated
output loss is small, and the characteristics of high voltage and high current are realized.
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Finally, there is an energy conditioning circuit at the rear end of the device. The output
of the three power generation modules is adjusted by the energy conditioning circuit and
the AC is converted into the DC that most sensors can directly use. The conversion effect is
shown in Figure 12. After the conditioning of the energy conditioning circuit, it can finally
output a 3.3 V DC voltage.
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5. Conclusions

This paper proposes a hybrid nonlinear generator with the following three power
generation modules: piezoelectric, electrostatic, and electromagnetic. The influence of the
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ordinary linear fixture and the curved fixture on the performance of the generator has been
explored. It has been verified that compared with the ordinary linear fixture, the curved
fixture has excellent bandwidth expansion capabilities and can improve the performance
by 25% compared with the ordinary stopper structure. While exploring the nonlinear effect
of the piezoelectric cantilever beam, we have integrated the electrostatic power generation
module and the electromagnetic power generation module into the piezoelectric power
generation module. After adding the electrostatic power generation module, the half-power
bandwidth of the piezoelectric cantilever beam has been increased from 16 to 20 Hz. The
peak power of 3.6 mW has been achieved. The half-power bandwidth of the electrostatic
structure has been increased from 14.5 to 19.5 Hz, and the peak power is 2.2 mW. Although
the addition of electrostatic energy generation module does not expand the frequency
bandwidth, it improves the performance of the generator. This means that under the same
space utilization, the performance is improved by 60%. In addition, the electromagnetic
energy generation module is introduced into the cantilever beam structure, which also
contributes to the device. Finally, we have optimized the structure and performance of the
hybrid generator and have achieved the improvement of the bandwidth and performance.
Moreover, an energy conditioning circuit at the rear end of the device is added. Through
the energy conditioning circuit, the device can directly output a DC voltage to supply
power to most of the sensing equipment.

In general, the device designed in this paper has the advantages of a larger bandwidth,
better performance, and smaller size, and can be used in many vibration environments
in limited spaces. Additionally, the device can overcome the shortcomings of the single
energy harvesting device, such as the low current of piezoelectric and electrostatic power
generation, and the low voltage of electromagnetic power generation, etc., the output
performance is better than the single energy harvesting device. Although the hybrid energy
harvesting device has these advantages, it also has some problems, such as difficulty in
coupling multiple power generation units, large size, and high cost. Therefore, further
improving the coupling performance of multiple units of the hybrid energy harvesting
device, designing new structures to improve integration and reduce the device size, and
reducing costs are things that need to be considered.
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Abstract: Due to the particular arrangement of permanent magnets, a Halbach array has an significant
effect of magnetism and magnetic self-shielding. It can stretch the magnetic lines on one side of the
magnetic field to obtain an ideal sinusoidal unilateral magnetic field. It has a wide application range
in the field of energy harvesting. In practical applications, magnetic induction intensity of each point
in magnetic field is not only related to the induced current and conductor but also related to the
permeability of the medium (also known as a magnetic medium) in the magnetic field. Permeability
is the physical quantity that represents the magnetism of the magnetic medium, which indicates the
resistance of magnetic flux or the ability of magnetic lines to be connected in the magnetic field after
coil flows through current in space or in the core space. When the permeability is much greater than
one, it is a ferromagnetic material. Adding a ferromagnetic material in a magnetic field can increase
the magnetic induction intensity B. Iron sheet is a good magnetic material, and it is easy to magnetize
to generate an additional magnetic field to strengthen the original magnetic field, and it is easy to
obtain at low cost. In this paper, in order to explore the influence of ferromagnetic material on the
magnetic field and energy harvesting efficiency of the Halbach array energy harvesting structure,
iron sheets are installed on the periphery of the Halbach array rotor. Iron sheet has excellent magnetic
permeability. Through simulation, angle between iron sheet and Halbach array, radian size of iron
sheet itself and distance between iron sheet and Halbach array can all have different effects on the
magnetic field of the Halbach array. It shows that adding iron sheets as a magnetic medium could
indeed change the magnetic field distribution of the Halbach array and increase energy harvesting
efficiency. In this paper, a Halbach array can be used to provide electrical power for passive wireless
low-power devices.

Keywords: Halbach array; iron sheet; energy harvesting

1. Introduction

With the continuous development of micro devices, various wearable devices that
can be used on the human body have been widely used. Zhihao Ren et al. based one on
the smart cut process for fabrication of silicon-on-insulator (SOI) wafers and films made
of wafer bonding technology, which can satisfy high-performance molecular sensors for
next-generation applications beyond 5G [1] At the same time as the development of micro
devices, energy harvest technology has also been developed. Xiang Lu et al. designed
an energy trap based on the principle of piezoelectricity and the miniature deformable
squama mechanics [2] by controlling the size of the signal input to each array to produce
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different shapes of deformation to fit the human body movement. The piezoelectric energy
harvest voltage is large, but it has strict requirements on frequency and bandwidth.

In 1979, physicist Klaus Halbach discovered a particular permanent magnet array—
the Halbach array [3–5]. Using a special magnet unit arrangement, field strength in the
magnet unit direction increased. The goal is to use a small number of magnets to generate
the strongest magnetic field. The study by Ni Y, Xu L, Jing L et al. showed that the Halbach
array has a higher air gap magnetic flux density amplitude than conventional magnetic
steel, which can significantly improve the energy harvesting efficiency [6–8].

It is crucial to study the distribution of the magnetic field in electromagnetic harvesting
energy, and it is the prerequisite for applying a magnetic medium in a magnetic field to
improve the magnetic field [9–12]. After ferromagnetic material that is magnetized in
the magnetic field, an additional magnetic field will be generated. The superposition of
additional magnetic field and original magnetic field makes the total magnetic field much
stronger than the original magnetic field [13–15]. In this paper, iron sheets are used to
explore the influence of ferromagnetic material on the magnetic field distribution of the
Halbach array. As the position, size and angle of iron sheet are different, the final magnetic
field distribution of the Halbach array will be different, and the energy harvesting efficiency
will be different. Three sets of simulation comparisons are designed for verification. The
results prove that when it is a ring-shaped Halbach array composed of three pole pairs
and two permanent magnets per pole, and the angle between the iron sheet and Halbach
array is 30◦, the magnetic field distribution is the densest and the energy harvesting effect
is the best. When the radian of the iron sheet is 40◦, the amount of iron sheet is the
lowest, while the energy harvesting effect is the best. When the distance between the iron
sheet and Halbach array gets closer, the energy-harvesting effectiveness of the designed
structure grows higher. Compared with the case of without iron sheet, the maximum
energy harvesting voltage is increased by 1.8 times, and the maximum energy harvesting
voltage is 1.8 V. The simulation results are verified through experiments, and when iron
sheets are added, the energy harvesting effect is indeed greatly improved.

2. The Principle of Halbach Array and Ferromagnetic Magnetization

In order to make the air gap flux density of the Halbach array magnet rotor present a
sinusoidal distribution, it is necessary to perform continuous sinusoidal magnetization of
the permanent magnets to make up the Halbach array rotor, namely Halbach magnetiza-
tion [16]. The ideal sinusoidal magnetization effect is better, but the process is complicated
to achieve with the existing technology. Therefore, the permanent magnets are assembled
and magnetized in segments. According to the calculus theory, as long as the permanent
magnets are magnetized and discretely connected as much as possible on each pole pair of
the Halbach array, an approximately sinusoidal air gap magnetic density waveform can
be obtained [17,18]. In this paper, the Halbach array composed of three pole pairs and
two permanent magnets per pole needs to be magnetized and arranged according to the
following equations.

β =
(p− 1)π

mp
(1)

θ =
π

mp
(2)

where m is the number of pieces of the permanent magnet under each pole, θ is the angle of
a single permanent magnet, β is the magnetizing angle of two adjacent permanent magnets
in a single pole and p is the number of motor pole pairs.

The permanent magnet arrangement of Halbach array used in this paper are shown
in Figure 1.
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Figure 1. Permanent magnet arrangement of Halbach array.

For the Halbach array rotor with two permanent magnets per pole, each individual
permanent magnet of the Halbach array is magnetized in a single direction, arranged in
the radial and circumferential directions. The radially arranged permanent magnets mainly
produce magnetic poles, and the tangentially arranged permanent magnets mainly guide
and enhance the magnetic flux [19–21]. Because the unique structure of Halbach array can
enhance the magnetic field strength on one side, its energy harvesting effect will also be better.

The Halbach array generates a sinusoidal magnetic field. When a ferromagnetic material
is placed in the magnetic field, the ferromagnetic material is magnetized to produce an
additional magnetic field. Magnetized body current Jm appears in the ferromagnetic material
after magnetization; Magnetizing surface current Km appears on the ferromagnetic surface.

Jm = ∇×M. (3)

Km = M× en. (4)

where M is the magnetization and en is the unit vector of the outer normal of ferromag-
netic surface.

Using Stokes’ theorem, from Equation (3) we can get
∮

l
M · dl =

∫

l
(∇×M) · dS = Im (5)

where Im is the magnetizing current.
The magnetic field in the presence of ferromagnetic material can be regarded as a

synthetic magnetic field created by the original magnetic field and the magnetizing current.
It can be obtained from the Ampere’s loop law.

∮

l
B · dl = µ0∑ Im + B0 (6)

where B0 is the magnetic field strength of original magnetic field.
Therefore, it can be seen that adding ferromagnetic material in the magnetic field

will indeed affect the original magnetic field. In this paper, the Halbach array produces
a sinusoidal magnetic field, and the ferromagnetic material has different magnetization
effects when placed in different positions.

Introduce a new field quantity—magnetic field strength H

H =
B
µ0
−M (7)

where µ0 is the vacuum permeability, and B is the synthetic magnetic field of original
magnetic field and additional magnetic field generated by the ferromagnetic material.
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For most ferromagnetic material, the magnetization is proportional to the magnetic
field strength.

M = χmH (8)

where χm is the magnetic susceptibility, which is a pure one-dimensional number. Substi-
tuting Equation (8) into (7), we can get

B = µ0(1 + χm)H (9)

Let µ = µ0(1 + χm) (10)

Get the combinatorial equation of ferromagnetic material

B = µH (11)

where µ is the permeability of ferromagnetic material.
It can be seen from the above that when ferromagnetic material is added to the

magnetic field of Halbach array rotor, the physical properties of ferromagnetic material
itself will also affect the magnetization.

3. The Effect of Iron Sheet on Halbach Array

In this paper, the influence of iron sheet on the Halbach array from angle between
iron sheet and Halbach array, radian size of iron sheet and distance between iron sheet and
Halbach array is explored. The Halbach array has three pairs of poles; the six pieces of iron
sheet are evenly arranged on the outside of the Halbach array rotor. The other parameters
are shown in Table 1.

Table 1. Parameters used in the experiment.

Rectangular permanent magnet 5 mm × 5 mm × 5 mm
The radius of the Halbach array rotor 16 mm

The thickness of the iron sheet 1 mm
Permanent magnet residual magnetic flux

density 0.84 T

The magnetic field distribution diagram of the Halbach array when there is no iron
sheet is shown in Figure 2.
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It can be seen from Figure 2 that the sinusoidal distribution of the magnetic field
is better when there is no iron sheet. Using 6 groups of 100-turn coils, gap between the
coil and the outer periphery of Halbach array rotor is 1 mm, and iron sheet is placed on
the periphery of the coil with a gap of 0.5 mm from the coil. The radian of iron sheet is
40◦for each piece, and the rotation rate is 10 r/s. The maximum energy harvesting voltage
obtained by simulation is 1 V.
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3.1. The Influence of the Angle between Halbach Array and Iron Sheet

In this paper, the coil is set to be fixed. The permanent magnet and the iron sheet are
fixed as a whole to rotate together, and the positions of the permanent magnet and the iron
sheet do not change during the rotation. The actual device is shown in Figure 3b

The Halbach array used in this paper is a three-pole pair. Thus, there are six rectangular
permanent magnets arranged radially. There are six identical iron sheets and the distance
between iron sheet is 3 mm from the Halbach array. In order to explore the relationship
between the angle between iron sheet and the Halbach array, the angle between the iron
sheet and the Halbach array is defined as the angle between the center of the iron sheet
and the centerline of radially arranged permanent magnets with the magnetic poles, as
shown in Figure 3a.
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Figure 3. The angle between Halbach array and iron sheet.

It can be seen from the Figure 3b,c that the relative position of the iron sheet and the
Halbach array rotor is different, and it can be seen from the Figure that the angle of 60◦

between iron sheet and the Halbach array forms a circle. Therefore, the magnetic field
distribution of the Halbach array under different conditions from 0 to 60◦ is explored, as
shown in Figure 4.
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It can be seen from Figure 4 above that the difference in the angle between iron sheet
and the Halbach array will indeed cause the difference in the magnetic field distribution of
the Halbach array. When the angle is 0◦, the change in the magnetic field of the Halbach
array by iron sheet is not apparent. Compared with no iron sheet, the magnetic lines are
concentrated only in the gap between these two iron sheets. When the angle increases to
10◦, the magnetic lines begin to stretch into iron sheet, and the magnetic field begins to
gather in the gap between the iron sheet and the Halbach array. When the angle is 20◦, the
magnetization effect is more prominent, and the distribution of magnetic lines outside iron
sheets is reduced. When the angle is 30◦, magnetizing effect of iron sheet on the Halbach
array reaches the maximum. The magnetic flux density in the gap is greatly enhanced,
magnetic lines outside iron sheets are greatly reduced, and the magnetization effect is
optimal. When the angle continues to increase, the magnetization effect begins to weaken.
When the angle is 40◦, the magnetic field distribution is the same as when it is 20◦. When
the angle is 50◦, the magnetic field distribution is the same as when it is 10◦. When the
angle changes from 0 to 60◦, its magnetization effect first increases and then decreases. To
verify these conclusions, the energy harvesting simulation is carried out. The maximum
voltage obtained under the same conditions as shown in Figure 5.
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It can be seen from Figure 5 that when angle between the iron sheet and the Halbach
array rotor is 0◦, the energy harvesting effect is the worst. The peak-to-peak voltage is 1.2 V,
which is an increase of 20% compared with case of the non-iron sheet. When angle increases,
it is consistent with the magnetic field distribution result. Due to the concentration of iron
sheet on magnetic field, the magnetic lines are stretched between the iron sheets and the
Halbach array rotor, so its energy harvesting effect is greatly improved. When the angle is
30◦, the peak-to-peak value of the harvesting energy voltage reaches the maximum of 1.8 V,
which increases 80% compared to the case without iron sheets. When the angle exceeds 30◦,
the peak-to-peak voltage weakens. It is basically consistent with the change in magnetic
field distribution. Between 0 and 60◦, the peak-to-peak energy harvesting voltage and the
magnetic field distribution are symmetrical at about the angle of 30◦. It shows that when
the angle between the iron sheet and the Halbach array rotor is 30◦, the energy harvesting
effect is the best.

3.2. The Influence of the Radian Size of the Iron Sheet and the Halbach Array

To explore the influence of the radian of the iron sheet on the Halbach array, the radian
of the iron sheet is defined, as shown in Figure 6a.
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Figure 6. The radian of iron sheet.

It can be seen from the Figure 7b,c that the degree to which the iron sheet surrounds
the Halbach array rotor is different, and it has been known from the above that when the
angle between the iron sheet and the Halbach array is 30◦, the energy harvesting effect is
the best. Therefore, to explore the influence of the radian size of iron sheet on the Halbach
array, the distance between the iron sheet and the Halbach array is 3 mm. The angle
between the iron sheet and the Halbach array is 30◦. The distribution of the Halbach array
magnetic field under different radian of iron sheet is shown in Figure 7.
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As you can see from Figure 7 above, when the angle between the Halbach array
and the iron sheet is 30◦ and distance between the Halbach array and the iron sheet is
3 mm, the different sizes of iron sheet will result in different magnetic field distributions
of the Halbach array. When the radian of each iron sheet is 60◦, the iron sheet completely
surrounds the periphery of the Halbach array rotor, the magnetic lines are compressed
between the iron sheet and the Halbach array rotor, and the magnetic flux density modulus
is the largest. When the radian of the iron sheet is 50◦, it is the same as when the iron
sheet is 60◦. When the radian of iron sheet continues to decrease to 40◦, the magnetic
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field distribution begins to change, iron sheet cannot completely surround the magnetic
lines, and a small part of the magnetic lines stretch to the periphery of the iron sheet.
When the radian of the iron sheet continues to decrease, the trend of change begins to
increase, magnetic lines outside the iron sheet began to increase, and magnetic field density
inside the iron sheet began to decrease. When the radian of the iron sheet is reduced to
15◦, compared with the Halbach array magnetic field when there is no iron sheet, the
magnetization effect only occurs in the iron sheet, and the magnetic flux density modulus is
significantly reduced. In order to verify these conclusions, the energy harvesting simulation
is carried out. Under the same conditions and under different iron radians, the maximum
energy harvesting voltage obtained is shown in Figure 8.
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Figure 8. The maximum energy harvesting voltage of the Halbach array under different iron
sheet radians.

It can be seen from Figure 8, when the radian of the iron sheet is between 60◦ and 40◦,
the energy harvesting effect does not change much, which is consistent with the magnetic
field distribution results obtained above. The maximum energy harvesting voltage is
1.8 V. When radian of the iron sheet continues to decrease due to the weakening of the
magnetic accumulation effect, its maximum energy harvesting voltage begins to decrease.
The smaller the radian of the iron sheet, the lower its maximum energy harvesting voltage.
When the radian of the iron sheet is reduced to 15◦, its maximum energy harvesting voltage
is 1.21 V. It shows that when the iron sheet and the Halbach array are at the same angle
and distance, and radian of the iron sheet is 40◦, the amount of iron sheet is the least and
the energy harvesting effect is the best.

3.3. The Influence of the Distance between the Iron Sheet and the Halbach Array

The difference in the distance between the iron sheet and the Halbach array will
lead to the difference in its magnetization effect. Distance between the iron sheet and the
Halbach array is defined as the distance from the periphery of the Halbach array rotor to
the iron sheet, as shown in Figure 9a.

It can be seen from the Figure 10b,c that only the distance between the iron sheet
and the Halbach array is changed. When the angle between the fixed iron sheet and the
Halbach array is 30◦, and the radian of each iron sheet is 40◦. If only changing the distance
between the iron sheet and the Halbach array rotor, the magnetic field distribution diagram
under different conditions is shown in Figure 10.
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It can be seen from Figure 10 that when the distance is 3 mm, the magnetic lines
between the iron sheet and the Halbach array are highly concentrated and densely dis-
tributed. As the distance increases, the magnetic lines still gather between the iron sheet
and the Halbach array. Still, the concentration of magnetic lines gradually decreases, and
the distribution becomes more and more sparse. Compared with the distance of 3 mm,
when the space is 10 mm, there is a significant difference in the density of magnetic lines.
It shows that the distance between the iron sheet and the Halbach array does cause a
difference in the magnetic field distribution. In order to verify the influence of the distance
between the iron sheet and the Halbach array on the energy harvesting effect, the energy
harvesting simulation was carried out under the same condition, and the maximum energy
harvesting voltage at a different distance is shown in Figure 11.
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Figure 11. The maximum energy harvesting voltage of iron sheet and the Halbach array at differ-
ent distance.

It can be seen from Figure 11 that as the distance between the iron sheet and Halbach
array increases, the maximum energy harvesting voltage decreases. When the distance is
3 mm, the maximum energy harvesting voltage is 1.8 V, and the change in the distance and
the maximum energy harvesting voltage is inversely proportional. When the distance just
starts to increase, the maximum energy harvesting voltage drops extremely fast. When
the distance continues to increase, the maximum energy harvesting voltage decreases
slowly. When the distance is increased to 11 mm, the maximum energy harvesting voltage
is basically maintained at about 1.07 V. Compared with the case without an iron sheet, the
increase in energy harvesting effect is not obvious. It shows that in order to increase the
energy harvesting effect, the distance between the iron sheet and the Halbach array should
be reduced as much as possible.

4. Experimental Verification

From the above analysis, it can be known that the iron sheet has an important influence
on the distribution of the magnetic field and energy harvesting effect of the Halbach array
harvester. The angle between the iron sheet and the Halbach array, the radian of the iron
sheet and the distance between the iron sheet and the Halbach array are all important for
the energy harvesting effect. A set of comparative experiments was carried out. The coil
used six groups of 100 turns each; the gap between the coil and the outside of the Halbach
array rotor was 1 mm. The coil was located between the iron sheet and the Halbach array,
and the distance between the iron sheet and Halbach array was 7 mm, and the rotation
rate of Halbach array was 10 r/s. The experimental set up used in this paper is shown in
Figure 12.

In order to verify the availability of energy harvesting of the Halbach array harvester,
the Halbach array without iron sheets was selected to be tested through supplying energy
to several low power devices, such as timers and thermometers. The arrangement of
Halbach array and coils are shown in Figure 12 above. The gap between the coil and the
outside of Halbach array rotor was 1 mm.
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As shown in Figure 13, the Halbach array harvester can fully meet the power supply
for various low power devices.
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As can be seen from Figure 14, the measured voltage reached the maximum in extreme
time without an iron sheet in the structure and when the angle between the fixed iron sheet
and the Halbach array was 30◦ and the distance between the iron sheet and the Halbach
array was 7 mm. The measured result verified the simulation results.
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As can be seen from Figure 15, the relationship between the radian of the iron sheet
and the energy harvesting voltage of the Halbach array is consistent with the simulation
results. When the radian of the iron sheet was changed from 60 to 40◦, the maximum
energy harvesting voltage was basically unchanged. When the radian of the iron sheet
continued to decrease, the maximum energy harvesting voltage also decreased. Through
the transformation of the LTC-3108 circuit, the voltage can be stabilized to 2.8 V.
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Figure 16 shows the time required to boost the voltage to 2.8 V under different radians
of iron sheets. As can be seen from the figure, as the radian of iron sheet gets bigger, the
time it takes to reach a stable voltage decreases. Therefore, iron sheet plays an important
role in practical harvesting application.
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5. Conclusions

Iron is an excellent ferromagnetic material. In this paper, simulations and experimental
tests have proved that iron sheet indeed improves the energy harvesting effect of the Halbach
array energy-harvesting structure. The energy-harvesting efficiency of the Halbach array can
be significantly improved when iron sheet is added into the Halbach array at an appropriate
angle and distance. When the angle between the iron sheet and the Halbach array is in the
middle of the two radial magnetic poles, the Halbach array harvester with the iron sheet
has the best energy-harvesting effect. The radian of the iron sheet determines the closure of
the Halbach array. The larger the radian is, the higher the density magnetic lines are, and
the better the energy-harvesting effect is. From completely enclosed to smaller and smaller
radians, we found that the minimum radian of the iron sheet makes the least amount of sheet
metal when the energy-harvesting effect is the greatest. The distance between the iron sheet
and the Halbach array should be reduced as much as possible. With the decrease in distance,
the energy-harvesting effect will increase. After adding the iron sheet the magnetic focusing
effect of the Halbach array is enhanced, and the energy-harvesting efficiency is also improved
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and the structure volume is reduced. Because of its simple structure and easy miniaturization,
it can be well applied to energy harvesting.
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Abstract: In order to explore the dynamic characteristics of the linear-arch beam tri-stable piezo-
electric energy harvester (TPEH), a magnetic force model was established by the magnetic dipole
method, and the linear-arch composite beam nonlinear restoring force model was obtained through
experiments. Based on the Euler–Bernoulli beam theory, a system dynamic model is established,
and the influence of the horizontal distance, vertical distance and excitation acceleration of magnets
on the dynamic characteristics of the system is simulated and analyzed. Moreover, the correct-
ness of the theoretical results is verified by experiments. The results show that the system can be
mono-stable, bi-stable and tri-stable by adjusting the horizontal or vertical spacing of the magnets
under proper excitation. The potential well of the system in the tri-stable state is shallow, and it
is easier to achieve a large-amplitude response. Increasing the excitation level is beneficial for the
large-amplitude response of the system. This study provides theoretical guidance for the design of
linear-arch beam TPEH.

Keywords: linear-arch beam; tri-stable piezoelectric energy harvester; nonlinear magnetic force;
dynamic modeling

1. Introduction

In recent years, the application of wireless sensing technology in equipment monitor-
ing, environmental monitoring and other fields has attracted more and more researchers’
interest [1–3]. However, the battery life of wireless sensor nodes restricts its development,
and the use of chemical batteries brings about high cost, environmental pollution and
limited life span [4]. Obtaining energy from the environment has the potential to solve this
problem and to address the power supply issue. Vibration energy has great advantages
due to its ubiquity and high energy density. The piezoelectric vibration energy harvester
has the advantages of a simple structure, compact size and easy integration and has broad
application prospects [5].

In order to realize the collection and conversion of vibration energy, the piezoelectric
cantilever beam has a simple structure and is prone to large strain after being excited.
Therefore, domestic and foreign researchers have carried out a lot of research work on
the cantilever beam piezoelectric energy harvester [6–9]. The traditional linear piezoelec-
tric energy harvester can only work in a limited bandwidth where the environmental
excitation is very close to its resonance frequency. When the environmental vibration
frequency is far away from the resonance frequency of the device, the energy that can be
captured is significantly reduced. This makes the energy harvester inefficient in practical
applications, because most environmental vibrations occur randomly in a wide frequency
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range. Therefore, it is urgent to find a way to broaden the effective working frequency
bandwidth to improve the performance of the vibration energy harvester [10]. The method
of widening the working frequency bandwidth can be divided into two methods: linear
frequency extension and nonlinear frequency extension [11]. The linear methods are ar-
ray method [12], L-shaped beams [13], multi-degree-of-freedom beams [14] and nested
structures [15]. Although these methods can effectively broaden the frequency band, the
operating band width is still narrow for a single cantilever beam in these structures, and
the system structure size is large. The efficiency of energy capture per unit volume is not
high. Compared with the linear frequency extension method, the nonlinear technology
can broaden the working frequency band of a single cantilever beam, thereby improving
the power generation efficiency. Rezaei et al. [16] installed a spring on the free end of
a linear cantilever beam. The research results show that the introduction of a nonlinear
spring effectively broadens the resonance frequency band of the energy harvester. Liu
et al. [17] designed an energy harvester with mechanical stoppers. The experimental results
show that when the limiters are installed on both sides of the cantilever beam, the working
frequency band can be broadened to 18 Hz.

In various nonlinear frequency extension structures and methods, the introduction of
nonlinear magnetic force enables the energy harvester to work under nonlinear conditions
of bi-stable, tri-stable and even more stable states [18–21]. Yao [22] proposed an L-beam
bi-stable piezoelectric energy harvester. The research results show that the introduction of
the end mass and nonlinear magnetic force increases the voltage and expands the effective
frequency bandwidth. Wang [23] conducted research on the nonlinear magnetic force
modeling of the tri-stable piezoelectric energy harvester, proposed an improved magnetic
force model to describe the nonlinear magnetic force, and explored the influence of the
magnet spacing on the magnetic force. Zhu [24] and Zhou [25] compared and analyzed the
performance of the tri-stable piezoelectric energy harvester and the bi-stable piezoelectric
energy harvester from the perspective of the frequency domain response characteristics
of the energy harvester. The research results show that the tri-stable piezoelectric energy
harvester has a shallower potential well, a wider trapping energy band and a higher
output. Zhang [26] et al. designed a combined beam type tri-stable piezoelectric energy
harvester, established a distributed parameter model based on the Hamiltonian principle,
and analyzed the influence of the horizontal distance of the magnet and the excitation
acceleration on the amplitude-frequency response characteristics from the perspective
of the frequency domain. In order to improve the energy trapping efficiency, Li [27]
proposed a tri-stable piezoelectric energy harvester with a trapezoidal well. Through the
asymmetrical arrangement of the external magnet of the cantilever beam, the research
results show that this design makes the large response easier to be triggered. Wang [28]
derives the distributed parameter model of the energy harvester on the basis of considering
the geometric nonlinearity of the cantilever beam (GNL) and the gravitational effect (GE).
Theoretical and experimental studies have shown that the tri-stable energy harvester
considering GNL and GE has an asymmetric potential well, which can improve the output
performance. Unlike the conventional tri-stable energy harvester structure, Sun [29] also
proposed a new type of tri-stable piezoelectric energy harvester with only a ring magnet
outside, which can present different dynamic characteristics by adjusting the distance of
the magnet. Most of the abovementioned energy harvesters that introduce a nonlinear
magnetic field use classic straight beam, which cannot effectively collect multidirectional
vibration energy in the environment, which limits the application of energy harvester in
actual environments.

Aiming at the power supply problem of wireless monitoring nodes in coal mines and
considering the characteristics of multidirectional and low-frequency excavation excitation,
Zhang [30] proposed a new type of multifield coupled multidirectional piezoelectric energy
harvester. As shown in Figure 1, the device can adapt to the mining environment and
effectively collect vibration energy in different directions. Based on this, this paper designs
a linear-arch beam TPEH. Under u-direction excitation conditions, a linear-arch beam
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TPEH dynamic model is established, and the influence of the horizontal distance, vertical
distance and excitation acceleration of the magnet on the dynamic response characteristics
is analyzed by means of numerical simulation. An experimental platform was built to
verify the correctness of the theoretical analysis, the research provided theoretical guidance
for the design of the linear-arch beam TPEH. The structure of this article is arranged
as follows: Section 2 provides a schematic diagram of the structure of the TPEH in this
study and then introduces the establishment of the nonlinear restoring force model and
the magnetic force model, and the dynamic model is obtained. In Section 3, the system
potential energy under different magnet distances and the dynamic performance under
different magnetic distances and excitation accelerations are analyzed through simulation.
In Section 4, experiments were performed to verify the theoretical results. Finally, in
Section 5, the main findings and conclusions are presented and summarized.
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Figure 1. Multifield coupled multidirectional piezoelectric energy harvester.

2. Structure and Theoretical Model of a TPEH
2.1. Structure of the TPEH

Figure 2 shows the principle diagram of the structure of the TPEH. The system consists
of a linear-arch composite beam, piezoelectric materials and three magnets. The linear-arch
composite beam is pasted with flexible piezoelectric material PVDF; magnet A is fixed at
the end of the cantilever beam; magnets B and C are symmetrically arranged on both sides
of the x-axis; the horizontal distance between magnet A and B or C is d; and the vertical
distance between magnets B and C is 2dg. In the figure, the length of the composite beam
in the x-axis direction is L; the width of the composite beam is w; the thickness is hs; the
length of the linear beam is L1; and the radius and chord length of the arched part are r
and 2r.The width of the PVDF pasted on the composite beam is the same as that of the
composite beam; the length is L2; and the thickness is hp.
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2.2. Theoretical Modeling
2.2.1. Nonlinear Restoring Force of Linear-Arch Beam

Unlike the linear restoring force of the typical straight beam, the restoring force is
nonlinear due to the arched structure in the linear-arched beam. The YLK-10 dynamometer
is used to measure the restoring force of the composite beam structure in the z-axis direction,
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the average of multiple measurements is taken, and the curve-fitting method is used to
obtain multiple expressions of the nonlinear restoring force

Fr = s3w(L, t)3 + s2w(L, t)2 + s1w(L, t) (1)

where s1, s2 and s3 are polynomial coefficients, and w(L, t) is the displacement of the beam
along the z-axis at time t.

Figure 3 shows the experimental measurement and curve-fitting results of the linear-arch
beam’s nonlinear restoring force. After fitting, the polynomial coefficients s1 = −14 N/m,
s2 = 254.586 N/m2, s3 = −56, 681.2 N/m3. It can be observed from the figure that the
restoring force of the beam is a curve due to the existence of the arched part. Taking
w(L, t) = 0 as the equilibrium position of the cantilever beam, the restoring forces of
the beam are asymmetric. This is because in the process of beam deformation, when
the curvature of the arched part becomes larger, the force required is smaller than when
the curvature becomes smaller. In the measurement results of the restoring force of the
composite beam, the restoring force on both sides of the balance point is not completely
symmetrical.
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To determine the vibration displacement w(x, t) of the beam, the Rayleigh-Ritz method
is used to expand the vibration displacement of the composite beam as

w(x, t) =
n

∑
i=1

ϕi(x)qi(t) (2)

where i is the order of the vibration mode of the composite beam, ϕi(x) represents the i-th
modal function of the composite beam, and qi(t) represents the i-th generalized modal
coordinate. For the linear-arch beam in this paper, one end is clamped and fixed on the
base, and the other end is free. The allowable function can be expressed as [31]

ϕi(x) = 1− cos [
(2i− 1)πx

2L
] (3)

Since the excitation of piezoelectric energy harvester is mainly low frequency, the
first-order modal bending vibration of the beam plays a leading role; therefore, this paper
only considers the first-order mode of the beam.

2.2.2. Nonlinear Magnetic Force Modeling

In order to accurately analyze the vibration characteristics of a piezoelectric cantilever
beam, it is necessary to determine the magnitude of the nonlinear magnetic force at its end.
The geometric relationship between magnets A, B and C is shown in Figure 4. This paper
uses a magnetic dipole model to describe the nonlinear magnetic force.
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The magnetic flux density generated by magnet B at magnet A is

BBA = − µ0

4π
∇MB

→
rBA

‖ →rBA‖
3
2

(4)

where µ0 is the vacuum permeability, ∇ is the vector gradient,
→

rBA is the direction vector
from magnet B to A, and MB is the magnetic moment of the magnetic dipole B. Then, the
potential energy generated by the magnet B at the magnet A is

UBA = −BBA·MA (5)

Compared with the composite beam size, the magnet size is smaller; therefore,
lasinα� w(L, t), so ∆x ∼= 0 [32], so

rBA = −d
→
i +

[
w(L, t)− dg

]→
j

MA = mAVAcosα
→
i + mAVAsinα

→
j

MB = −mBVB
→
i

(6)

where
→
i and

→
j are the unit vectors in the x and z axis directions, respectively; mA and mB

represent the magnetization of magnets A and B, respectively; and VA and VB represent
the volumes of magnets A and B. Since α = arctan[w′(L, t)], we have

cosα =
1√

[w′(L, t)]2 + 1
, sinα =

w′(L, t)√
[w′(L, t)]2 + 1

(7)

Substituting Formulaes (4), (6) and (7) into Formula (5)

UBA =
µ0mAVAmBVB ∗ {−

[
w(L, t)− dg

]2
+ 2d2 − 3d

[
w(L, t)− dg

]
w′(L, t)}

4π

√
[w′(L, t)]2 + 1 ∗ {d2 +

[
w(L, t)− dg

]2}5/2 (8)

in the same way, the potential energy generated by magnet C at magnet A is as follows:

UCA =
µ0mAVAmCVC ∗ {−

[
w(L, t) + dg

]2
+ 2d2 − 3d

[
w(L, t) + dg

]
w′(L, t)}

4π

√
[w′(L, t)]2 + 1 ∗ {d2 +

[
w(L, t) + dg

]2}5/2 (9)
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The potential energy generated by magnets B and C at magnet A at the end of the
beam is

Um = UBA + UCA (10)

The magnetic force on magnet A is

Fm =
∂Um

∂q(t)
(11)

Using polynomial fitting to simplify the magnetic force to a polynomial about the
displacement w(L, t), we can obtain

FM = K1w(L, t)5 + K2w(L, t)3 + K3w(L, t) (12)

where K1, K2 and K3 are obtained by curve fitting.

2.2.3. Dynamic Modeling

In this paper, Lagrange’s equation is used to establish the motion equation of the
linear-arch beam

La(x, t) = TS + TP + TM + WP −Ur −UM (13)

where TS is the kinetic energy of the metal base layer, TP is the kinetic energy of the
piezoelectric layer, TM is the kinetic energy of the end magnet, WP is the electrical energy
of the piezoelectric layer, and Ur is the potential energy of the linear-arch piezoelectric
cantilever beam.

TS =
1
2

ρS AS

∫ L

0

( .
w(x, t) +

.
z(t)

)2dx (14)

TP =
1
2

ρP AP

∫ L

0

( .
w(x, t) +

.
z(t)

)2dx (15)

TM =
1
2

Mt
([ .

w(x, t)
]

x=l +
.
z(t)

)2
+

1
2

It

(
[
∂2w(x, t)

∂t∂x
]
x=l

)2

(16)

WP =
1
2

∫

V0P

E3D3dVP =
1
4

e31b(hS + hP)v(t)[
∂w(x, t)

∂x
]
x=l

+
1
2

CPv2(t) (17)

Ur =
∫

Fr dq(t) (18)

where “.” means derivation with respect to t and “′” means derivation with respect to x.
As is the cross-sectional area of the metal base layer, AP is the cross-sectional area of the
piezoelectric layer, w(x, t) is the vibration displacement of the composite beam, z(t) is the
vibration displacement of the base, Mt is the mass of the magnet, and It is the moment of
inertia of the magnet.

According to the Euler–Bernoulli beam theory and Kirchhoff’s law, the system dy-
namics equations of linear-arch composite beams can be obtained

M
..

q(t) + C
.

q(t) + Fr − θv(t) + FM = −H
..

Z(t) (19)

θ
.

q(t) + CP
.

v(t) +
v(t)

R
= 0 (20)

where

M = (ρS AS + ρP AP)
∫ L

0
(ϕ(x))2dx + Mt(ϕ(L))2 + It

(
ϕ′(L)

)2 (21)

θ =
1
2

e31b(hS + hP)ϕ′(L) (22)

H = (ρS AS + ρP AP)
∫ L

0
ϕ(x)dx + Mt ϕ(L) (23)
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The following nondimensionalized parameters are introduced [33]:

x(τ) =
q(t)

l
, µ(τ) =

v(t)
e

, τ = ω0t, e =
Lθ

Cp
(24)

where l is the length coefficient; e is the voltage coefficient; τ is the time coefficient; and

ω0 =
√

K
M .

Incorporating Equation (24) into Equations (19) and (20), the dimensionless dynamic
equation of the system is

..
x + 2ζ

.
x− ϑµ + δ(Fm + Fr) = −βsin(Ωτ) (25)

.
x +

.
µ + αµ = 0 (26)

where ζ = C
2ω0 M , ϑ = θ2

KCP
, α = 1

ω0RCP
, δ = 1

KL , β = HA
KL , Ω = ω

ω0
.

Let, x1 = x, x2 =
.
x, x3 = u. We can obtain the state space equation:




.
x1 = x2.

x2 = −2ξx2 − ϑx3 − δ(Fm + Fr)− βsin(Ωτ)
.

x3 = −x2 − αx3

(27)

3. Dynamic Analysis of TPEH
3.1. Analysis of System Potential Energy

Table 1 shows the structural parameters of the beam. The total potential energy P of
the system can be expressed as

P = Um −Ub (28)

Table 1. Structure and material parameters of TPEH.

Parameter Value Parameter Value

linear-arch beam Piezoelectric layer
L1 ∗ w ∗ hs

(
mm3) 20 ∗ 8 ∗ 0.2 L2 ∗ w ∗ hs

(
mm3) 40 ∗ 8 ∗ 0.2

r (mm) 10 Permittivity constant(F/m) 110× 10−12

Young′s modulus
(
N/m2) 128× 109 Young′s modulus

(
N/m2) 3× 109

Density
(
kg/m3) 8300 Density

(
kg/m3) 1780

According to Formula (28), the system parameters of horizontal magnetic distance d
and vertical magnetic distance dg play a decisive role in the potential energy of the system.
This section uses simulation to analyze the influence of parameters on the potential energy
of the system.

Figure 5a shows the simulation results of the potential energy of the TPEH when
dg = 8 mm and d is 7, 11, 13, 15 and 22 mm, respectively. It can be observed that with
the decrease in d, the potential-energy curve changes from a single potential well to a
triple potential well, and the depth of the potential well gradually increases, because the
magnetic force gradually increases with the gradual decrease in d.

Figure 5b shows the potential energy simulation results of the TPEH, when d = 16 mm,
and dg is 0, 6, 8, 12 and 25 mm. With the increase in dg, the system goes through three
motion states of bi-stable, tri-stable and mono-stable in sequence. When dg = 0 mm, the
magnets B and C coincide, and the potential energy curve of the system has two potential
wells. With the gradual increase in dg, the potential energy curve of the system gradually
changes from two potential wells to three potential wells. With the increase in dg, the
depth of the potential well in the middle of the system becomes deeper, and the width
increases; while the depth of the potential wells on both sides becomes shallower, the width
is reduced. As dg continues to increase to 25 mm, the force between magnets A, B, and C is
very small and almost zero. The system has only a single potential well, which appears
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as a mono-stable system. It can be observed from Figure 4a,b that especially when there
are three potential wells in the potential energy curve, the two external potential wells are
asymmetrical: one is high, and the other is low. This is due to the asymmetric potential
well caused by the asymmetry of the restoring force.
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3.2. Dynamic Analysis

Combining the results of the potential energy analysis, it can be observed that the
magnet spacing has a significant effect on the system dynamics. This section explores the
influence of the magnet horizontal spacing d, vertical spacing dg and excitation acceleration
a on the system dynamics characteristics.

3.2.1. The Influence of Horizontal Magnetic Distance d

When A = 12 m/s2,dg = 8 mm, Ω = 0.5, changing the horizontal magnetic distance
d, the displacement–velocity phase diagram and time-displacement history diagram of the
TPEH are shown in Figure 6.

As shown in Figure 6a, when the horizontal distance between the magnets is d = 22 mm,
the force between the magnets is small and has almost no effect on the beam. Therefore,
the piezoelectric energy harvester exhibits mono-stable motion characteristics. With the
decrease in d, the force between the magnets increases, and the influence of magnetic
force on the motion characteristics of the energy harvester gradually appears, and the
system changes from mono-stable to tri-stable. When d = 15 mm, the system can cross
the potential barrier, the beam moves back and forth between the three equilibrium points.
From Figure 6b, it can be observed that the system exhibits tri-stable motion characteristics,
reaching a large-amplitude response; the dimensionless displacement is 0.45; and the
response displacement reaches 18 mm. When the horizontal distance between the magnets
is reduced to 13 mm, due to the large force between the magnets, the beam struggles to get
rid of the restraint of the magnetic force. As shown in Figure 6c, the system exhibits mono-
stable motion characteristics. The end of the beam makes a small periodical movement
near the center balance point, and the system response displacement and output voltage
are very small.
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3.2.2. The Influence of Vertical Magnetic Distance dg

When A = 12 m/s2, d = 16mm, Ω = 0.5, changing the magnet vertical distance dg,
the displacement-velocity phase diagram and time history diagram of the TPEH are shown
in Figure 7.
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When the vertical distance between the magnets B and C is small, the system potential
energy curve has two potential wells. When the excitation level is low, the system cannot
cross the potential barrier and can only move in the well; therefore, the system cannot
exhibit bi-stable characteristics. From the Figure 7, it can be observed that as dg increases,
the system goes through bi-stable, tri-stable, and mono-stable in sequence. As shown in
Figure 7a, when dg = 6 mm, bi-stable motion can be achieved. As shown in Figure 7b,
when dg = 8 mm, the system can easily cross the potential barrier and move back and forth
between the three steady-state positions, showing a tri-stable characteristic. At this time,
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the displacement and speed of the end of the beam are greater than other states, and the
response displacement reaches 18 mm. As dg continues to increase, the force between the
magnets is small, the system potential energy has only one potential well, and there is no
multistable characteristic. Under low-level excitation, the system response displacement
and velocity are both small.

3.2.3. The Influence of Excitation Intensity A

When d = 15 mm, dg = 8 mm, Ω = 0.5, the excitation acceleration a is changed.
Figure 8 shows the displacement-velocity phase diagrams with accelerations of 5 m/s2,
7 m/s2 and 12 m/s2.
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From Figure 8, we can see that: under the above conditions, the system potential
energy curve has three potential wells. When the excitation is low, the system cannot
cross the potential barriers on both sides and can only make periodic motions in the
middle potential well. When A = 5 m/s2, the system moves in a mono-stable state, with
a small periodic vibration centered on the intermediate balance point. Increasing the
excitation acceleration, the energy obtained by the system increases. When A = 7 m/s2,
the displacement of the beam increases, but the excitation magnitude is still not enough
to make the system cross the two barriers. When the excitation acceleration increases
to 12 m/s2, the system presents a tri-stable motion characteristic, moving periodically
between the three potential wells. Combining the previous analysis of the influence of the
variable magnetic distance on the system dynamics, when the system presents a bi-stable or
tri-stable state of motion, the steady-state points on both sides of the displacement-velocity
phase diagram are asymmetrical. The speed on one side is higher than the other side,
which is caused by the asymmetry of the restoring force of the linear-arch beam.

4. Experimental Validation

In order to verify the correctness of the theoretical analysis of the linear-arch beam tri-
stable piezoelectric energy harvester, an experimental platform was built for experimental
verification. The experimental device is shown in Figure 9: the linear-arched beam is fixed
on the base by a clamp and is perpendicular to the horizontal sliding table of the vibrating
table. Two external magnets B and C are fixed on the base, mutually exclusive with the
magnet A. In the experiment, the excitation signal is set by the computer, and the sinusoidal
signal is sent out by the vibration controller (VT-9008), which is amplified by the power
amplifier (GF-20) and output to the vibration table (E-JZK-5T). The vibration table operates
according to the preset excitation signal. Through the reflective sticker on the top of the
arched section beam, the laser vibrometer (LV-S01, resolution: 1 um/s) can measure the
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speed of the cantilever, by using a handheld vibrometer (coco80, sampling rate: 2 KHz) to
collect data.
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Figure 10 is the experimental results of displacement-velocity of linear-arch composite
beams with different excitation accelerations when d = 15 mm, dg = 8 mm and f = 8 Hz.
As shown in Figure 10a, when A = 5 m/s2, the end displacement is 2 mm. As the excitation
acceleration increases, the displacement amplitude increases. When A = 7 m/s2, the end
displacement increases to 2.5 mm. It shows that when the excitation is low, the system
cannot cross the barriers on both sides and can only move in the well. Figure 10c is the
displacement-velocity phase diagram at 12 m/s2. The system can cross the potential barrier
and show the characteristics of tri-stable motion. As shown in Figure 11, the three stable
positions of the tri-stable system can be clearly seen.
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Figure 12 shows the experimental results of displacement-velocity of linear-arched
beam under different magnetic distances when f = 8 Hz and A = 12 m/s2. As shown
in Figure 12a, when d = 22 mm, dg = 8 mm, the system has only one potential energy
well, and the system moves periodically in the well. As shown in Figure 12b, when
d = 16 mm, dg = 6 mm, the system has two potential wells, and the excitation intensity is
sufficient for enabling the system to cross the potential barrier to achieve bi-stable motion.
Figure 13 shows the two stable positions of the system. When d = 16 mm, dg = 8 mm, as
shown in Figure 12c, the system cyclically moves between three stable positions, showing
three-stable characteristics, and the displacement amplitude is greatly increased.
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Comparing the experimental and simulation results, it can be seen that when the
system response displacement is small, such as mono-stable motion, or the excitation is
low, the experimental results are in good agreement with the simulation results, and the
displacement amplitude error is about 8%. When the excitation is large or the system is in
bi-stable and tri-stable motion, the experimental results shown in Figures 10c and 12b,c
have slightly obvious errors, and the experimental phase diagram appears to be tilted.
The main reasons are: (1) there are processing errors in the production of the linear-arch
composite beam TPEH; (2) the phase diagram obtained by the experiment is asymmetric
and inclined, while the phase diagram obtained by the simulation is not inclined and
symmetrical. This is because the gravity factor is not considered in the simulation; (3) due
to the existence of the arched part in the beam, there is a deviation in the data collected by
the laser vibrometer.
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5. Conclusions

In this paper, a dynamic model is established for the linear-arch composite beam
TPEH. The dynamic equation is numerically solved by the fourth-order Runge–Kutta
algorithm, and the influence of magnet spacing and excitation intensity on system dynam-
ics is analyzed. The influence of characteristics is verified by experiments to verify the
correctness of the theoretical analysis. The following main conclusions are obtained from
simulation and experiment:

(1) When keeping dg unchanged, by changing d, the system can form a mono-stable
system and a tri-stable system. When keeping d unchanged, increasing dg, the system forms
a bi-stable, tri-stable and mono-stable system in sequence. When the system moves in a
tri-stable state, the vibration response displacement of the system increases significantly.

(2) Take the energy harvester with dg = 8 mm and d = 16 mm as an example. Under
this condition, the potential energy curve of the system has three potential wells, the depth
of the potential wells is relatively shallow, and the width is relatively uniform; this helps
the system to achieve a large response under low excitation.

(3) As the excitation level increases, it is easier for the system to cross the barrier
to achieve inter-well movement, and the response displacement of the energy harvester
increases.

(4) The asymmetric restoring force of the linear-arch beam results in an asymmetric po-
tential well in the potential energy curve, which provides a new solution for the application
of energy harvester in a low excitation environment.
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Abstract: To improve the energy harvesting performance of an energy harvester, a novel bistable
piezoelectric energy harvester with variable potential well (BPEH-V) is proposed by introducing a
spring to the external magnet from a curve-shaped beam bistable harvester (CBH-C). First, finite
element simulation was performed in COMSOL software to validate that the curved beam configu-
ration was superior to the straight beam in power generation performance, which benefits energy
harvesting. Moreover, the nonlinear magnetic model was obtained by using the magnetic dipoles
method, and the nonlinear restoring force model of the curve-shaped beam was acquired based on
fitting the experimental data. The corresponding coupled governing equations were derived by using
generalized Hamilton’s principle, the dynamic responses were obtained by solving the coupling equa-
tions with the ode45 method. Finally, the numerical simulations showed that the proposed harvester
can make interwell oscillations easier due to the spring being efficiently introduced to pull down
the potential barrier compared with the conventional bistable harvester. Spring stiffness has a great
impact on characteristics of the system, and a suitable stiffness contributes to realize large-amplitude
interwell oscillations over a wide range of excitation, especially in the low excitation condition.

Keywords: energy harvesting; curve-shaped configuration; variable potential well; dynamic behavior

1. Introduction

Wireless sensor, wearable devices, and medical implants have shown their significance
in modern society [1]. Powering these low-power devices is usually done through conven-
tional batteries, however, these batteries must be regularly recharged or replaced, which
can be very costly and cumbersome [2]. Meanwhile, there are environmental issues when
disposing of used batteries after operation [3]. Energy harvesting technology holds great
potential to achieve the self-powered operation of these devices. Among the various energy
harvesting technologies, electromagnetism, electrostatics, and piezoelectricity are the three
main methods that generate energy from vibration [4,5]. In particular, vibration-based
piezoelectric energy technology can convert kinetic energy from the ambient environment
via piezoelectric effect to electric energy, which has received considerable interest for its
high energy density, ease of implementation, and miniaturization [6].

At the early stage, research on piezoelectric energy harvesters was mainly based on a
linear piezoelectric energy harvester. The linear piezoelectric energy harvester has a high
resonance frequency, and when the environmental frequency deviates from its resonance
frequency, the power generation performance of the system will drop sharply, resulting
in low environmental adaptability [7]. Currently, nonlinear bistable piezoelectric energy
harvesters have received great attention. Zhang et al. [8] proposed an arched composite
beam magnetically coupled piezoelectric energy harvester. Experiments showed that the
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effective bandwidth of the energy harvester under magnetic coupling was 3.1 times the
bandwidth without magnetic force. Rubes et al. [9] conducted research on magnetically
coupled bistable piezoelectric energy harvesters, and their research showed that the in-
troduction of nonlinear stiffness can greatly improve the energy harvesting performance
of piezoelectric energy harvesters; Erturk and Inman [10] experimentally proved that the
nonlinearity of magnetic coupling can cause vibration between the bistable high-energy
traps, thereby improving the collection performance of the energy harvester; and Stanton
et al. [11] established a complete dynamic model for the output voltage and dynamic
behavior of the magnetic coupling bistable piezoelectric energy harvester and proved the
availability of the bistable harvester. Under the condition of simple harmonic excitation,
Li et al. [12] developed a magnetic-coupled bi-stable flutter-based energy harvester and
proved that the proposed system was an effective design approach for enhancing energy
harvesting capability in a low air speed range. Singh et al. [13] investigated a bistable
piezoelectric energy harvester with SSHI circuit, and their experiments proved that the
output power of the bistable piezoelectric energy harvester with the SSHI circuit reached
478 µw, while the corresponding linear structure was only 129 µw.

The above research shows that the bistable piezoelectric energy harvester is effective
for improving the performance of an energy harvester. However, the above harvesters
all had a fixed barrier height. In practical applications, the excitation level must provide
enough energy to overcome the barrier to achieve a large response, otherwise it will not
be able to work well, resulting in poor output performance. In order to reduce the barrier
height to improve the performance of the bistable piezoelectric energy harvester, many
scholars have carried out studies on piezoelectric energy harvesters with variable potential
wells. Zhou et al. [14] placed an external magnet in the middle of the fixed beams at both
ends and proposed a bistable system with variable potential wells. Experiments proved
that the system not only had a low interwell jump threshold, but also produced higher
voltage output. Cao et al. [15] proposed a bistable energy harvesting with time varying
potential energy to harvest energy from human motion and various motion speed treadmill
tests were performed to demonstrate the advantage of time-varying bistable harvesters
over linear and monostable. Nguyen et al. [16] proposed a bistable piezoelectric energy
harvester with an auxiliary magnet oscillator and their research showed that this design
could improve 114–545% bandwidth compared with traditional bistable piezoelectric en-
ergy harvesters. Yang et al. [17–19] designed a double-beam piezoelectric energy harvester
with variable potential well structure and verified its advantages over traditional bistable
piezoelectric energy harvester under random excitation conditions. Lan et al. [20] signifi-
cantly reduced the barrier height of the traditional bistable piezoelectric energy harvester
by adding a small magnet to a traditional bistable energy harvester and compared their
design with a three-stable piezoelectric energy harvester, verifying the validity of the
proposed device. Shan et al. [21] designed an elastically connected bistable piezoelectric
energy harvester based on the straight beam configuration, where the energy harvester
had a variable potential barrier during the vibration process. It was experimentally proven
that the energy harvesting bandwidth was 60% higher than that of the traditional energy
harvester. Li et al. [22] carried out theoretical analysis on the elastically connected straight
beam piezoelectric energy harvester, and the results showed that the spring-connected
bistable piezoelectric energy harvester had a variable potential function and better en-
ergy harvesting performance under low-frequency excitation. Kim et al. [23] designed
a multi-degree of freedom (MDOF) vibration energy harvesting system that leverages
magnetically coupled bistable and linear harvesters, where the analytical, numerical, and
experimental investigations revealed that the novel harvester could facilitate the energetic
interwell response for relatively low excitation amplitudes and frequencies by passively
and adaptively lowering the potential energy barrier level. Qian et al. [24] developed a
broadband piezoelectric energy harvester (PEH) with a mechanically tunable potential
function, and the simulations proved that the proposed PEH could harvest vibration energy
in a wide frequency range of 0–91 Hz at the excitation level of 0.5 g.
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Inspired by the development of variable-potential-energy techniques, this paper
proposes a novel bistable energy harvester with a variable potential well. Meanwhile,
we used a curve-shaped beam as the energy transducing element to further improve the
performance of the piezoelectric energy harvester due to the disadvantages of the straight
beam in terms of uneven stress, low conversion efficiency [25,26]. The finite element
simulation was performed for the curve-shaped beam and the conventional beam. The
results show that the curved beam structure has a special stress distribution and can
improve output voltage compared with the straight beam structure. Then, the dynamic
model of BPEH-V system is established. Numerical simulation analysis showed that it was
easier for the proposed harvester to achieve large-amplitude response in a low-frequency
environment compared with the conventional counterpart, and the spring stiffness had an
important impact on system performance. The research can provide theoretical guidance for
the optimal design and engineering application of the novel piezoelectric energy harvester.

2. Finite-Element Simulation
2.1. Stress Analysis

At present, most of these existing piezoelectric energy harvesters utilize straight beam
as the energy transducing elements due to its advantages in terms of simplicity and ease of
fabrication, as shown in Figure 1a.
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Figure 1. Finite-element model: (a) Straight beam, (b) Curve-shaped beam.

As we know, the conversion efficiency of piezoelectric materials is closely related to
the stress distribution of the base layer. The evenly-distributed stress is helpful for har-
vesting energy and improving conversion efficiency. According to the theory of material
mechanics, the conventional straight cantilever experiences a linear stress distribution on
the surface when excited. The base layer considered in this work is schematically shown in
Figure 1b, which is built of an arc-shaped and a flat configuration, and experiences different
stress distribution from the conventional straight cantilever due to the arc-shaped configu-
ration being introduced to improve the stress condition. The finite element analysis was
performed in COMSOL software to analyze the influence of curved beam and traditional
straight beam structure on the stress distribution of piezoelectric materials (PVDF). In order
to make a fair comparison, both beams had the same rectangular sections; the material
parameters used are listed in Table 1. Two identical mass were attached at the free end of
both beams to reduce resonance frequency, respectively. Note that the curve-shaped beam
had an arch with a central angle of 180 degrees, with a radius of R = 10 mm. The PVDF was
only adhered to the arc-shaped surface of the curve-shaped beam, with a horizontal length
of Lp = 31.4 mm. Meanwhile, the identical piezoelectric material (PVDF) was attached on
the surface of the straight beam. The same load was applied on both beams, respectively.
The stress distribution along the length direction of the piezoelectric materials on the
curved beam and straight beam is shown in Figure 2, respectively.
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Table 1. Material parameters for simulation.

Parameter Symbol Value Unit

Substrate layer (beryllium bronze)
Density ρs 8300 kg/m3

Elastic modulus Es 128 GPa
Arc-shaped radius Rs 10 × 10−3 m
Horizontal length Ls 40 × 10−3 m

Height hs 2 × 10−4 m
Width bs 8 × 10−3 m

Piezoelectric layer (PVDF)
Density ρp 1780 kg/m3

Elastic modulus Ep 3 GPa
Length Lp 31.4 × 10−3 m
Height hp 1.1 × 10−4 m
Width bp 8 × 10−3 m

Piezoelectric stress
constant e31 11.5 C/m2
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Figure 2. Comparison of stress distribution of PVDF on the curve-shaped beam and the straight beam.

It can be seen from Figure 2 that the stress of the piezoelectric material on the straight
beam structure decreased linearly from the fixed end. The stress of the piezoelectric material
on the curved beam structure was higher than that of the straight beam structure in most
areas, and dropped more smoothly than that of the curved beam. The stress distribution
was correlated with the bending moment acting on the configuration, the bending moment
acting on the straight beam configuration decreased linearly along the fixed end, leading
to linearly decreasing stress. However, the bending moment acting on the arc-shaped
configuration behaved in a complex manner and decreased nonlinearly along the fixed end
according to the theory of material mechanics, thus improving the stress distribution.

2.2. Generation Performance Comparisons

The piezoelectric coupling analyses are carried out in COMSOL software to compare
the power generation performance of the curved beam and the straight beam structure.

Figure 3 shows the voltage comparison diagram of the curved beam and the straight
beam structure under two different excitation conditions. At the excitation level of 2 m/s2,
the resonance voltage of the curved beam was 11 V, and the resonance voltage of the straight
beam was 7 V. With an increase in the excitation level to 5 m/s2, the resonance voltage of
the curved beam was 22 V, and corresponding value of the straight beam was only 15 V in
this case. Based on the simulation results, the voltage output of the piezoelectric material
on the curved beam structure is always higher than that of the straight beam structure
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under two different excitation levels. The relatively large and evenly-distributed stress
results in less energy dissipation during charge flowing from the large stress region to low,
which contributes to enhance the power output and energy conversion efficiency [27,28].
The special stress distribution of the curved beam configuration is beneficial to improving
the output performance of the piezoelectric material. Therefore, the piezoelectric material
on the surface of the curved beam produces a higher output voltage than that of the straight
beam, and the curved beam has a better performance than the straight beam. At the same
time, it can be found that curved beams have a lower resonance frequency than the straight
beam, which will also benefit energy harvesting in low-frequency environments. Therefore,
the introduction of a curved beam structure to a piezoelectric energy harvester is beneficial
to increase the output power and improve the output performance of the conventional
energy harvester.
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(a) A = 2 m/s2; (b) A = 5 m/s2.

3. BPEH-V Configuration

The BPEH-V, shown in Figure 4, is comprised of a curve-shaped beam, magnet A,
magnet B (i.e., external magnet), piezoelectric material (PVDF), and base. The piezoelectric
material is attached to the surface of the arched part of the curve-shaped beam to realize
energy conversion, and the flat part remains free. The external magnet B maintains a
magnetic repulsive relationship with magnet A, and imposing bistability on the system.
The difference between the proposed system and a conventional bistable piezoelectric
harvester is because the external magnet B is connected to the base through a spring. If
the BPEH-V is excited by ambient vibrations, the piezoelectric cantilever and magnet A
are vibrated with the base, so the oscillation of piezoelectric cantilever would result in
the deformation of PVDF, thus the conversion of mechanical energy from ambience into
electrical energy via the piezoelectric effect can be achieved. When the end magnet of the
cantilever beam moves to the intermediate equilibrium position, the spring is compressed
and the potential barrier is lowered. Conversely, if the end magnet moves far away from
the intermediate equilibrium position, the spring returns to the zero point and the magnetic
distance is reduced to maintain the bistable characteristics of the system. Therefore, a
bistable piezoelectric energy harvester with variable potential well is formed during the
process of the piezoelectric beam vibration.
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The BPEH-V not only retains the vibration bistability of the piezoelectric cantilever
but could also adjust the potential barrier level, which is beneficial to realizing large-
amplitude interwell oscillations under a low excitation level, thus improving the energy
harvesting performance.

3.1. Theoretical Modeling
3.1.1. Modeling of Nonlinear Restoring Force

Unlike the linear restoring force of the conventional straight beam, the restoring force
was nonlinear in the curve-shaped beam due to the existence of the arc-shaped configura-
tion. To model the restoring force, the relationship between deflection and restoring force is
extracted by using experimental method. To this end, the curve-shaped beam was fixed on
the left end, and the free end of the beam was pushed by the dynamometer to measure the
value of the nonlinear restoring force at different displacements. The process was repeated
and the measurement results were averaged, then the relationship between the resorting
force and transverse displacements were fit to a polynomial, as follows:

Fr = k1u3(L, t) + k2u2(L, t) + k3u(L, t) (1)

where k1, k2, and k3 are constant coefficients on the third, second, and first-order terms,
respectively. Figure 5 shows the measurement results and curve fitting results of the
nonlinear restoring force of the curve-shaped beam. It can be observed from Figure 5 that
the experimental data and the fitting curve had good agreement, and the restoring force of
the curve-shaped beam exhibited a curve due to the existence of the curved configuration.
Setting u = 0 as the static equilibrium position, it was found that the measurement results
were asymmetrical, which is due to the fact that the radius of curvature for the curved
configuration is continuously varied in the process of the piezoelectric beam vibration, and
resulting in asymmetric nonlinear restoring force.

3.1.2. Modeling of Magnetic Force

The permanent magnets can be modeled as the point dipoles when calculating the
magnetic force between the tip magnet and the external magnet. The schematic diagram of
the spatial position of the magnets is shown in Figure 6. Considering the additional degree
of freedom (DOF) and rotation of the magnet, the distance vector rBA from the center of
magnet B to magnet A can be expressed as:

rBA = [−d− q(t), u(L, t)] (2)
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where q(t) is the compression displacement of magnet B, and the magnetic field generated
by magnet B on magnet A is obtained as [29]:

UMA =
µ0

4π

[
mB

‖rBA‖3
2

− (mB·rBA)·3·rBA

‖rBA‖5
2

]
mA (3)Micromachines 2021, 12, x FOR PEER REVIEW 7 of 15 
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The magnetic moment vectors mA and mB for magnets A and B can be respectively
expressed as:

mA = [MAVAcosα, MAVAsinα] (4)

mB = [−MBVB, 0] (5)

where Mi and Vi (i = A, B) are the magnetization strength and material volume of magnets
A and B, respectively. α is the slope of beam at the free end, which is given by:

α = arctan
( .
u(L, t)

)
(6)

Substituting Equation (2) and Equation (4) to Equation (6) into Equation (3), the
magnetic field UMA can be expressed in the following equation:

UMA =
µ0MAVA MBVB(−u(L, t)2 − 2(d + q(t))2 + 3

(
d + q(t))u(L, t)

.
u(L, t)

)
)

4π

√( .
u(L, t)

)2
+ 1 (u(L, t)2 + (d + q(t))2)

5/2
(7)
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3.1.3. Dynamical Model

To predict the response of BPEH-V, considering the Euler–Bernoulli theory and the
linear constitutive equations for piezoelectric materials, the coupled governing equations
are derived by using the generalized Hamilton principle.

∫ t2

t1
[δ(Tk −Ur + We) + δWnc − δUm] = 0 (8)

where Ur is the elastic potential energy of the piezoelectric beam and Um is the magnetic
potential energy. We is the electric potential energy of the piezoelectric layer, and Wnc is the
external work applied to the system. The whole kinetic energy of the proposed system can
be expressed as:

Tk = T1 + T2 + T3 + T4 (9)

where T1, T2, T3, and T4 represent the kinetic energy of the substrate layer, the piezoelectric
layer, the tip magnet A, and the movable magnet B.

Tk =
1
2

∫

Vs

ρs
.
u2
(x, t)dVs +

1
2

∫

Vp

ρp
.
u2
(x, t)dVp +

1
2

mA
.
u2
(x, t)|x=L . . .+

1
2

It

[
∂2u(x, t)

∂t∂x
|x=L

]2

+
1
2

mB
.
q(t)2 (10)

where u(x, t) is the transverse displacement of the beam; Vp and Vs are the piezoelectric
and substrate layer volume, respectively; and It is the rotational inertia of the tip magnet
with respect to the beam free end. The electric potential energy of the piezoelectric material
can be expressed as follows:

We =
1
2

∫

Vp
εs

33E2
3Vp +

1
2

∫

Vp
e31E3S1dVp (11)

where E3 and S1 represent the electrical field and the axial strain, respectively. εs
33 and e31

represent the permittivity component at constant strain and the piezoelectric constant. The
external work applied to the BPEH-V system can be written as follows:

δWnc = −
∫ L

0
δu(x, t)m(x)

..
z(t)dx− δu(L, t)m0

..
z(t) + Qδv (12)

In this paper, based on the Rayleigh–Ritz principle, it is assumed that a single-mode
approximation of the beam deformation is sufficient, and the vibrational displacement of
the beam can be expressed as follows:

u(x, t) =
n

∑
i=1

ϕi(x)ri(t) (13)

where ϕi(x) is the ith mode shape of the beam and ri(t) is the time-dependent generalized
coordinates. Under the low frequency excitations, the vibration of the beam is mainly
concentrated in the first-order mode, so it is sufficient to consider one mode to obtain the
reduced-order model. Meanwhile, for the boundary conditions where one end is clamped
and the other one is free, the allowable function can be written as [30,31]:

ϕ(x) = 1− cos
(πx

2L

)
(14)

Substituting Equations (7) and (10)–(12) into Equation (8), according to Kirchhoff’s
law, the governing equations of BPEH-V system are obtained:

M
..
r(t) + C

.
r(t) + k1r3(t) + k2r2(t) + k3r(t)− ∂UMA

∂r(t)
− θv = −Hs

..
z(t) (15)

θ
.
r(t) + Cp

.
v(t) +

v(t)
R

= 0 (16)
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m
..
q(t) + kq(t)− Fq = 0 (17)

where M and C refer to the mass coefficient and the damping coefficient, respectively. θ is
the electromechanical coupling coefficient; Cp is the capacitance of the piezoelectric patch;
R is the load resistance; and Fq is the horizontal magnetic force component, as follows:

M =
∫

Ωb
ρb ϕ(x)2dΩb +

∫

Ωp
ρp ϕ(x)2dΩp + m0 ϕ(L)2 + It ϕ′2(L) (18)

Hs = ρb Ab

∫ L

0
ϕ(x)dx + ρp Ap

∫ Lp

0
ϕ(x)dx + m0 (19)

C =
∫ L

0
cϕ(x)2dx (20)

θ =
1
hp

∫

Ωp
e31zϕ′′ (x)dΩp (21)

Cp =
εS

33bpLp

hp
(22)

Fq =
∂UMA
∂q(t)

(23)

4. Numerical Simulation
4.1. Study on the Potential Energy of BPEH-V

Magnetic potential energy is an important factor that affects the nonlinearity of the
system. Different magnetic distances will produce different nonlinear magnetic forces, so
the system presents different characteristics. Regarding the BPEH-V system, the magnetic
potential energy is continuously varied with vibration due to the external magnet being
connected elastically. Figure 7 shows the potential energy curve of the system under the
condition of magnetic distance (d = 17 mm). In this case, two obvious potential wells are
formed, that is, the system becomes bistable. We should notice that magnetic distance d is
constantly varied during the vibration of the piezoelectric cantilever beam, so the potential
energy of the system is different from a traditional bistable piezoelectric energy harvester
with a fixed external magnet. The magnetic potential energy is not only affected by the
magnetic distance d, but also by the compression displacement q(t) of the spring. As shown
in Figure 7, the x-axis denotes displacement of the curved-shape beam’s tip, the y-axis
denotes the compression displacement of the spring, and the z-axis denotes the potential
energy of the system. The height of the barrier between the two wells is pulled down
as the compression displacement of the spring gradually increases due to the repulsive
force between the tip magnet and the external magnet. In this condition, the system can
cross the potential barrier to realize interwell oscillations more easily. The influence of q(t)
in BPEH-V, which is caused by spring compression, equals that of time-varying d in the
traditional bistable system. When the tip magnet tends to approach its original point (at
u(L, t) = 0 in Figure 6), it drives the external magnet away from the equilibrium position
due to magnetic repulsion, thus decreasing the potential barrier. Conversely, when the tip
magnet moves far away from the original point, the potential barrier gradually becomes
high and reaches its maximum. Thus, the design of the BPEH-V provides an adaptive
potential using the spring in comparison to the traditional bistable system.
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Meanwhile, it can also be seen from Figure 7 that the potential energy curve of
the proposed system is inconsistent with the straight beam bistable piezoelectric energy
harvester. The potential well is shallower on the left side and deeper on the right side,
showing an asymmetrical trend. This is mainly due to the asymmetric restoring force of
the curve-shaped beam.

4.2. The Dynamics Analysis of BPEH-V

According to the potential energy diagram shown in Figure 7, the system becomes
bistable and the height of the potential barrier is relatively shallow when the magnet
distance is d = 17 mm. In this section, the numerical simulations are performed for the
separation distance d = 17 mm to investigate the influence of the variable potential well on
the dynamic characteristics of BPEH-V (the ode45 command of MATLAB was used here).

The bifurcation diagram of the tip displacement versus the excitation frequency of
the BPEH-V and the CBH-C for excitation amplitude A = 10 m/s2 is shown in Figure 8.
Compared to Figure 8a,b, it can be found that BPEH-V exhibited more complex dynamic
behaviors than the CBH-C. At 4 Hz excitation, BPEH-V enters into the chaotic oscillation,
which can be concluded from the phase plane portrait (the phase plane portrait is drawn
by red curves) and Poincaré map (the Poincaré map is drawn by black dots) depicted in
Figure 9a.
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However, the CBH-C system only made a small-amplitude intrawell motion at
this time, as shown in Figure 9c. Meanwhile, compared with Figure 9b,d, we found
that the BPEH-V generated a much higher output voltage than the CBH-C in the low
excitation frequency.

With the increase in excitation frequency to 5 Hz (Figure 10 shows the simulation
results for BPEH-V), the Poincaré map is concentrated in a single point and the phase
plane portrait consists of a closed obit, as shown in Figure 10a, which demonstrates that
the BPEH-V entered into large-amplitude periodic oscillations. However, the CBH-C
system still made a small-amplitude intrawell motion at this time, as can be found from
the bifurcation diagram of the tip displacement versus the excitation frequency depicted in
Figure 8b.
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With the increase in excitation frequency to 7.1 Hz, Figure 11 shows the simulation
results for CBH-C, where the Poincaré map is concentrated in a single point and the phase
plane portrait consists of a closed obit, which demonstrates that the CBH-C enters into
large-amplitude periodic oscillations. Meanwhile, it was observed from Figure 8a that the
BPEH-V underwent transient chaotic oscillation at 6.3 Hz excitation, and then returned to
large-amplitude interwell oscillations at 7 Hz excitation.

101



Micromachines 2021, 12, 995

Micromachines 2021, 12, x FOR PEER REVIEW 12 of 15 
 

 

 
Figure 10. Simulation results for BPEH-V under excitation frequency f = 5 Hz. (a) Phase plane por-
trait and Poincaré map. (b) Output voltage histories. 

With the increase in excitation frequency to 7.1 Hz, Figure 11 shows the simulation 
results for CBH-C, where the Poincaré map is concentrated in a single point and the 
phase plane portrait consists of a closed obit, which demonstrates that the CBH-C enters 
into large-amplitude periodic oscillations. Meanwhile, it was observed from Figure 8a 
that the BPEH-V underwent transient chaotic oscillation at 6.3 Hz excitation, and then 
returned to large-amplitude interwell oscillations at 7 Hz excitation. 

 
Figure 11. Simulation results for CBH-C under excitation frequency f = 7.1 Hz. (a) Phase plane 
portrait and Poincaré map. (b) Output voltage histories. 

With the still further increase in excitation frequency, the BPEH-V exits 
large-amplitude interwell oscillations when the excitation frequency exceeds 10.1 Hz. 
Meanwhile, the CBH-C exits large-amplitude interwell oscillations at a frequency f = 10.3 
Hz. 

From the above simulations and analyses, we found that the frequency ranges of 
large-amplitude periodic response of BPEH-V were 5 < f < 6.3 Hz and 7 < f < 10.1 Hz, and 
the effective bandwidth was 4.4 Hz. The corresponding frequency range of CBH-C was 
7.1 < f < 10.3 Hz, and the effective bandwidth was only 3.2 Hz. Accordingly, the effective 
bandwidth of BPEH-V was 1.37 times that of CBH-C under the same circumstances due 
to the spring being efficiently introduced to broaden bandwidth, and the BPEH-V was 
superior to the CBH-C from the aspect of effective bandwidth. The conventional bistable 
system only made a small-amplitude intrawell motion at low excitation frequency due to 
the lack of sufficient energy to overcome the potential barrier. However, thanks to the 
compression adjustment of the spring, it can pull down the potential barrier and form an 
adaptive potential barrier. The BPEH-V with suitable stiffness can realize 
large-amplitude interwell motions at the lower excitation frequency, thus improving the 
harvesting performance. 

  

Figure 11. Simulation results for CBH-C under excitation frequency f = 7.1 Hz. (a) Phase plane
portrait and Poincaré map. (b) Output voltage histories.

With the still further increase in excitation frequency, the BPEH-V exits large-amplitude
interwell oscillations when the excitation frequency exceeds 10.1 Hz. Meanwhile, the CBH-
C exits large-amplitude interwell oscillations at a frequency f = 10.3 Hz.

From the above simulations and analyses, we found that the frequency ranges of
large-amplitude periodic response of BPEH-V were 5 < f < 6.3 Hz and 7 < f < 10.1 Hz, and
the effective bandwidth was 4.4 Hz. The corresponding frequency range of CBH-C was
7.1 < f < 10.3 Hz, and the effective bandwidth was only 3.2 Hz. Accordingly, the effective
bandwidth of BPEH-V was 1.37 times that of CBH-C under the same circumstances due to
the spring being efficiently introduced to broaden bandwidth, and the BPEH-V was supe-
rior to the CBH-C from the aspect of effective bandwidth. The conventional bistable system
only made a small-amplitude intrawell motion at low excitation frequency due to the lack
of sufficient energy to overcome the potential barrier. However, thanks to the compression
adjustment of the spring, it can pull down the potential barrier and form an adaptive
potential barrier. The BPEH-V with suitable stiffness can realize large-amplitude interwell
motions at the lower excitation frequency, thus improving the harvesting performance.

4.3. The Influence of the Spring Stiffness K on Harvesting Performance

Spring stiffness has a great impact on the system characteristics. In order to investigate
the influence of the spring stiffness K on energy harvesting performance, the numerical
frequency-swept experiments of the BPEH-V system with three distinct spring stiffness
were conducted under the excitation amplitude of 5 m/s2, as shown in Figure 12. The
BPEH-V system with suitable stiffness of K = 200 N/m can realize large-amplitude interwell
oscillations and have a higher output at a frequency range of f = 9.4–11Hz. We decreased
the spring stiffness to K = 150 N/m. The spring was more easily compressed due to the
small spring stiffness, so the system could realize large-amplitude interwell oscillations at
lower excitation frequency; the theoretical frequency range of the large-amplitude periodic
response was f = 8.6–11 Hz; and the effective bandwidth was 2.4 Hz, which was broader
than the case of K = 200 N/m. Meanwhile, we notice that the system without spring
can only realized intrawell oscillations and generated a lower output voltage at the same
condition, which was because that the system could not obtain sufficient energy at low
excitation level to overcome the potential barrier, thus resulting in poor output performance.
Therefore, the BPEH-V with suitable spring stiffness contributed to realize large-amplitude
interwell oscillations over a wide range of excitation, especially in low excitation level
compared to CBH-C.
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It needs to be mentioned that we should ensure the bistable characteristic of the system
when choosing a small stiffness spring as the connection element. Otherwise, the system
will be close to a linear one and vibrates around the middle equilibrium point, leading to
poor output performance.

5. Conclusions

This paper proposed a magnetically coupled bistable piezoelectric energy harvester
based on an elastically connected external magnet. First, finite-element simulations were
performed for the curve-shaped composite and the straight beam to compare the influence
of different configurations on the stress distribution and power generation performance.
Moreover, the dynamics model of the system was established by using the generalized
Hamilton variational principle, and the fourth-order Runge–Kutta algorithm was used to
numerically solve the dynamic equations. The dynamic characteristics of the piezoelectric
energy harvester were analyzed and compared with the traditional curve-shaped beam
bistable harvester. Finally, the influence of the spring stiffness on energy harvesting
performance of the system was discussed. The main conclusions are as follows:

1. The curve-shaped configuration beams had a larger and more uniform strain distri-
bution than the straight beam due to the special arched structure. Under the same
excitation conditions, compared with the traditional straight beam, the curve-shaped
configuration beam had a higher output voltage. Therefore, the curve-shaped beam
was introduced into the nonlinear piezoelectric energy harvester, which can help to
improve the harvesting efficiency of the energy harvesting device.

2. A spring was connected with an external magnet to form an elastically supported
bistable system. The potential energy of the system was affected by the magnetic
distance and spring stiffness. The elastic connection of the external magnet could
adjust the height of the system’s barrier to realize an adaptive potential barrier.
Compared with the rigidly connected bistable system, the elastically connected system
can makes large-amplitude oscillations easier, which is beneficial to improve the
performance of the energy harvester, especially suitable for energy harvesting in a
low frequency environment.

3. The spring stiffness has an important effect on the performance of the proposed
system. A spring with a small spring stiffness is beneficial for the system to achieve
a large-amplitude oscillation over a wider frequency band. However, in practical
applications, the spring stiffness affects the position of the equilibrium points of
the system, the minimum spring stiffness must be able to maintain the bistable
characteristics of the system, which is a problem that must be considered in the
design. Otherwise, the elastically connected bistable system will lose its bistable
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characteristics and degenerate into a nonlinear monostable system, thus resulting in
poor energy harvesting performance.

In addition, experimental investigations will be presented in the future.
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Abstract: An ultrasonic motor as a kind of smart material drive actuator has potential in robots,
aerocraft, medical operations, etc. The size of the ultrasonic motor and complex circuit limits the
further application of ultrasonic motors. In this paper, a single-phase driven ultrasonic motor using
Bending-Bending vibrations is proposed, which has advantages in structure miniaturization and
circuit simplification. Hybrid bending vibration modes were used, which were excited by only
single-phase voltage. The working principle based on an oblique line trajectory is illustrated. The
working bending vibration modes and resonance frequencies of the bending vibration modes were
calculated by the finite element method to verify the feasibility of the proposed ultrasonic motor.
Additionally, the output performance was evaluated by experiment. This paper provides a single-
phase driven ultrasonic motor using Bending-Bending vibrations, which has advantages in structure
miniaturization and circuit simplification.

Keywords: ultrasonic motor; single-phase driven; bending vibration

1. Introduction

The ultrasonic motor is a kind of special motor based on the inverse piezoelectric
effect, which has the merits of no electromagnetic interference, no need for lubrication, fast
response, and high positioning accuracy [1–3]. Thus, the ultrasonic motor has been used in
fields such as camera lens drives, robots, optical fiber connections, biomedical engineering,
etc. [4–6].

From the viewpoint of the phase number of excitation power supply, the ultrasonic
motor can be divided into single-phase driven ones [7–9], two-phase driven ones [10,11],
and multi-phase driven ones [12,13]. As the phase shift of each phase of excitation voltages
should be adjustable, the power supplies of the two-phase-driven and multi-phase-driven
ultrasonic motors are relatively complex and large. Tian et al. proposed a single-phase-
driven piezoelectric actuator, which worked with an eight-shaped trajectory, and the piezo
rings were clamped between the flange bolt and the horn [8]. A single-phase-driven piezo-
electric actuator using the longitudinal bending coupling mode was proposed by Liu et al.;
when one signal voltage with the frequency of the first longitudinal and third bending
resonance frequency was applied to the motor and the boundary was unsymmetrical,
oblique elliptical movement was generated to push the mover [14]. However, the con-
sistency demand of the frequency of this longitudinal bending hybrid mode is relatively
high. Flueckiger et al. proposed a single-phase ultrasonic motor, in which the longitudinal
vibration mode was converted to the particular deformation of the resonator [15]. However,
to obtain the forward motion, a signal frequency of 84 kHz was utilized, and to achieve
the backward motion, a signal frequency of 69 kHz was used; thus, the output mechanical
characteristics of the bi-directional motions are not consistent.

107



Micromachines 2021, 12, 853

Based on the structure of the metal base and piezoelectric element, ultrasonic motors
can be divided into two types: bonded type [16–18] and sandwich type [19–21]. The
sandwich type ultrasonic motor has the advantages of large output force and high velocity.
The sandwich type Langevin transducer in the literature [19] had an output mechanical
force of 92 N and a no-load velocity of 0.47 m/s. A frog-shaped sandwich type piezoelectric
actuator in the literature [20] achieved a maximum speed and a thrust of 287 mm/s and
11.8 N, respectively. However, because of the existence of stud structure, the structure of the
sandwich type ultrasonic motor is relatively large. Therefore, in some specific situations,
the use of the sandwich type ultrasonic motor is restricted.

In view of the above situations, a novel single-phase-driven bonded type ultrasonic
motor is proposed in this study, which is beneficial to the miniaturization of motor size
and drive circuit. Bending-Bending vibrations are utilized to form the desired oblique line
driving trajectory. Additionally, there is no need for frequency degeneracy of Bending-
Bending vibrations in this study. Section 2 introduces the structure and working principle of
the single-phase-driven ultrasonic motor. Finite element analysis of the single-phase-driven
ultrasonic motor is illustrated in Section 3. Output performance of this single-phase-driven
bonded type ultrasonic motor is evaluated in Section 4. Finally, the conclusion is provided.

2. Structure and Working Principle of the Single-Phase-Driven Ultrasonic Motor

The structure of the proposed single-phase-driven ultrasonic motor is shown in
Figure 1a, which is composed of one aluminum alloy base and four pieces of PZT ce-
ramic. The integrated base has three functioning parts, which are the base, horn, and
driving foot. The horn is designed to magnify the vibration amplitude. In order to demon-
strate the two orthogonal bending vibration modes of the ultrasonic motor, the polarization
direction of four pieces of PZT ceramic is illustrated in Figure 1b. The bonded type of the
proposed ultrasonic motor makes it suitable for miniaturization.
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In addition, in a traditional case of a hybrid of two orthogonal bending vibration
modes, two sinusoidal excitation voltages with a phase shift of 90 degrees are used to form
an elliptical driving trajectory [22,23]. In this study, two orthogonal bending vibration
modes with a 0-degree phase shift are utilized; thus, displacements in the OX and OY
directions will be generated simultaneously; then the oblique line driving trajectory is
formed, as shown in Figure 1c. Under the proposed principle, only single-phase excitation
voltage is needed, which is beneficial to reduce the power cost, simplify the circuit, and
miniaturize the whole ultrasonic motor.
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3. Finite Element Analysis of the Single-Phase-Driven Ultrasonic Motor

The finite element method is used to calculate the vibration modes and to obtain the
resonance frequencies of the Bending-Bending vibration modes. The finite element method
(FEM) model of the proposed ultrasonic motor was built in ANSYS, as shown in Figure 2.
The numbers of nodes and elements of the FEM model are 58657 and 40698, respectively.
The element type of the FEM model is SOLID227. The properties of the aluminum alloy
and the PZT ceramics are listed in Table 1.
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Figure 2. The FEM model of the proposed ultrasonic motor built in ANSYS.

Table 1. The properties of the aluminum alloy and the PZT ceramics.

PZT41 Aluminum Alloy

Piezoelectric matrix d =




0 0 0 0 5 0
0 0 0 5 0 0

−1.6 −1.6 3.3 0 0 0


× 10−10 C/N Density ρ = 2810 kg/m3

Stiffness matrix cE =




15 8.4 6.8 0 0 0
8.4 15 6.8 0 0 0
6.8 6.8 12.9 0 0 0
0 0 0 3.3 0 0
0 0 0 0 2.8 0
0 0 0 0 0 2.8



× 1010 N/m2

Poisson’s ratio µ = 0.33

Dielectric matrix εT =




8.1 0 0
0 8.1 0
0 0 6.7

0


× 10−9 F/m

Modulus of elasticity E = 4.72 GPa

The optimized size of the proposed ultrasonic motor is achieved by parameter sensi-
tivity analysis to ensure that the working frequency of the motor is greater than 20 kHz and
the amplitude of bending vibration is greater than 1 µm. The total length of the aluminum
alloy base is 36 mm, the height of the cross section of the base is 12 mm, the diameter of the
driving foot is 3 mm, and the length of the horn is 15 mm. The size of the PZT ceramic is
10 × 10 × 1 mm3, and the position of the PZT ceramic is shown in Figure 3. The detailed
dimensions of the single-phase-driven ultrasonic motor using Bending-Bending vibrations
are shown in Figure 3.
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Figure 3. The dimensions of the proposed ultrasonic motor (unit: mm).

The calculated bending vibration modes in OX and OY directions are shown in
Figure 4, the resonance frequencies are 41,023 Hz and 41,107 Hz, respectively, and the main
reason for the frequency deviation is the unsymmetrical mesh of the model. The calculated
driving trajectory is shown in Figure 5, which is an oblique line as proposed in Section 2. In
addition, a clamping device was designed, which is shown in Section 4; in the FEM model,
a displacement constraint was applied to the ultrasonic motor by cylinders to simulate the
constraint of the clamping device.
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4. Mechanical Characteristics of the Single-Phase-Driven Ultrasonic Motor

In order to evaluate the output performance, a prototype was manufactured. The
stator of the ultrasonic motor was composed of one integrated aluminum alloy base and
four pieces of PZT ceramic, the dimensions of which were the same as the optimized
simulation results. Additionally, four PZT ceramics were pasted on the stator surface with
resin glue at the positions shown in Figure 3, and the curing time was 24 h under the action
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of preload. The impedance characteristics were tested by an impedance analyzer (ZX80A,
Zhixin Precision Electronics Co., Ltd., Changzhou, China), as shown in Figure 6. The
tested resonance frequency was 41.92 kHz, and the deviation of the simulation resonance
frequency and the test one was 855 Hz, which was approximately 2.1% of the simulation
resonance frequency. The main reasons for the deviation are the parameters error of the
aluminum alloy base and the PZT ceramics, the manufacturing error, and the error caused
by the test condition of the impedance analyzer.
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Then, the output performance was tested under the single-phase excitation voltage.
The clamping device and the experimental setup are shown in Figure 7. The prototype was
clamped and fixed on the foundation support; the driving foot was pressed on the linear
guide rail. The excitation voltage was generated by the signal generator, then amplified
by s power amplifier (ATA-4051, Agitek, China); the single-phase excitation voltage, sine
signal, was applied to the PZT ceramics of the proposed ultrasonic motor.
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The output velocity versus the input excitation voltage frequency is shown in Figure 8.
We can see that changing the frequency is another way to change the output velocity. The
maximum output velocity of the mover was achieved at a frequency of 42.1 kHz. As the
ultrasonic motor works in a resonance state, when the working frequency is far from the
resonance frequency, the output velocity decreases rapidly.

The output velocity versus the input excitation voltage amplitude is shown in Figure 9,
which indicates that we can change the voltage amplitude to increase the output velocity.
With the excitation voltage no more than 120 V, the mover cannot be driven. The maximum
velocity was approximately 340 mm/s under an excitation voltage of 300 V and 42.1 kHz.

111



Micromachines 2021, 12, 853

In addition, the proposed single-phase ultrasonic motor using Bending-Bending
vibration modes is feasible, which can also output rotary motion if the linear guide rail is
replaced by a ring. The proposed bonded-type single-phase-driven ultrasonic motor not
only has the merit of easy miniaturization, but also has a simple and easy miniaturization
circuit. This single-phase-driven ultrasonic motor is indeed an impact motor, which has
potential to be used in a high-accuracy platform.
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5. Conclusions

A single-phase-driven ultrasonic motor using Bending-Bending vibrations was pro-
posed in this paper. The structure of this ultrasonic motor was composed of a metal base
and four pieces of PZT ceramic. Additionally, orthogonal bending vibration modes were
excited simultaneously by only single-phase voltage, thus an oblique line driving trajectory
was formed to drive the mover. The working principle was verified by the finite element
method. Additionally, the impedance characteristics of the ultrasonic motor were tested.
The output performance was evaluated by experiment. Additionally, the maximum output
velocity under 300 Vp-p was 340 mm/s. The practicability of this proposed single-phase-
driven ultrasonic motor was verified. This paper provides a single-phase-driven ultrasonic
motor, which has merits in the miniaturization of structures and power circuits. In future
work, we will focus on the verification of the linear trajectory and its application in a
high-accuracy platform.
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Abstract: A novel suspension system, the hydraulic integrated interconnected regenerative sus-
pension (HIIRS), has been proposed recently. This paper demonstrates the vibration and energy
harvesting characteristics of the HIIRS. The HIIRS model is established as a set of coupled, frequency-
dependent equations with the hydraulic impedance method. The mechanical–fluid boundary condi-
tion in the double-acting cylinders is modelled as an external force on the mechanical system and
a moving boundary on the fluid system. By integrating the HIIRS into a half car model, its free
and forced vibration analyses are conducted and compared with an equivalent traditional off-road
vehicle. Results show that the natural frequency and the damping ratio of the HIIRS-equipped
vehicle are within a proper range of a normal off-road vehicle. The root mean square values of the
bounce and roll acceleration of the HIIRS system are, respectively, 64.62 and 11.21% lower than that
of a traditional suspension. The average energy harvesting power are 186.93, 417.40 and 655.90 W
at the speeds of 36, 72 and 108 km/h for an off-road vehicle on a Class-C road. The results indicate
that the HIIRS system can significantly enhance the vehicle dynamics and harvest the vibration
energy simultaneously.

Keywords: energy harvesting; hydraulic energy-harvesting shock absorber; hydraulic interconnected
suspension; vibration characteristics; vehicle dynamics

1. Introduction

Since the issue of energy depletion was raised, energy harvesting technology has
received extensive attention [1–3]. In the automotive industry, extensive research and
applications, including braking energy harvesting [4], exhaust thermo-electric recovery [5]
and suspension vibration energy recovery [6–8], have also been conducted. Among them,
braking energy recovery were gradually applied in electric vehicles. Considerable research
has been carried out on energy harvesting suspensions. Zuo et al. [9] proved that the
harvestable power in the suspensions of a middle-sized vehicle was 100–400 W, when
driven at 60 mph on good and average roads. Zhang et al. [10] harvested 46 W from the
suspension system of a passenger car. The research indicated that the energy harvesting
suspension is feasible in theory and practice.

Among all traffic accidents, a large number of accidents are due to vehicle rollovers. It
is reported that over one-third of 4WD fatalities involved rollover [11]. A percentage of
18.9 of rollover-related fatal crashes happened in the year of 2014 in the United States [12].
Suspension systems play a key role in reducing vehicle roll rates, and superior suspensions
can greatly reduce the vehicular rolling propensity. Hydraulic interconnected suspension
(HIS), with lower cost and easier structure than semi-active and active suspensions, was
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verified to be useful in reducing the roll rate [13] and, thus, became a potential alternative
to the transmission of conventional suspensions.

To simultaneously enhance the vehicle safety and harvest energy, novel suspensions,
which combine energy regeneration and hydraulic interconnection features, have been
proposed recently and are of great value to the automotive industry.

1.1. Interconnected Suspensions

The “interconnected” idea of suspension was initially proposed by Hawley in 1927 as
“oil pipe interconnected shock absorber” [14]. Since then, various layouts of interconnected
suspension and research on the corresponding modeling have been carried out. At present,
the main layouts of hydraulic interconnected suspensions are anti-roll [15], anti-pitch [16],
anti-bounce and diagonal layout [17], etc. Among them, the most widely studied one is the
anti-roll interconnected suspension, whose modeling is highlighted here.

Zhang et al. [18] proposed a frequency domain method to study the hydraulic intercon-
nected suspension system, derived the coupled frequency-related equations and obtained
the free vibration solution and frequency response function of a half-vehicle system. Wang
et al. [19] did further research. He applied this method to a 7-degree-of-freedom model
and studied the effects of several parameters on the roll, pitch and bounce modes of the
vehicle. The results were verified by vehicle drop tests. Wang et al. [20] indicated that the
HIS system can improve the vehicle stability in both roll and lateral aspects. Ding et al. [16]
extended the application of the HIS system to tri-axle trucks, and the modal analysis results
indicated that the HIS system can reduce the pitching motion of the sprung mass while
maintaining smoothness.

Time-domain analyses on interconnected suspensions have also been conducted.
Zhang et al. [21] proposed a new damper for hydraulically interconnected suspension. The
AMESim model of hydraulic interconnected suspension was established and simulated.
The results showed that the setting time and the overshoot were, respectively, reduced by
42.2 and 14.7%, and the largest roll angle and steady roll were, respectively, decreased by
9.9 and 5.9◦. Wang et al. [22] derived the vehicle dynamics model of the hydraulically inter-
connected inertial device-spring-damper suspension (HIISDS). Two road excitations were
used to verify the effectiveness of the suspension. Cao et al. [23] developed a generalized
14 degree-of-freedom nonlinear vehicle model to evaluate the vehicle dynamics of the inter-
connected suspension. The results showed that the coupled hydro-pneumatic suspension
had considerable potential in enhancing the ride comfort and anti-roll/pitch performances.

The existing modeling methods of the mechanical–hydraulic coupled vehicle systems
were either in time domain [21–23] or in frequency domain [18–20]. The frequency-domain
modeling research mostly utilized the transfer matrix method to evaluate the impedance
matrix of the hydraulic subsystem. With the model in the frequency domain, the modal
analysis of the system could be performed and the system’s own characteristics could be
analyzed. The corresponding results disclosed a good agreement with experiments [19].

1.2. Energy Harvesting Shock Absorbers

Researchers noticed the energy-dissipating nature of shock absorbers and began to
study energy harvesting shock absorbers [24,25]. The number of publications per year
on energy regenerative shock absorber has been exponentially increased over the last
decade [26], including piezo-electric [27] and electromagnetic [28,29] energy harvesting
techniques. Among all the energy harvesting shock absorbers, the hydraulic energy
harvesting shock absorber was put into the application earlier than other types, attributable
to its relatively simple structure [30]. Wu et al. [31] established a mathematical model
of the hydraulic energy regenerative shock absorber and conducted a series of bench
tests. The results showed that the peak recovery power reached 505.52 W, and the recovery
efficiency was 14.5%. Samn et al. [32] designed a hydraulic regenerative shock absorber and
demonstrated that it cannot only collect part of the wasted energy in the suspension system,
but also improve the vehicle ride comfort and road holding. Fang et al. [33] presented
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a hydraulic electromagnetic energy-regenerative shock absorber and demonstrated that
the damping force varied with the magnitude of the load current. Guo et al. [34,35]
demonstrated the method and steps for the size matching and parameter setting of the
hydraulic components in the hydraulic electromagnetic energy-harvesting shock absorber
(HESA) system. Test results indicated that the proper matching of the parameters can make
the HESA system work efficiently and improve the energy conversion efficiency. Peng
et al. [36] applied the HESA in a commercial vehicle suspension and indicated that the root
mean square energy regenerative power were 41.72 and 339.88 W on Class-B and Class-C
roads at speeds of 30–70 km/h.

1.3. Energy Harvesting Hydraulic Interconnected Suspension

To combine the merits of the hydraulic interconnected suspension and the energy
harvesting shock absorber, various types of the energy harvesting hydraulic interconnected
suspension came into individuals’ sight, with the aim to simultaneously enhance the
vehicle dynamics performance and harvest energy.

Chen et al. [37] integrated the energy harvesting shock absorbers into the hydraulic
interconnected suspension system and indicated that the system performed better than the
traditional suspension in terms of rolling dynamics and could harvest 421 W energy at 4 Hz
and 40 mm (peak) excitation. Guo et al. [38] proposed a hydraulic interconnected suspen-
sion system based on hydraulic electromagnetic shock absorbers, which only adopted one
set of hydraulic motor-generator system and greatly reduced the cost while improving the
energy recovery efficiency. The hydraulic integrated interconnected regenerative suspen-
sion (HIIRS) [39], which is studied in this paper, consists of a two-way hydraulic cylinder
installed between the wheel and the body, an oil pipe connecting the hydraulic cylinders,
a high-pressure accumulator, a low-pressure accumulator, two hydraulic rectifiers and a
hydraulic motor-generator unit. Its structure and working principle are shown in Figure 1.

Figure 1. The structure and working principle of the HIIRS. 1 hydraulic cylinder; 2 high-pressure accu-
mulator; 3 check valve; 4 hydraulic rectifier; 5 hydraulic motor; 6 generator; 7 low-pressure accumulator.

The hydraulic rectifier, composed of four check valves, ensures the one-way flow
of fluid to drive the hydraulic motor. There is a high-pressure accumulator at the inlet
of the hydraulic motor, which can stabilize the fluid flow through the hydraulic motor.
This ensures the hydraulic motor to maintain a stable speed and the generator to generate
electricity efficiently. The low-pressure accumulator at the outlet can compensate for the
variation of the fluid volume in the HIIRS system. The high-pressure fluid flows through
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the port of the high-pressure accumulator, and thus, when the high-pressure accumulator
is working, it provides an extra rigidity to the suspension.

Recent studies on HIIRS mainly focused on design, modeling and experiments. Their
results proved that the energy regenerative suspension had certain energy harvesting
capability while ensuring comfort. However, the existing research did not model the
HIIRS in the frequency domain. The frequency domain modeling method can easily
allow for obtaining the evaluation index of vehicle ride comfort and the energy harvesting
power at different road surfaces and vehicle speeds. Compared with the time domain
analysis method, the frequency domain analysis method has several distinct advantages
when applied to HIIRS. (1) The solution is simpler and more convenient; (2) the natural
frequency can be calculated, which could guide the future design of the HIIRS; (3) the
frequency domain analysis method can demonstrate the responses of the HIIRS under
various excitations in an expedient way. In this paper, a half car model coupled with an
HIIRS system is developed in the frequency domain. Based on the model, the vibration
isolation characteristics and energy harvesting power of HIIRS are studied.

The rest of the paper is organized as follows. Section 2 develops the model of the
HIIRS-equipped half vehicle in the frequency domain based on the block modeling and
hydraulic impedance method. Free vibration analysis and forced vibration analysis are
performed in Section 3. Energy harvesting power is calculated and estimated in Section 4.
Finally, Section 5 concludes this paper.

2. Modeling

In this chapter, the idea of modular modeling is adopted. As the HIIRS is introduced
into the vehicle, the whole system is divided into two parts: the mechanical system and the
hydraulic system. The two parts and their boundary coupling conditions are discussed
separately, and finally, the coupled dynamic equation is obtained.

2.1. Mechanical System

Considering the simplicity of modeling, while still accounting for fluid interconnec-
tions between the wheel stations and the lumped mass, a four-DOF half-car model, as
shown in Figure 2, is used in this investigation.

Figure 2. Schematic of a half-car with an HIIRS system.

In this section, the mechanical system is what we concerned about, hence the force of
the hydraulic system is regarded as an external force. According to Newton’s second law,
the kinematics equation of the half-car model is written by

M
..
y + C

.
y + Ky = f (t) (1)
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where y is the displacement vector, y = [ywl ,ywr,yb,θ]; f (t) is the resultant force applied
to the vehicle, which can be written as f (t) = D1 Ap(t) + fx(t). In the equation of f (t),
D1 Ap(t) is the hydraulic cylinder force, and fx is other external forces vector. We define the
pressure vector as p(t) = [P1 P2 P3 P4]

T and the area matrix as A = diag(A1, A2, A3, A4). D1

is a linear transformation matrix D1 =




−1 1 0 0
0 0 −1 1
1 −1 1 −1
−bl bl br −br


. Ai is the cross-sectional

area of the hydraulic cylinder chamber in Figure 1, bl and br are, respectively, the distances
from the plane of gravity center of the vehicle to the left and right suspension.

Equation (1) can now be rewritten as

M
..
y + C

.
y + Ky = D1 Ap(t) + fx(t) (2)

where M =




ml 0 0 0
0 mr 0 0
0 0 M 0
0 0 0 I


, C =




ctl 0 0 0
0 ctr 0 0
0 0 0 0
0 0 0 0


,

K =




ksl + ktl 0 −ksl blksl
0 ksr + ksl −ksr −brksr
−ksl −ksr ksl + ksr −blksl + brksr
blksl −brksr −blksl + brksr b2

l ksl + b2
r ksr


.

2.2. Mechanical–Fluid System Boundary Conditions

In a double-acting hydraulic actuator cylinder, any piston movement will cause liquid
to flow into or out of the chamber of the cylinder. Assuming the pressure difference
between the upper and lower chambers produces linear leakage at the piston [40], then the
linear leakage of the left and right actuators, ql and qr, are given by

{
ql =

pv1−pv2
Rl

qr =
pv3−pv4

Rr

(3)

where Rl and Rr are linearized loss coefficients.
The mechanical–fluid boundary condition, shown in Figure 3, are given by





qv1 = qA1 − ql
qv2 = qA2 − ql
qv3 = qA3 − qr
qv4 = qA4 − qr

(4)

where qAi(i = 1 2 3 4) is the fluid volume caused by piston motion, which equals the product
of the relative speed of the piston v and the piston area A.
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Figure 3. The mechanical–fluid system boundary condition.

For a small roll angle, the relative speed of left and right pistons is
{

vl =
.

ywl−
.

yb + bl
.
θ

vr =
.

ywr−
.

yb − br
.
θ

(5)

Combining Equations (3)–(5), there are

q(t) = AD2
.
y + Rp(t) (6)

where p(t) is the flow vector,p(t) = [P1 P2 P3 P4]
T .The matrix D2 and R are defined as

D2 =




1 0 −1 bl
1 0 −1 bl
0 1 −1 −br
0 1 −1 −br


, R =




−1/Rl 1/Rl 0 0
−1/Rl 1/Rl 0 0

0 0 −1/Rr 1/Rr
0 0 −1/Rr 1/Rr


.

2.3. Fluid System

In order to solve Equations (2) and (6), which relate to the mechanical system and
mechanical–fluid boundary, the fluid system equation in the form q = f (p) must be
obtained. f (p) depends on the modelling approach used. For the sake of computational
efficiency and analytical advantages, only the linear function between p and q is considered.
In particular, the focus of this study is frequency domain modeling. Therefore, the target
is to seek the linear relationship between the flow rate Q(s) and the pressure P(s) in the
frequency domain.

According to the definition of hydraulic impedance, the relationship between the flow
rate and the pressure of a fluid system can be expressed as

Q(s) = Z(s)−1P(s) (7)

where Z is the impedance matrix.
Equation (6) describes the fluid system of the HIIRS, while Equation (7) describes

the mechanical system of the HIIRS. Next, we must combine the two systems, to solve
the HIIRS. By comparing the Laplace form of Equations (6) and (7), we can obtain the
relationship between the pressure P(s) and the exciting displacement Y(s), as

P(s) = sE(s)AD2Y(s) (8)

where E(s) = (Z(s)−1 − R)
−1

. Without considering leakage, E(s) = Z(s).
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The Laplace transform form of Equation (2) is the system differential equation in the
frequency domain

Ms2Y(s) + sCY(s) + KY(s) = sD1 AE(s)AD2Y(s) + Fx(s) (9)

[s2M + sC(s) + K]Y(s) = Fx(s) (10)

where C(s) = C− D1 AE(s)AD2.
Defining the state vector x = [y, sy]T , Equation (10) can be rewritten as

sX(s) = Â(s)X(s) + B̂U(s) (11)

where Â(s) =
[

0 I
−M−1K −M−1C(s)

]
, B̂ =

[
0

M−1

]
, U(s) = Fx(S).

It should be noted that it is not easy to determine the impedance correlation matrix
Â(s), which depends on the fluid circuit and the arrangement of the various components.
The circuit layout in this study adopts anti-oppositional interconnection, as shown in
Figure 4.

Figure 4. Schematic of a general anti-oppositional half-car HIIRS arrangement.

Using the original boundary flow definitions, qi, the nodal state vectors for the
mechanical–fluid interfaces in this arrangement are related by

[
P4
Q4

]
=

[
Ta

11 Ta
12

Ta
21 Ta

22

][
P1
Q1

] [
P2
Q2

]
=

[
Tb

11 Tb
12

Tb
21 Tb

22

][
P3
Q3

]
(12)

Combining Equation (12) with Equation (7), Z(s)−1 can be written as

Z(s)−1 =




− Ta
22

Ta
21

0 0 1
Ta

21

0 Tb
11

Tb
21

Tb
12 −

Tb
11Tb

22
Tb

21
0

0 1
Tb

21

−Tb
22

Tb
21

0

Ta
12 −

Ta
11Ta

22
Ta

21
0 0 Ta

11
Ta

21




(13)

By substituting Equation (13) into Equation (12), it yields the complete system equations.
For Equation (13), the values of the elements in the matrix Ta and Tb can be obtained

by the hydraulic impedance method and the transfer matrix method. In this method, the
state vector of the adjacent state node is related to the transfer matrix T. If the state vector
is defined as fluid pressure P and flow rate Q, then

[
P
Q

]

o
=

[
T11 T12
T21 T22

][
P
Q

]

i
(14)

where the subscript o represents the fluid output node, and i represents the fluid input
node. As long as the previous output node is regarded as the next input node, according
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to the fluid flow direction in the circuit, the start node and the end node in the circuit can
be connected.

As the layout of the hydraulic circuit is shown in Figure 5, the transfer matrix Ta can
be expressed as

Ta(s) = TX11→X12TX10→X11TX9→X10TX8→X9TX7→X8TX6→X7TX5→X6TX4→X5TX3→X4TX2→X3TX1→X2 (15)

Figure 5. Schematic of a typical half-car with the HIIRS system. v1—check valves; la—low-pressure
accumulator; ha—high-pressure accumulator; v2—accumulator valve; x, x′—state nodes.

The transfer matrix of each segment in the circuit depends on the characteristics of the
component, which are modeled as follows.

The two-dimensional viscous compressible flow model is applied to model the
pipeline, according to [41–43]. The basic fluid equations of the model can be summa-
rized into the equation of state, continuity equation and momentum equation:

Equation (16) of state:
dp
dρ

= a2
0 (16)

Continuity Equation (17):

∂p
∂t

+ ρ

(
∂vx

∂x
+

∂vr

∂r
vr

r

)
= 0 (17)

Momentum Equation (18):

ρ
∂vx

∂t
=
−∂p
∂x

+ µ

(
∂2vx

∂r2 +
1
r

∂vx

∂r

)
(18)

where vx and vr are the axial and radial velocity of fluid; a0 =
√

β/ρ is the fluid sonic

velocity; β, µ and ρ are the mean value of fluid bulk modulus, viscosity and density. The
field transfer matrix of the pipelines is

Tp =

[
cosh Γ(s) −ZC(s)sinhΓ(s)
− sinhΓ(s)

ZC(s)
cosh Γ(s)

]
(19)
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where ZC(s) = aρ
A

(
l − 2J1(ir

√
s/v)

ir
√

s/vJ0(ir
√

s/v)

)−1/2
, Γ(s) = ls

a

(
l − 2J1(ir

√
s/v)

ir
√

s/vJ0(ir
√

s/v)

)−1/2
, and

l is the length of the line element, A is the pipeline internal cross-sectional area, r is
the pipeline internal radius, ρ is the mean fluid density, v is the mean fluid kinematic
viscosity, and J0 and J1 are Bessel functions of the first kind with orders zero and one,
respectively. Considering the compressibility of fluid and pipeline, the propagation velocity
of transmission line is

a =

√
a2

0
1 +

(
2ra2

0ρ/tpE
) (20)

where tp is the thickness of the pipe wall, and E is the Young’s modulus of the pipe material.
The strict model of the flow dynamics through the damping valves usually involves

complicated geometrical parameters. The simplified model used here assumes that the
damping valve has a negligible fluid volume. The transfer matrix of the damping valves is
then expressed as

ΩV =

[
1 −Zv
0 1

]
(21)

where Zv = Rv, and Rv is the constant linear pressure loss coefficient.
For the model of the accumulator, the following assumptions have been made. The

compressibility of the liquid is far lower than that of the gas in the accumulator; the
elasticity of the diaphragm is neglected; there is no heat exchange between the gas in
the accumulator and the outside world. The axle moves quickly relative to the small
amplitude of the car body, resulting in a rapid reduction or expansion in the volume of the
accumulator, and satisfies the gas adiabatic balance equation. At this time, the accumulator
can be regarded as a linear system [16], and the impedance of the accumulator is

ZA = − γP2

sppvp
(22)

The three-way junctions and the accumulator are connected, and hence, the transfer
matrix of the three-way junctions and the accumulator are combined here. According to
impedance definition and accumulator impedance

PX5.2 = QX5.2 ZA (23)

Set the forward flow direction to be outside the accumulator

PX5.1 = PX5.2 − ZV2QX5.2 and QX5.2 = QX5.1 (24)

Combining Equations (23) and (24), we obtain

PX5.1

QX5.1
= ZA − ZV2 = ZX5.1 (25)

Now, applying the fluid continuity equation at the tee-junction yields

QX5 = QX4 +
PX5.1

ZX5.1
(26)

Ignoring the pressure difference between the three nodes, the transfer matrix can be
written as

ΩJ =

[
1 0
1

ZA−ZV2
1

]
(27)

The flow rate at the inlet of the hydraulic motor is defined as QM. One part of QM,
which drives the rotation of the hydraulic motor is ηV QM, where ηv is the volumetric
efficiency of the hydraulic motor. The other part of the flow is the leakage flow ∆QM from
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the high-pressure cavity to the low-pressure cavity. The flow at the outlet of the hydraulic
motor is ηV QM.

When the oil flows through the motor, the relationship between the flow rate Qm of
the hydraulic motor and the speed nm (rev/s) of the hydraulic motor is

nm=
QMηv

Qm
(28)

Assuming that the equivalent moment of inertia of the motor-generator coupling
system is Jm, the speed of the motor is nm, nm= ω

2π , and ω is the angular velocity. Then,
there is a torque balance

Tm2 = Te + Jm
.

ω (29)

With reference to the principle of hydraulic transmission, the input torque Tm1 and
output torque Tm2 of the hydraulic motor can be calculated according to the following
Equation (30) {

Tm1 = ∆PmQm
2π

Tm2 = Tm1ηm
(30)

where ∆pm is the pressure drop, ηm is the total efficiency of the hydraulic motor, ηm = ηvηp
is the product of the volumetric efficiency and pressure utilization efficiency.

Combining Equations (26)–(30), we obtain

∆PmQm

2π
ηm = Te + 2π Jm

.
nm (31)

The electromagnetic induction torque Te of the generator is determined by the arma-
ture current I and the torque constant kt of the motor

Te = kt I (32)

The winding armature current I is related to the design of the energy-regenerative
circuit, and the equation can be obtained from Kirchhoff’s voltage law, as

Uem f = keω (33)

Combining Equations (31)–(33) to obtain

∆pm =
4π2kektηv

(R1 + R2)Q2
mηm

QM +
4Jmπ2ηv

Q2
mηm

.
QM (34)

Laplace transform of the above Equation (34) yields

∆Pm =
4π2kektηv

(Re + Rin)Q2
mηm

QM +
4Jmπ2ηv

Q2
mηm

sQM (35)

where Re is the external resistance, Rin is the circuit resistance, ke is the motor speed
constant, QM is the motor inlet flow, Qm is the motor displacement, ηv is the volumetric
efficiency, and Jm is the motor-generator rotational inertia.

Therefore, the impedance matrix of the motor-generator unit is

ZM =
∆PM
QM

=
4π2kektηv

(Re + Rin)Q2
mηm

+
4Jmπ2ηv

Q2
mηm

s. (36)

The transfer matrix of the combined model of hydraulic motor and generator can be
written as [

P
Q

]

out
=

[
1 −ZM
0 ηv

][
P
Q

]

in
(37)

124



Micromachines 2021, 12, 733

Now, the hydraulic impedance and transfer matrix of the pipeline, check valve,
accumulator and motor-generator are obtained. Substituting Equations (19), (21), (27) and
(36) into Equation (15), Ta and Tb can be clear. By substituting the relative elements of Ta

and Tb into Equation (13), the matrix Z−1(s) is obtained with definite elements. As a result,
the governing equation of the HIIRS system is determined. Then, Equations (10) and (11)
can be applied to solve the vibration problem of the HIIRS-equipped half-vehicle.

3. Vibration Analysis

After the above work, the system Equation (11) can be used to analyze the vibration
characteristics of the half-car model equipped with HIIRS. The values of each parameter in
this study are shown in Table 1.

Table 1. Nomenclature.

Symbol Values Units Description

M 1400 kg Sprung mass
I 625 kgm2 Sprung mass moment of inertia about roll axis

mwl , mwr 60 kg Unsprung mass
bl , br 0.9 m Distance from gravity center to suspension strut

ksl , ksr 30 kNm−1 Mechanical suspension spring stiffness
ktl , ktr 300 kNm−1 Tire spring stiffness

ρ 870 kgm−3 Density
µ 0.05 Nsm−1 Viscosity

βoil 1400 MPa Bulk modulus
l 1 m Length of pipe

dp 16× 10−3 m Pipeline diameter
Vph 4× 10−4 m3 Pre-charge gas volume of ha
Pph 0.8 MPa Pre-charge pressure of ha
Vpl 4× 10−4 m3 Pre-charge gas volume of la
Ppl 0.1 MPa Pre-charge pressure of la

Ai, Aj 2, 1.6
(
×10−3 ) m2 Upper and lower piston areas (i = 1, 3; j = 2, 4)

sj 0.15 m Stroke length
Rv1 5× 108 kgs−1m−4 Linear loss coefficient for check valve
Rv2 3× 108 kgs−1m−4 Linear loss coefficient for accumulator valves
Qm 10 cc/rev Hydraulic motor displacement
Jm 0.0005 kgm2 Motor-generator rotational inertia
kt 0.25 NM/A Torque constant
ke 0.25 V/(rad/s) Speed constant
Re 10 Ω Load Resistance
Rin 0.6 Ω Motor internal resistance

3.1. Free Vibration Analysis

When the external input is zero input, the half-vehicle system vibrates freely, and the
corresponding mathematical description is the homogeneous form of Equation (11) as

sX(s) = Â(s)X(s) (38)

The solution of the free vibration of the system can be obtained by solving

det
(

Â(s)− sI
)
= 0 (39)

To solve Equation (38), we must solve the eigenvalue of Â(s). Several elements of Â(s)
are functions of s, unless the frequency is known, Â(s) cannot be completely determined,
and therefore, the solution of Equation (38) cannot be obtained by conventional methods.
The method used here transforms the process of finding the root of the characteristic
equation into the process of finding the local optimal solution.
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Assuming that the minimum value of the characteristic equation is the objective
function, that is, min J(s) =

∣∣Â(s)− SI
∣∣ is the objective function, the fminsearch function

in MATLAB is used to find the local minimum of the objective function J(s). The specific
method is mainly divided into two processes. In the first process, the relatively rough root
finding is performed. The value of the objective function is calculated after initializing the
Laplacian operator. If the local extremum is not found, the value of the Laplacian operator
is reinitialized, and the above process is performed again. If the local extremum is found,
then the following second process is performed. The second process is a test process, and
the Laplacian found in the first process is substituted into the characteristic matrix to obtain
a fixed eigen matrix. The eigenvalue of the fixed value matrix is then solved, and the value
is compared with the local extremum found in the first process. If the two values are not
equal, skip the second process and return to the first process to find the local eigenvalue
again. If the two values are the same, the root finding process ends.

With the determined eigenvalues λi and eigenvectors αi from Equation (38), the
natural frequency and damping ratio for each mode are given by

fni =

√
(real(λi))

2 + (imag(λi))
2

2π
and ξi =

|(real(λi))|√
(real(λi))

2 + (imag(λi))
2

(40)

Based on the analysis of the above complex modal vibration theory, as long as the
eigenvalues of the characteristic matrix in Equation (37) and the corresponding eigenvectors
are solved, the natural frequency, damping ratio and main vibration mode of the system can
be obtained. In order to find the roots conveniently, the three-dimensional graph is obtained,
whose horizontal and vertical coordinates are the real and imaginary parts of the Laplacian
operator, and the vertical coordinates are the objective function to initially determine the
number of roots and the range of the roots according to the relevant parameters of the
system. The three-dimensional image of the half-vehicle model obtained is shown in
Figure 6.

Figure 6. Three-dimensional plot showing the four approximate roots of the characteristic equation
of the HIIRS-equipped vehicle.

It is not difficult to see from Figure 6 that the system eigen matrix has four eigen-
values. The system eigenvalues obtained by the local optimization method after initially
determining the range of the eigenvalues are shown in Table 2.
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Table 2. The approximate eigenvalue solutions to the system matrix of the HIIRS-equipped vehicle.

Eigenvalues First Second Third Fourth

Real part −3.7850 −3.6440 −24.4428 −25.7550
Imaginary part −8.5587 −13.1938 −46.8497 −49.1905

The relatively rough roots obtained in the first process need to be tested in the test
process. Substituting the eigenvalues in Table 2 into matrix Â(s), the system matrix can be
completely determined. The traditional methods of finding eigenvalues and eigenvectors
can be applied. If the approximate root in process one is equal to the result obtained by
the traditional method, it can be considered that the approximate root is the eigenvalue of
matrix Â(s). The natural frequency, damping ratio and mode shape corresponding to the
eigenvalues that passed the inspection are shown in the Table 3.

Table 3. Vibration modes of the HIIRS-equipped vehicle.

Mode Bounce Roll Wheel Hop 1
(Synchronous)

Wheel Hop 2
(Oppositional)

Frequency (Hz) and
damping ratio

fn = 1.49
ξn =0.40

fn = 2.18
ξn =0.27

fn = 8.41,
ξn =0.46

fn = 8.84
ξn =0.46

State variable (s) −3.79± 8.56i −3.6± 13.19i −24.44± 46.85i −25.76± 49.19i
Left wheel (ywl ) 0.210.23i −0.29 + 0.18i 1 1

Right wheel (ywr ) 0.210.23i 0.290.18i 1 −1
Centre of gravity (yv ) 1 0 −0.02 + 0.08i 0

Roll angle (θ) 0 1 0 0.060.14i

The results show that the half-vehicle roll model has four main vibration modes. The
first-order vibration mode is dominated by the vertical vibration of the vehicle body and
the corresponding natural frequency is 1.49 Hz and the damping ratio is 0.40. Usually, this
natural frequency of off-road vehicles is 1.3~2 Hz, and the damping ratio is 0.2~0.4 [44].
The second-order mode is dominated by the body roll vibration. The third-order vibration
is dominated by wheel vibration, and the two wheels move in the same direction. The
fourth-order vibration mode is dominated by wheel vibration, and the wheels on the left
and right sides do reverse vibration. At this time, the body does not vibrate vertically, but
has a slight roll vibration.

3.2. Forced Vibration Analysis
3.2.1. Frequency Response Matrix

When analyzing the vibration of a vehicle model, the general work to be done is to
find the vibration transfer function, which can characterize the amplitude and phase of the
vehicle model under different frequency excitations. The vibration transfer matrix of the
HIIRS-equipped half-car model is solved as follows.

When the road roughness is used as input, Equation (10) can be obtained as

[s2M + sC(s) + K]Y(s) = Fx(s) (41)

where Fx(s) =
→
F (s)

→
ξ (s) is the force exerted by the road on the tire,

→
ξ (s) = [ξl , ξr, 0, 0]T is

the road excitation.
→
F is a 4 × 4 matrix whose elements are zero except for the first two

diagonals, which are
→
F11(s) = ktl + sctl and

→
F22(s) = ktr + sctr.

Equation (41) can be written as

B(s)Y(s) = F(s)ξ(s) (42)

Now, the frequency response matrix of the half-car system can be defined as
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Hy(s) =
Y(s)
ξ(s)

= B−1(s)F(s) (43)

With s = jω, the frequency response matrix describes the system displacement response
to any excitations. Therefore, as long as the excitation frequency is known, the HIIRS system
equation can be completely determined, and the vibration analysis can be carried out just
like other linear vehicle models.

3.2.2. The Response to Random Road Excitation

Frequency domain analysis, similar to time domain analysis, is an important method
for studying vehicle system vibration. In the frequency domain analysis map, the indepen-
dent variable is the frequency and the dependent variable is the amplitude of the signal
to be analyzed. In Section 2, the model of the mechanical hydraulic coupling system is
established. Now, the input spectrum of the road is necessary to obtain the response of the
HIIRS system to the excitation of the road.

Road input is the source of the vehicle vibration system. Whether the impact of the
vehicle on the road can be obtained, obtaining accurate road information is the key. In the
frequency domain, the power spectral density function is generally used to describe the
vibration of the random vibration system. The road power spectrum density function is
mainly used in vehicle dynamic response, optimal control of suspension, calculation of
road load, etc. The vibration response of the vehicle can be evaluated through the road
roughness power spectrum and the dynamic characteristics of the vehicle system. If the
frequency response of the suspension is waiting to be solved on the basis of the above
transfer function, a model of the road input is also needed. Since the car is excited by the
unevenness of the road through the tire contacting the ground, it can be known from the
random vibration theory that its vibration response is a smooth random vibration. The
research object of this paper is a half-car model. The dynamic response characteristics can
be obtained by determining the road input spectrum of the left and right wheels.

Suppose that the spatial frequency n represents the road self-power spectral density,
Sq(n) and n = 1

λ holds. When the vehicle is driving on the road at speed u, it has

f = un (44)

where f is the time frequency. When the vehicle speed does not change, the time-domain
frequency bandwidth ∆ f has the following relationship with the corresponding spatial
domain frequency bandwidth ∆n

∆ f = u·∆n (45)

The power spectral density Sq(n) at the frequency in the spatial domain can be
expressed as

Sq(n) = lim
∆n→0

σ2
q∼∆n

∆n
(46)

where σ2
q∼∆n is the energy of the road power spectrum in the frequency domain bandwidth

∆n. When the vehicle speed is constant, the harmonic components of the road roughness
displacement contained in the time band ∆ f corresponding to the spatial frequency band
∆n are the same, so the road power spectral density in the time domain is

Sq( f ) = lim
∆ f→0

σ2
q∼∆n

∆ f
(47)

By Equations (44)–(47), Sq( f ) can be written as

Sq( f ) =
1
u

Sq(n) (48)
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Under normal circumstances, Sq(n) can be directly calculated. The selection of n in
the equation is related to the speed and frequency of the driving vehicle. If the condition
that 5 m/s < u< 50 m/s and 0.5 Hz < f < 50 Hz are satisfied at the same time, there is
0.01m−1 < n < 10m−1.

It can be seen from the experiment that Sq(n) can be written as

Sq(n) = cn−2w (49)

where w is a coefficient ranging from 1–1.25 and is generally taken as 1. The value of c is
related to the road surface level, shown in Table 4.

Table 4. The value of c for various road surface level.

Type of Pavement The Value Range of c

Class A 8× 10−8 ∼ 32× 10−8

Class B 32× 10−8 ∼ 128× 10−8

Class C 128× 10−8 ∼ 512× 10−8

When the frequency index is taken as 2, the road power spectral density Gq( f ) satisfies

Gq( f ) = Gq(n0)n2
0

u
f 2 (50)

where the reference spatial frequency n0 is taken as 0.1. According to Equations (49) and (50),
we can obtain

Sq( f ) = c
u
f 2 (51)

Considering the actual coherence of the left and right wheels, the road input spectral
density matrix of the half-vehicle model is

S =

[
SD SX
SX SD

]
(52)

where SD is the self-power spectral density of the road excitation

SD =
1
u

Sq(n) =
1
u

cn−2w (53)

The road cross power spectral density SX is

SX =
1
u

[
2c
(

πL
n

)w
/Γ(w)

]
Jw(2πLn) (54)

where L is the left and right wheel track, Jw is the second-class modified Bessel function of
order w, and Γ(w) is the gamma function.

When the left and right wheels are excited by the road roughness transfer function,
the relationship between the response spectrum and the input spectrum in the frequency
domain is as

Si( f ) = [H∗i1 H∗i2]S
[

Hi1
Hi2

]
(55)

where * represents the conjugate complex number, Si( f ) represents the power spectrum of
the i-th output, Hi1 and Hi2, respectively, represent the transfer function of the i-th output
to the first and second inputs.

When c = 64× 10−8 (Class-B road) and the vehicle speed is 36, 72 and 108 Km/h, the
power spectrum density of bounce acceleration and the power spectrum density of roll
acceleration of the HIIRS system are shown, respectively, in Figure 7.
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Figure 7. The power spectrum density of the acceleration of an HIIRS-equipped vehicle when driven
at 36, 72 and 108 km/h on Class-B road.

When c = 256× 10−8 (C-level road) and the vehicle speed is 36, 72 and 108 km/h, the
power spectrum density of bounce acceleration and the power spectrum density of roll
acceleration of the HIIRS system are shown, respectively, in Figure 8.

Figure 8. The power spectrum density of the bounce/roll acceleration of an HIIRS-equipped vehicle when driven at 36, 72
and 108 km/h on Class-C road.

Figures 7 and 8 show the power spectrum density of the bounced acceleration and
roll acceleration of the vehicle body. The natural frequency and root mean square (RMS)
of the acceleration response under Class-B and Class-C roads are in Table 5. It indicates
that the natural frequency of bounce is around 1.5 Hz, while the roll frequency is around
2.19 Hz. In addition, an increase in speed on the same road will lead to an increase in
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the acceleration power spectrum density. At the same speed, an improvement in road
conditions will reduce the acceleration power spectrum.

Table 5. The natural frequency and RMS acceleration response of the HIIRS-equipped vehicle.

Working Conditions
Class-B Road Class-C Road

36 km/h 72 km/h 108 km/h 36 km/h 72 km/h 108 km/h

Natural frequency Bounce (Hz) 1.48 1.50 1.51 1.48 1.50 1.51
Roll (Hz) 2.19 2.19 2.19 2.19 2.19 2.19

RMS of
acceleration

Bounce (m/s2) 0.0049 0.0120 0.0196 0.0109 0.0480 0.0393
Roll (rad/s2) 0.0246 0.0614 0.1029 0.0985 0.2457 0.2059

No matter what kind of road surface excitation, the HIIRS system has the same modal
law: no matter the speed is low, medium or high, the natural frequency of the roll mode
always maintains at around 2.19 Hz, and the natural frequency of the bounce mode varies
when the vehicle speed increases. The natural frequency is 1.48 Hz at low speed, 1.50 Hz
at medium speed and 1.51 Hz at high speed. This indicates that when the vehicle speed
increases, the HIIRS system can provide greater rigidity. In terms of amplitude, the RMS
bounce acceleration at medium speed increased by 143.66% compared with that at low
speed, while the RMS bounce acceleration at high speed increased by 63.54% compared
with that at medium speed. The RMS roll acceleration at medium speed increased by
149.59% compared with that at low speed, while the RMS roll acceleration at high speed
increased by 67.63% compared with that at medium speed. From this point of view, it
can be seen that as the vehicle speed increases, the RMS acceleration also increases, but
the amount of increase at high speed is less than that at low speed. To a certain extent,
it indicates that the anti-bounce and anti-roll capabilities of the HIIRS system are more
greatly enhanced at high speeds.

Figure 9 indicates that the acceleration power spectral density curve of the HIIRS
system has the same trend with the traditional suspension. The difference is that the
peak value of the HIIRS system is much lower than that of the traditional suspension.
Additionally, the improvement is more noticeable in the vertical acceleration than the
roll acceleration.

Figure 9. Comparison of bounce/roll acceleration between the HIIRS-equipped vehicle and the traditional vehicle when
driven at 36, 72 and 108 km/h on Class-B road.
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Figure 9 compared the power spectrum density of bounce/roll acceleration between
the HIIRS-equipped vehicle and the traditional vehicle, when the vehicles are driven on
a Class-B road (c = 64× 10−8). In the traditional vehicle, the stiffness and damping are,
respectively, 80000 and 4400 Ns/m. The corresponding results are also summarized in
Table 6.

Table 6. The comparison of the natural frequency and RMS bounce/roll acceleration between the HIIRS system and
traditional suspension system.

Suspension and Speed
Natural

Frequency of
Bounce (Hz)

Natural Frequency
of Roll (Hz)

RMS Bounce
Acceleration (m/s2)

RMS Roll
Acceleration(rad/s2)

HIIRS
36 km/h 1.48 2.19 0.0049 0.0246
72 km/h 1.50 2.19 0.0120 0.0614

108 km/h 1.51 2.19 0.0196 0.1029

Traditional
suspension

36 km/h 1.48 2.04 0.0139 0.0276
72 km/h 1.48 2.04 0.0342 0.0690

108 km/h 1.48 2.04 0.0554 0.1150

From the natural frequency aspect, the roll natural frequency of the HIIRS system and
traditional suspension system are maintained at 2.19 and 2.04 Hz, respectively, while the
bounce natural frequency of HIIRS ranges from 1.48 to 1.51 HZ and that of traditional sus-
pension is about 1.48 HZ. This indicates that when the road surface and speed are the same,
the HIIRS system can provide greater stiffness, especially when the vehicle rolls, since the
roll natural frequency of the HIIRS system is higher than that of the traditional suspension.

From the amplitude aspect, Figure 9 shows that the response of the HIIRS is lower than
the traditional suspension in the whole frequency range, and the HIIRS can greatly reduce
the peak value of the responses. Table 6 shows the RMS of bounce and roll acceleration
of the HIIRS system can, respectively, reach 64.91 and 12.38% lower than the traditional
suspension when the vehicle is driven at 72 km/h on Class-B road. That is, the HIIRS system
provides superior ride comfort and handling stability to traditional suspension systems.

4. Energy Harvesting Power of the HIIRS

Section 3 demonstrated the vibration characteristics of the HIIRS, and this section
focuses on the energy harvesting characteristics.

In the energy harvesting circuit, the relationship between the various physical quanti-
ties can be written as 




P = I2Re

I =
Uem f

Re+Rin
Uem f = keω

ω = 2π QM
Qm

ηv

(56)

where P is the energy harvesting power, Re is the external resistance, I is the current, Uem f
is the induced electromotive force, Rin is the circuit resistance, ke is the speed constant
of the generator, QM is the motor inlet flow, Qm is the motor displacement, ηv is the
volumetric efficiency.

In Equation (56), only QM is the unknown quantity, and thus, the goal is to solve QM.
According to Figure 4 and Equation (15), the state quantity (pressure, flow) of the

motor inlet is
TX6 = TX5→X6TX4→X5TX3→X4TX2·X3TX1·X2TX1 (57)

State quantity at node 1 is TX1 =

[
P1
Q1

]
, P1 and Q1 can be calculated according to

Equations (7) and (8).
According to Equation (56), the transfer function HX61 between the motor inlet flow

rate and TX1 can be known. Equations (7) and (8) provide the transfer function HX1Y
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between TX1 and the displacement vector Y. Therefore, the transfer function between the
motor inlet flow and the displacement vector Y in Equation (1) is

HQMY = HX61·HX1Y (58)

Then, the power spectral density of the flow rate at the motor inlet, GQM , can be
calculated as

GQM = H2
QMYGY (59)

where GY is the power spectral density of Y.
The power spectral density has the following relationship with the amplitude

GQM = A2
QM

/ fs (60)

where AQM represents the amplitude of AQM , and fs represents the frequency bandwidth.
In Section 3, we obtained the power spectral density of bounce and roll acceleration

under random road input and the frequency response matrix of the displacement vector Y.
If the method of solving acceleration power spectral density is extended to displacement,
with the known power spectral density of the road displacement vector Y, the power
spectral density of the flow rate at the motor inlet under various random road input can
be obtained. Then, the corresponding amplitude can be solved with Equation (60), and
the time domain flow rate at the motor inlet can be solved by performing inverse Fourier
transform. The time domain flow rate is then substituted into Equation (56), and the energy
harvesting power can be determined.

The energy regenerative power of a half-car with HIIRS system on a Class-C road
at the speed of 36, 72 and 108 km/h is shown in Figure 10. The average value of energy
regenerative power at this road surface excitation is shown in Table 7. It shows that the
energy harvesting power can reach 655.90 W for an off-road vehicle when it is driven on a
Class-C road at 108 km/h.

Figure 10. The energy harvesting power of the HIIRS-equipped half-vehicle when driven at various speeds on Class-C road.

Table 7. Energy harvesting power.

Vehicle Speed 36 km/h 72 km/h 108 km/h

Energy harvesting
power (W) 186.93 417.39 655.90
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5. Conclusions

This paper studied the vibration isolation and energy harvesting characteristics of a
novel hydraulic integrated interconnected regenerative suspension (HIIRS). The model in
the frequency domain was established. Both free and forced vibration analysis were carried
out and compared with a traditional suspension. The comparison showed that the RMS
bounce and roll acceleration of the HIIRS system was, respectively, 64.91 and 12.38% lower
than the traditional suspension when the vehicle was driven at 72 km/h on a Class-B road.
With the frequency domain model of the HIIRS, an approach for calculating the energy
harvesting power was also presented. The calculated energy harvesting power was 186.93,
416.40 and 656.90 W, when the vehicle speed was 36, 72 and 108 km/h. In summary, the
HIIRS system can significantly enhance the vehicle ride comfort and handling stability
while harvesting vibration energy to achieve an energy-saving purpose.
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Abstract: In this paper, stretchable strain sensors with a controllable negative resistance sensitivity
coefficient are firstly proposed. In order to realize the sensor with a negative resistance sensitivity
coefficient, a stretchable stress sensor with sandwich structure is designed in this paper. Carbon
nanotubes are added between two layers of silica gel. When the sensor is stretched, carbon nanotubes
will be squeezed at the same time, so the sensor will show a resistance sensitivity coefficient that the
resistance becomes smaller after stretching. First, nanomaterials are coated on soft elastomer, then a
layer of silica gel is wrapped on the outside of the nanomaterials. In this way, similar to sandwich
biscuits, a stretchable strain sensor with controllable negative resistance sensitivity coefficient has
been obtained. Because the carbon nanotubes are wrapped between two layers of silica gel, when the
silica gel is stretched, the carbon nanotubes will be squeezed longitudinally, which increases their
density and resistance. Thus, a stretchable strain sensor with negative resistance sensitivity coefficient
can be realized, and the resistivity can be controlled and adjusted from 12.7 Ω·m to 403.2 Ω·m. The
sensor can be used for various tensile testing such as human motion monitoring, which can effectively
expand the application range of conventional tensile strain sensor.

Keywords: strain sensor; negative resistance sensitivity coefficient; carbon nanotubes (CNTs)

1. Introduction

Wearable technology tends to be more sophisticated than hand-held technology be-
cause it can provide skin-mountable biofeedback and tracking of physiological function. In
particular, stretchable and wearable strain sensors are needed for several potential appli-
cations including human motion and health detection, human-robot interaction, artificial
skin, smart clothing, and so forth [1,2].

Stretchability and sensitivity are the key features of strain sensor which can be de-
scribed by Strain (ε) and Gauge Factor (GF), respectively. In recent years, several types
of stretchable strain sensors have been proposed by using nanomaterials coupled with
flexible and stretchable elastomer. To improve stretchability, the conductive particles
such as nanoparticles (NPs) [3–6], carbon nanotubes (CNTs) [7–10], silver nanowires
(AgNWs) [11,12], and graphene [13,14] are typically coated on soft elastomer, such as
PDMS [13], Ecoflex [12,15], silicone elastomer [16,17], rubber [18,19], dragon-skin elas-
tomer [20] et al. In [15], super-stretchable, skin-mountable, and ultra-soft strain sensors
are presented by using carbon nanotube percolation network-silicone rubber nanocom-
posite thin films, the stretchability can achieve 500%, but the GF is only 1–2.5. In [21],
AuNWs–latex rubber nanocomposite are used to achieve a new type of sensor featured a
GF of ≈ 9.9 and stretchability of >350%. In [22], a strain sensor with Ecoflex rubber elastic
substrate and rGO/DI sensing liquids is designed to make the super-elasticity possible.
The stretchability can achieve 400%, and the GF is 31.6.
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It can be found from the above research status, the resistance sensitivity is all positive,
so in order to extend the application range of the stretchable strain sensor, this paper
presents a controllable negative resistance sensitivity coefficient stretchable strain sensor.
This is the first time that a negative resistance sensitivity coefficient stretchable strain sensor
is proposed.

In [23], a strain sensor based on the sandwich-like PDMS/CNTs/PDMS composite is
proposed. The strain sensor not only presents a good optical transmittance, but also gains
the ability to monitor both the subtle motions of facial expressions and the large motions of
human joints. On this basis, we found that the sandwich-like structure can also obtain a
negative resistance sensitivity coefficient, which can further expand the application range
of the sensor and its specific application will be developed in the following research.

2. Principle and Design

The typical structural composition of stretchable strain sensors is shown in Figure 1,
nanomaterials are coated on soft elastomer, the elastomer core is a rectangular structure,
the length (L), width (W), and thickness (T) are shown in Figure 1a,b. A “dragon-skin”
silica gel with maximum strain up to 900% is used for soft elastomer, and the nanomaterials
are single-walled carbon nanotubes. At this point, the resistance of the sensor depends on
resistivity of the powder material, particle size of powder, and especially compactness of
the powder material. As a stretchable strain sensor, when the elastomer core is stretched,
as shown in Figure 1c, part of the transverse connection in the powder material will be
broken, and the compactness of the powder material is reduced, thereby causing the sensor
resistance to increase. Therefore, the stretchable strain sensor prepared by this structure
scheme only has a positive resistance sensitivity coefficient.
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Figure 1. Typical structural composition of stretchable strain sensors, front view (a) and section view
(b) before stretch and front view after stretch (c).

In order to extend the application range of the stretchable strain sensor, we present a
controllable negative resistance sensitivity coefficient stretchable strain sensor, as shown in
Figure 2. First, nanomaterials are coated on the soft elastomer. Then, a layer of silica gel is
wrapped on the outside of the nanomaterials, as shown in Figure 2a. The thickness of the
elastomer and nanomaterials is Tec and Tcnts, respectively. When the elastomer is stretched,
as shown in Figure 2b, although the lateral compactness of powder material is reduced, the
longitudinal compactness increases.

Lateral compactness denoted the tightness of CNTs along the tensile direction. With
the increase of tensile length, part of CNTs was disconnected, leading to the decrease of
lateral compactness. Longitudinal compactness represents the compactness in the direction
of the thickness of CNTs. With the increase of tensile length, CNTs have more contact under
the longitudinal extrusion effect, which leads to the increase of longitudinal compactness.

Therefore, it is expected to obtain a stretchable strain sensor with a negative resistance
sensitivity coefficient through reasonable pattern design.
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Figure 2. Controllable negative resistance sensitivity coefficient stretchable strain sensor, front view
(a) and section view (b) before stretch and front view after stretch (c).

Normally, the powder resistivity measured by the pressurization method can be
expressed as:

ρ0 =
V
I

A
h

(1)

where ρ0 is the initial resistivity of powder resistor, V is the applied voltage, I is the
measured current, h is the powder thickness along the current direction, A is the cross-
sectional area. It should be noted that powder resistivity varies a lot with powder porosity,
humidity, or temperature.

Further, the resistance (R) of the stretchable strain sensor can be expressed as:

R = ρ
L
A

(2)

where ρ is the resistivity of the sensor, L length of sensor. For the stretchable strain
sensors designed in this paper, its resistivity, length, and cross-sectional area will change
when stretched.

In order to verify the influence of different pattern structures on resistance, we de-
signed several embedded resistance schemes as shown in Figure 3. Three stretchable
strain sensors with different nanomaterial patterns are designed to verify the feasibility of
the negative resistance sensitivity coefficient, which are defined as Type A, Type B, and
Type C, respectively, as shown in Figure 3a–c, at the same time, typical stretchable strain
sensors with the same patterns of Type A are designed as a comparison, which are defined
as Type D, as shows in Figure 3d. The cross section of all resistors is rectangular. Since
the unencapsulated structures corresponding to Type B and Type C will deform during
stretch, it is impossible to compare the tensile effect. Therefore, this paper only carried out
comparative experiments through Type A.
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3. Fabrication

The fabrication process of the designed negative resistance sensitivity coefficient
stretchable strain sensor is shown in Figure 4. The elastomer core is made of a kind of
“dragon-skin” silica gel which has a maximum strain up to 900%, so it can provide enough
deformation for the designed stretchable strain sensor.
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Figure 4. The fabrication process of the designed negative resistance sensitivity coefficient stretchable
strain sensor. (a) Preparation of elastomer core and copper electrodes. (b) Silicone elastomer forming.
(c) Preparation of CNTs film. (d) Silica gel secondary package.

First, insert two copper electrodes into the configured silica gel and then cure at room
temperature (25 ◦C) for 1 h, as shown in Figure 4a. At this time, the surface of the silica
gel has a good viscosity, but it has been substantially formed and can be cut into a desired
shape, as shown in Figure 4b. The carbon nanotube powder is evenly dispersed on the
surface of the silica gel elastomer core and compacted to obtain the stretchable strain sensor.
At this time, after the further curing process, the typical structural of stretchable strain
sensors can be obtained, as shown in Figure 4c.

At this stage of the process, we have the stretchable strain sensor of Type D, as shown
in Figure 5a. This is a stretchable strain sensor with a positive resistance sensitivity.
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However, the negative resistance sensitivity coefficient stretchable strain sensor pro-
posed in this paper is re-encapsulated on this basis, as shown in Figure 4d. The overall
structure shown in Figure 4c is encapsulated using the same “dragon-skin” silica gel, after
that, the negative resistance sensitivity coefficient stretchable strain sensor can be obtained
by curing at room temperature (25 ◦C) for 2 h.

The fabricated stretchable strain sensor (Type D) is shown in Figure 5. The thickness
of the carbon nanotube layer is about 80 µm.
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The fabricated stretchable strain sensors (Type A, Type B, and Type C) are shown
in Figure 6. It can be seen that CNTs are well wrapped in silica gel and can be stretched
together with silica gel.
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4. Characterization and Discussion

In order to verify the feasibility of the stretchable strain sensor with negative resistance
sensitivity coefficient, a comparative test is carried out in this paper. The stretchable strain
sensor is stretched to different lengths and its resistance is recorded. Figure 7 shows the
stretch test of the fabricated stretchable strain sensor.
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The initial length of the sensor is 25 mm (Figure 7a), and it was stretched to 50 mm
(Figure 7b), 75 mm (Figure 7c), and 90 mm (Figure 7d), respectively, to verify the resistance
performance after stretching. It can also be seen from Figure 6 that the width of the resistor
is basically unchanged, but the thickness gradually decreases with the stretching.

The resistance value and its change curve of the stretchable strain sensors after stretch-
ing are shown in Table 1. For the stretchable strain sensors with Type A, Type B, and
Type C, as the stretched length of the sensor increases, the resistance increases continuously.
However, for Type D, the resistivity increases rapidly with the increase of the stretch.

Table 1. Resistance test result of the stretchable strain sensors (The average of five measurements)
@ 25 ◦C.

Sensor Type Resistance @
ε = 0%(MΩ)

Resistance @
ε =

50%(MΩ)

Resistance @
ε =

100%(MΩ)

Resistance @
ε =

200%(MΩ)

Resistance @
ε =

260%(MΩ)

A 34.6 ± 12.4 27.4 ± 7.5 21.5 ± 6.9 14.2 ± 4.6 4.9 ± 1.8
B 194.5 ± 28.7 142.7 ± 18.7 105.6 ± 10.7 72.7 ± 8.7 36.8 ± 9.4
C 151.2 ± 20.4 120.4 ± 14.5 94.7 ± 10.2 52.4 ± 6.4 24.3 ± 7.5
D 1.35 ± 0.86 16.4 ± 4.7 42.2 ± 7.5 80.1 ± 10.1 126.2 ± 15.6

Figure 8 shows the SEM view of the fabricated stretchable strain sensors, before
stretching, the thickness of the carbon nanotube layer is about 32 µm, as shown in Figure 8a,
and after stretching the thickness decreased to 17.2 µm (ε = 100%) and 10.6 µm (ε = 200%),
as shown in Figure 8b,c. This clearly shows that the thickness of the sensor is compressed
as it is stretched, therefore, the change in resistance is no longer monotonically increasing.
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According to the above experimental results, the resistivity of the sensor can be
obtained, as shown in Table 2. It can be seen that for the stretchable strain sensors with
Type A, Type B, and Type C, as the stretched length of the sensor increases, the resistivity
increases continuously. This means that during the stretching process, the squeezing effect
of the elastomer on the nanomaterial is greater than the stretching effect. When there is
no external elastomer wrap (Type D), the resistivity increases rapidly with the increase
of the stretch.

We can also see from Table 2 that the initial resistance between Type A and Type D is a
lot different. This is because the liquid silica gel affected the contact of part of the carbon
nanotubes when the Type D structure was repackaged into the Type A structure, leading to
the decline of its initial resistance.
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So, we can get the relationship curve between sensor length and resistivity, as shown
in Figure 9. It can be seen that the stretchable strain sensors with Type A, Type B, and
Type C have a negative resistance sensitivity coefficient.

As shown in Figure 9, the resistance sensitivity coefficient of Type D within ε = 100%
is 12.23, by contrast, the resistance sensitivity coefficient of Type A within ε = 100% is
negative 12.07 Ω·m/mm. At the same time, the resistance sensitivity coefficient can be
controlled according to different lengths and patterns.

Table 2. Resistivity of the stretchable strain sensors @ 25 ◦C.

/ Type A Type B Type C Type D

Length (µm) 25 50 75 125 250 375 96 192 288 25 50 75

Resistance (MΩ) 34.6 21.5 14.2 194.5 105.6 72.7 151.2 94.7 52.4 1.35 42.2 80.1

Tec (mm) 1 0.55 0.3 8 7.1 6.6 8 7.1 6.6 8 7.1 6.6

Tcnts (µm) 32 17.2 10.6 32 17.2 10.6 32 17.2 10.6 55 55 55

Resistivity (Ω·m) 354.3 52.5 13.2 398.3 51.5 13.5 403.2 60.2 12.7 23.7 329.5 387.6
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Therefore, the stretchable strain sensor with negative resistance sensitivity designed
in this paper can expand the application of this device in many fields such as human
motion monitoring.

5. Conclusions

This paper presents the design, fabrication of a novel stretchable strain sensors with
a controllable negative resistance sensitivity coefficient. A stretchable stress sensor with
silica gel/CNTs/silica gel sandwich structure is designed to realize the negative resistance
sensitivity coefficient. The stretchability of the fabricated stretchable strain sensors can
achieve up to 260%, resistance sensitivity coefficient is negative at 12.07 Ω·m/mm, and the
adjustable control of resistivity from 354.3 Ω·m to 13.2 Ω·m, which can greatly expand the
application field of the stretchable strain sensors such as human motion monitoring.
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Abstract: A miniaturized reliability test system for microdevices with controlled environmental
parameters is presented. The system is capable of measuring key electrical parameters of the
microdevices while controlling the environmental conditions around the microdevices. The test
system is compact and thus can be integrated with standard test equipment for microdevices. By
using a feed-forward decoupling algorithm, the presented test system is capable of generating a
temperature range of 0–120 ◦C and a humidity range of 20–90% RH (0–55 ◦C), within a small footprint
and weight. The accuracy for temperature and humidity control is ±0.1 ◦C and ±1% RH (30 ◦C),
respectively. The functionality of the proposed test system is verified by integrating it with a piezo
shaker to test the environmental reliability of an electromagnetic vibration energy harvester. The
proposed system can be used as a proof-of-technology platform for characterizing the performance
of microdevices with controlled environmental parameters.

Keywords: temperature and humidity control; decoupling control; reliability test; microtester

1. Introduction

Reliability of microelectromechanical system (MEMS) is one of the essential factors that
determines the development time and time-to-market of the devices. Besides the design
and the fabrication processes, environmental factors such as temperature, humidity and
vibration are important aspects that influence the in-use reliability of MEMS devices [1]. In
addition, environmental factors are known acceleration factors for accelerated reliability test
of MEMS. For instance, temperature is often used to accelerate creep, electrical short/open-
circuit, charging and corrosion failures, humidity is commonly used to accelerate cyclic
fatigue, stiction and charging failures, and vibration is usually used to accelerate stiction
and shock/vibration failures [1].

A great deal of work has been carried out to characterize MEMS reliability under
different environmental conditions. For instance, Pustan et al. investigated the influence
of temperature and humidity on the micromirror devices by using the combination of
an Atomic Force Microscope and an environmental chamber [2]. It was discovered that
the stiffness of the micromirror is reduced by 46% in the temperature range of 20 ◦C to
140 ◦C. Zhang et al. used the standalone environmental chamber to study the influence of
temperature and humidity on the linearity and sensitivity of RF MEMS power sensors [3].
The test temperature and humidity ranges are 5 ◦C to 75 ◦C and 25% to 95% RH, respectively.
Jan et al. proposed a test platform that combines a double-layer environmental chamber
and a vibration shaker to study the effect of temperature and humidity on the resonant
frequency of a CMOS-MEMS paddle resonator [4]. Resonant frequency drops of 6.9 Hz and
1.3 Hz were observed in the temperature range of 25–80 ◦C and humidity range of 32–90%
RH, respectively. The vibration is asserted to the device through a hole on the bottom of the
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environmental chamber, which creates inhomogeneity of temperature distribution within
the chamber. Sivakumar et al. characterized the accrual rate of stiction and mechanical
fatigue in a MEMS micromirror device within a temperature and humidity range of 25 ◦C
to 90 ◦C and 20% to 80% RH, respectively [5]. Lin et al. studied the RF MEMS switches
performance and reliability under different temperatures [6]. Under temperature aging,
the calculated Mean Time to Failure (MTTF) for each condition is 985 h, 822 h and 751 h for
the temperatures of 50 ◦C, 85 ◦C and 105 ◦C, respectively.

Despite the great need of studying the MEMS reliability under different environ-
mental conditions, one of the major challenges is to conduct those tests with different
environmental factors using standard MEMS testing equipment, such as interferometer,
laser-Doppler vibrometer, vibration table (piezo shaker), and different microscopes, etc.
Some of the MEMS testing equipment is too bulky to be operated in the commercially avail-
able environmental chambers or ovens, while some other equipment is highly sensitive to
environmental factors such as the piezo shakers. Taking piezo shaker as an example, the
performances of piezoelectric materials are strongly influenced by temperature, especially
around the Curie temperature of the material [7]. Therefore, it is difficult to use the piezo
shaker within an oven. Meanwhile, most of the piezo shakers can generate very limited
force, often in the range of tens of Newton, thus it is equivalently difficult to mount an
oven, even the lightest one, on the piezo shaker. Such dilemma might be the detrimental
factor for the lack of reliability of vibration energy harvesters (VEHs), in spite of a great
deal of effort in developing various novel VEH devices [8–11].

Therefore, there is a strong need and market pull for standard generators of different
environmental condition (environmental chambers), which can be integrated on different
standard MEMS test equipment. For this purpose, the environmental chamber must be
compact, lightweight and capable of generating a wide range of environmental conditions.
Towards these goals, the major technical challenge is to integrate all functional elements
within a rather small volume and not to exceed the mass and volume limitation. In addition,
with miniaturized heating and humidifying elements, it is not easy to realize heating and
humidifying functions with reasonable range and speed, compared to their macroscopic
counterparts. Although control algorithms can be utilized to optimize the heating and
humidifying process, most of the reported algorithms are developed for standard “big”
environmental chambers [12–14]. Their applicability on miniaturized systems still need to
be investigated.

In this paper, we proposed a miniaturized reliability test system for microdevices
with controlled environmental parameters, which has the advantages of lightweight, small
volume, wide and stable range of controllable environmental parameters. The system can
be integrated with the piezo shaker, white light interferometer and other equipment to
complete the performance characterization of microdevices under different environmental
conditions. The technical merits of the proposed system are to integrate all functional com-
ponents within a very limited space, and fulfill all heating, humidifying and measurement
functionalities comparable to bulky environmental systems. Although the test system in
this paper is a specific system, it provides a technical platform for the reliability test of
microdevices and can be widely used.

2. System Design
2.1. Overal System Design

The concept of the proposed test system is to control the environmental parameters
around the Device Under Test (DUT) while other performance of the DUT is tested. This re-
quires the test chamber to be highly miniaturized and lightweight, in order to be integrated
with other characterization tools for microdevices. It is especially crucial for the reliability
characterization of Vibration Energy Harvesters (VEHs), because the test chamber needs
to be mounted on the piezo shaker, whose loading capability is strongly limited in terms
of pushing force. Objects with large mass will deteriorate the performance of the shaker
significantly.
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The proposed reliability test system is a miniaturized and lightweight equipment,
based on a structure illustrated schematically in Figure 1. The system is composed of two
main components: a test chamber and a control unit, which are connected by electrical
cables and tubes. The test chamber is a miniaturized metallic chamber capable of changing
its internal environmental parameters, mainly temperature and humidity, accurately and
rapidly. The test chamber is highly compact and lightweight, equipped with electrical
feedthrough and optical observation window, enabling its integration to standard char-
acterization equipment such as white light interferometer, laser Doppler vibrometer and
piezo shaker. The control unit includes a humidity regulator, temperature and humidity
control circuits, electrical measurement circuits and a human–computer interaction module.
The electrical measurement circuits include mainly components for capacitive and resistive
measurements, and will not be detailed in this paper.

Figure 1. Schematic illustration of the miniaturized reliability test system with controlled environ-
ment parameters.

More specifically, the temperature regulator consists of a ceramic heating plate with a
power of 96 W and two heat-resistant thermoelectric coolers (TECs) based on Peltier effect
with power of 36 W. To achieve a better cooling while maintaining a designated volume
of the test chamber, water cooling is used to dissipate heat from the hot end of the TEC.
The humidity in the test chamber is controlled by using an ultrasonic transducer. The fan
transmits the water vapor with a certain controlled humidity to the test chamber through
the plastic tube. The interaction module consists of an LCD display screen and a STM32
microprocessor. The LCD screen displays the temperature and humidity data in the test
chamber as well as the capacitance and resistance measured by the measurement module.
By touching the LCD screen, control commands are sent to the temperature and humidity
control module, which controls the ceramic heating plate, TECs and humidifier to change
the temperature and humidity in the test chamber.

2.2. Test Chamber Design

In order to achieve maximum heating and humidifying capacity with minimum size
and weight, the test chamber must be carefully designed, and elements and their layout
within the chamber must be optimized. A schematic illustration of the designed test
chamber is shown in Figure 2a, and an exploded view of the test chamber is detailed in
Figure 2b. In order to maximize the efficiency of the system, the temperature regulator
is directly installed within the test chamber. The ceramic heating plate is sandwiched
between two sample stages, and the TECs are installed on both sides of the test chamber.
A temperature and humidity sensor (Sensirion SHT31) is installed on the bottom side of
the sample stage to monitor the real-time temperature and humidity in the closed vicinity
of DUT. During measurements, the DUT is mounted on the top surface of the sample
stage, with several mounting and pin-configuration possibilities enabled by pre-defined
mounting plugs. For the heating processes, the sample stage will quickly transfer heat
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between the ceramic heating plate and the DUT. For the cooling processes, the hot end and
the cold end of TEC will release heat and absorb heat respectively, due to the Peltier effect.
Heat sink 2 mounted on the cold end of the TECs is used to quickly transfer heat between
the cold end of the TEC and the chamber, while heat sink 1 mounted on the hot side of the
TEC removes heat from the hot end of the TEC through water cooling. The combination of
the passive and active water-cooled heatsinks enabled maximum efficiency and stability
for the cooling processes. The mounting sites of the TECs and heatsinks are chosen under
the criteria of shortest distance to the DUT. For the humidity control processes, water
vapor with a controlled humidity enters the test chamber through the tube connector at the
back of the chamber. The humidity in the water vapor is adjusted by using an ultrasonic
transducer installed within a water tank inside the control unit. The entire model design
is based on a symmetrical rule to ensure the homogeneity of temperature and humidity
within the test chamber.

Figure 2. (a) Schematic illustration of the assembled test chamber, (b) schematic illustration of the exploded structure of the
test chamber.

2.3. Control Unit Design

The control unit of the test system includes a power management circuit, an MCU
circuit, a relay circuit, a sensing circuit and the electrical measurement circuits. Due to
the complexity of the entire circuit system, a hierarchical design approach is adopted to
construct the system from modular components with logic orders. A schematic illustration
of the overall circuit is shown in Figure 3. The power management circuit provides power
with different voltage levels to the various components in the system with different power
requirements. The MCU circuit is used to realize all the designated functions of the STM32
microprocessor, including executing, uploading and downloading programs, implementing
all the calculation and control algorithms, as well as communicating with other components.
The relay circuit isolates the low-voltage side from the high-voltage side of the circuits
by using an optocoupler, and controls the operation of the temperature and humidity
regulator by using a high-power MOSFET as a switch. The sensor circuit drives the SHT31
temperature and humidity sensor to measure the real-time temperature and humidity
data within the test chamber. The electrical measurement circuits measure the capacitance,
resistance and other physical parameters of the DUT. In the circuit layout, the circuits are
partitioned according to different voltage levels and functions. At the same time, single-
point grounding of both the analog ground and digital ground is implemented to isolate
the analog circuit from the digital circuit, avoiding the crosstalk between them. These
design and structural concepts guaranteed the accuracy and reliability of the proposed test
system.
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Figure 3. (a) Block diagram of the control circuit, (b) schematic illustration of the control circuit.

2.4. Control Algorithms

Rapid control of temperature and humidity simultaneously under limitations of
mass and volume is challenging, due to limited choice of components, strong tempera-
ture/humidity coupling, performance hysteresis and nonlinear dynamic characteristics.
Consequently, a simple PID controller will not be sufficient to control the system [14,15].
Therefore, the proposed test system utilizes a feed-forward decoupling control algorithm
to decouple and control the temperature and humidity, improving the accuracy of the
system [16]. The feed-forward decoupling control algorithm is used to predict the effect
of the coupling between the temperature and humidity on the control process, and subse-
quently eliminate the cross-coupling effect. The block diagram of the heating-humidifying
decoupling controller is shown in Figure 4a. Similarly, the cooling-humidifying decoupling
control block diagram is obtained, as shown in Figure 4b.

Figure 4. (a) The heating-humidifying decoupling control block diagram, (b) the cooling-humidifying decoupling control
block diagram.

It is crucial for the feed-forward decoupling control system to solve the feed-forward
decoupling transfer function. The output of the heating-humidifying decoupling system
can be described as:

[TC RHC] =
[

C1(s) C2(s)
]
×

[
G11(s) G12(s) + G22(s)× D12(s)

G21(s) + G11(s)× D21(s) G22(s)

]
(1)

where G11(s) is the system heating model and G12(s) is the system heating-humidifying
coupling model. G21(s) is the system humidifying-heating coupling model, G22(s) is the
system humidifying model, D21(s) is the humidifying-heating feed-forward decoupling
factor and D12(s) is the heating-humidifying feed-forward decoupling factor.
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After the decoupling the heating and humidifying process, the ideal system output
should be described as:

[TC RHC] =
[

C1(s) C2(s)
]
×

[
G11(s) 0

0 G22(s)

]
(2)

From Equations (1) and (2), the relationship between the heating, humidifying feed-
forward decoupling factor and the inherent model of the system can be obtained:

[
D21(s) 1

1 D12(s)

]
×

[
G11(s) G12(s)
G21(s) G22(s)

]
=

[
0 0
0 0

]
(3)

Similarly, the expression between the feed-forward decoupling factor of cooling,
humidifying and the inherent model of the system can be obtained:

[
D32(s) 1

1 D23(s)

]
×

[
G22(s) G23(s)
G32(s) G33(s)

]
=

[
0 0
0 0

]
(4)

where, G23(s) is humidifying-cooling coupling model, G32(s) is cooling-humidifying cou-
pling model, G33(s) is the system heating model, D23(s) is humidifying-cooling feed-forward
decoupling factor and D32(s) is cooling-humidifying feed-forward decoupling factor.

2.5. Simulink Simulation

To verify the effectiveness of the control methodology, the control system is simulated
by using Simulink according to the proposed control block diagram in Figure 5.

Figure 5. (a) The heating-humidifying system model, (b) the cooling-humidifying system model [16].

The model of the control system is effective in tuning the parameters of the controller,
including both the feedback and feed-forward parameters, which are essential factors for
a rapid and accurate control of temperature and humidity. In the actual tuning process,
the parameters a, b, c of G11(s), G12(s), G21(s), G23(s) and G33(s) can be obtained experi-
mentally [17], and the parameters u, w, x, y, z of feed-forward decoupling factors D21(s),
D12(s), D23(s) and D32(s) can be solved by Equations (3) and (4). The solving process will
be used for the tuning process detailed in Section 3.2. By implementing the discretized
feed-forward decoupling factor differential equation into the control program, the effects
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of the system caused by the temperature and humidity coupling can be predicted and
eliminated [18].

3. Results and Discussion
3.1. Manufacturing Results

The photos of the manufactured circuit board, control unit and test chamber are
shown in Figure 6. The temperature and humidity controllers are connected to the KF-2.54
terminal in the relay circuit. To drive multiple high-power devices at the same time, the
PCBs in the system involve design with windowed topology and heat dissipation holes,
in order to increase the heat dissipation capacity of the circuit board. The control unit is
fabricated by 3D printing technology, and the upper cover is equipped with switch buttons,
control buttons, an interaction interface, and a water inlet for the humidity regulator. An
optical observation window is installed on the top surface of the test chamber to enable the
optical measurements on the DUT. The housing of the test chamber is made of aluminum
alloy with surface treatment of thick anodization, in order to enhance corrosion resistance.
The test chamber has external dimensions of 9.2 cm × 9.2 cm × 7.2 cm and a weight of
1.07 kg. The control unit and the test chamber are connected through high-temperature
aviation plugs for reliable electrical connections.

Figure 6. Photos of (a) the circuit board, (b) the control chamber, (c) the test chamber.

3.2. System Tuning

In order to solve the temperature and humidity model of the test chamber, the tem-
perature and humidity open-loop response and the temperature and humidity open-loop
coupling response of the test chamber are studied in time domain [19]. Figure 7a, b show
the temperature open-loop response of the test system to a 50% PWM duty-cycle step
cooling signal and humidity open-loop coupling response of the test system to a 30% PWM
duty-cycle step cooling signal, respectively (PWM cycle is 1 s). The 50% PWM duty-cycle
step cooling signal is given at 0 s with a rise time of 20 ms. The temperature change of
the test chamber delay is 44 s (warming up of the cooler), then rapidly from 44 s to 250 s
(cooling process), and finally gradually between 250 s and 450 s. At the initial temperature
of 20 ◦C, the maximum cooling rate is 0.075 ◦C per second at 80 s, and the temperature of
the test chamber is finally stabilized at 9.3 ◦C under a 50% PWM duty-cycle step cooling
signal. The open-loop coupling response of the humidity within the chamber follows a
similar pattern. The 30% PWM duty-cycle step cooling signal is given at 0 s with a rise
time of 20 ms. The humidity change of the test chamber delay is 28 s, then rapidly from
28 s to 200 s, and finally gradually between 200 s and 350 s. At the initial humidity of 76.8%
RH, the maximum dehumidifying rate is 0.095% RH per second at 50 s, and the humidity
of the test chamber is finally stabilized at 63.3% RH under a 30% PWM duty-cycle step
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cooling signal. The coupling of cooling and humidity is mainly caused by the sudden drop
of temperature at the TEC cold end, which results in condensation of water vapor in the air.
Similarly, we can get the open-loop response curve and open-loop coupling response curve
of heating and humidifying, which will not be repeated here.

Figure 7. (a) Temperature response of the test system to a 50% PWM duty-cycle step cooling signal. (b) Relative humidity
response of the test system to a 30% PWM duty-cycle step cooling signal.

The two-point method was used to obtain the parameters of first-order delay models
of the system, as given in Table 1.

Table 1. Parameters of first-order delay models of the system.

Parameters Values Parameters Values Parameters Values

a11 0.1559 b11 751.27 c11 5
a12 0.3357 b12 1618.00 c12 136
a21 0.0004 b21 428.45 c21 100
a22 0.1949 b22 183.65 c22 13
a23 0.0050 b23 976.46 c23 105
a32 0.0488 b32 107.60 c32 28
a33 0.0270 b33 124.80 c33 44

Through Equations (3) and (4), the parameters of the transfer functions of feed-forward
decoupling factor are derived, as shown in Table 2.

Table 2. Parameters of the transfer functions of feed-forward decoupling factor.

Parameters Values Parameters Values Parameters Values Parameters Values Parameters Values

u12 −61.6500 w12 −0.3357 x12 315.30 y12 0.1949 z12 135
u21 −0.7036 w21 −0.0009 x21 1599.00 y21 0.3639 z21 95
u23 0.6205 w23 −0.0050 x23 26.36 y23 0.0270 z23 65
u32 −8.9690 w32 −0.0488 x32 20.97 y32 0.1949 z32 135

These parameters of transfer functions of the proposed system can be used to model
the response of the control system. The analytical form of the model enabled the modeling
process to be simple and accurate, where key design parameters can be tuned readily and
conveniently.

The PID Tuner is utilized to solve the PID parameters in the system. The comparison
between the system responses before and after the introduction of the feed-forward decou-
pling factor is shown in Figure 8. The target temperature of 70 ◦C is realized within the
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time of 400 s in Figure 8a and the target temperature of 5 ◦C is realized within the time of
200 s in Figure 8b, both showing no overshoot or oscillation behavior. The temperature
response curves before and after decoupling in Figure 8a, b almost coincide, which means
the feed-forward decoupling factor has almost no effect on the temperature regulation
of the system. However, the feed-forward decoupling factor can obviously improve the
humidity control of the system. In the heating-humidifying system of Figure 8a, the target
humidity of 90% RH is realized within the time of 100 s, showing no overshoot or oscillation
behavior. However, when the system temperature reaches 45.6 ◦C at 146 s, the humidity of
the system before decoupling decreases at the rate of 0.004% RH per second until 420 s,
and then increases to 88.7% RH at 1000 s. Compared with before decoupling, the humidity
of the system after decoupling is always stable at a target humidity of 90% RH. In the
cooling-humidifying system in Figure 8b, by introduction of the feed-forward decoupling
factor, the regulating time decreases from 323 s to 108 s. To sum up, the simulation results
show that the feed-forward decoupling factor has almost no effect on the temperature
regulation of the system, but can obviously improve the humidity regulation.

Figure 8. (a) Response curve of heating-humidifying system before and after decoupling. (b) Response curve of cooling-
humidifying system before and after decoupling.

3.3. System Characterization

From the simulation in the previous section, it can be seen that humidification has
little effect on refrigeration and heating, so only feed-forward decoupling factors D12(s)
and D32(s) are introduced in the system. In order to introduce the feed-forward decoupling
factor into the control system, we need to carry out Z transformation on the feed-forward
decoupling factors, and then they are transformed into difference equations, finally.

By introducing the difference equations into the control program, the feed-forward
decoupling factor of the actual control system is added. The PID parameters obtained from
the simulation are brought into the actual system, and then fine-tuning is carried out to
obtain the temperature control effect of the system shown in Figure 9a and the temperature
and humidity decoupling control effect shown in Figure 9b.
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Figure 9. (a) System temperature dynamic response. (b) System temperature-humidity coupling dynamic response.

In order to characterize the heating dynamic adjustment performance of the system, a
step temperature signal that has a target temperature of 60 ◦C is given at 100 s, as shown
in Figure 9a. The target temperature of 60 ◦C is realized within the time of 2023 s and the
maximum overshoot is 2.5%. The system temperature differs from the target temperature
by 0.1 ◦C within 700 s, and gradually stabilizes at 60 ◦C. The characterization of the cooling
dynamic adjustment performance of the system within the chamber follows a similar
pattern. A step temperature signal that has a target temperature of 10 ◦C is given at 1706
s, as shown in Figure 9a. The temperature of the test chamber decreases rapidly from
1706 s to 2300 s (cooling process), and finally gradually between 2300 s and 2700 s (precise
temperature control to avoid overshoot). The target temperature of 10 ◦C is realized within
the time of 1080 s, showing no overshoot or oscillation behavior. The system temperature
differs from the target temperature by 0.1 ◦C within 1124 s. The maximum temperature
change rate is 0.2 ◦C/s for the heating process and −0.175 ◦C/s for the cooling process.
Compared to the simulation, the actual temperature dynamic response of the system is
slower because of the simplified first-order heating and cooling model, but can meet the
requirements of most test devices.

The anti-disturbance test of the system is shown in Figure 9b, and a step humidity
signal that has a target humidity of 80% RH is given at 176 s. The target humidity of
80% RH is realized within the time of 234 s, and the maximum overshoot is 1%. The
system humidity differs from the target humidity by 0.2% RH within 474 s. During the
humidification process, the system temperature first gradually rises in 40–308 s, and
stabilizes at 21.2 ◦C in 380–410 s, and then gradually returns to the initial value. The reason
for this phenomenon is the temperature of the atomizing gas will be slightly higher than the
temperature in the test chamber. A step temperature signal that has a target temperature of
30 ◦C is given at 1054 s. Due to the feedforward decoupling factor, the system humidity will
increase in advance before being affected by temperature. Therefore, the system humidity
will be higher than the set value of 80% RH in 1074–1126 s, and then as the temperature
continues to rise to 31 ◦C, the system humidity gradually decreases to 54.3% RH. As the
system temperature gradually stabilizes, the system humidity is also slowly increasing,
and finally stabilizes at 80% ± 1% RH at 2182 s. Compared to the simulation, during the
system temperature increase, the internal temperature of the test chamber does not reach
complete consistency, which causes the system humidity to fail to maintain the set value.

In order to study the static tuning range of the system, the humidity is set to 100%
RH and the temperature is increased from 0 ◦C to 120 ◦C, with a step of 10 ◦C. When the
system is in steady state, the maximum humidity of the system is recorded. As a next step,
the humidity is set to 0% RH and the temperature is decreased from 120 ◦C to 0 ◦C, with a
step of 10 ◦C. When the system is in steady state, the minimum humidity of the system
is recorded. The measured static tuning range of the system is shown in Figure 10. In
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the temperature range of 0–40 ◦C, the maximum humidity that can be reached in the test
chamber is 97% RH. The maximum humidity tuning range of 4.8–97% RH in the chamber
is realized at a temperature of 40 ◦C. At elevated temperature, the maximum humidity
within the chamber decreases. The measured maximum humidity is 70.3% RH at 60 ◦C,
40% RH at 90 ◦C and 9.3% RH at 120 ◦C.

Figure 10. Relative humidity tuning characteristics in the test chamber as a function of temperature.

The maximum humidity in the chamber decreases rapidly when the temperature
increases, which can be attributed to the following reasons: As the temperature increases,
the saturated vapor is capable of holding more liquid content. The maximum level of
liquid content in the vapor generated by the humidifier (held at room temperature) cannot
exceed the level of liquid content in the saturated vapor. The minimum humidity of the
system is 0.5% RH at 120 ◦C and 23% RH at 0 ◦C, which because of the moisture content in
saturated air will decrease as the temperature decreases. Considering the insufficiencies
above, there is still space for improvements in the humidification system. For example,
different humidification devices can be used at different temperature ranges, i.e., ultrasonic
atomization device can be used to humidify the chamber at a low-temperature range, and
thermal vaporization humidifier at a high-temperature range.

3.4. System Functionality Verification

Figure 11a shows a photo of the miniaturized reliability test system integrated with a
piezo shaker. Such experimental configuration enables the reliability test of micro-energy
harvesters, which have not been reported due to the incompatibility between the piezo
shaker and environmental chambers (e.g., a convection oven). The shaker used in this
study is a model JZK-20 piezo shaker from Sinocera Corporation, which is capable of
generating a maximum excitation force of 200 N. The DUT is mounted on a customized
sample stage with electrical connections to the feedthrough on the sidewall of the chamber,
as shown in Figure 11b. The sample stage can be readily exchanged to adapt to different
types of device connections. A second temperature sensor is mounted above the sample
stage next to the DUT in order to monitor the actual temperature around the DUT. The
DUT is a customized electromagnetic vibration energy harvester fabricated by the authors
for the verification of the proposed test system. It is based on a flex-rigid structure, in
which an NdFeB disc magnet is suspended over a winded coil, by four polyimide springs.
The key geometric parameters of the device are shown in Table 3. The working principle
of the energy harvester is to convert the movement between the coil and the magnet into
an induced voltage in the coil. When the resonant frequency of the energy harvester is
matched with the external vibration frequency, the output voltage of the energy harvester
reaches the maximum. Due to the complex rigid-flex structure and the polymer nature
of the springs, it is very interesting to study the reliability of the energy harvester in
different environmental conditions. Therefore, the energy harvester is selected as a typical
scenario to verify the functionality of the system. As a proof-of-concept experiment, only
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simple behavioral tests of the energy harvester at different temperature and humidity were
conducted.

Figure 11. Photos of (a) the integration of the miniaturized reliability test system with controlled environment parameters
and the piezo shaker, (b) the energy harvester in the test chamber and (c) the energy harvester device.

Table 3. Parameters of the electromagnetic vibration energy harvester.

Parameters Measured Values

Thickness of the magnet (mm) 3.0
Diameter of the magnet (mm) 15.0
Thickness of the spring (mm) 0.2

Length of the spring (mm) 12.6
Width of the spring (mm) 1.0

Coil–magnet distance (mm) 6.4
Number of coil turns 287

Firstly, the effect of temperature on the dynamic response of the energy harvester
is studied. The humidity inside the chamber is set to be 40% RH, and the temperature
is set to 10 ◦C, 30 ◦C, 50 ◦C and 70 ◦C, respectively. The output voltage is measured
by exciting the energy harvester with a sinusoidal acceleration of 0.3 g (±0.15 g). The
influence of temperature on the output voltage and resonant frequency of the energy
harvester is shown in Figure 12a. The horizontal axis represents the vibration frequency of
the piezo shaker, and the vertical axis represents the peak-to-peak voltage of the energy
harvester. It can be seen that when the temperature increases, the resonance frequency of
the energy harvester shifts towards the low-frequency regime, as a result of the reduced
spring stiffness of the polyimide at increased temperature values. The humidity in the test
chamber is held constant at 40% RH throughout the experiments. For the temperature of
10 ◦C, the maximum output voltage of the energy harvester is 66.6 mV at 22.0 Hz. For
the temperature of 30 ◦C, the maximum output voltage of the energy harvester is 78.1 mV
at 19.9 Hz. For the temperature of 50 ◦C, the maximum output voltage of the energy
harvester is 73.4 mV at 18.6 Hz. For the temperature of 70 ◦C, the maximum output voltage
of the energy harvester is 63.9 mV at 17.3 Hz. In theory, the output voltage of the energy
harvester should increase once the spring stiffness decreases. However, an increase of the
output voltage is firstly observed from 10 ◦C to 30 ◦C, followed by a decrease of the output
voltage firstly observed from 30 ◦C to 70 ◦C. This behavior is repeatedly observed in the
experiments, but has not been sufficiently explained yet. More thorough study will be
conducted to understand this phenomenon in the future.

156



Micromachines 2021, 12, 585

Figure 12. (a) The influence of temperature on the output voltage and resonant frequency of the energy harvester. (b) The
influence of humidity on the output voltage and resonant frequency of the energy harvester.

Secondly, the effect of humidity on the dynamic response of the energy harvester is
studied. The temperature in the chamber is set to 30 ◦C, and the humidity is set to 40%, 65%
and 90% RH, respectively. The output voltage is measured by exciting the energy harvester
with a sinusoidal acceleration of 0.3 g (±0.15 g). The influence of humidity on the output
voltage and resonance frequency of the energy harvester is measured, after maintaining the
temperature and humidity at constant value for one hour, as shown in Figure 12b. For the
temperature of 30 ◦C, the resonance frequency of the harvester is decreased by 0.3 Hz in
the humidity range of 40–90% RH. This is induced by the slight mass enhancement of the
magnet due to the condensation of water vapor in a high relative humidity environment.
The experimental results show that at a temperature of 30 ◦C, humidity has little effect on
the output performance of the energy harvester in a short period of time. This is due to
the excellent water-resistant properties of the polyimide springs. Under high-temperature
and long-term conditions, the effect of different humidity on the output performance of
the energy harvester needs to be further investigated.

4. Conclusions

In this paper, a miniaturized reliability test system with controlled environment
parameters has been designed, simulated, manufactured and characterized. The system
can be integrated with the piezo shaker and other equipment under the condition of
controllable temperature and humidity to characterize the test devices in real time. The
first-order model of the system was established and verified in Simulink. The presented test
system is capable of generating a temperature range of 0–120 ◦C and a humidity range of
20–90% RH (0–55 ◦C), and the control effect of temperature static error and humidity static
error were ±0.1 ◦C and ±1% RH (30 ◦C), respectively. The functionality of the proposed test
system was verified by integrating with a piezo shaker to test the environmental reliability
of an electromagnetic vibration energy harvester. The system is the first-generation product
with controllable environmental parameters, and further research will be carried out on
high-temperature humidification and frosting caused by rapid cooling of the system.
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