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ABSTRACT

This Letter reports a string-driven rotor for constructing ultralow frequency energy harvesters. Consisting of a disk-shaped rotor with a shaft,
an elastic string, and an inelastic string, the proposed rotor structure can convert ultralow frequency vibrations or linear reciprocating
motions to high-speed rotation of the rotor without any sophisticated transmission mechanism. On the basis of the string-driven rotor, an
electromagnetic energy harvester is designed, and the corresponding theoretical model is established. Both simulation and experiments dem-
onstrate the high output performance of the harvester under a periodic excitation with an amplitude of 5mm and at a frequency lower than
5Hz. The harvester also generates 6.5 mW power when driven by hand at a frequency of approximately 4Hz. This study exhibits the exciting
potential of the string-driven rotor for boosting the efficiency of harvesting energy from pervasive ultralow frequency excitations.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5128397

Harvesting ambient kinetic energy for power generation has been
deemed as a promising approach for achieving self-powered electronics
due to its ubiquitous nature.1,2 Kinetic energy, which comes in different
forms as diverse as vibration, rotation, and swing motion, can be con-
verted into electricity via a number of transduction mechanisms, such as
electromagnetic induction,3,4 piezoelectric effects,5,6 electrostatic induc-
tion,7,8 and triboelectrification.9 To achieve a simple configuration and
easy integration with small-scale electronics, these transduction mecha-
nisms have been widely used with cantilevered structures to construct
various vibratory energy harvesters (VEHs) that can directly generate
electricity from ambient vibrations. For other forms of mechanical
motion, additional transmission mechanisms are usually required to actu-
ate the VEHs to work.10,11 Since the linear VEHs normally behave poorly
under off-resonant conditions and thus suffer from a narrow bandwidth,
great effort has been made to expand the working bandwidth.12,13 The
outcomes of these efforts are several broadband harvesting strategies,
including tuning the resonance,14 employing multimodal designs,15 and
invoking nonlinear dynamic responses (softening response,13 hardening
response,16 nonlinear energy sink,17 and internal resonance18). Due to
size or dynamic constraints,19,20 although these broadband VEHs can
achieve improved performance compared with their linear counterparts,
they still fail to perform well under omnipresent ultralow frequency
(<5Hz) excitations (such as wave heave motions, human body motions,
and bridge deformations due to the action of traveling vehicles).

One possible way to maintain the functionality of VEHs under
ultralow frequency excitations is exploiting the frequency upconver-
sion (FUC) technology, which employs one subsystem to sense ultra-
low frequency excitations and then triggers another subsystem with
high resonant frequency to generate electricity through magnetic force
or mechanical impact/plucking.21–23 Disadvantages of the FUC tech-
nology may involve enhanced structural complexity and extra energy
dissipation for transmitting motion between different subsystems.
Another way to realize ultralow frequency VEHs is replacing the canti-
lever structures with repulsively magnetic force that suspends a mag-
netic mass within a cylindrical tube surrounded with pickup coils.24,25

However, electric outputs of the cylindrical VEHs are comparatively
low owing to the slow change rate of the magnetic flux across the
pickup coils under ultralow frequency excitations. In recent years,
researchers have explored rotational energy harvesters (REHs) with
various rotors to capture energy from ultralow frequency excita-
tions.3,26 The conventional rotor structure has been investigated widely
and developed well in the macro scale,27,28 but their efficiency drops
quickly after being miniaturized.29 Moreover, since the naturally avail-
able excitations (such as mechanical vibrations, linear reciprocating
motions, swing motions) cannot trigger the rotation of the conven-
tional rotor, additional eccentric mass has to be attached to the rotor,
which enables the (eccentric) rotor to do swing motion with respect to
the stator under ambient excitations.4,30 Due to the cause akin to that
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for cylindrical VEHs, the swing-motion based REHs can only provide
low power outputs (<0.1 mW) under ultralow frequency excitations.

This Letter reports a string-driven rotor for constructing REHs
with intent to achieve efficient conversion of ambient ultralow frequency
mechanical energy into electric energy. Different from the aforemen-
tioned eccentric rotor whose operation relies on the torque produced by
the eccentric mass, the string-driven rotor utilizes an elastic string and an
inelastic string to convert ultralow frequency excitations to high-speed
rotation of the rotor. High electric outputs can then be expected from the
REHs realized with the string-driven rotor. We demonstrate the working
principle of the string-driven rotor as well as its promising application in
energy harvesting through an electromagnetic energy harvester.

The schematic diagram of the string-driven rotor is illustrated in
Fig. 1(a), which consists of a disk-shaped rotor supported by a shaft
with two grooves, an elastic string and an inelastic string. One end of
the elastic string is fixed to the device enclosure, and the other end is
tied to the shaft at one of the two grooves. The inelastic string is
attached to the other groove of the shaft, whereas the other end of the
inelastic string is utilized to receive external excitations. Initially, the
elastic string wraps around the shaft clockwise, whereas the inelastic
string encircles the shaft in the opposite direction, as shown in the
inset of Fig. 1(a). When an upward excitation pulls the inelastic string,
a torque acting on the shaft is produced via the inelastic string, which
drives the shaft to rotate anticlockwise and then reduces the number
of laps that the inelastic string wraps around the shaft. In the mean-
time, the rotation of the shaft increases the number of laps of the elas-
tic string surrounding the shaft. Since the distance between the shaft
and the fixed point of the elastic string remains constant, the tension
in the elastic string rises with the anticlockwise rotation of the shaft.
After the external excitation is reversed, the tension in the elastic string
drives the shaft to rotate clockwise, which reduces the number of laps
of the elastic string wrapping around the shaft while it increases that of
the inelastic string. This describes a full cycle of the rotation of the
shaft, and this process will continue under a periodic excitation.
Considering that the rotor rotates with the shaft, electricity can be gen-
erated based on the exploitation of the relative motion between the
rotor and a stator through various transduction mechanisms.

Compared with the conventional rotor, the string-driven rotor
can convert ambient ultralow frequency vibrations or linear recipro-
cating motions to rotation motion without additional complicated
transmission mechanisms, permitting the realization of REHs with a
simple structure. The string-driven rotor differentiates itself from the
string-suspended and driven rotor31 in two major aspects: (1) the

former is supported by a shaft whereas the latter is suspended from a
lid through a string without using a shaft; (2) the rotation of the for-
mer depends on the potential energy stored in the stretched elastic
string while the rotation of the latter is the result of the interconversion
between the potential energy stored in the twisted strings and the
kinetic energy of the rotating rotor. In addition, the string-driven rotor
differs from the eccentric rotor in that it does large-angle and high-
speed rotation instead of swing motion (small-angle and low-speed
rotation) under ultralow frequency excitations. As a result, high elec-
tric outputs can be expected from a REH designed with the string-
driven rotor. To test this hypothesis, we devise an electromagnetic
REH on the basis of the proposed rotor, as shown in Fig. 1(b). To gen-
erate electricity through electromagnetic induction, six magnets (Nd-
Fe-B) are radially arrayed within the rotor and six sets of pickup coils
each with 100 turns are attached to the tube (device enclosure) in a
similar way. The six coils are connected in series for providing a high
voltage level. To ensure the smooth rotation, a bearing, which is
embedded within the lid of the tube, is employed to support the rotor
via the shaft. The elastic string (thermoplastic polyurethanes) threads
through hole 1 and is fixed to the tube, and the inelastic polyester
string is connected to an external excitation source through hole 2 of
the tube. The rotor, tube, and lid are all fabricated from UV Curable
Resin using 3D printing technology, and the shaft is made of nylon
plastic. The shaft has a size of 22mm in length and U8mm in diame-
ter, but a reduced diameter of 4mm at the grooves. The magnets each
with a dimension of 6mm � 6mm � 3mm are embedded within the
rotor of U30mm � 6mm. The harvester has a diameter of 38mm
and a length of 27.5mm, yielding a total weight of 30 g.

When the inelastic string of the REH is subjected to an external
excitation, the rotor will be driven to rotate by the tensile force F2 in
the inelastic string and the tensile force F1 in the elastic string. The
dynamic behavior of the system can be described as

J€h þ Cm
_h þ bIrR ¼ F2 � F1ð Þr0

L_I þ RC þ RLð ÞI ¼ brR _h;

(
(1)

where J is the moment of inertia of the rotor and shaft, Cm the mechan-
ical damping coefficient, b the electromechanical coupling coefficient,
rR the radius of the rotor, r0 the radius of the shaft at the grooves, h the
rotation angle, RL the electric load, and I the induced current; L and RC
denote the inductance and resistance of the coil, respectively.

Seeing that the normally utilized vibration exciter cannot produce
ultralow frequency excitations, a crank-slider mechanism is devised to
actuate the REH by attaching the inelastic string to the slider, as shown
in Fig. 2(a). With the excitation from the crank-slider mechanism, the
quantitative characterization of the REH can be made. The crank-
slider mechanism is driven by a stepper motor with adjustable rotation
speed. In the experiment, the motion amplitude and frequency of the
slider are varied by changing the length of the crank and the rotation
speed of the stepper motor, respectively. For a crank with length of l1,
the displacement of the slider can be expressed as

zS ¼ l1 cos xtð Þ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l22 � l21 sin

2 xtð Þ
q

� l2; (2)

where l2 is the length of the connecting rod and x is the angular fre-
quency of the stepper motor. When actuated by the slider through the
inelastic string, the rotor rotates with the angular displacement
described as h¼ zS/r0.FIG. 1. (a) String-driven rotor; (b) electromagnetic REH with the string-driven rotor.
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The tensile force in the elastic string when stretched can be calcu-
lated by the Mooney-Rivlin model32, i.e.,

F1 ¼
pd2S
4l

2C1 k� 1
k

� �
þ 2C2 k� 1

k3

� �"

þ6C3 k2 � k� 1þ 1

k2
þ 1

k3
þ 1

k4

� ��
; (3)

where dS is the diameter of the elastic string without tension; k ¼ (x0
þ Dx)/x0 with x0 and Dx representing the original length and tensile
elongation of the elastic string, respectively; C1, C2, and C3 are model
parameters that can be determined by fitting to experimental data.

With an initial tensile elongation of X0, the total elongation of the
elastic string during the operation is

Dx ¼ X0 þ zS þ l1: (4)

For the elastic string with different diameters, the original length
remains constant (x0 ¼ 21.5mm) and the parameters of the Mooney-
Rivlin model are given in Table I.

For l1 ¼ 5mm, l2 ¼ 90mm, x ¼ 4p rad/s, and r0 ¼ 2mm, the
displacement of the slider and the rotation angle of the rotor are illus-
trated in Fig. 2(b). When the slider moves upward, the rotor is driven
to rotate anticlockwise via the inelastic string. The clockwise rotation
of the rotor is started by the stretched elastic string during the down-
ward motion of the slider.

The experimental study is carried out using an inelastic string with
a constant diameter of 0.6mm, whereas the diameter of the elastic string
varies from 0.4mm to 0.8mm. For each test, the inelastic string is tied to
the slider when the latter is at the lowest position without stretching the
elastic string (i.e., X0 ¼ 0), which results in an excitation amplitude of
l1¼ 5mm. The position of the slider is acquired by a laser sensor
(HL-C203BE) and the electric outputs of the REH are measured using
an oscilloscope (Rigol DS1074). When the REH is directly driven by a

stepper motor with a constant rotation speed of 120 rpm (round per
minute), the electromechanical coupling coefficient can be estimated as
b ¼ VOC=rR _h, where VOC is the root mean square (RMS) value of the
open-circuit voltage. The mechanical damping coefficient Cm is obtained
by fitting the theoretical predictions to the experimental measurements
as well as possible under the same conditions.33,34 The system parame-
ters used for theoretical simulations are given in Table II.

Figure 3 pictures the open-circuit voltage waveforms of the designed
REH at two different frequencies in the case of d0 ¼ 2r0 ¼ 4mm and dS
¼ 0.6mm. When the excitation frequency is small (e.g., 3Hz), the anti-
clockwise rotation of the rotor driven by the upward displacement of the
slider can be fully recovered by the elastic string that pulls the rotor to
rotate clockwise. As a result, the voltage magnitude is not sensitive to the
rotation direction of the rotor. However, if the excitation frequency is
large (e.g., 5Hz), the elastic string can only partly revert the anticlockwise
rotation of the rotor due to the reduced half cycle for the clockwise rota-
tion of the rotor, which leads to smaller clockwise rotation speeds and

FIG. 2. (a) Electromagnetic harvester prototype with the experimental setup; (b)
displacement of the slider and rotation angle of the rotor.

TABLE I. Coefficients of the Mooney-Rivlin model.

DS C1 C2 C3

0.4mm �3.84 � 107 3.27 � 107 2.06 � 107

0.6mm �4.01 � 106 2.29 � 105 1.22 � 106

0.8mm 3.15 � 106 �4.08 � 106 9.52 � 106

TABLE II. System parameters.

Parameters Value

J (g�mm2) 1010
Cm (N�m�s�rad�1) 4 � 10�5

b (Wb�m�1) 0.9
L (H) 0.083
RC (X) 30
rR (mm) 15

FIG. 3. Open-circuit voltage waveforms at various frequencies: (a) and (b) 3 Hz; (c)
and (d) 5 Hz. (a) and (c) theoretical results; (b) and (d) experimental results with
the envelope curve shown in blue.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 115, 203903 (2019); doi: 10.1063/1.5128397 115, 203903-3

Published under license by AIP Publishing

https://scitation.org/journal/apl


then lower voltage outputs during the clockwise rotation than those dur-
ing the anticlockwise rotation of the rotor, as shown in Fig. 4 (Multimedia
view). It should be mentioned that, for computational simplicity, an
equivalent coupling coefficient b is generally utilized to describe the power
generation in the simulations,4,24,34 which is assumed to produce negative
outputs during the clockwise rotation and positive outputs during the
anticlockwise rotation of the rotor. In fact, both positive and negative out-
puts are produced irrespective of the rotation direction. Therefore,
the complete contour of the practical voltage output is the combination
of the theoretical waveform and its mirrored waveform [dotted lines in
Figs. 3(a) and 3(c)].

The theoretical and experimental power outputs as a function of
the excitation frequency are shown in Fig. 5, in which the power is
computed according to P¼ VRMS

2/RL, where VRMS is the RMS voltage

across the resistive load RL (30 X). Previous studies have shown that
the power delivered to the resistive load equal to the coil resistance
(30X) can be regarded as the optimal power due to the ignorable effect
of the coil inductance under low-frequency (<1 kHz) operations.35,36

For the electromagnetic REH, the electric outputs rise with the increas-
ing rotation speed of the rotor. Since the rotor rotates with an angular
velocity (2_zS/d0) inversely proportional to the diameter (d0¼ 2r0) of
the shaft, increasing the value of d0 will lead to the reduced angular
velocity and then low power outputs, as shown in Figs. 5(a) and 5(b).
For the diameter (dS) of the elastic string, it has a positive relationship
with the power outputs, as shown in Figs. 5(c) and 5(d). As the value
of dS increases, the tensile force in the elastic string goes up under the
same value of elongation, which brings about an enlarged clockwise
rotation speed of the rotor during the downward motion of the slider.
Consequently, high power outputs can be achieved with a thick elastic
string, particularly when the excitation frequency is relatively high. For
a given value of d0 or dS, the designed REH can provide a power out-
put that rises monotonously as the excitation frequency varies from
0.5Hz to 5Hz, which is attributed to the positive dependence of the
rotation speed on the excitation frequency. The simulations predict
the same trends of power outputs as the experiments although small
differences can be observed. The discrepancy is probably owing to the
constant damping coefficient used in the simulations, which may vary
with the frequency in the experiment. In addition, winding the strings
around the shaft and unwinding them due to the reciprocating rota-
tion of the rotor will change the equivalent value of d0 slightly, which
is not taken into consideration in the simulations.

The REH is also driven by a human hand to examine its perfor-
mance of harvesting energy from irregular human body motions, as
shown in Fig. 6(a) (Multimedia view). Figure 6(b) plots the open-circuit
voltage waveform when the human hand pulls the inelastic string of the
REH with a frequency of around 4Hz and amplitude of approximately
13mm. Under this operation, the maximum voltage output can be as
high as 1.35 V, and the power delivered to the matched load is 6.5 mW.

It should be noted that the primary objective of this study is to
report a string-driven rotor and demonstrate its potential application
in capturing energy from ultralow frequency excitations. Although lit-
tle work has been done to optimize the string-driven rotor based REH,
the produced power is still strikingly higher than that provided by pre-
vious REHs at similar frequencies. For comparison, the key character-
istics of some typical REHs are shown in Table III, including the
excitation frequency, REH’s volume, output power, and the corre-
sponding power density. Although there are a large number of param-
eters for characterizing the REHs, the parameters shown in Table III
are generally adopted as they provide the fundamental information of
the REHs, such as the working frequency, occupied volume, and the
attainable power level.3,37 It is evident that the proposed REH can pro-
vide a remarkably high output power under ultralow frequency excita-
tions. One exception of this observation is the nonresonant REH
proposed by Liu et al.,3 which produces the highest power among the
REHs in Table III. However, it is worth noting that the power of the
nonresonant REH is acquired when it is actuated by shaking the hand
with a much larger amplitude and high frequency of 8Hz.

In summary, this Letter reports a string-driven rotor that can
convert vibrations or linear reciprocating motions to high-speed rota-
tion without any sophisticated transmission mechanism. Based on the
string-driven rotor, an electromagnetic REH is designed and the

FIG. 4. Open-circuit voltage output of the REH at 5 Hz. Multimedia view: https://
doi.org/10.1063/1.5128397.1

FIG. 5. (a) and (b) power outputs vs frequency at various values of d0; (c) and (d)
power outputs vs frequency at various values of dS. (a) and (c) simulation; (b) and
(d) experiment.
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corresponding theoretical model is established. Both the experiment
and simulation exhibit the high voltage and power outputs of the
designed REH under ultralow frequency excitations. When the REH is
excited by hand at around 4Hz, it delivers up to 6.5 mW output
power, which is substantially higher than that provided by previous
REHs at similar frequencies. This study demonstrates the exciting
potential of the string-driven rotor in boosting energy harvesting from
environmental ultralow frequency excitations.

This research was supported by the National Natural Science
Foundation of China (No. 51777147), the Natural Science Basic
Research Plan in Shaanxi Province of China (No. 2018JM5030),
and the Innovation Fund of Xidian University (No. 20109195867).
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