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Abstract— To date, researchers have utilized energy harvesters
to power wireless sensor nodes as self-powered wireless sensors
to create many innovative wireless sensors network applications
such as medical monitoring, machining-condition monitoring,
and structural-health monitoring. Regarding to energy har-
vesters, some researchers demonstrated wideband or frequency
up-converted vibrational energy harvesters using magnetic force
together with piezoelectric materials. However, these harvesters
are not able to harness 3-D or three-axial mechanical energy
through using one single mechanism or configuration. To address
this problem, we report a novel magnetic-force-configured three-
axial frequency-tunable piezoelectric energy harvester in this
paper. Due to the magnetic-force configuration, the harvester
converts ambient three-axial mechanical vibration/motion to
piezoelectric voltage-response (i.e., three-axial energy harvesting).
Simultaneously, the harvester also converts the ambient vibra-
tion/motion at a lower frequency to higher frequency without
mechanical wear-out (i.e., noncontact frequency up-conversion).
Through modifying the configuration, the oscillating frequency
is tunable. By frequency tuning, the harvester’s oscillating fre-
quency and ambient vibration frequency are able to be matched
to maximize the power output. Experimental results show the
peak voltage, peak power, and frequency conversion of one
single piezoelectric beam of the harvester under an in-plane and
out-of-plane vibration is up to 800 mV, 640 nW, and from
7 to 56 Hz, and 27 mV, 729 pW, and from 1 to 294 Hz, respectively.
These results confirm the harvester is capable of harnessing
energy from 3-D and three-axial mechanical motion/vibration,
addressing frequency-mismatching issue, avoiding mechanical
wear-out problems, and producing a stable voltage output. Due
to these, the energy-harvesting approach will enable more novel
and practical wireless sensors network applications in the future.

Index Terms— Magnetic, piezoelectric, 3-axial, 3-dimensional,
frequency tunable, energy harvester, wireless sensor.

I. INTRODUCTION

TO DATE, researchers have utilized Wireless Sensors
Network (WSN) [1] to several applications such as

medical monitoring [2]–[4], machining-condition monitor-
ing [5], [6], and structural-health monitoring [7]. For these
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applications under some situations, numerous wireless sensors
are required to be implanted in a human body or embed-
ded into the mechanical structure and civil infrastructures.
However, after the sensors are implanted, the battery charg-
ing and replacing become difficult. One of the solutions
to address this problem is “self-powered” sensors. Toward
the self-powered sensors for WSN, researchers demonstrated
using vibrational energy harvester [8], [9] as an alternative or
complementary energy solution to power the sensors when the
ambient vibration sources are available [10]–[18]. That is, the
sensors are directly powered or the battery of the sensors is
charged by the electrical energy which is converted from the
ambient vibrational/mechanical energy by the harvesters.

Recently, researchers showed a 3-dimensional (3-D) capac-
itive energy harvester utilizing the concept of 3-D MEMS
capacitive accelerometers [19]. However, a voltage bias is
needed to enable the capacitive harvester resulting in more
power consumption. To address this issue, some researchers
demonstrated a novel 3-D capacitive energy harvester using
electrets [20], [21]. The fundamental concept of the electret-
based harvester is similar as the 3-axial MEMS capacitive
accelerometers but using the electrets can avoid the need of
the voltage bias. Although the 3-D electret-based harvesters
are more practical and helpful to the sensors when 3-D
motion/vibration resources are available to be harnessed, the
stability, durability, and charging problem of the electrets
of the harvester should be considered when the harvester
is used under a harsh environment/condition or long-term
operation. In addition, because the resonant frequency of the
3-D harvesters and the vibrational frequency of the ambient
vibration are not matched, the power-output of the harvesters
is not maximized [22], [23]. Due to these, researchers are
still searching an alternative frequency-tunable 3-D vibrational
energy harvester to avoid using these capacitive/electret-based
energy harvesters.

Regarding to frequency-tunable energy harvesters, some
researchers demonstrated wideband or frequency up-converted
vibrational energy harvesters using magnetic-force together
with piezoelectric materials [24]–[32]. However, these har-
vesters are not able to harness 3-D or 3-axial mechanical
energy through using one single mechanism or configuration.
Toward frequency-tunable 3-D vibrational energy harvesters,
we recently demonstrated a frequency up-converted magnetic-
force-configured piezoelectric energy harvester [33] capable
of converting a horizontal axial (in-plane) motion/vibration
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to a vertical axial (out-of-plane) motion/vibration through
a novel mechanism and consequently producing voltage-
response due to the piezoelectric effect. In addition to this,
other researchers showed novel electromagnetic and piezoelec-
tric energy harvester converts a vertical axial (out-of-plane)
motion/vibration at a lower frequency to induce another verti-
cal axial (out-of-plane) motion/vibration at a higher frequency
and subsequently generate voltage-response through the elec-
tromagnetic induction and piezoelectric effect, respectively
[34]–[38]. More recently, utilizing the concept of these
frequency-conversion approaches, we successfully demon-
strated a 3-D magnetic-piezoelectric energy harvester with
a non-contact frequency-conversion approach [39]. Although
the 3-D energy harvester we presented is capable of har-
nessing energy from 3-D mechanical motion and addressing
the frequency-mismatching problem, the voltage output of the
harvester under the in-plane vibration is unstable due to the
chaos motion of the glider of the harvester (i.e., caused by
the un-constrained mechanism of the harvester). In addition,
due to this chaos motion, the frequency-converting factor (i.e.,
defined as the ratio of the converted to unconverted frequency)
during the frequency-converting process is not as exact as we
designed. That is, the frequency is not exactly converted in
proportional to the number of the magnets used by the har-
vester for frequency-conversion. Due to the unstable voltage-
output and inaccurate frequency-conversion, researchers uti-
lizing this 3-D harvester would have a difficulty on modu-
lating the voltage-response to steadily power the commercial
electronics. To address this problem, a 3-D harvester capable
of producing a stable power-output is needed. Hence, in this
paper, we modify the magnetic-force-configuration by adding
more magnetic force interactions to constrain the motion of
the glider of the harvester in order to modify our previous 3-
D harvester to a 3-axial harvester. Due to the well-constrained
motion of the glider of the 3-axial harvester, a more sta-
ble voltage-response of the harvester is steadily produced
and subsequently the more accurate frequency-conversion is
achieved. In addition, through the non-contact frequency-
conversion approach, both the frequency-mismatching and
wearout problems of the harvesters utilizing typical contact-
based frequency-conversion are solved [34]–[38].

II. DESIGN

The magnetic-force-configured 3-axial frequency-tunable
piezoelectric energy harvester is illustrated in Fig 1.
In Fig. 1(a)-(c), the harvester consists of piezoelectric
cantilever beams with a magnet attached on the free end of
each beam, a magnetic glider with a magnet array and mechan-
ical springs fixed on the surface and sidewall of the glider,
respectively, four constraining-magnets fixed on the top frame
to produce magnetic repulsive force to precisely constrain
the motion of the glider, and a mechanical frame assembling
the piezoelectric beams, magnetic glider, and constraining-
magnets.

When the harvester experiences the horizontal x-axial ambi-
ent vibration (i.e., vibration along x-axis direction in an
in-plane) as shown in Fig. 2(a)-(j), a magnetic repulsive force

Fig. 1. (a) The top view of the 3-axial frequency-tunable energy harvester.
(b) The cross-sectional and (c) isometric view along the A-B dash-line
in (a). A specific magnetic repulsive force which is produced between
the magnets fixed on the glider and the constraining-magnets fixed on the
top frame enforces the glider translating along the x-axis or y-axis in
the horizontal plane.

which is produced between the additional four magnets (i.e.,
constraining-magnets) fixed on the top frame and magnet array
fixed on the glider enforces the glider to move (oscillates)
along the horizontal x-axis only. Because the base of each
piezoelectric beam is fixed on the frame, the moving (oscil-
lation) of the glider produces a relative motion between the
glider and each beam. When the glider translates beneath
each piezoelectric beam, each beam vibrates accordingly due
to another magnetic repulsive-force interaction between the
magnet on the beam and the magnet-array on the glider and
subsequently generates voltage-response due to the piezoelec-
tric effect. In addition to the energy-harvesting from the in-
plane motion, the frequency of harvester is tunable through
the frequency-conversion approach, shown in Fig. 2(k)-(o).
Fig. 2(k)-(o) show the expected voltage-response of each
piezoelectric beam of the harvester under the in-plane vibra-
tion. When a magnet fixed on the glider translates toward
(but not close to) the magnet fixed on the beam as shown in
Fig. 2(f), the magnetic force generated between the magnets
on the beam and glider is too small to deflect the beam. Thus,
no deflection of the beam produces voltage-response as shown
in Fig. 2(k). When the magnet fixed on the glider approaches
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Fig. 2. The illustration of the harvester demonstrating the energy-harvesting from the horizontal x-axial (in-plane) mechanical motion (note: can be
from the x-axial or y-axial in a horizontal-plane motion because the structure of the harvester is symmetric) and frequency-tuning through the frequency-
conversion approach. (a)-(e) Top view and (f)-(j) cross-sectional view of the moving of the glider in the harvester under the x-axial (in-plane) motion/vibration.
(k)-(o) Expected voltage-response of the harvester.

(close to) the magnet on the beam as shown in Fig. 2(g), the
magnetic repulsive force between the magnets is increased.
This results in increasing the deflection of the beam. Therefore,
a voltage-response is produced and gradually increased to the
maximum response as shown in Fig. 2(l). When the magnet
on the glider translates away from the magnet on the beam as
shown in Fig. 2(h), the magnetic repulsive force is decreased.
Due to this, the deflection of the beam is decreased and
subsequently the voltage-response is decreased as shown in
Fig. 2(m). If there are several magnets fixed on the glider and
the glider is translated passing the beam once (i.e., in each
cycle of the in-plane vibration), the beam is deflected several
times depending on (and in proportional to) the number of

magnets on the glider translating beneath the beam, as shown
in Fig. 2(f)-(j). Thus, several peaks of the voltage-response are
produced as shown in Fig. 2(k)-(o). Therefore, the number
of magnetic elements on the glider determines the number
of magnetic repulsive-force interactions subjecting to each
piezoelectric beam in each cycle of the in-plane vibration.
When the number of magnetic elements on the glider is
increased, the oscillating cycles (i.e., oscillating frequency)
of each beam of the harvester is increased. Due to this, the
ambient incoming lower vibration frequency is expected to be
converted up to a higher frequency (i.e., ambient incoming
lower vibration frequency x number of magnetic elements on
the glider passing beneath the piezoelectric beam = expected
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Fig. 3. The illustration of the harvester demonstrating the energy-harvesting
from the vertical z-axial (out-of-plane) mechanical motion/vibration and
frequency-tuning through a frequency-up conversion approach. (a)-(c) Cross-
sectional view of the moving of the glider in the harvester under the
z-axial (out-of-plane) motion/vibration. (d)-(f) Expected voltage-response of
the harvester.

converted-frequency). This achieves frequency-up conversion.
Furthermore, through modifying the magnetic-force configura-
tion (i.e., modifying the magnetic force interaction subjecting
to the piezoelectric beam), the oscillating-frequency of the
harvester is not only convertible but also tunable.

When a vertical z-axial (out-of-plane) ambient vibration
is applied by the shaker to the harvester, the glider of the
harvester is vertically projected up-and-down/reversely along
the z-axis shown in Fig. 3.

In the beginning shown in Fig. 3(a), the glider is
static before the vibration is applied to the harvester. As
shown in Fig. 3(b), when the glider is projected vertically
upward/toward a piezoelectric beam with a magnet fixed
on the free end of the beam, the beam experiences a
magnetic repulsive-force interaction produced between the
magnet-array on the glider and the magnet on the beam.
Due to the repulsive interaction, the beam is deflected
accordingly. Consequently, voltage-response is produced due
to the piezoelectric effect as shown in Fig. 3(e). As shown in
Fig. 3(c), after the glider is projected, eventually the glider
lands on the bottom-frame due to the gravity. When the glider
is away from the beam due to the landing, the magnetic
repulsive-force subjected to the beam is decreased (i.e.,
the force which deflects the beam is decreased). When the
magnetic repulsive-force deflecting the beam is lower than the
spring-back force of the beam, the deflected beam is released
and consequently is oscillated along the vertical z-axial (out-
of-plane) direction. The oscillated beam produces continuous
voltage-responses shown in Fig. 3(f). This demonstrates that
the harvester harnesses the mechanical energy from the vertical

Fig. 4. (a)-(c) Three different designs of magnet arrays fixed on the glider
of the harvester.

z-axial (i.e., out-of-plane) mechanical motion and
subsequently converts the mechanical energy to the
electrical energy. In each cycle of the vertical z-axial
(out-of-plane) vibration shown in Fig. 3(a)-(c), the ambient
lower incoming vibration frequency is up-converted to
resonate the harvester as shown in Fig. 3(d)-(f). Due to this,
the oscillating cycles/frequency of the harvester is increased.
This means the harvester we designed is able to achieve
the frequency-conversion for vertical z-axial (out-of-plane)
motion/vibration.

Furthermore, through modifying the magnetic-force
configuration of the harvester (i.e., varying geometry/
size/arrangement of the magnet-array on the glider and
changing relative location between the magnet-array on
the glider and the magnet on the piezoelectric beam), the
converted oscillating-frequency/cycles of the harvester under
the in-plane and out-of-plane vibration/motion is controlled
and tuned. Among parameters of modifying the magnetic-
force configuration, the magnet-array fixed on the glider of
the harvester significantly dominates both the magnetic force
interaction and frequency-conversion which consequently
influence the power-output of the harvester. Therefore, three
different magnet arrays fixed on the glider of the harvester,
illustrated in Fig. 4, are investigated to study how the magnet
arrays determine the converted oscillating-frequency of the
harvester.

In addition, the magnetization of the magnet array on
the glider and magnet on the beam is set as opposite.
This produces a magnetic repulsive-force interaction between
the magnet-array on the glider and magnet on the beam.
Hence, the frequency-conversion of our harvester is a non-
contact approach which solves the wear problem occurred
in typical frequency-up conversion utilizing a mechanical-
contact mechanism [34]–[38]. Due to these above-mentioned
capabilities of energy-harvesting and frequency-converting
from the x-axial, y-axial (in-plane), and z-axial (out-of-plane)
motions/vibration, the harvester we designed is a 3-axial
frequency-tunable energy harvester.

III. FABRICATION AND TESTING

According to the design, the harvester we fabricated is
shown in Fig. 5.

Each of the piezoelectric beams (length × width ×
thickness: 20 mm × 3 mm × 250 μm) of the harvester is
fabricated by altering a PZT-5H plate. A Neodymium
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Fig. 5. The photograph (top-view) of the 3-axial frequency-tunable energy
harvester utilizing the magnetic-force configuration with piezoelectric beams.

Iron Boron (Nd-Fe-B) disk-magnet (diameter × thickness:
2 mm × 2 mm) is fixed on the free-end of each beam.
The base of each beam is fixed on the top mechanical-frame
which is altered from a Polyvinyl Chloride plate. Nd-Fe-B
magnet arrays (see Fig. 4 for the information of geometry and
dimension) and mechanical spring is attached to the surface
and sidewall of a Polymethylmethacrylate disk, respectively,
as the magnetic glider. After this, the glider is lubricated and
set on the bottom mechanical-frame. Furthermore, the top-
and bottom- mechanical frames are assembled. Finally, the
additional NeFeB constraining-magnets which constrain the
motion of the glider are fixed on the top mechanical-frame.

The voltage output of the 3-axial frequency-tunable energy
harvester is tested by vibration shakers with the horizontal
x-axial (in-plane) and vertical z-axial (out-of-plane) vibration
modes. An illustration of the horizontal x-axial (in-plane)
and vertical z-axial (out-of-plane) vibration test is shown
in Fig. 6(a) and 6(b), respectively. In the horizontal x-axial
(in-plane) vibration test, the harvester is fixed on the surface
of the shaking-plate of a reciprocating-horizontal controllable
shaker and oscillated along the horizontal x-axial (in-plane)
with the shaker.

For the vertical z-axial (out-of-plane) vibration test, the
harvester is set on the surface of the shaking-plate of a Ling
Dynamic System (LDS) shaker. A function generator and
power amplifier are used to provide a voltage signal to the LDS
shaker in order to generate a vertical z-axial (out-of-plane)
vibration to the harvester. An oscilloscope is used to record
the voltage response of the energy harvester. The equivalent
load resistance is 106 �.

After the voltage response is obtained. The power output is
extimated through the equation P=V2/R [40].

IV. RESULTS AND DISCUSSION

Three different magnet arrays (see Fig. 4 for the
geometric/dimensional information) fabricated/fixed on the
glider (i.e., as magnetic glider) are shown in the inset of
Fig. 7(a)-(c). In Fig. 7(a)-(c), the magnetic field generated by
the magnet fixed on the glider is measured by the gauss meter

Fig. 6. The illustration of the (a) in-plane and (b) out-of-plane vibration
tests.

placing at the location of the free-end of the representative one
of the piezoelectric beams. That is, we measured magnetic-
field profile along line A-B, shown in the inset of Fig. 7(a)-(c),
at the location of the free-end of the piezoelectric beam.
According to Fig. 7(a)-(c), the measured magnetic field right
above the central location of each magnet-element is relatively
higher than the field at other locations. The higher magnetic
field indicates that the magnetic repulsive force between the
magnet-array fixed on the glider and the magnet fixed on
the piezoelectric beam is higher. Thus, a larger deflection of
the beam is caused by the larger magnetic repulsive force.
Due to this, the alternative larger and smaller magnetic field
indicates the alternative larger and smaller magnetic force
subjected to the beam and consequently induces the alternative
larger and smaller deflection of the beam. Therefore, when an
x-axial in-plane vibration is applied to the harvester, the glider
is translated beneath the beam periodically. When the glider
is translated beneath the beam in each cycle, the beam is
periodically deflected several times (depending on the number
of the magnet-elements in the magnet array fixed on the glider
passing beneath the piezoelectric beam). That is, the lower
oscillating-frequency of the glider is up-converted to the higher
oscillating frequency of beam Due to these, Fig. 7(a)-(c)
show the three different magnetic gliders (magnet array A,
B, and C fixed on the glider) we fabricated are capable of
generating periodical magnetic field to the piezoelectric beam
and consequently are able to achieve the frequency-conversion
(as we designed in Fig. 2(f)-(o)). That is, the ambient lower
x-axial (in-plane) vibration frequency is expected to be con-
verted by the harvester consisting of the magnet array A, B,
and C to a 4-, 6-, and 8- times higher frequency, respectively.
In addition, we noticed in the case of the magnet array C
(the width of the ring magnet is shorter and the magnet-
arrangement is more compact and dense than the other magnet
arrays), the magnitude of the magnetic field (i.e., produced
by the central and other section of the magnet array C)
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Fig. 7. The magnetic field produced by the magnet-array (a) A, (b) B, and (c) C fixed on the glider is measured at the location of the magnet fixed on the
representative piezoelectric cantilever beam (i.e., measure the field experienced by the magnet fixed on the beam). The profile of the measured magnetic field
is plotted along the line A-B of the glider shown in the inset of each figure.

experienced by the magnet fixed on the piezoelectric beam is
slightly smaller than the array A and B. Thus, magnet-array C
would cause a slightly smaller deflection of the beam resulting
in a slightly smaller magnitude of the peak-to-peak voltage-
output than the magnet array A and B. Nevertheless, the con-
verted frequency of the magnet-array C would be higher than
the magnet-array A and B. Although these would influence
the power-output of the harvester, all the magnet arrays are
capable of increasing the oscillating frequency/cycles of the
harvester through the frequency-conversion as we designed.

Fig. 8(a)-(b), (c)-(d), (e)-(f) is the illustration of the magnet-
array A, B, and C fixed on the glider and the corresponding
voltage-response of the harvester consisting of the magnet-
array A, B, and C under the x-axial (in-plane) vibration,
respectively (note: for the in-plane vibration, the frequency
and acceleration of the shaker is 7 Hz and 2.3 g, respec-
tively). In Fig. 8(b), 8(d), and 8(f), the maximum peak-to-
peak voltage-output of the magnet array A, B, and C is
approximate 800 mV, 800 mV, and 250 mV. We noticed that
the magnitude of the voltage response of the magnet array C
(see Fig. 8(f)) is smaller than other array. This is explained by
following. Because the volume of the ring magnets of magnet
array C is smaller than other magnet arrays, the peak-to-
peak magnitude of the magnetic-field generated by the magnet
array C (see Fig. 7(c)) is smaller than other arrays (as shown
in Fig. 7(a) and 7(b)). This results in a smaller magnetic
repulsive force interaction between the magnet on the beam
and magnet array on the glider in the case of magnet array C
than the other arrays. The smaller force interaction causes a
smaller deflection of the beam. Due to the piezoelectric effect,
a smaller deflection of the beam in the case of magnet array
C produces a smaller voltage response when compared with
other magnet arrays. Nevertheless, all of the voltage responses
indicate that the harvester using any of the magnet arrays we
designed is capable of harnessing the energy from the x-axial
(in-plane) motion/vibration. In addition to energy harvesting,
we observed the ambient incoming (input) frequency of 7 Hz
is converted by the harvester using the magnet array A, B,
and C to a higher frequency of 28 Hz, 42 Hz, and 56 Hz as
shown in Fig. 8(b), 8(d), and 8(f), respectively. This shows
the oscillating frequency of the harvester using any of the

magnet arrays is successfully increased through the frequency
conversion. The most important is, by arranging the elements
in magnet arrays, the oscillating frequency of the harvester
is precisely converted (refer Fig. 2 for our design: ambient
incoming lower vibration frequency x number of magnetic
elements on the glider passing beneath the piezoelectric
beam = converted frequency). This is proved by following.
The marked numbers in Fig. 8(a), 8(c), and 8(e) illustrate an
interacting sequence that the element of the magnet array of
the glider translating exactly beneath the piezoelectric beam in
one oscillating cycle. The voltage outputs correlated to these
numbers in the sequence are marked in Fig. 8(b), 8(d), and
8(f). For instant, in the case of magnet-array A, when the glider
translates from left to right, and to left (in one oscillating
cycle at 7Hz), the element/part of the magnet ring on the
glider will translate exactly beneath the beam 4 times (in the
sequence numbered from 1 to 4 as shown in Fig. 8(a)) due to
the geometric configuration of the magnet ring.

Hence, the beam is deflected by the magnetic force inter-
action produced between the magnet fixed on the beam and
the element/part of the magnetic ring fixed on the glider.
Consequently, voltage-response is produced 4 times as the
sequence numbered from 1 to 4 as shown in Fig. 8(b).
Therefore, as shown in Fig. 8(a)-(b), the ambient lower incom-
ing (input) frequency of 7 Hz is converted by the harvester
using the magnet array A (number of magnetic elements on
the glider passing beneath the piezoelectric beam is 4) to a
higher frequency of 28 Hz. This result proves our design
(our design: ambient incoming lower vibration frequency x
number of magnetic elements on the glider passing beneath
the piezoelectric beam = converted frequency). In the case
of magnet-array B and C, three and four elements/parts of
the magnet array translate beneath the beam in a sequence
numbered from 1 to 6 and from 1 to 8 (as shown in Fig. 8(c)
and 8(e)) due to the geometry-configuration we designed,
respectively. Therefore, voltage response is produced six and
eight times in a sequence numbered from 1 to 6 and from 1 to 8
as shown in Fig. 8(d) and 8(f), respectively. Thus, as shown in
Fig. 8(c)-(d) and 8(e)-(f), the ambient lower incoming (input)
frequency of 7 Hz is converted by the harvester using the
magnet array A and B (number of magnetic elements on the
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Fig. 8. Testing results of the harvester utilizing different magnet array under the x-axial in-plane vibration (input: sine wave, 7 Hz, 2.3 g). (a) The illustration
and (b) corresponding voltage response of the harvester using magnet array A fixed on the glider. (c)-(d) and (e)-(f) The illustration and voltage response
of the case using magnet array B and C, respectively. In figure (a), (c), and (e), these marked numbers illustrate an interacting sequence that the part of the
glider translating exactly beneath the piezoelectric beam in one oscillating cycle. The voltage outputs correlated to these numbers in the sequence are marked
in figure (b), (d), and (f).

glider passing beneath the piezoelectric beam is 6 and 8)
to a higher frequency of 42 and 56 Hz, respectively. These
results validate our design again. To sum up, the frequency-
converting we observed from the case of magnet array A, B
and C are the same in fundamental. Thus, we can conclude
that the frequency converting is precisely controlled when the
geometry-configuration of the magnet array on the glider is
well-arranged. In addition, there is no discrepancy between the
expected (designed) and experimental converted-frequency in
each testing cases. This indicates, by modifying the magnetic-
force-configuration (such as changing the configuration and
arrangement of magnet arrays, etc.), the converted frequency
of the harvester under the x-axial (in-plane) vibration is
tunable. Consequently, the voltage output of the harvester is
controllable.

The result of harvester utilizing the three different magnet
arrays under the vertical z-axial (out-of-plane) vibration is
shown in Fig. 9. Fig. 9(a)-(c), 9(d)-(f), and 9(g)-(i) are
the illustration, corresponding voltage response, and voltage

pattern enlarged from the voltage response of the harvester
using magnet array A, B, and C, respectively. As shown
in Fig. 9(c), 9(f), and 9(i), the maximum voltage output of
the harvester using the magnet array A, B, and C under the
z-axial (out-of-plane) vibration is 20 mV, 27 mV, and 27 mV,
respectively (note: for the out-of-plane vibration, the frequency
and acceleration of the square wave provided by the shaker is
1 Hz and 3.5 g, respectively). The results show the harvester
using any of the three different magnet arrays we designed
successfully harnesses the energy from the out-of-plane vibra-
tion. In addition to energy harvesting, the incoming lower
vibration-frequency of 1 Hz for each case of magnet arrays
using by the harvester is converted to a higher frequency of
294 Hz (i.e., is converted to resonate the beam with a resonant
frequency of 294 Hz). Although the detailed pattern of voltage
response of the harvester using the three different magnet
arrays under the z-axial (out-of-plane) vibration is slightly
different, the frequency conversion is validated for all the
cases of using the three different magnet arrays. Furthermore,
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Fig. 9. Testing results of the harvester utilizing different magnet array under the z-axial out-of-plane vibration (input: Square-wave, 1 Hz, 3.5 g). (a), (b),
and (c) The illustration of the magnet array A fixed on the glider of the harvester under the vibration test, the corresponding voltage response, and the voltage
pattern enlarged from the voltage response, respectively. (d)-(f) and (g)-(i) The illustration, voltage response, and enlarged voltage pattern of the case using
magnet array B and C, respectively.

there is not much discrepancy between the expected (designed)
and experimental converted-frequency in each oscillating cycle
for the harvester. This concludes that we can precisely
control the frequency conversion for the harvester under
the out-of-plane vibration. We also noticed that the detailed
pattern of the voltage response of the harvester under the
out-of-plane vibration (see Fig. 9(c), 9(f), and 9(i)) is influ-
enced by the magnetic-force configuration (i.e., by the arrange-
ment of the magnet array). This influence we observed
from the out-of-plane vibration test is also occurred in
the in-plane vibration test. Therefore, an optimization of
the magnetic-force configuration for the harvester is needed
in future.

The in-plane and out-of-plane vibration testing results
shown in Figs. 8-9 are summarized in Table I. Accord-
ing to Table I, the maximum peak-to-peak voltage
and root-mean-square voltage of the harvester under the
in-plane vibration (along x-axis, sine-wave, 7 Hz, 2.3 g) is
800 mV and 199 mV, respectively. Through the equation
(Power=Voltage2/Resistance) mentioned in the design section,
the peak-to-peak power and averaged root-mean-square power
is estimated as 640 nW and 39.6 nW, respectively. Because
the length, width, and thickness of the power-generating
element of the harvester (i.e., PZT cantilever beam) is 20 mm,

3 mm, and 250 μm, the power density (power-output per
unit-volume) is calculated as 42.7 nW/mm3. Regarding to
the harvester under the out-of-plane vibration test (along
z-axis, square-wave, 1 Hz, 3.5 g), the maximum peak-to-
peak voltage and root-mean-square voltage of the harvester
is 27 mV and 7.1 mV. Repeating the estimation process
mentioned above, the maximum peak-to-peak power, averaged
root-mean-square power, and the power density is calculated
as 0.729 nW, 0.05 nW, and 0.049 nW/mm3.

Moreover, when we investigate the details of the in-plane
vibration test results shown in Table I, we note that both Ppp
of the harvester using magnet array A and B are the same
due to the same Vpp we obtained (both are 800 mV). This
is explained below. First of all, the maximum magnetic field
in Fig. 7(a) and Fig. 7(b) are almost the same (approximate
600 Gauss). This results the same magnetic force producing
same Vpp and Ppp in both cases. Furthermore, the repulsive
magnetic force in both cases are larger than the threshold
force-value which pushes the PZT cantilever beam to reach
the beam’s maximum bending limitation. After the limitation
is reached, increasing the magnetic repulsive force cannot
increase the bending anymore. This confirms again that the
Vpp and Ppp in both cases would the same. Furthermore, Vpp
in both cases (800 mV) are higher than the Vpp in the case
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TABLE I

SUMMARY OF THE ENERGY-HARVESTING AND FREQUENCY-CONVERSION RESULTS OF OUR ENERGY HARVESTER

of the harvester using magnet array C (250 mV). This is
attributed to that the maximum magnetic field in both cases
(see Fig. 7(a) and Fig. 7(b); maximum approximate 600 Gauss)
are much higher than that in the case of magnet array C (see
Fig. 7(c); maximum approximate 400 Gauss). Corresponding
to the voltage response, the Ppp in both cases are higher than
the Ppp in the case of magnet array C. Due to these, we know
the magnetic repulsive force produced by the magnet on the
beam and magnet array on the glider should not necessary be
very high. There is a threshold value of the magnetic repulsive
force for the harvester. The threshold value can be estimated
through parametric optimization in the future. We also note
that even the Vpp in the case of magnetic array A and B
are the same, the detailed voltage pattern in both cases are
different as shown in figure Fig. 8(b) and Fig. 8(d) (note:
the discrepancy of the detailed voltage pattern is caused by
the dynamic magnetic force interaction in practical energy-
harvesting process). Discrepancy in detailed voltage patterns
in the cases indicates the Vrms in the cases are different. This
explains why we obtained the same Vpp (800 mV) but with
different Vrms (199mV and 165mV) in both cases. This also
results in same Ppp (640 nW) but with different Prms (39.6 nW
and 27.2 nW) in both cases.

Regarding the details of the out-of-plane vibration results
shown in Table I (and also Fig. 9), the induced Vpp is
20 mV, 27 mV, and 27 mV for the case of using magnet
array A, B, and C, respectively. We note that the Vpp in
case A (i.e., 20 mV) is lower than that of case B and C
(i.e., both are 27 mV). This can be attributed to the magnitude
of the magnetic-field at the central region of magnet array
(for instant, region ranging from +5 mm to −5 mm marked

in the diameter axis in Fig. 7). During the energy harvesting
shown in Fig. 9(a), Fig. 9(d) and Fig. 9(g), when the glider
is projected toward the magnet on the beam, the magnetic
repulsive force produced by magnet array to the magnet on
the beam can be regarded as in proportional to the magnetic
field at the central region of magnet array. As shown in Fig. 7,
the magnetic field at central region of magnetic array A (i.e.,
approximate 0-150 Gauss) is lower than that of magnetic
array B and C (i.e., both are approximate 300 Gauss). This
means, the magnetic repulsive force pushing the magnet on
the beam produced by the magnetic array A is lower than that
of magnetic array B and C and, consequently, the induced Vpp
of the magnetic array A is lower than that of array B and C.

Therefore, the Ppp of the magnetic array A (i.e., 0.4 nW) is
lower than that of array B and C (i.e., 0.729 nW). Furthermore,
we note that both Vpp and Ppp of the magnetic array B
and C are the same. This is also attributed to the above-
mentioned threshold value of the magnetic force causing the
beam reaching the maximum bending limitation. Moreover,
even the Vpp in the case of magnetic array B and C are the
same, the detailed voltage pattern in both cases are different (as
shown in Fig. 9(f) and Fig. 9(i)) resulting in different Vrms in
both cases. This is why we obtained the same Vpp (27 mV) and
Ppp (0.729 nW) but with different Vrms (7.1 mV and 5.8 mV)
and Prms (0.05 nW and 0.034 nW) in both cases.

Furthermore, when the power-generation capability of the
energy harvester under the in-plane and out-of-plane vibration
are compared, we found out the power density from the
in-plane/x-axial vibration tests (i.e., Ppp/vol: ranging from
4.2 nW/mm3 to 42.7 nW/mm3) is much higher than that from
the out-of-plane/z-axial vibration test (i.e., Ppp/vol: ranging
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TABLE II

POWER-OUTPUT COMPARISON OF OUR ENERGY HARVESTER AND OTHER REPRESENTATIVE MECHANICAL ENERGY HARVESTERS

from 0.027 nW/mm3 to 0.049 nW/mm3). This feature is
fundamentally the same as the 3-axial capacitive accelerometer
using single-mechanism which the x-axial resolution is much
higher than z-axial resolution. Thus, it is difficult to improve
the z-axial power-generation capability to comparable with
x-axial capability, unless a better mechanism of the harvester
is innovated.

Furthermore, we compared the power-generation capability
of our energy harvester and other representative mechani-
cal energy harvesters. The other harvesters we chose to be
compared are based on the common features in our and
other harvesters. The features are: (a) multi-axial energy
harvesting, (b) multi-axial frequency-conversion, (c) using
cantilever-beam to convert the mechanical vibration, and
(d) device is in centimeter scale (excluding the real MEMS
devices due to the different fabrication technology and differ-
ent physical phenomenon in micro-science such as significant
electrostatic-interaction and severe surface-tension issues).
The comparison results are summarized in table II.

According to the Table II, the maximum peak-to-peak
voltage of the energy harvester demonstrated by

Kulah et al [34], Zorlu et al [36], Tang et al [27] and Chung
et al [33] is 12 mV, 650 mV, 40V and 12V, respectively.
Through the equation (Power=Voltage2/Resistance), the
estimated power output of the Kulah, Zorlu, Tang and
Chung’s energy-harvester is 480 nW (Ppp), 544.7 μW (Prms),
101.4 μW (Ppp) and 0.14 mW (Ppp). Furthermore, the
peak-to-peak power density (power-output per unit-volume)
of Kulah, Zorlu, Tang and Chung’s energy-harvester is
calculated using peak-to-peak power output divided by the
volume of the power-generating element (i.e., PZT-sheet
or electromagnetic-coil; which is 180 mm3, 33.75 mm3,
3.28 mm3 and 2.5 mm3, respectively). After estimation,
the peak-to-peak power density (power-output per unit-
volume) of Kulah, Zorlu, Tang and Chung’s is 2.67 nW/mm3

(PDpp), 184 μW/mm3 (PDrms), 30.95 μW/mm3 (PDpp), and
57.6 μW/mm3 (PDpp), respectively. Regarding to our energy
harvester in this work, the maximum peak-to-peak power,
averaged root-mean-square power, and power density of
our harvester under the in-plane vibration and out-of-plane
vibration is 640 nW, 39.6 nW, 42.7 nW/mm3 and 0.729 nW,
0.05 nW, 0.049 nW/mm3, respectively. When compared the
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power density, we note that the power density of our harvester
is only larger than Kulah’s harvester but lower than other
researchers’ harvesters. Although the power density of our
harvester is not high enough to compare with most current
representative harvesters, our harvester achieves three-axial
energy harvesting and three-axial frequency conversion while
other harvesters cannot. In addition to these two achievements,
our harvester is wear-out free while other harvesters would
experience severe mechanical wear-out and impact during the
operation. Wear-out free for mechanical energy harvesters
enables a real perpetual self-powered (energy-harvester
powered) wireless sensor.

To sum up, the in-plane and out-of-plane vibration testing
results (shown in Figs. 8-9 and Tab. I) prove that the harvester
has the capability to successfully convert the energy from
3-axial motion/vibration to the piezoelectric response (voltage
output) and precisely tune the ambient vibration frequency
to a high frequency (to increase the oscillating frequency
of the harvester or resonate the harvester). Due to this, our
harvester is able to use one single-mechanism to demonstrate
energy-harvesting and frequency-conversion under a 3-D/
3-axial motion/vibration, while other harvesters [34]–[38]
are not capable. Moreover, our harvester using non-contact
frequency-conversion avoids the wear-out problem which
occurred in the harvesters utilizing contact-based frequency
conversion. Finally, the results also show that the magnetic-
force configuration and the piezoelectric beam (i.e., varying
the geometry, size, and arrangement of the magnets, changing
the relative location between the magnet array fixed on the
glider and the magnet fixed on the beam, changing the
flexibility of the beam, using different beams with different
power-density, and so on) determines the voltage/power output
and converted frequency of the harvester. For instance, the
converted frequency of the harvester is in proportional to the
number of the magnets in the magnet arrays. In addition,
different magnet array produces different magnetic repulsive-
force interaction between the magnet array fixed on the glider
and the magnet fixed on the piezoelectric beam and conse-
quently results in different voltage response and converted
frequency. A more flexible beam with a higher piezoelec-
tric power-density also increases the magnetic repulsive-force
interaction and corresponding power output. Due to these, the
harvester can be improved by parametrically optimizing in
future (i.e., to obtain the best parameters in order to get the
highest voltage response and converted frequency). Moreover,
the harvester we fabricated can consist of more piezoelectric
beams (at least 12 beams according to the Fig. 5). When the
12 beams are connected in series [40], the power output of
the harvester under the in-plane and out-of-plane vibration
can be increased one-order higher to several μW and nW,
respectively.

V. CONCLUSION

We successfully demonstrated a magnetic-force-configured
3-axial frequency-tunable piezoelectric energy harvester.
Through the magnetic-force configuration, the harvester is
capable of converting the 3-axial mechanical motion/vibration
to the piezoelectric voltage-output (i.e., 3-axial energy-

harvesting) and simultaneously converting the ambient incom-
ing lower vibration-frequency to a higher frequency without
mechanical wear-out (i.e., non-contact frequency-conversion).
When the configuration is modified, the oscillating frequency
of the harvester is tuned. Through frequency-tuning, the oscil-
lating frequency of the harvester and the ambient vibration-
frequency are able to be matched to maximize the power
output. In the future, the voltage/power output of the harvester
can be increased by parametric optimizing of the magnetic-
force-configuration and through using a flexible piezoelectric
beam with a higher power-density.
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