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A B S T R A C T   

This paper presents a piezostack-based frequency up-converting generator for scavenging ultra-low frequency 
(lower than 5 Hz) vibration energy associated with human motion. The generator, consisting of a force amplifier, 
a piezoelectric stack, a spring-mass system, and a spring limiter, realizes ultra-low frequency conversion mainly 
through the impact-induced frequency conversion effect. To estimate the output voltage of the generator 
numerically, we built a two-degree-of-freedom (2DOF) equivalent model based on the mechanical structure of 
the harvester. Moreover, we conducted five series of experiments to investigate the output performance of a 
fabricated prototype. The prototype generates an instantaneous peak-peak output power of 5.56 W (averaged 
power of 0.93 mW) excited by human running motions. A ’SHU’ LED array was lighted up in real-time suc
cessfully. We then tested the performance of the prototype in a real-time self-powered system. The generator is 
able to power a watch and a thermometer in real-time. More importantly, when the excitation stops, they are 
powered by redundant charges for approximately 50 minutes and 1 minute, respectively. This research can make 
an essential contribution to ultra-low frequency vibration energy harvesting and the realization of real-time self- 
powered wearable devices.   

1. Introduction 

In the past twenty years, with the rapid development of microelec
tronic technology and the electronic manufacturing industry, portable 
electronics have been one of the fastest-growing areas of the consumer 
electronics industry. They are powered mainly by rechargeable chemical 
batteries, the life span of which is limited. Consequently, more and more 
attention has been paid to capturing energy from human motions for 
realizing real-time self-powering functions of wearables without batte
ries. Mechanical vibration energy is the most abundant energy from 
human motions. To convert the vibration energy into electricity, three 
transduction approaches are commonly proposed, namely, electromag
netic [1–8], piezoelectric [9–16], and triboelectric [17–22] mecha
nisms. The high power density constitutes [23] that a piezoelectric 
mechanism is a mainstream approach to absorbing energy from human 
motion. 

Many researchers proposed piezoelectric energy harvesters (PEHs) to 
harvest human kinetic energy to charge energy storage units. Kim et al. 
[24] demonstrated a composite PEH for a smart home with an instan
taneous power of 11 mW at a resistance of 165 kΩ. Yuan et al. [25] 
developed a circular PEH which reached a maximum output power of 27 
mW at 90 Hz and 2 g excitation under the resistance of 25 kΩ. In 
addition, some designs combined two different energy harvesting 
techniques, piezo-triboelectric [26,27] and piezo-electromagnetic 
[28–30] techniques, for instance. Hamid and Yuce [31] demonstrated 
an energy harvesting system using a hybrid piezo-electromagnetic 
mechanism to generate 75.6 μJ with riding a bike under 35–38 km/h. 
Guo et al. [32] reported an all-fiber hybrid piezo-triboelectric nano
generator with a power density of 0.31 mW/cm2. Sun et al. [33] pre
sented a piezo-triboelectric energy harvester with a maximum voltage of 
150 V under high-temperature stability of 200℃. 

Flexible piezoelectric materials have also attracted considerable 
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attention due to their stretchability in adhesive quality to the human 
body [34–36]. Zhou et al. [37] proposed a study that utilized 3D printing 
technology to print flexible piezoelectric converters with a maximum 
power density of 1.4 μW/cm2 at the resistance of 107 Ω. Zhang et al. [37] 
developed a stretchable piezoelectric nanogenerator that replaced silver 
electrodes with graphene-assembled macro-film. Ji et al. [38] presented 
a wearable generator based on core–shell piezoelectric yarn. The 
maximum output power value is around 0.97 μW by body bending 
movements. Waseem et al. [39] proposed PEHs based on a 6 mm thick 
Al2O3 shell with a current density of 100nA/cm2. Wang et al. [40] 
fabricated PEHs with an energy conversion efficiency of 0.02%. Mokh
tari et al. [41] demonstrated a nanofibers-based PEH which generated a 
voltage of 3 V at the frequency of 200 Hz. Zhong et al. [42] developed a 
new type of flexible PEH with a peak power of 0.444 mW under the 
pressure of a human hand. Mark Meschino et al. [43] developed flexible 
PEHs in constant thickness design that generated maximum power of 
4.1623 μW. A novel stretchable PEH proposed by Kim et al. [44] could be 
directly attached to garments by the hot-press approach. Han et al. [45] 
demonstrated a micro piezoelectric sensor with a short-circuit current of 
497.3nA. The sensor can monitor the state of human motion. Stretchable 
epidermal devices can adapt to flexible deformations of the human body 
with sizeable mechanical compliance for human health monitoring. 

Traditional piezoelectric materials display high impedance and low 
capacitance (nano-level), which collectively result in low power output. 
Recent studies proved the advantages of piezoelectric stacks (PES) over 
conventional piezoelectric materials[46–49]. The capacitance of PES is 
much larger than that of a single piezo patch of the same volume, which 
reduces the increase of dynamic resistance, rustling higher power 
response. Therefore, increasing attention is getting drawn to energy 
harvesting via PES. Wang et al. [50] designed a PEH based on PES for 
pavements, which reached a maximum output power of 11.67 mW with 
the optimum load of 10 kΩ under a pressure of 0.7 MPa and 15 Hz. 
Khalili et al. [51] developed a vehicle movement mechanical energy 
generator based on PES. The generator could generate a square power of 
9 mW for an external resistor of 50 kΩ under excitation of 66 Hz. Chen et 
al. [52] presented a two-stage PES energy generator. The prototype 
achieved a power density of 487 mW/g2 at resonance. Although the 
output power of the above studies has been significantly improved, they 
are based on medium- or high-frequency vibration excitation. Few lit
eratures have been found targeting at scavenging ultra-low frequency 
vibration energy with PES regardless of its extensive existence especially 
exemplified by human motions. 

Human motion is mostly ultra-low frequency (≤5 Hz) vibration, 
which causes harvesters a low energy conversion efficiency and low- 
power output. Therefore, achieving real-time sensing with self- 
powering has been challenging by capturing vibration energy from 
human motion based on PES. 

This study proposes a piezostack-based frequency-converted gener
ator emphasizing ultra-low frequency vibration energy harvesting to 
achieve real-time self-powered wearable sensors with ample redundant 
charges. Key novelties and contributions are: first, a significant decrease 
of the matched impedance of PEH. The stack consists of 180 units, which 
dramatically increases the capacitance of the material, decreasing the 
dynamic resistance of PES. Second, a force amplifier to magnify the 
compressive force and to improve the output voltage and power of the 
generator. Third, through the spring-mass system and the collision be
tween the proof mass and spring limiter, the ultra-low frequency human 
motion is converted into high-frequency vibration, which again effec
tively reduces the matching impedance of the generator. As such, the 
instantaneous peak-to-peak output power is 5.56 W at a running speed 
of 10 km/h. Finally, demonstration of desirable output performance to 
sustain power requirement of wearable sensing with substantial quan
tity of redundant charges exemplified by a watch and a thermometer. 

2. Structural configuration and governing equations 

2.1. Structural design 

The PES can generate a great number of charges by enduring high 
external excitation resulting in large acceleration or force in compres
sion mode in short-circuit condition. In human running motions, each 
step can be seen as a pulse with an acceleration of 2 g approximately. By 
a spring limiter, the amplitude of proof mass is truncated. The amplitude 
truncation induces a nonlinear behavior [53–57]. So that an over 100 N 
impact force is applied at the piezo-stack. Accordingly, it satisfies the 
excitation request of the PES-based harvesters in the running for high 
performance. 

The proposed structure configuration, displayed in Fig. 1(a), consists 
of four main components: a force amplifier, a PES, a spring-mass system, 
and a spring limiter. The spring-mass system is connected to the force 
amplifier via the rod. The PES is secured in the amplifier. The whole 
structure is fixed to a mounting frame by the amplifier. 

Multiple piezoelectric units constitute the PES. Each unit is made of 
multiple piezoelectric ceramic and silver layers placed between ceramic 
layers as electrodes. When the PES is stressed by force (F) in the polar
ization direction, the voltage of the PES (U) is calculated as follows: 

U =
g33dF

A
(1)  

in which g33, d, and A are the piezoelectric constant, thickness of the 
PES, and stressed area of the PES, respectively. 

While exposed to external excitation, the generator responds with 
the reciprocating motion of the mass. When the amplitude of the mass is 
greater than the initial distance between the limiter and the mass, im
pacts occur, resulting in large impact force (up to hundreds of newtons). 
The forces are further transmitted to the stack (Fig. 1(b)), inducing 
electric potential between electrodes of each piezo layer. Fig. 1(c) 
demonstrates the force transmission along with the force amplifier. We 
denote that F1, F2, and α are the external excitation force, the force along 
the connecting rod, and the angle between the connecting rod and PES, 
respectively. At junction A, we can calculate F1 as follows: 

F1 = 2F2sinα (2) 

Similarly, at junction B, 

F = 2F2cosα (3) 

The force amplification ratio can be calculated via integrating Eqs. 
(2) and (3). 

F
F1

=
1

tanα (4) 

As larger F results in higher voltage according to Eq. (1), choosing a 
small angle α is recommended. 

2.2. Theoretical analysis and hypothesis 

In the process of harvesting energy from human motions, the motion 
of the proof mass concerning the amplifier and the limiter produces an 
impact, inducing a micro-elastic deformation of the force amplification 
mechanism. The force amplifier, the spring limiter, and the rod can be 
regarded as another equivalent spring-mass system and serve as another 
degree of freedom (DOF) in the generator. The equivalent spring-mass 
system converts the ultra-low frequency excitation into a high- 
frequency oscillation response. Fig. 1(d) demonstrates an equivalent 
model of the system. The proof mass is presented as m1. The equivalent 
mass m2 contains the rod, spring limiter, force amplifier, and piezo stack. 
We use ki and ci (i = 1, 2) to denote the equivalent spring stiffnesses and 
damping coefficients, respectively. The 2DOF energy capturing system 
can be defined by the electro-mechanical coupling governing equations: 

Z. Li et al.                                                                                                                                                                                                                                        



Energy Conversion and Management 258 (2022) 115466

3

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

− m1ÿ = m1ü1 + c1(u̇1 − u̇2) + k1(u1 − u2) + p(u1, u2)

− m2ÿ = m2ü2 + c2u̇2 + k2u2 + c1(u̇2 − u̇1) + k1(u2 − u1) − p(u1, u2) + θv

θu̇2 =
v
R
+ Cpv̇

(5)  

in which ui (i = 1, 2), y, v, R, Cp, and θ are the displacements of the 
equivalent mass m1 and m2 in relation to the frame, the displacement of 
the frame, the open-circuit voltage of the generator, the load resistance, 
the capacitance of the PES, and the electro-mechanical coupling coef
ficient, respectively. The dot notations on the parameters (ui, y, and v) 
represent the derivative of time. 

When the generator is at the initial position, the motion of the mass 
induces the compression of the spring. We denote d as the distance of the 
m1 and m2 in the initial state. When the relative distance between m1 and 
m2 is smaller than d, i.e., without the impact, the deformation of the 
spring constitutes the force applied onto the force amplifier. Therefore, 
the impact force p(u1, u2), which can be considered as linear one 
[58,59], is described by the equation: 

p(u1, u2) =

{
K(u1 − u2 + d) u1 − u2 < − d

0 u1 − u2⩾ − d (6) 

We denote K as the collision stiffness of the limiter in the equivalent 
spring-mass system during the impact. 

By defining the following parameters:x1 = u1, x2 = u̇1, x3 = u2,

x4 = u̇2, x5 = v; the state-space representation of governing equations 
can be rearranged as follows: 

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ẋ1 = x2

ẋ2 = − ÿ −
1

m1
[c1(x2 − x4) + k1(x1 − x3) + p(x1, x3)]

ẋ3 = x4

ẋ4 = − ÿ −
1

m2
[c2x4 + k2x3 + c1(x4 − x2) + k1(x3 − x1) − p(x1, x3) + θx5]

ẋ5 =
1

Cp

(
θx4 −

x5

R

)

(7)  

p(x1, x2) =

{
K(x1 − x3 + d) x1 − x3 < − d

0 x1 − x3⩾ − d (8) 

The primary goal of this study is to collect and convert the kinetic 
energy of human running motion. Thus, to mimic such motions, we set 
the base excitation frequency and displacement amplitude at 2.5 Hz and 
0.1 m, respectively. Fig. 2(a) depicts the voltage response of the gov
erning equations solved numerically in MATLAB. A detailed demon
stration in Fig. 2(b) shows the voltage responses coupling high- 
frequency (~2000 Hz) oscillation and the rest of the low-frequency 
harmonic response. Each response is composed of three high- 
frequency oscillations. In each cycle, the duty ratio from the generator 
is around 37.5%. Also, the oscillation peak-to-peak voltage reaches as 
high as 19.5 V, contributing majorly to the total power generation. 

As the frequency and amplitude of human running motion can vary 
with time, we then simulated the cases with the excitation frequency 
varying from 2 Hz to 3 Hz and the displacement from 0.06 m to 0.14 m, 
respectively. The voltage responses (Fig. 2(c)) under 2 Hz and 3 Hz are 
almost the same pattern as that of the 2.5 Hz case. The results in the 
frequency and excitation amplitude domains, illustrated in Fig. 2(d) and 
(e), respectively, indicate that the voltages increase as the frequency and 
excitation amplitude increase. This trend is relatively evident as the 
excitation grows more and more intense. Note that the oscillation fre
quency decides the dynamic resistance of the stack, and high frequency 
can significantly enhance the output current. Therefore, we hypotheti
cally anticipate high power output that can satisfy the power require
ment of low-power wearable sensors and electronics. 

Fig. 1. Design and schematic of the generator: (a) the structural configuration of the generator. The crucial components are: 1. force amplifier 2. piezoelectric stack 
3. rod 4. proof mass 5. sliding bearing 6. spring 7. spring limiter. (b) schematic of the generator and unit structure of the PES. (c) force analysis along with the force 
amplifier. (d) the schematic of the 2DOF model. 
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3. Experimental validation and discussion 

3.1. Experiment setup and prototype fabrication 

A prototype (the prototyping illustrated in Fig. 1(a)) was fabricated. 
Afterward, we conducted experiments to examine the output characters 
and validate the theoretical analysis. Fig. 3 displays the overall experi
ment setup. In running experiments, the excitation on the prototype is 
imposed from a male (25 years old, 80 kg, ~1.75 m) running on a 
treadmill (Nautilus T686). The prototype was strapped slightly (~3 cm) 
below the knee of the subject (shown in Fig. 3(a)) by a leg strap (Man
uekleak ML103). We selected this position for two reasons: during 
running, the motion amplitude of the shank is greater than that of the 
thigh. The shank shape is a spindle-like shape that is wide in the middle, 
and the prototype does not fall off the shank easily. The device was 
placed vertically when the subject stood straight. Then, we used a wrist 
strap (OOPSCOOL XW-X01) to attach the harvester to the wrist of the 
subject in the hand-waving experiments. The rod of the prototype is 
always perpendicular to the arm. 

All the parts were attached to the mounting frame. All output elec
trical signals, such as peak-peak voltages and currents, were measured 
and recorded from an oscilloscope. The metal parts of the prototype, 
except the spring (spring steel) and the mounting frame (aluminum 
7075), were made of stainless steel. The primary materials of the straps 
are stainless steel and ethylene–vinyl acetate copolymer (EVA). Detailed 
material properties and geometry dimensions of the prototype are listed 
and illustrated in Table 1. 

3.2. Open-circuit voltage response and frequency conversion 

We firstly examined the open-circuit voltage which is shown in Fig. 4 
(a) and (b), under different speeds of the treadmill (4 km/h, 6 km/h, 8 
km/h, 10 km/h, 12 km/h) and different spring stiffnesses (0.05 N/mm, 
0.29 N/mm, 0.49 N/mm, 0.98 N/mm, 2 N/mm). For the experiments 
with different speeds, we singled out the spring of 0.49 N/mm stiffness 
for the experiments. For the different spring stiffnesses, we chose the 10 
km/h speed for the experiments. 

In Fig. 4(a) and (b), the motion speed plays a vital role in the 

Fig. 2. Numerical results: (a)&(b) voltage response and detail (9 to 9.75 s) under the base excitation frequency and displacement amplitude at 2.5 Hz and 0.1 m, 
respectively. (c) voltage responses under different excitation conditions (2 Hz and 0.1 m; 2.5 Hz and 0.06 m). (d) voltage responses under different base excitation 
frequencies (2 Hz to 3 Hz). (e) voltage responses under different displacement amplitudes (0.06 m to 0.14 m). 
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resultant voltage. The peak-peak voltage increases with the increasing 
speeds. With the spring stiffness of 0.49 N/mm, as the speed changes 
from 4 km/h to 6 km/h, the peak-to-peak voltage varies from 2.59 V to 
15.49 V. The reason for such a distinct voltage growth is that at the 
speed of 6 km/h, the motion of the subject switched from walking to 
running, leading to an evident increase of the motion amplitude of the 
shank. Then, as the speed further increases, the collision between the 
mass and the limiter becomes more intense and frequent. The peak-peak 
output voltage increases and reaches as high as 24.82 V. 

The spring stiffness also demonstrates a decisive influence on the 
peak of the voltage pulses. For the experiments with 10 km/h speed and 
different spring stiffnesses, with the spring stiffness of 0.05 N/mm, the 
maximum value of peak-peak voltage is 24.44 V. With the increase of the 
stiffness from 0.29 N/mm to 2 N/mm, the peak-peak voltage decreases 
from 20.56 V to 11.81 V (Fig. 4(b)). The spring acts as a buffer between 
the mass and the limiter. As the stiffness increases, the potential energy 
stored by the spring is increased. As such, the decrease of the kinetic 
energy of the mass leads to lower impact force and, thereby, lower force 
applied on the force amplifier. According to Eq. (1), the force is pro
portional to the voltage, so the rise of the spring stiffness constitutes the 
reduction of the maximum peak-peak voltage. 

Subsequently, we conducted hand-waving experiments at about 3.5 
Hz, and the time-history voltage output is depicted in Fig. 4(c). The 
resulting peak-to-peak voltage amplitude is 9.14 V. The conversion 
frequency is around 2082 Hz, displayed in the detailed voltage pulse. 
The excitation force in the hand-waving experiments is weaker than that 
in the running experiments. According to Eq. (1), the voltage generated 
by the piezoelectric stack decreases with the weakening force. Thus, the 
voltage amplitude declines markedly despite increasing excitation 
frequency. 

Given the spring stiffness of 0.05 N/mm and the treadmill speed of 
10 km/h (which is approximately 2.5 Hz), comparing the detailed 
voltage pulses from the experiment and the simulation (the excitation 
frequency and displacement amplitude are at 2.5 Hz and 0.1 m, 
respectively) is shown in Fig. 4(d). The frequency of the voltage response 
in the time domain, both simulated and experimental, is about 2000 Hz. 
The peak-to-peak amplitude of the experimental results is 18.08 V, in 
good agreement with that of the analytical results that is 19.24 V. The 
value of the experimental result is opposite to that of the simulation 
result because the polarity of the oscilloscope probe in the experiment is 
opposite to that of the prototype electrode. 

The experiment and simulation frequencies of instantaneous voltage 
responses under different spring stiffnesses are demonstrated in Fig. 4 
(e). With the increase of the spring stiffness from 0.05 N/mm to 2 N/mm, 
the peak-peak voltage decreases from 24.44 V to 11.81 V indicated in 
Fig. 4 (b), which means lower impact forces on the force amplifier. A 
distinct trend that the frequency up-conversion effect fades as the 
decline of the forces is depicted in Fig. 4 (e). Predictably, as the spring 
stiffness increases beyond a threshold, the impact will be weakened 
further, and the frequency up-conversion effect will be difficult to occur 
or scarcely occur. The simulation results are in excellent agreement with 
the experiment results. The piezo stack is dielectric when no external 
force or vibration is imposed [60,61]. The dynamic impedance, i.e., the 
impedance under vibration, is determined by the high-frequency oscil
lation instead of the running motions. The following section will elab
orate and discuss this influence of frequency up-conversion on the PES 
inner electric impedance. 

3.3. Matched impedance and power output 

To examine the output performance of the generator further, we 

Fig. 3. Experiment setup and prototype fabrication. (a) Installation setup of the prototype. (b) The main components of the 2DOF PEH include: 1. mounting frame 2. 
PES 3. force amplifier 4. proof mass 5. spring 6. rod 7. spring limiter. 

Table 1 
Detailed dimensions and material properties.  

Description  Value 

PES Piezoelectric material PZT-5H 
Number of layers 180 
Young’s modulus (GPa) 62 
Piezoelectric constant g33 (10-3 V 
m/N) 

12.5 

Capacitance (μF) 1.986 
Density (kg/m3) 8000 
Dimension (mm3) 5 × 5 × 18 

Force 
amplifier 

Intersection angle: α (rad) 0.3 
Dimension (mm3) 12 × 15 × 28.9 
Thickness (mm) 0.5 

Proof mass Mass (g) 22.45 
Spring Stiffness (N/mm) 0.05,0.098,0.29,0.49,0.98,2 

External diameter (mm) 8 
Free length (mm) 10 

PEH Dimension (mm3) 16 × 29.1 × 65.5  
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recorded the terminal voltage of different resistors. The experimental 
conditions were set as follows: the spring stiffness was 0.05 N/mm; the 
treadmill speed was 10 km/h. The equation of the theoretical matched 
impedance of the generator is[62]: 

Rm =
1

2πfCp
(9)  

in which f is the frequency of high-frequency oscillation. With the 
capacitance (1.986 μF) from Table I and the frequency (2000 Hz) 
mentioned above, we obtain the estimated optimal external resistance as 
40 Ω. 

Fig. 5(a) and (b) display the instantaneous power & voltage and the 
current, respectively. The output voltage rises to 29.53 V with the 
increasing external load. It is close to the voltage under the open-circuit 

condition. Then we obtain the instantaneous power (Pp-p) via the 
equation below: 

Pp− p =

(
Vp− p

)2

R
(10)  

where VP− P and R represent the peak-peak voltage and external load, 
respectively. 

With the growth of the load, the peak-peak power increases and 
reaches the maximum, 5.56 W, under the resistance of 39.6 Ω. It is in 
excellent agreement with our estimation. After that, the output power 
decreases to a trivial microwatt level with the increasing value of the 
external resistors. Fig. 5(c) demonstrates the current responses under 
resistances ranging from 5 Ω to 100 Ω. Meanwhile, the current declines 
to a trivial microampere level with the rise of the load. Fig. 5(d) portrays 

Fig. 4. Open-circuit voltage responses under different experiment conditions: (a) instantaneous peak-peak voltage under spring stiffness of 0.49 N/mm and different 
speeds ranging from 4 km/h to 12 km/h. (b) instantaneous peak-peak voltage under the speed of 10 km/h and different spring stiffnesses of 0.05–2 N/mm. (c) the 
instantaneous voltage output from the hand-waving experiment. (d) comparison of the time-domain voltage output results from the experiment and the simulation. 
(e) the experiment and simulation frequencies of instantaneous voltage responses from different spring stiffnesses ranging from 0.05 N/mm to 2 N/mm. 

Fig. 5. Output voltage & power and current of the generator: (a) peak-peak voltage and instantaneous power. (b) current. (c) current responses with different 
resistances. (d) comparison of the load-domain power results from the experiment and the simulation. 
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the load-domain power results from the experiment and the simulation 
(the theoretical acquisition of output power is listed in Appendix A) for 
comparison. The matched impedance and peak power of the simulation 
are 41 Ω and 5.575 W, respectively. The trend and value of the analytical 
results are in excellent agreement with the experimental results. 

As illustrated in Fig. 4(d) and (e), the frequency of the high- 
frequency oscillation is 2000 Hz. According to Eq. (9), the dynamic 
resistance is inversely proportional to the oscillation frequency. A sig
nificant increase in the oscillation frequency will dramatically decrease 
the matched impedance. Moreover, voltage amplitude depends only on 
the external excitation. Since the instantaneous power is inversely pro
portional to resistance, the decrease of dynamic resistance induces a 
considerable increase in output power. 

Then, the maximum average power is calculated as 0.92 mW by the 
equation. 

Pavg =

∫ T

0

U2(t)
Rm

dt (11)  

in which U(t), Rm, Pavg, and T are instantaneous voltage, matched 
impedance, average power, and the excitation duration, respectively. In 
an excitation cycle, the dynamic behavior of the harvester falls into a 
high-frequency oscillation and low-frequency vibration. The peak-to- 
peak voltage amplitude of high-frequency oscillation is tens of times 
than that of low frequency. However, the duration is the opposite. The 
duty ratio of the prototype is usually around 40%. Therefore, the 
average power is much less than instantaneous power. 

Stretchable epidermal devices can better attach to the human body 
because of elastic extension. However, due to low piezoelectricity, the 
average power and peak power of stretchable piezoelectric energy 
harvesters is μW level [3843] and mW level [42] while most matched 
impedances range from hundreds of kΩ even to dozens of MΩ [37]. The 
proposed generator can reach the uttermost power of 5.56 W with the 
matching impedance of 39.6 Ω. The maximum average power is 0.92 
mW under the excitation frequency of around 2.5 Hz. Compared with 
stretchable epidermal devices, the proposed generator achieves higher 
output power at small matched impedance. 

Table 2 depicts an output performance comparison for the proposed 
2DOF PEH and other harvesters with the frequency up-conversion 
mechanism. The matching impedance of the 2DOF PEH is less than 
those of others, and the average power is greater at a comparatively 
weaker excitation condition from Table 2. 

3.4. Experiments of powering LEDs 

In Section 3.3, the generator generated the maximum instantaneous 
power of 5.56 W, which displays excellent potential for powering elec
tronics and sensors. To further test the charging capacity of the gener
ator, a series of experiments were carried out. Fig. 6(a) represents the 
experimental circuit. We chose different appliances controlled by 
switches. Firstly, we conducted the lighting experiment (the switches S1 
and S2 on, the others off). The excitation was the same as that in Section 
3.3. The working voltage of the LEDs, which is the red color when lit up, 
is 1.67 V. A ’SHU’ (short for Shanghai University) array consisting of 46 
diodes lighted up successfully. Fig. 6(b) displays the lighted LED array. 

To depict the blinking process of LED array precisely, we recorded 
the terminal voltage of the LEDs (Fig. 6 (c)). The array was lighted up 
with the terminal voltage exceeding the working voltage (1.67 V). The 
LED array can be regarded as a capacitor that can store redundant 
charges when extinguished. Hence, the terminal voltage is sustained at 
around 1 V. We have demonstrated that the response voltage frequency 
of the generator is considerably higher than the excitation frequency due 
to the frequency up-conversion effect in the previous section. In a single 
excitation, the LED array is lighted up with the voltage exceeding the 
operating voltage; when the voltage falls below the threshold, the LED 
goes out, and the generator continues to charge the capacitor. When the 
capacitor voltage reaches the LED operating voltage, the LED array 
lights up. Thus, the blinking frequency is greater than that of the running 
motions. 

3.5. Experiments of charging capacitors 

In the capacitor-charging experiments, we investigated the satura
tion voltage and average charging power of different capacitors charged 
by the generator. The excitation conditions were set the same as in 
Section 3.4 (switches S1 and S2 on, the others off in Fig. 6(a)). In the 
experiments, we employed four different capacitors: 220 μF, 470 μF, 
1000 μF, and 3300 μF. 

Fig. 7(a) illustrates the terminal voltages of the different capacitors 
in the running experiments. The termination voltages vary with the 
different capacitances. With the increase of the capacitance, the 
maximum voltage decreases. We set the charging time to 120 s. The final 
voltage of the 220 μF capacitor is 11.01 V. The saturation voltage of the 
470 μF capacitor is 9.89 V, slightly lower than that of the 220 μF 
capacitor. Then, the saturated voltages of 1000 μF and 3300 μF capac
itors are 5.83 V and 2.59 V, respectively. We then conducted capacitor 
charging tests for handwaving. The charging time is 20 s. The final 
charging voltages of the cases with capacitances of 470 μF, 1000 μF, and 
3300 μF are 2.274 V, 1.415 V, and 0.767 V, respectively. The case with 
the capacitance tuned to 220 μF yields the maximum charging voltage, i. 
e., 2.95 V. 

The average charging power (Pa) is. 

Pa =
Cp(U2

2 − U2
1)

2t
(12)  

in which CP, U1, U2, and t represent the capacitance, initiation voltage, 
termination voltage, and charging time, respectively. 

Fig. 7(c) displays the average power of charging different capacitors. 
For example, the maximum charging power for the 470 μF capacitor is 
192 μW and 61 μW from the running and hand-waving experiments, 
respectively. Fig. 7(c) clearly illustrates the average charging power gap 
between the running and hand-waving experiments. Although the up- 
conversion frequency is elevated in the hand-waving experiments, the 
excitation is considerably weaker than that in the running experiment. 
Hence, charges elicited from the piezoelectric stack are significantly 
fewer, resulting in far less charging power than in the running 
experiment. 

Table 2 
Summary of frequency up-conversion energy harvesters.  

Refs. Dimensions (mm3) Mechanism Matching Impedance (kΩ) Excitation Average Power 
(mW) 

[8] Ø14 × 42 Electromagnetic 0.05 15 Hz, 20 ms− 2 0.96 
[13] 40 × 25 × 58 Hybrid 0.192 12.5 km/h 75 
[27] 17.35 × 40 × 90 Hybrid 1.15 k 4 Hz 0.006 
[58] Ø70 × 8 Piezoelectric 16 24 Hz, 1 g 0.75 
[63] Ø70 × 15 Piezoelectric 15 2.5 km/h 0.52 
This paper 16 × 29.1 × 65.5 Piezoelectric 0.0396 10 km/h 0.92  
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3.6. Self-powered applications with ample redundant charges 

Then, we further examined the application performance of the 
generator to build a self-powered electronic watch (C-SPORT 0119, 3 V 
nominal voltage), and the minimum voltage required by this watch is 
slightly above 2 V. In the circuit of Fig. 6(a) (switches S1, S2, and S4 on, 
the others off), we first removed the coin battery and connected the 
watch, rectifier, and capacitor (2.2 mF, 25 V) in parallel and then 
charged the watch for 150 s at a speed of 10 km/h and with 0.05 N/mm 
spring stiffness. The real-time terminal voltage is displayed in Fig. 8(a). 

In stage I, the voltage rises to 2.1 V in 52 s, at which the watch begins 
to tell time. In stage II, charges continue getting accumulated into the 
capacitor, and the voltage continues increasing to 4.484 V as the subject 
keeps running. A large number of redundant charges generated by the 
generator are stored in the capacitor, which is regarded as a battery 

when the subject stops running. The phenomenon demonstrates that the 
generator is sufficient to realize the real-time self-powering of the watch. 

In stage III, after the running motion of the subject is suspended, the 
capacitor continues to serve as a battery for the watch. As the watch is 
working, the voltage decreases and eventually drops to 2.008 V, at 
which level the watch becomes challenging to display time, and the 
watch stops working. Compared with the 150 s charging time of the first 
two stages, the redundant charges are still able to power the watch for 
approximately 50 minutes. 

Afterward, we examined the performance of charging a thermometer 
(MITIR 6811623, 3 V nominal voltage). In the circuit displayed in Fig. 6 
(a) (switches S1, S2, and S5 on, the others off), a capacitor (2.2 mF, 25 V) 
was connected in parallel with the thermometer, whose battery was 
removed. The excitation was set the same as that of the experiment of 
charging the electronic watch. To depict the operation process of the 

Fig. 6. The circuit and powering LEDs: (a) the circuit for powering electronics. (b) the lighted LEDs array. (c) the terminal voltage of the LEDs array. The lighted LEDs 
are demonstrated in a video in the supplementary files. 

Fig. 7. Charging performance of the PEH: (a) charging curves in the running experiments; (b) charging curvatures in the hand-waving experiments; (c) the average 
charging power of the running and hand-waving experiments. 
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thermometer in detail, we recorded the terminal voltage of the capacitor 
displayed in Fig. 8(b), which was regarded as a power source. 

In the first 30 s, the terminal voltage reaches 1.0 V. At the same time, 
the LED screen is lighted up, and the thermometer starts to measure the 
temperature of the subject’s palm. In stage II, the generator continued to 
charge the capacitor for 94 s, and the voltage further to 2.032 V. 

To validate the functionality of the thermometer, we measured the 
temperature of the subject’s palm throughout three stages, of which the 
actual value further verified the result. 

In stage III after the excitation stops, the thermometer continues to 
operate for about 60 s. It is redundant charges in the capacitor that 
continues powering it. The results demonstrate that the generator can 
power the sensor in real-time and simultaneously store extra charges 
into the capacitor. The voltage drops to 0.995 V while the LED screen is 
off and the thermometer stops working. 

The watch and thermometer functioned properly without excitation 
in the experiments, relying on substantial redundant charges. Predict
ably, with the continuation of the subject’s running, the generator can 
completely replace the battery of the watch or the thermometer as a 
continuous power supply. The experimental results prove that the 
output performance of the generator is sufficient to realize real-time self- 
powered sensing. 

4. Conclusion 

In this paper, we proposed a piezostack-based frequency-converted 
generator that absorbs vibration-based energy in human ultra-low fre
quency motions to achieve real-time self-powered sensing for wearables. 
The generator consists of a piezoelectric stack, a force amplifier, a 

spring-mass system, and a spring limiter. The impact force induced by 
amplitude truncations of the spring-mass system causes the frequency 
up-conversion effect. A 2DOF model was built to estimate the responses 
of the generator and examine the frequency up-conversion effect. Then, 
we fabricated a prototype and conducted five series of experiments to 
examine the output performance and draw conclusions as follows:.  

1) The numerically estimated voltage responses depicted the high- 
frequency oscillation in each cycle and resulted in a peak-peak 
open-circuit voltage over 20 V. Moreover, the generator voltage in
creases with the rise of excitation amplitude and frequency. 

2) The frequency up-conversion effect is further validated by experi
mental studies contributing to dramatically lowered matched 
impedance (39.6 Ω) and much higher instantaneous peak power 
output at the running speed of 10 km/h.  

3) The generator proves capable of real-time powering low-power 
sensors and generating ample redundant charges to continue pow
ering after the excitation is suspended. With the 150 s charging time, 
the extra stored charges can power a watch to keep working for 
approximately 50 minutes, around 20 times as long as the charging 
phase. 

The generator demonstrates great potential to harvest ultra-low 
frequency vibrations with instantaneous power reaching Watt level. 
The realization of powering wearable sensors with ample redundant 
charges based on a millimeter-sized generator provides a novel angle for 
developing high-performance self-powered sensing from the kinetic 
energy of human motions. As the response and outputs are closely 
related to structural parameters, future work can be emphasized on 
systemic distributed model formulation, analytical solution, and opti
mization for the best performance. 
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