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A B S T R A C T

The abundant mechanical energy distributed in ambient environments features ultra-low frequency.
Implementation of self-sustained low-power electronic systems is largely dependent on the efficient exploitation
of the ubiquitous ultra-low frequency mechanical energy. This paper reports a fundamentally different approach
for constructing high-output rotational energy harvesters on the basis of a novel string-suspended and driven
rotor, which uses only two strings to suspend and actuate a rotor. Distinguished from the conventional energy
harvesters that convert various mechanical motions to vibrations of a mechanical oscillator with high resonant
frequency, the proposed approach converts vibrations or linear reciprocating motions to either rapid rotation
motion or high-frequency small twisting vibration of a rotor, making the harvester well suited for harnessing
ultra-low frequency mechanical motions. We demonstrate the superior performance of this approach by applying
it to electromagnetic energy harvesting from ultra-low frequency vibrations and human body motions. Under a
periodical excitation with amplitude of 23mm, the fabricated electromagnetic energy harvester achieves
12.3 mW power with a matched resistive load (25Ω) at 2.6 Hz. With human body motion as the energy source,
the harvester can sustainably drive as well as charge various small electronic devices, manifesting the promising
potential of the proposed approach for capturing ultra-low frequency mechanical energy as a practical power
source.

1. Introduction

The deteriorating environment and accelerating global warming are
signals urging people to seek clean and carbon-free renewable energy
sources for achieving sustainable development of human civilization
[1–3]. Since the operation of most modern technologies depends on
electric energy, converting natural forces into electricity can not only
free people from the shackle imposed by fossil fuels but also alleviate
the ever-increasing demand on energy [4–6]. Natural forces may take
diverse forms, such as solar, thermal and mechanical, among which
mechanical energy is almost omnipresent, including fluid flow [2],
machine vibration [7], noise [8], human body motion [9–11], to name
a few. Traditionally, large-scale kinetic energy, such as wind power and
hydraulic power, has been well utilized nowadays, but small-scale
mechanical energy has not been largely tapped. Due to the rapid

proliferation of low-power devices, particularly the wireless sensor
networks, harvesting small-scale mechanical energy for sustainable
power supply has attracted increasing attention in recent years. It can
extend the working duration of small electronic devices, reduce the
maintenance costs, and eliminate chemical hazards associated with
battery usage [12,13].

Scaling down conventional electromagnetic generators for ex-
ploiting small-scale mechanical energy has led to increased fabrication
difficulty and deteriorated performance owing mainly to the compli-
cated rotor structure [14,15]. This issue has been partly solved by
transforming ambient excitations to vibrations of a mechanical oscil-
lator even if the mechanical energy is in the form of rotation motion
[16–22]. In conjunction with various transduction mechanisms, such as
piezoelectric effect [23–26], electrostatic induction [27–29], tribo-
electric effect [30–32] and electromagnetic induction [15,33,34], the
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vibratory energy harvesters (VEHs) realized on the basis of cantilevered
structures feature simple structure but narrow operating bandwidth
[35,36]. Attempts to overcome this limitation have brought about
various broadband strategies, such as tuning mechanism [37,38], multi-
modal method [39,40], and introducing nonlinearities into VEHs by
using magnets [41–44] or curved fixtures [15]. These strategies have
enabled the VEHs to achieve broadband performance but at the cost of
structural simplicity. Moreover, the expanded frequency band still fails
to cover abundant ultra-low frequency (< 5 Hz) mechanical motions in
our living environment, such as wave heave motions, human body
motions and bridge vibrations. Although this issue could be mitigated
by frequency up-conversion technique that normally consists of at least
two subsystems [13,20,45], the complicated structure and inevitable
energy loss for transferring energy between different subsystems may
outbalance the gain in the improved performance with this technique.
On the other hand, rotational energy harvesters (REHs) based on the
swing motion of an eccentric rotor have also been reported to scavenge
ambient mechanical energy [46,47], but sustaining the rotation of the
eccentric rotor still requires a shaft or bearing structure, which results
in the increased structural complexity. Moreover, without a frequency
up-conversion design, power output (∼0.05mW) of REHs [46,47] is
low under ultra-low frequency excitations.

Except the rotation motion generally produced by rotating shafts in
transmission systems [30], most natural excitations and human body
motions appear in forms of ultra-low frequency vibrations and swing
motions [11,45]. These motions can neither sustain the continuous
rotation of a rotor in a conventional electromagnetic generator even
with miniaturized dimension nor actuate a VEH to generate substantial
output power due to the relatively high resonant frequency of the VEH.
In addition, for a given motion amplitude, the mechanical energy
provided by the motion diminishes promptly with a reduction in the
frequency. A breakthrough in design is therefore desperately demanded
to enable efficient energy extraction from ultra-low frequency motions
to boost the output power to a level sufficient for practical applications.

In this paper, we report a basically different approach to construct a
string-suspended and driven rotor that is capable of transforming ultra-
low frequency vibrations to rapid rotational motion of a rotor. This
approach enables the design of an energy harvester with a simple
structure but high electric output. Specifically, we use two twisted
strings to suspend the rotor, and the initial potential energy stored can
be released to start the rotation of the rotor under the external excita-
tions. The ambient mechanical energy can then be captured to generate
electricity based on the exploitation of the relative motion between the
rotor and the stator using various transduction mechanisms. We de-
monstrate the superior performance of this approach by applying it to
electromagnetic energy harvesting from ultra-low frequency vibrations
and human body motions. It is demonstrated that the devised harvester
prototype with the proposed approach could sustainably supply the
power for various commercial portable electronics, revealing the fea-
sibility of implementing self-powered systems by harvesting energy
from ambient ultra-low frequency motions.

2. Working principle

The proposed approach is illustrated in Fig. 1(a), where a disk-
shaped rotor is suspended from a lid by the top string that loops through
small holes 1, 2, 5, 6, and 1. The rotor is also connected to a cylindrical
pendant via the bottom string looping through holes 3, 2, 5, 4, and 3,
through which the z-directional excitation (linear reciprocating mo-
tion/vibration) applied to the pendant is transmitted to the rotor. For
this string-driven rotor structure, starting the rotation of the rotor re-
quires a small amount of potential energy initially stored in the system.
One simple way for fulfilling this requirement is to rotate the lid a small
angle (θ12) with respect to the pendant, as shown in Fig. 1(b), which
results in a small rotation angle (θ) of the rotor and generates torsional
energy in the twisted strings. When an external excitation acts on the

pendant along the z-axis, during the rising phase, the tension in the
bottom string can be removed but a small tension in the top string still
holds to balance the weight of the rotor. Owing to the presence of the
initial rotation angle of the rotor, the remained tension in the top string
contributes to a torque, which varies with θ for a given span d1 of the
two holes in the lid, as shown in Fig. 1(c). This torque drives the rotor to
rotate in a way that reduces its initial rotation angle, which leads to a
downward motion of the rotor (Initial state). Due to the rotatory inertia,
the rotor will keep rotating even if its rotation angle is reduced to zero.
The continuous rotation of the rotor then gives rise to a reversed ro-
tation angle compared with its initial value as well as an upward motion
of the rotor (I). A downward action exerted on the pendant now will
force the rotor to alter its direction of rotation and move downward
again (II). This describes the process of activating the rotor to rotate
from the stationary state and half of a cycle of the motion (including
rotation motion and z-directional reciprocating motion) of the rotor, as
depicted in the top row of Fig. 1(b). If the external excitation can ac-
tuate the pendant to oscillate in phase with the z-directional re-
ciprocating motion of the rotor induced by its rotation, large-angle
rotation of the rotor can be initiated and sustained, which is visualized
in Supplementary Video 1. Should the pendant fail to oscillate in phase
with the motion of the rotor, the latter would do small twisting vibra-
tion with frequencies much higher than the excitation frequency (called
high-frequency small twisting vibration). The ambient mechanical en-
ergy can then be converted into electricity based on the exploitation of
the relative motion between the string-driven rotor and a stator. It is
worth mentioning that the initial angle θ12 remains unchanged after the
motion of the rotor is started.

The proposed energy harvesting approach is fundamentally dif-
ferent from widely studied VEHs in a number of major aspects: (1)
VEHs convert other forms of motion (including rotation motion) to
vibrations of mechanical oscillators that are usually built with canti-
levered beams, whereas the string-driven rotor in the proposed ap-
proach converts vibrations or linear reciprocating motions to rotation of
a rotor; (2) VEHs generally have high resonant frequencies, making
them function poorly under ultra-low frequency excitations, but the
string-driven rotor is well suited for working under this type of ex-
citations; (3) VEHs require additional (auxiliary) structures to up-con-
vert the excitation frequency, whereas up-converting the excitation
frequency is dispensable for the string-driven rotor structure. The dis-
tinctive operation mechanism of the proposed approach also differ-
entiates itself from existing REHs in several ways: (1) REHs depend on
the swing motion of an eccentric rotor to produce electricity, whereas
the operation of the string-driven rotor is based on the high-speed ro-
tation or high-frequency small twisting vibration of a rotor; (2) REHs
require a shaft or bearing structure to support the rotor, leading to a
complicated structure, however the string-driven rotor only uses two
strings to suspend and actuate the rotor, achieving an extremely simple
structure; (3) REHs are sensitive to an excitation whose direction is
perpendicular to the rotation axis, but the string-driven rotor can ex-
ploit the excitation with its direction parallel to the rotation axis.

For a small rotation angle (|θ| ≤ 180°) of the rotor [Fig. 1(b)],
assuming that the string is massless and tensioned during operation, the
z-directional distances (h1 and h2) from the rotor to the lid and to the
pendant are, respectively

⎧
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⎩

= − −

= − −

h H r r θ

h H r r θ

2 (1 cos )

2 (1 cos )

1 1
2

0 1

2 2
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where r0= d0/2 with d0 representing the span between the two holes in
the rotor, and r1= d1/2 and r2= d2/2 with d1 and d2 having similar
signification; H1 is the initial gap between the rotor and the lid, and H2

is the initial gap between the rotor and the pendant when θ12= 0.
Large-angle (|θ|> 180°) rotation of the rotor is possible if H1

2 > 4r0r1
and in the meanwhile H2

2 > 4r0r2.
The torque T1 acting on the rotor with a small rotation angle by the
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lid through the top string is

= −T F α r β θ2 cos · ·sin( )1 1 0 (2)

where F1 is the tension in the left segment (between holes 1 and 2)
or right segment (between holes 5 and 6) of the top string; α is the
oblique angle of the right segment to x-y plane; β is the oblique angle of
the projection of the right segment on x-y plane to x-axis, as shown in
Fig. 1(b). The detailed model is presented in Supplementary Fig. 1 and
Supplementary Note 1.

3. Electromagnetic energy harvester

To demonstrate the capability of this approach in harvesting energy
from ultra-low frequency excitations, we designed and fabricated an
electromagnetic energy harvester by encapsulating the string-driven
rotor with a diameter of 15mm and thickness of 6mm in a tube that
had an internal diameter of 18mm and length of 51mm, as shown in
Fig. 2. The upper half of the tube had a wall thickness of 1mm, whereas
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Fig. 1. Working principle of the proposed approach. (a) Schematic illustration of the string-driven rotor structure. (b) Sketches that illustrate the process of activating
the rotor to rotate and a full cycle of motion of the rotor under the z-directional mechanical agitation. (c) Torque acting on the rotor by the lid under various spans
between the two holes in the lid.
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Fig. 2. Electromagnetic energy harvester. (a) Schematic illustration of har-
vester design using the string-driven rotor. (b) Testing setup.
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the lower half had a thickened wall of 2.5mm because it needs to be
grooved in the inner wall. The strings for suspending and actuating the
rotor were made of polyester with a diameter of 0.2 mm. To generate
electricity via electromagnetic induction, four magnets (Nd-Fe-B-N42)
with a dimension of 6×6×3mm3 were embedded in the rotor and
four sets of pick-up coils each with 100 turns were attached to the outer
surface of the tube. All the coils were constructed by a varnished wire
with a diameter of 0.13mm. To provide a high voltage output, the four
sets of coils were connected in series, yielding a coil resistance of 25Ω.
Both the magnets and the coils have a uniform radial distribution. The
pendant was devised with two hemispherical bulges that slide along the
grooves in the inner wall of the tube. This way ensures that the initial
angle of the lid with respect to the pendant θ12 is maintained. The frame
of the prototype, including the lid, rotor (excluding the magnets), tube,
and the pendant, were fabricated from UV Curable Resin using a 3D
printer. Initially, d0= d1= d2= 3mm, H1= 14mm, H2= 25mm, and
θ12= 90°, unless otherwise stated.

4. Characterization with excitation from crank-slider mechanism

To quantitatively test the performance of the harvester prototype
under ultra-low frequency excitations and ensure the repeatability of
the results, a crank-slider mechanism was designed that pulled the
pendant in the harvester periodically along the z-direction, as shown in
Fig. 2(b) and Supplementary Video 2. The slider was actuated by a
stepper motor through a driving wheel and a connection rod. The fre-
quency of the oscillation of the slider could be tuned by changing the
rotation speed of the motor, whereas the amplitude was adjusted by
varying the eccentric position of the connection rod on the driving
wheel. In addition to the frequency, the effect of the slider on the
performance of the harvester was characterized by the pull amplitude
LP, which was measured by the difference between the lowest position
(approximately 1mm lower than the initial position) of the pendant
and its highest position pushed by the slider. The motion position of the
pendant was measured via a laser sensor (HL-C203BE), and the electric
output of the harvester was displayed and recorded by an oscilloscope
(Rigol DS1074).

4.1. Effect of span d1

When the harvester was actuated by the crank-slider mechanism at
approximately 0.75 Hz, the produced open-circuit voltage waveforms
under two typical configurations are shown in Fig. 3(a) and (b) along
with the corresponding excitations. For a small value of the span
(d1= 3mm) between the two holes in the lid, the linear excitation in
the z-direction drives the rotor to rotate in clockwise and counter-
clockwise directions alternately with large rotation angles (> 180°) and
high rotation speed, which induces the coil to generate large output
voltage [Fig. 3(a)]. The open-circuit voltage crests at approximately
1.5 V, which is remarkably higher than that attained by previously re-
ported electromagnetic energy harvesters that generally produce open-
circuit voltage below 0.1 V under an excitation with frequency smaller
than 1 Hz [14,46]. Increasing the value of d1 up to 9mm and keeping
other geometrical parameters constant, however, can only actuate the
rotor to rotate with small angles (≤180°), i.e., small twisting vibration,
as shown in Fig. 3(b). This is attributed to the enlarged torque acting on
the rotor by the lid with increasing value of d1 [Fig. 1(c)], which poses
greater difficulty for the large-angle rotation of the rotor since the
torque plays a role of hampering the motion of the rotor, degrading the
REH to a twisting vibration energy harvester (TVEH). This observation
indicates that, for a given excitation, an appropriate design is available
for the harvester, with which the large-angle rotation of the rotor and
then the strikingly high output voltage can be achieved. If the rotor fails
to do large-angle rotation, however, the harvester will behave as a
TVEH whose voltage output is still comparable to that (∼0.1 V) of
previous electromagnetic energy harvesters.

According to the aforementioned discussion, to achieve efficient
energy extraction from ambient excitations, the rotor is expected to do
large-angle rotation motion instead of small twisting vibration.
Moreover, the span (d1) between the two holes in the lid seems to play
an important role in determining the dynamic response of the rotor. As
shown in Fig. 1(c), increasing the value of d1 contributes to a large
interference on the rotation of the rotor and thus leads to low voltage
and power outputs [Fig. 3(c) and (d)]. If the span is increased up to
9mm, the large-angle rotation of the rotor cannot be initiated under the
excitation with pull amplitude of 21mm in the frequency range from
0.6 Hz to 5 Hz. The resulting small twisting vibration of the rotor in this
case produces comparatively low voltage and power outputs [insets of
Fig. 3(c) and (d)]. In addition, the peak frequency of the harvester is
shifted from 2.6 Hz to 4.2 Hz as the value of d1 is increased from 3mm
to 9mm, exhibiting possibly tunable resonance of the harvester.

4.2. Effect of θ12

For the proposed energy harvesting approach, starting the rotation
of the rotor depends on the potential energy initially stored in the
system, which was achieved by rotating the lid an angle θ12 with re-
spect to the pendant in this study. In the experiment, the top flange of
the tube was designed with radially-arrayed through-holes separately
by 30° intervals in between, which allows the value of θ12 to vary from
0° to 180° with an interval of 30°. After the value of θ12 was set, the lid
was then fixed to the tube via bolts. To obtain some understanding
about the effect of θ12 on the performance of the harvester, experiments
with various values of θ12 were conducted, and the results are depicted
in Fig. 3(e) and (f), where the voltage is expressed in the root-mean-
square (RMS) value. It is evident that the voltage and power outputs
increase with increasing the excitation frequency from 0.6 Hz to 2.6 Hz
for different values of θ12, and then drop with increasing the excitation
frequency beyond 2.6 Hz. Although enlarging the value of θ12 can
endow the system with more potential energy, this difference in initial
condition engendered by the different values of θ12 seems to be
smoothed out as long as the large-angle rotation of the rotor can be
activated. With a resistive load (25Ω), the maximum output power of
12.3 mW was acquired at 2.6 Hz, which is a huge improvement over
that (∼0.1 mW) produced by previous REHs [46,48–51] under low-
frequency excitations. For the low-frequency electric output (< 1 kHz)
or small system damping, the coil inductance has ignorable effect on the
optimal resistance [52–54]. Therefore, the power delivered to the re-
sistive load of 25Ω (equal to the coil resistance) can be regarded as the
optimal output power provided by the harvester. It should be noted that
the rotor does small twisting vibration at 0.6 Hz for various values of
θ12 and thus the harvester can only provide low power output
(∼0.1mW) in this case. This is due to the fact that the energy dis-
sipated by the mechanical damping and electrical damping (caused by
power generation) cannot be supplemented in a timely manner under
such a low frequency excitation. On the other hand, for excitation
frequency> 2.6 Hz, too frequent pulling of the pendant by the applied
excitation fails to keep in phase with the z-directional reciprocating
motion of the rotor whose frequency is dependent on its rotation mo-
tion. As a consequence, the excitation with frequency higher than
2.6 Hz interferes with the rotation of the rotor and then results in low
voltage and power outputs.

4.3. Effect of LP

In addition to the geometrical parameters, the ambient excitation
also plays a key role in determining the electric output of the harvester.
From the frequency point of view, the devised electromagnetic har-
vester is capable of generating remarkably high voltage and power
outputs when the excitation frequency is extremely low (< 3 Hz), as
shown in Fig. 3(g) and (h). For the excitation amplitude, it fails to in-
fluence the electric output of the harvester significantly for the three
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values (19mm, 21mm, and 23mm) considered here except at the
frequencies ranging from 1.8 Hz to 2.6 Hz. This observation can be
explained as follows. For a given frequency, the electric output of the
harvester is decided by the angle or the number of laps that the rotor

can spin. When the excitation frequency is lower than 1.8 Hz, the ro-
tation angle of the rotor is comparatively small, which brings about a
small upward displacement of the rotor (Supplementary Fig. 2) and
then relaxed bottom string in most time of an excitation cycle.

(a) (b)

(c) (d)

(e) (f)

(g) (h)
Fig. 3. Experimental measurements: open-circuit voltage waveform of the harvester for an excitation with pull amplitude (LP) 21mm and frequency 0.75 Hz under
(a) d1= 3mm and (b) d1= 9mm; (c) RMS value of open-circuit voltage and (d) power output with various d1 for LP= 23mm; (e) RMS value of open-circuit voltage
and (f) power output with various θ12 for LP= 23mm; (g) RMS value of open-circuit voltage and (h) power output with various LP.
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Consequently, the improved energy derived from a large pull amplitude
cannot be absorbed by the rotor. This argument still holds true for
frequencies> 2.6 Hz, where the phase mismatch between the excita-
tion and the motion of the rotor gives rise to the small twisting vibra-
tion of the rotor again. However, for a frequency within the range from
1.8 Hz to 2.6 Hz, the excitation can drive the rotor to rotate with large
angles, forcing the rotor to move upward with increased displacements.
Enlarging the pull amplitude in this case can input more energy into the
harvester and thus bring about observable improvement in the voltage
and power outputs.

5. Harvesting energy from vibrating structures

After the quantitative characterization by using the excitation from
the crank-slider mechanism, the fabricated harvester was also tested in
natural environment to explore its feasibility as a practical power
source for small-scale electronics. As reported in the literature, apart
from the mechanical excitations produced by operating machines for
specific purposes [30], most of the naturally existing mechanical energy
sources, such as bridge deformation induced by moving vehicles
[55,56], compressive force acting on pavement by pedestrians [10,45],
and wave heave motion [57,58], feature ultra-low frequencies (< 5
Hz). In the test, the vibration of a treadmill (Z50, JOROTO Corp.) with a
male subject (1.73m and 60 kg) running on it at a speed of 10 km/h is
chosen as the representative of the ultra-low frequency excitation
sources. The open-circuit voltage waveform of the harvester under this
excitation exhibits a quasi-periodic characteristic with amplitude of
∼1 V and frequency of ∼3 Hz [Fig. 4(a)], and the average power de-
livered to the matched load in this operation is ∼5.4 mW.

To drive small electronic devices requiring a regulated direct cur-
rent (DC) input, the alternating current (AC) output from the harvester
must be processed by a power regulation circuit composed of a trans-
former (boosting voltage output), a full-wave bridge rectifier, and a
capacitor (0.47 mF). Consisting of the harvester and the power reg-
ulation circuit, this renewable power system could be used to drive
various commercial electronic devices. For example, with this power
system as the sole energy source, the normal operation of a hygro-
thermograph could be initiated and sustained, as shown in Fig. 4(b) and
Supplementary Video 3. Moreover, this power system could provide
sufficient power to a pedometer to ensure its continuous operation
[Fig. 4 (c) and Supplementary Video 4]. This test was performed with
one male subject running on the treadmill and the other male subject
swinging the pedometer to change its readout.

6. Harvesting energy from human body motions

Apart from capturing energy from vibrating structures, the cap-
ability of the harvester in exploiting human body motions for power
generation has also been explored. First, harvesting energy from
manual operation was demonstrated in two cases. In the first case, the
harvester was fixed to a frame and its pendant was periodically pulled

downward by a human hand, as shown in Fig. 5(a) and Supplementary
Video 5. Driven by the human hand, the harvester produced a quasi-
sinusoidal open-circuit voltage output with a peak voltage ∼1.6 V
[Fig. 5(b)] and average power ∼15.9mW under the matched load,
which is approximately two orders of magnitude improvement com-
pared with previous electromagnetic harvesters [14,46,47] at similar
frequencies. Moreover, integrated with the power regulation circuit, the
harvester could charge a capacitor (0.47 mF) from 0 V to 5 V within
0.5 s [Fig. 5(c)], which is sufficiently high for directly driving most
commercial electronic devices. The second case was designed to show
the harvester as a movable and portable power source, in which the
harvester was held by one hand and then pulled by the other hand.
Operated in this way, the harvester could serve as a charging source for
some smart electronic devices. When connected with the harvester via
the power regulation circuit, portable electronic devices, such as smart
bracelets and mobile phones, could be automatically turned on once the
output voltage reached 5 V, as visualized in Fig. 5(d) and (e) and
Supplementary Videos 6 and 7. In addition, the DC power generated in
this case was also sufficient for lighting up dozens of commercial light
emitting diodes (LEDs), as illustrated in Fig. 5(f).

Second, the harvester was fixed upside down on the thigh of a fe-
male subject (1.67m and 55 kg) and the pendant was pulled via a string
tethered to a waist belt, as shown in Fig. 6(a). When the subject swung/
shook her leg, a typical motion during human walking or running, the
harvester was excited periodically by the string to generate electricity.
Each time the harvester is pulled, the output voltage peaks and then
diminishes with time until the next excitation is applied to the har-
vester, as shown in Fig. 6(b). The average power delivered to the
matched load is 4.9mW under this operation. After the harvested AC
power was adjusted by the power regulation circuit, a hygro-
thermograph could be turned on and then powered to work con-
tinuously and steadily without any other power sources or batteries, as
shown in Fig. 6(a) and Supplementary Video 8.

In addition, the harvester has also been demonstrated to generate
electricity from arm shaking [Fig. 6(c)]. When fixed to the strap of a
backpack and pulled by the swinging arm through a piece of string, the
harvester produced an AC open-circuit voltage [Fig. 6(d)] with a pat-
tern similar to that when actuated by the leg shaking [Fig. 6(b)]. The
average electric power delivered to the matched load in this scenario is
3.4 mW. With the combination of the power regulation circuit, the
harvester could activate the hygrothermograph and then sustain its
normal operation with full functionality, including sensing ambient
temperature, measuring air humidity, digitalizing the analog signals,
timing, and displaying these data on a LCD display, as shown in
Fig. 6(c) and Supplementary Video 9.

The demonstrations presented above show that the designed har-
vester prototype can not only operate in normal environment to convert
ultra-low frequency excitations into electricity for powering a variety of
sensors that monitor the environment or vibrating structures, but also
serve as a portable or even wearable power source that generates
electricity from human body motions for sustainably driving personal

(a) (b) (c)

Fig. 4. Performance of the harvester when excited by a vibrating treadmill. (a) Open-circuit voltage waveform. (b) A hygrothermograph being driven by the
harvester. (c) A pedometer being driven by the harvester.
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electronics. Therefore, the harvester has potential applications in
wireless sensor networks, internet of things, and personal sensor sys-
tems. This is enabled by the employment of the proposed string-driven
rotor structure.

According to the electric output of the fabricated electromagnetic
harvester, the output power of an energy harvester realized on the basis
of the string-driven rotor can be improved by two orders of magnitude
compared with that acquired by previous harvesters if the large-angle
rotation of the rotor can be triggered; otherwise, the rotor does small
twisting vibration with high frequency, which up-converts the ultra-low

excitation frequency and brings about a performance that is still com-
parable to that of existing harvesters. Featuring extremely simple
structure, the proposed approach provides a new way for receiving
external excitations and transmitting motion between different me-
chanical components, making it a promising alternative to the shaft and
bearing structures that are commonly utilized for rotation motion and
swing motion. Furthermore, we note that the string-driven rotor is not
limited to the sole electromagnetic energy conversion but can be in-
tegrated with various transduction mechanisms, such as piezoelectric,
electrostatic, and triboelectric. Taking ambient mechanical motions as
the target resource, harvesters based on various transduction mechan-
isms require an efficient strategy to convert ultra-low frequency ex-
citations to high-frequency vibration or high-speed rotation. The string-
driven rotor approach is therefore useful to produce sufficient and
sustainable power for small-scale electronic devices.

7. Conclusions

This paper presents a fundamentally new approach for constructing
a rotor structure, called string-driven rotor. Specifically, we use two
strings to suspend and drive a rotor, through which external ultra-low
frequency vibrations can be transformed to rapid rotation motion or
high-frequency small twisting vibration of the rotor. This feature makes
the approach well suited for harnessing ultra-low frequency mechanical
energy that is abundantly available in our living environment. The
harvester incorporated the proposed approach enables the sustainable
and autonomous operation of low-power electronic devices.

We demonstrated the superior performance of this approach by
applying it to an electromagnetic energy harvester, which could harness
ultra-low frequency vibrations and human body motions. Based on
economically viable materials and low-cost 3D printing technology, the
fabricated electromagnetic harvester produced remarkably high output
power for sustainably charging and driving some conventional con-
sumer electronics. When excited by the vibration of a treadmill, the
harvester with output power of 5.4 mW can continuously drive the
normal operation of a hygrothermograph or a pedometer with the
combination of a power regulation circuit. Moreover, the harvester can

(a) (b) (c)

(d) (e) (f)

Fig. 5. Demonstrations of the harvester for driving and charging electronics under manual operation. (a) Photograph of manual operation. (b) Open-circuit voltage
waveform. (c) Charging curve of a capacitor (0.47 mF). (d) A smart bracelet being charged by the harvester. (e) A cellphone being charged by the harvester. (f) 36
LEDs (0.35 mW each) being lighted up by the harvester.

Harvester

Hygrothermograph

(a) (b)
Harvester

Hygrothermograph

(c) (d)

Fig. 6. Performance of the electromagnetic harvester when excited by human
body motions. (a) A hygrothermograph being driven by harvesting energy from
leg shaking. (b) Open-circuit voltage waveform when excited by leg shaking. (c)
A hygrothermograph being driven by harvesting energy from arm shaking. (d)
Open-circuit voltage waveform when excited by arm shaking.
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be used to capture biomechanical energy that is characterized by
variable ultra-low frequencies and fluctuating amplitudes. With the
energy harvested from human body motions (15.9 mW from hand
pulling, 4.9mW from leg shaking, and 3.4mW from arm swinging), the
continuous operation of some portable or wearable electronics can be
sustained. This study provides a new strategy for the efficient ex-
ploitation of ambient ultra-low frequency mechanical energy. The ap-
proach proposed in this paper is not limited to the sole electromagnetic
energy conversion but can be extended to electrostatic, piezoelectric,
and triboelectric energy harvesting applications with similar rotor
structure.
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