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Abstract—We propose a hybrid approach to enhance the
power generation performance of wrist-worn energy har-
vester. Based on a highly compact framework, the energy
harvester integrates a planetary gear system to increase
energy conversion capacity, an asymmetric carrier to im-
prove motion capacity, and a magnetic spring to enhance
displacement and velocity responses. These power en-
hancement mechanisms work together to boost the output
power of the energy harvester. We develop an analytical
model to theoretically investigate the effects of different
power enhancement mechanisms. A miniature prototype
with a total volume of 2.01 cm3 is fabricated and tested un-
der bench-top excitations. The experiments include air gap
determination of the magnetic spring and measurement of
output power for various power enhancement configura-
tions. It is found that the planetary gear system improves
the power of conventional wrist-worn energy harvester by
335%–1422%. Based on this, the asymmetric carrier and
magnetic spring can further increase the power by 35%–
373% and 16%–278%, respectively. If hybridizing the power
enhancement mechanisms, the output power can reach 8–
28 times that of the conventional structure and the maxi-
mum power achieves 326.27±17.46 µW at 1.2 Hz.

Index Terms—Arm swing, electromagnetic transducer,
energy harvesting, hybrid approach, wearable.

I. INTRODUCTION

ENERGY harvesting from human motion for powering
wearables has attracted significant attention in recent years

[1], [2]. This technology provides a promising solution to ad-
dress some issues of conventional batteries in various applica-
tions, such as Internet of Things (IoTs) applications [3], [4], [5].
Constrained by finite energy capacity, conventional batteries are
incapable of meeting the need for long-term and continuous

Manuscript received 29 May 2023; revised 2 October 2023 and 6 Jan-
uary 2024; accepted 25 March 2024. Recommended by Technical Editor
S. Laghrouche and Senior Editor Q. Zou. This work was supported by
National Natural Science Foundation of China under Grant 52305126,
in part by Xidian University Specially Funded Project for Interdisciplinary
Exploration Project TZJH 2024058, in part by the Hong Kong Innovation
and Technology Commission Project MRP/030/21. (Corresponding au-
thor: Wei-Hsin Liao.)

Mingjing Cai is with the Guangzhou Institute of Technology and
School of Mechano-Electronic Engineering, Xidian University, Xi’an
710126, China (e-mail: caimingjing@xidian.edu.cn).

Wei-Hsin Liao is with the Department of Mechanical and Automation
Engineering, The Chinese University of Hong Kong, Hong Kong (e-mail:
whliao@cuhk.edu.hk).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TMECH.2024.3413086.

Digital Object Identifier 10.1109/TMECH.2024.3413086

sensing in IoT applications [6], [7]. In addition, conventional
batteries seem to be less environmentally friendly since the life
of numerous electronics is prematurely terminated by battery de-
terioration after years’ usage. Instead, the biomechanical energy
of human motion is considered as a sustainable and green energy
source, which enables energy harvesting technology to realize
self-powered IoT applications. Among reported biomechanical
energy harvesters [8], wrist-worn energy harvesters have the
advantages of good wearability and wide excitation range. For
instance, a woodpecker mimic structure integrated into the
watchband was developed to scavenge the kinetic energy of
human arm swinging [9]. Furthermore, wrist-worn energy har-
vesters can be embedded in the wearables to improve application
feasibility and user experience [10]. However, a major obstacle
to embedding the energy harvesters in wearables is the need
for supplying a significant amount of electrical energy when
embedded in a limited space. To take up this challenge, great
efforts have been put to improve the performance of wrist-worn
energy harvesters from different perspectives. Generally speak-
ing, wrist-worn energy harvesters utilize an eccentric weight to
capture the kinetic energy of human arm swing motion and then
use a transducer to convert the captured energy into electricity
[11]. In this manner, the power enhancement methods can be
categorized into three types: increase the eccentric weight to im-
prove captured kinetic energy (motion capture capacity) without
enlarging the volume; employ special mechanisms to enhance
the displacement and velocity responses via potential energy
manipulation; and exploit special mechanisms or designs to im-
prove energy conversion capacity of the transducer by increasing
the transducer’s operating frequency. Although these approaches
are realized with the help of special mechanisms, the power
improvement can outweigh the additional space occupation of
these mechanisms and improve the power density of the energy
harvester.

For the first power enhancement approach, a straightforward
way is to use a large proof mass, but it would make the energy
harvester bulky. A more cost-effective approach takes advan-
tage of the asymmetric structure, which has intrinsic eccentric
weight to serve as the proof mass without increasing the total
volume of the energy harvester [12]. For example, Liu et al.
[13] employed an asymmetric magnet to serve as proof mass
and the rotor of the electromagnetic transducer. A similar idea
was also reported by Maharjan et al. [14] who used a mag-
netic ball to excite a hybridized electromagnetic-triboelectric
transducer, and it produced a maximum power of 94 μW. More
recently, Cai and Liao [15] used the transducer to act as the
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proof mass such that no additional eccentric weight was needed,
which generated a maximum power of 1.46 mW. These devices
usually replaced the proof mass with asymmetric designs of
the transducers. However, these asymmetric designs give rise
to an issue that the transducers cannot efficiently convert the
captured energy. As for enhancing displacement and velocity
responses, springs are introduced to change the system po-
tential energy, thereby increasing the response displacement
and velocity under the same excitation [16]. Halim et al. [17]
applied a torsional spring to a wrist-worn energy harvester that
has vertically upward proof mass to enhance the displacement
and velocity responses and power output (maximum power of
61 μW). Cai and Liao [18] exploited the negative stiffness of
a repulsive magnetic spring to effectively improve the power
generation performance of wrist-worn energy harvester (maxi-
mum power of 151 μW). Other than these approaches, it is an
alternative solution to enhance power output by increasing the
energy conversion capacity of the transducer. For this purpose,
frequency-up conversion mechanisms are invited to boost the
frequency of captured motion, which equivalently increases
the energy conversion capacity of the transducer. Therefore,
the plucking mechanism is explored to overcome low-frequency
human motion excitation [19], [20]. This mechanism uses “catch
to release” effect of the cantilever beam such that the transducer
can work at a natural frequency of the beam regardless of
the excitation frequency. The transducers with the plucking
mechanism, however, are incapable of continuously converting
energy and thus the generated energy is constrained. Another
frequency-up conversion approach is to adopt the spur gear train,
which proportionally accelerates the captured motion and thus
improves the energy conversion capacity of wrist-worn energy
harvester. The first attempt at using a spur gear system was made
by Seiko Automatic Generation System (maximum power of
50 μW) [21]. Later, Kinetron Inc. launched its microgenera-
tor system (MGS) (maximum power of 97 μW) that utilizes
a similar spur gear train as the frequency-up converter [22].
Other than the mechanical gear system, Cai et al. [23], [24]
explored a radial magnetic frequency-up converter to increase
the energy conversion capacity and compactness of wrist-worn
energy harvester (maximum power of 1.74 mW). Zhou et al.
[25] also developed an improved wrist-worn energy harvester
using an axial magnetic frequency-up converter. These works
have laid a solid foundation for enhancing the power generation
of wrist-worn energy harvesters from different perspectives.
However, they only focused on one of the power enhancement
approaches and some of them seem to be incompatible with
the others because of structural constraints, physical constraints,
and electromechanical coupling interface. Furthermore, as every
power enhancement mechanism should require extra space, it is
challenging to apply multiple power enhancement mechanisms
in a highly confined space of wrist-worn energy harvesters.
Given these issues, it raises a question: is it possible to hybridize
various kinds of power enhancement approaches within a highly
confined space to pursue the synergy effect of these approaches?
To answer this question, it is worth exploring a hybrid approach
with low cost of the device space to integrate multiple power
enhancement mechanisms such that they can work together

to further boost the performance. In addition, it is of interest
and benefit to provide an in-depth analysis and comparison of
different approaches under the same framework.

In this article, we propose to integrate multiple power en-
hancement approaches into a highly compact wrist-worn energy
harvester. The proposed energy harvester employs a planetary
gear system as the frequency-up converter to increase energy
conversion capacity, a tiny magnetic spring to enhance displace-
ment and velocity responses, as well as an asymmetric structure
of the planetary gear system to improve motion capture capacity.
Meanwhile, these mechanisms are integrated into a compact
framework, which enables the energy harvester to achieve high
power output and power density. Based on this structure, the
energy harvester is modeled to analyze the effects of different
power enhancement mechanisms. A miniature prototype is also
fabricated to experimentally determine the air gap of the mag-
netic spring and to compare the performances of different power
enhancement mechanisms.

This rest of this article is organized as follows. Section II
will describe the structure and principles of the proposed energy
harvester. A comprehensive model of the energy harvester will
be derived in Section III. Section IV will present experimen-
tal results and discussions. Finally, Section V concludes this
article.

II. PRINCIPLES AND DESIGN OF ENERGY HARVESTER

In this section, the framework of the energy harvester will be
first introduced. Based on this framework, the power enhance-
ment mechanisms that are integrated into the energy harvester
will be illustrated.

A. Framework of Energy Harvester

As mentioned, the wrist-worn energy harvester usually con-
tains a rotational proof mass and a transducer. To improve the
power and power density, a rotational electromagnetic trans-
ducer is adopted because of its high energy conversion effi-
ciency and geometry compatibility with the proof mass [26].
In this manner, the proof mass and the rotor of the transducer
can share the same axis of rotation. Starting from this funda-
mental structure of wrist-worn energy harvester, a planetary
gear system is selected as the frequency-up converter since
its input and output motions are coaxial. Therefore, the proof
mass, frequency-up converter, and transducer can be coaxially
arranged to improve structure compactness. As shown in Fig. 1,
the framework of the energy harvester comprises a motion
capture unit (proof mass), a frequency-up converter (planetary
gear system), and a power generation unit (electromagnetic
transducer). This framework provides a compact structure for the
energy harvester that allows it to be embedded in a wrist-worn
wearable electronic. Note that the planetary gear structure of
this framework already enables the frequency-up conversion
feature of the energy harvester. When the human arm swings,
the motion is captured by the proof mass and accelerated
by the frequency-up converter. Excited by high-frequency mo-
tion, the transducer efficiently converts kinetic energy into elec-
trical energy.
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Fig. 1. Framework architecture of the energy harvester. (a) Exploded
view of the energy harvester. (b) Cross-sectional view of the energy
harvester. (c) Motion transmission diagram for the system. The motion
transmitted to the magnetic spring is only applicable when it is activated.

B. Principles of Hybrid Performance Enhancement
Approach

The framework enables the energy harvester to be equipped
with a hybrid power enhancement approach. Thanks to the
motion amplification effect of the planetary gear system, the
energy conversion capacity of the transducer can be significantly
improved. Based on this framework, motion capture capacity
improvement is realized by exploiting an asymmetric design of
the carrier, as shown in Fig. 2(a). The carrier is installed on the
ring gear via a ball bearing that only allows rotational motion
of the carrier. A half of the carrier adjacent to the proof mass is
filled with the base material while the other half is excavated to
create additional eccentric mass for the energy harvester. As a
result, the carrier also belongs to the motion capture unit. Since
the motion capture capacity is positively correlated with the
eccentric mass, the asymmetric design of the carrier enables
the energy harvester to gain additional eccentric mass without
paying the price of extra space. Different from the previous
works [13], [14], [15], the asymmetric carrier of this energy
harvester does not compromise the energy conversion capacity
of the transducer for two reasons: it is incorporated into the
frequency-up converter, instead of the transducer. In this manner,
the coils and the magnets of the transducer can be fully utilized
since they can simultaneously participate in energy conversion;
it does not affect the transmission ratio of the frequency-up

Fig. 2. Principles of the power enhancement mechanisms. (a) Asym-
metric carrier. Half of the carrier is excavated while the other half is
filled with materials without interfering with the motion of the planetary
gear system. (b) Principles of repulsive magnetic spring. The symbol “g”
denotes the direction of gravity acceleration and the zero points at each
horizontal axis represent the stable equilibrium points of the proof mass.

TABLE I
PARAMETERS OF THE ENERGY HARVESTER

converter because the space of the gears is not occupied by the
additional material.

The last power enhancement approach integrated into the
energy harvester is introducing a tiny repulsive magnetic spring.

As shown in Fig. 1(b), a pair of permanent magnets is
mounted on the carrier to rotate in relation to the base while
the other one is fixed. These two pairs of permanent magnets
are reversely polarized such that repulsive torque is exerted
on the carrier when the proof mass oscillates around its stable
equilibrium point. Fig. 2(b) schematically depicts the potential
energy with respect to displacement of the proof mass with
and without the magnetic spring. It is shown that the magnetic
spring adds symmetric negative stiffness to the energy harvesting
system, which effectively lowers the system potential energy
well depth. Under the same excitation, the proof mass obtains
larger displacement and velocity to enhance power generation.
This approach employs magnetic interaction to enhance the
displacement and velocity responses of the energy harvester
without increasing mechanical friction. Furthermore, since the
magnetic spring only takes away around 2.3% of the energy
harvester’s volume and part of it is embedded into the carrier,
the additional space for the magnetic spring is negligible. Key
design parameters of the energy harvester are given in Table I.
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Fig. 3. Lumped model for energy harvesting system dynamics.
(a) Schematic model for system dynamics of the energy harvesting
system on the sagittal plane. (b) Corresponding coordinate frames and
masses. (c) Illustration of the out-of-plane angles β and γ.

Note that empirical values of the gears are selected considering
the tradeoff between gear ratio and mechanical friction, space
limitation, and manufacturing difficulty.

Compared with the fundamental structure of wrist-worn en-
ergy harvester (only comprising a proof mass and a transducer),
the planetary gear system of this energy harvester occupies
around one-third of the total volume to increase energy con-
version capacity. However, benefiting from the framework of
the energy harvester, the other power enhancement methods
can be integrated into the planetary gear system with minimal
space. Thus, integrating multiple approaches with minimal space
becomes an advantage over the competitors. In the following
sections, it will be theoretically and experimentally shown that
the power improvement will significantly outweigh the addi-
tional volume that is used for integrating the hybrid power
enhancement approach.

III. SYSTEM MODEL OF ENERGY HARVESTER

In this section, a mathematical model of the energy harvesting
system will be derived to analyze the performances of different
power enhancement mechanisms.

A. System Dynamics

A schematic model of the proposed energy harvesting system
is shown in Fig. 3. In this lumped model, the energy har-
vesting system consists of a damper, a nonlinear spring, and
three masses. The damper represents system energy dissipation
caused by mechanical friction and electricity generation, while
the nonlinear spring results from the repulsive magnetic spring.
The masses account for the movable components of the energy
harvester: m1 is the combined mass of the sun gear, the per-
manent magnets, the back iron, the rotor, and I1 is the moment
of inertia about its center of mass (COM); m2 is the mass of
the planet gear, and I2 is the moment of inertia about their
COM. The distance l2 denotes the center distance between the

planet gear and the sun gear; and m3 is the combined mass of
the carrier and proof mass and it has eccentric length l3 and
moment of inertia I3 about its COM. Note that the planetary
gear system amplifies the rotational velocity of the proof mass.
The transmission ratios of the sun gear and planet gear to the
proof mass are calculated as is=T3/T1+1 and ip=−(T3/T2+1),
respectively. Here, T1, T2, and T3 are the teeth numbers of the sun
gear, planet gear, and ring gear, respectively. In this derivation,
all the vectors are highlighted in bold to avoid confusion. For
simplification, it is assumed that only the arm swing motion on
the sagittal plane is considered as the excitation of the energy
harvester, and the out-of-plane rotation is ignored. Lagrangian
approach is used to derive the equation of motion and multiple
coordinate frames are introduced: coordinate O0 is the inertial
reference frame; coordinate O1 denotes the reference frame that
is fixed at the center of the base; and coordinate O2 is fixed
on the COM of mass m3. To consider a general model for
arbitrary excitations on the sagittal plane, an accelerometer is
assumed to be secured on coordinate O1 to collect excitation
accelerations. Since an accelerometer typically reports the sum
of excitation acceleration plus gravity acceleration, the potential
energy contributed by gravity is ignored in the Lagrangian, and
the gravity is treated as part of the excitation accelerations [15].
The acquired human motion accelerations Ẍ1, Ÿ1, and θ̈e serve
as input of the dynamic model. Based on these, the system kinetic
energy can be obtained as

T=
1
2

⎧⎨
⎩I1

(
isθ̇r

)2
+I2

(
ipθ̇r+θ̇a

)2
+I3θ̇

2
a+

3∑
j=1

mj‖vj‖2

⎫⎬
⎭
(1)

where vj denotes the translational velocities of masses m2 and
m3 and their subscript index is consistent with these masses. The
angular speeds θ̇r and θ̇a are defined in Fig. 3. The sum of the
first three terms represents the rotational component of system
kinetic energy while the last one is the translational component.
The vector form of the translational velocities can be expressed
in coordinate O1

vj=

[
Ẋ1 cos θe + Ẏ1 sin θe + lj θ̇a cos θa
−Ẋ1 sin θe + Ẏ1 cos θe − lj θ̇a sin θa

]
, j = 1, 2, 3 (2)

where l1 denotes the eccentric length from its center and thus it
equals zero. In the energy harvesting system, the captured kinetic
energy is dissipated via mechanical friction and the transducer.
Rayleigh dissipation function is employed to account for the
damping effect

R = bθ̇2
r

/
2 (3)

where b is the combined damping coefficient of mechanical
friction and energy conversion. If there is no magnetic spring,
the equation of motion can be derived as

θ̈r = −
{
(αm2 +m3) l3

[
Ẍ1 cos θr − Ÿ1 sin θr

]
+bθ̇r +Ieθ̈e

}/
Ic (4)
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where Ic = m2l
2
2 +m3l

2
3+I3 + (ip + 1)2I2 + i2

sI1 and Ie =
m2l

2
2 +m3l

2
3+I3 + (ip + 1)I2. So far, the system dynamics

model is applicable to the sagittal plane. With different orien-
tations of the device, there exist nonzero out-of-plane angles β
(on the transverse plane) and γ (on the coronal plane), as shown
in Fig. 3(c). To account for the effects of β and γ, the excitation
accelerations Ẍ1 and Ÿ1 can be expressed as[

Ẍ1

Ÿ1

]
=

[
Ẍ1e

Ÿ1e

]
cosβ −

[−g sin θe
g cos θe

]
cos γ (5)

where Ẍ1e and Ÿ1e (expressed in framework O1) are the acceler-
ations solely excited by human arm swinging. The model can be
extended to different orientations of the device by substituting
(5) into (4). The magnetic spring adds a symmetric nonlinear
repulsive torque that is the function of θ1 to the proof mass.
Thus, the equation of motion becomes (6) shown at the bottom
of this page.

The magnetic torque Tz of the spring represents the interac-
tion between the proof mass and the magnetic spring. It will
be analytically derived to solve the equation of motion. The
mechanical and electrical domains of the system are coupled by
the coefficient b. With the states of the relative angle between
coordinate O1 and coordinate O2, an analytical model will be
constructed to calculate the generated power.

B. Magnetic Spring Model

The magnet sectors of the magnetic spring and the transducer
are axially magnetized, and the adjacent magnet sectors have
alternating polarities. Given this, a general model can be derived
to describe the magnetic field distributions of the magnetic
spring and the transducer. Except for the permanent magnets and
back iron, the other components are made of nonferromagnetic
materials whose magnetic permeability is approximately equal
to that of the air. Therefore, they are ignored in this model.
The existence of the back iron affects the magnetic field dis-
tribution of the magnetic spring and the transducer. However,
the back iron significantly shields the magnetic field excited by
the transducer magnets such that the magnetic interference (MI)
between the magnetic spring and the transducer is negligible.

Fig. 4. Schematic model of the magnet array. Note that only one
magnet sector of the magnet array is shown.

Thus, their magnetic field distribution can be independently
modeled. Considering an axially magnetized magnet array with
alternating polarities of adjacent poles and an infinitely large
back iron, as shown in Fig. 4, the magnetic field at a point P
outside the magnets can be regarded as the superposition of the
magnet array and its image magnets. The mirror image method
would not cause significant errors in magnetic field distribution
if the back iron is sufficiently large. For clarification, the prime
symbol is used to indicate the coordinates of the image and real
magnets, while the coordinates of the point P are represented
without prime symbols. The radial and tangential components
of the magnetic potential vector at a point outside the magnets
can be given as

In (7) and (8) shown at the bottom of this page, Br, Np, and h
are the remanence of the magnets, pole number of the magnet ar-
ray, and thickness of the magnet sector, respectively. In addition,
k= 1 and 2 denote the cases for real magnets and image magnets,
respectively. The integral limits r′j,k,1, r′j,k,2, θ′j,k,1 and θ′j,k,2
are the inner radius, outer radius, left- side angle, and right-side
angle of the jth real or image magnet sector, respectively. The
integral limit z

′
j,k satisfies that z

′
j,2− z

′
j,1= 2d+h. Here, d is

the air gap between the magnet array and the back iron, and it

θ̈r = −
{
(αm2 +m3) l3

[(
Ẍ1e cos θr − Ÿ1e sin θr

)
cosβ + g sin θa cos γ

]
+bθ̇r − Tz (θr) + Ieθ̈e

}/
Ic (6)

Ar (r) =
Br

4π

NP∑
j=1

2∑
i=1

2∑
k=1

(−1)j+i+1

[∫ z′
j,k+h

z′
j,k

∫ θ′
j,k,2

θ′
j,k,1

sin (θ − θ′)
|r − r′ |

∣∣∣∣
r′

j=r′j,k,i

r′j,k,idθ′dz′ −
∫ z′

j,k+h

z′
j,k

∫ r′j,k,2

r′j,k,1

cos (θ − θ′)
|r − r′ |

∣∣∣∣
θ′

j=θ′
j,k,i

dr′dz′
]

(7)

Aθ (r) =
Br

4π

NP∑
j=1

2∑
i=1

2∑
k=1

(−1)j+i+1

[∫ z′
j,k+h

z′
j,k

∫ θ′
j,k,2

θ′
j,k,1

cos (θ − θ′)
|r − r′ |

∣∣∣∣
r′j=r′j,k,i

r′j,k,idθ′dz′ +
∫ z′

j,k+h

z′
j,k

∫ r′j,k,2

r′j,k,1

sin (θ − θ′)
|r − r′ |

∣∣∣∣
θ′

j=θ′
j,k,i

dr′dz′
]
. (8)
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equals zero for the transducer since the back iron is attached to
the magnet array.

With the radial and tangential components of the magnetic
potential vector, the axial component of the magnetic flux den-
sity at point P is written as

Bz (r) =
1
r

[
∂

∂r
rAθ (r)− ∂

∂θ
Ar (r)

]
. (9)

So far, (7) and (9) provide a general model to calculate
the radial and tangential components of the magnetic potential
vector and the axial component of the magnetic flux density at
point P. Based on this model, we can further derive the magnetic
torque of the magnetic spring and the generated power of the
transducer. For the magnetic spring, after obtaining the magnetic
field distribution of the magnets that are mounted on the carrier,
the equivalent surface current of the other pair of magnets can
be calculated via jM = M × n (M and n are the magnetization
intensity of the magnets and normal unit vector, respectively).
Then the magnetic torque can be given as

Tz =

∫
s

ρ× [jM ×Bz (r)] dS

=

Np∑
i=1

(−1)i+12M
∫ z2

z1

∫ r2

r1

rBz (r) |θ=θidrdz . (10)

Here, z1, z2, r1, r2, θ1, and θ2 are the upper surface height,
lower surface height, inner radius, outer radius, left-side angle,
and right-side angle of the magnets that are fixed. Note that
the coordinates of these magnets are not denoted with prime
symbols since they are used to describe the geometry of the
equivalent surface current. From the derived model, the magnetic
torque implicitly depends on the air gap between two pairs of
magnets and their relative displacement θr = θ′1−θ1.

C. Power Generation Model

The transducer contains a set of coils in series. Each coil
comprises a set of stacked layers of copper wires, and each
layer consists of concentric copper sectors. Given the relative
angle between coordinate O1 and coordinate O2, the magnetic
flux linkage of the copper coils can be obtained by integrating
the magnetic potential vector alone the copper coils, which is
expressed as

ϕ (θr)

= Nc

N∑
n=1

(∫ rn,2

rn,1

Ar (r)|
θ=θn,1

dr +

∫ rn,1

rn,2

Ar (r)|
θ=θn,2

dr

+

∫ θn,2

θn,1

Aθ (r) r|
r=rn,2

dθ +

∫ θn,1

θn,2

Aθ (r) r|
r=rn,1

dθ

)

(11)

where Nc and N are the number of the coils and the turns number
of a coil, respectively. Then, the derivative of the magnetic flux
linkage with respect to time gives the induced electromagnetic
force of the transducer

E (t) = −dϕ (θr)

dt
= −dϕ (θr)

dθr
θ̇r. (12)

Since the excitation frequency of human motion is around
1 Hz, the inductance of the coils is negligibly small and can be
ignored. Then the circuit model of the energy harvester can be
described as a voltage source and a series internal resistance.
Assume a resistor is connected across the terminals of the coils,
the average output power can be calculated

Pavr =
1
T

∫ t+T

t

iL(t)
2RLdt

=
1
T

∫ t+T

t

E(t)2RL

/
(Ri +RL)

2dt. (13)

Here, iL, Ri, and RL are the load current, internal, and load
resistances, respectively. T denotes the time of a walking cycle. If
the load resistance is equal to the internal resistance, the optimal
output power can be achieved. The fully coupled system model
can be summarized as state space form (14) shown at the bottom
of this page wherex1 = θr andx2 = θ̇r. The output power y(t) is
the output of the energy harvesting system, which is consistent
with the diagram shown in Fig. 1(c). On the basis of average
power, the optimal load resistance, which may not be equal to the
internal resistance, should depend on the excitation frequency
and amplitude for a given device. However, a load resistor that
is equal to the internal resistance can guarantee that the least
electrical energy is wasted on the coils and will provide a great
convenience for theoretical and experimental analysis.

So far, it is ready to evaluate the average output power using
the above equations and the excitation accelerations Ẍ1 and Ÿ1 as
input. Since it is difficult to obtain the analytical solution to (6),
one can numerically solve it with the help of MATLAB. Using
the expression of the magnetic torque Tz, (6) can be numerically
solved by MATLAB ODE tools, and the states of θr are acquired.
Substituting states of θr into (12) and (13) yields the average
output power.

D. Simulation of Energy Harvesting System

As discussed, the magnetic field distribution is analytically
modeled based on the assumptions of infinitely large back iron

[
ẋ1

ẋ2

]
=

[
x2

(−bx2 + Tz)/Ic

]
+

[
0{

− (αm2 +m3) l3

[(
Ẍ1e cosx1 − Ÿ1e sinx1

)
cosβ + g sin θa cos γ

]
− Ieθ̈e

}/
Ic

]

y(t) = (dϕ/dx1)
2x2

2RL

/
(Ri +RL)

2 (14)
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Fig. 5. Magnetic torque and flux linkage of the coils for various air
gaps between the magnets of the magnetic spring. (a) Magnetic torque
with respect to θr for analytical model and FEM. (b) Flux linkage with
respect to θr for analytical model and FEM. The air gap of the magnetic
spring in FEM is 3 mm. The FEM results with and without MI are almost
overlapped.

and MI cancellation. To verify the analytical model, the finite-
element model (FEM) is performed using ANSYS Electromag-
netic Suite (ANSYS Inc., USA). In the analysis, the parameters
of the permanent magnets and the back iron are consistent with
the designed ones. The magnetic torque of the magnetic spring
and flux linkage of the coils with and without MI are calculated
via FEM. To this end, both permanent magnets of the transducer
and the magnetic spring are modeled in the FEM to consider MI
while the irrelevant magnets are removed to obtain the results
without MI.

The magnetic torque and flux linkage generated by the an-
alytical model and FEM are shown in Fig. 5. It is found that
there are no significant differences between the FEM results
with and without MI, which implies that the magnetic spring and
the transducer can be independently modeled. This is attributed
to the careful design of the magnets’ number of pole pairs. In
addition, the analytical torque of the magnetic spring and the flux
linkage of the transducer match well with the FEM results, which
verifies the analytical model of the magnetic spring. Although
the analytical model is expected to slightly overestimate the
result, it seems that the differences between the analytical model
and FEM are barely sensible since the designed back iron is
sufficiently large. Therefore, the analytical model would not
cause significant error in predicting the power output of the
energy harvester and it has significant advantages in computation
speed and optimization. It can also be found from Fig. 5(b)
that the magnetic force is positive when θr > 0 and it becomes
negative if θr < 0. This indicates that the magnetic spring creates
a negative stiffness in the system.

Based on the analytical model and the designed parameters
of the energy harvester, simulations are performed to predict
the effects of different power enhancement mechanisms. For
this purpose, different combinations of power enhancement

TABLE II
CONFIGURATIONS OF POWER ENHANCEMENT MECHANISMS

Fig. 6. Components modification for different configurations. The plan-
etary gear system is installed on the backside of PMS.

mechanisms are configured to evaluate their effects. As given in
Table II, conventional structure (CON) only has the architecture
of a conventional wrist-worn energy harvester and serves as the
control group to quantify the power improvement brought by
different approaches. In this configuration, the carrier is locked
with the sun gear. Compared with CON configuration, planetary
gear system structure (PLG) equips the planetary gear system,
but the asymmetric carrier and magnetic spring are disabled.
Based on PLG configuration, planetary gear system and asym-
metric carrier structure (PAC) and planetary gear system and
magnetic spring structure (PMS) enable asymmetric carrier and
magnetic spring, respectively. For PAM configuration, all three
approaches are activated in the energy harvester. The compo-
nents modification for different configurations are shown in
Fig. 6. To mimic the motion of human arm swinging, a swinging
pendulum with harmonic motion is assumed to excite the energy
harvester in the simulation. The parameters of different config-
urations are given in Table III. The configurations satisfy the
models constructed in Section III, but the parameters m3, I3, l3,
and damping coefficient vary for different configurations. The
damping coefficients of different configurations are experimen-
tally determined, and the experiment details will be illustrated
in Section IV. Apart from these parameters, special treatment is
required for some configurations when they are simulated with
a unified system dynamics model. First, the magnetic torque Tz

is set to zero for the configurations without the magnetic spring,
such as CON, PLG, and PAC. Then the transmission ratio is
equals zero for CON.

The average power of PMS and PAM configurations with
respect to the air gap of the magnetic spring is shown in Fig. 7.
It is found that with a decreased air gap, the average power
generally increases and reaches the peak. This is attributed to
increasing repulsive magnetic torque that helps the proof mass
escape from the stable equilibrium point. However, if the air
gap continues to decrease, the power plunges to the valley point
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TABLE III
PARAMETERS OF DIFFERENT CONFIGURATIONS

Fig. 7. Average output power of PMS and PAM with respect to the
air gap of the magnetic spring under various excitation frequencies
and amplitudes. (a) Excitation amplitude of 18° for PMS. (b) Excitation
amplitude of 25° for PMS. (c) Excitation amplitude of 18° for PAM.
(d) Excitation amplitude of 25° for PAM. The power of PMS and PAM
at an infinite air gap corresponds to PLG and PAC, respectively. β and γ
are zero.

where the proof mass is trapped at the equilibrium points created
by gravity and strong magnetic force. With a further decreased
air gap, the proof mass is held vertically by the magnetic spring
since strong magnetic torque stabilizes the points around θr =
±180°. In this case, the power output first rapidly increases
from the valley point and reaches another peak, then begins to
decrease. Taking the valley point as the critical point, the output

Fig. 8. Fabricated prototype. (a) Photo of the prototype. (b) Compo-
nents of the prototype.

power of the energy harvester undergoes an approximate mirror
process with respect to the air gap because the stable equilibrium
point of the energy harvester is reversed by the magnetic spring.
From Fig. 8, compared with the configurations without magnetic
spring (the output power at infinite air gap of PMS and PAM
corresponds to the power of PLG and PAC, respectively), the
magnetic spring could significantly enhance the output power if
the air gap is properly selected. In addition, it seems that PMS
could more effectively boost power generation than PAC for a
certain range of air gaps. Compared with PMS, PAM achieves a
more significant improvement in output power under the same
excitation, which highlights the predominance of hybridizing
all the power enhancement mechanisms. For given excitation
amplitude and frequency, there exists an optimal air gap to
achieve maximum power output. It seems that the optimal air
gap shifts to a smaller value if the excitation amplitude becomes
larger. In addition, the optimal air gap of PAM is larger than
that of PAC in the same condition. The average kinetic energy
may account for this. For more energetic excitation and larger
eccentric mass, the energy harvester acquires higher kinetic
energy such that stronger magnetic torque is required to trap
the motion. Based on the simulation results, it is suitable to
select an air gap that should not be smaller than the optimal
value. Otherwise, the power may plunge into the valley because
of manufacturing error. It is worth noticing that if the device
orientation is changed, i.e., there exists a non-zero angle between
the gravity vector and the axis y0, the equivalent gravity potential
energy well depth would become lower. This would cause a
similar effect of the repulsive magnetic spring, and the curves
shown in Fig. 7 shift to the right.

IV. EXPERIMENTAL VALIDATION

A. Prototype Fabrication

According to the design, a miniature prototype was fabri-
cated to experimentally validate the hybrid power enhancement
approach. As shown in Fig. 8, the dimension of the prototype is
25 mm × 4 mm (diameter × thickness, exclusive of magnetic
spring). The total volume including the magnetic spring is
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Fig. 9. Experimental setup. (a) Overview of the experimental setup.
(b) Schematic illustration for configuring β. The wedge is fixed at the
end of the pendulum and swings with the pendulum. (c) Schematic
illustration for configuring γ. The motor is installed on the wedge.

2.01 cm3. To the best of our knowledge, it is the smallest device
among the wrist-worn energy harvesters. The total weight of the
prototype (three power enhancement mechanisms are available)
is 9.8 g. For convenient testing and simulation, one pair of the
magnetic spring’s magnets is permanently fixed on the carrier
and the other pair can be easily removed when the magnetic
spring is disabled. Furthermore, to configure the carrier to the
asymmetric structure quickly, the filled space and the excavated
space shown in Fig. 2(a) are designed as a component that can
be easily disassembled.

B. Bench-Top Excitation Testing

To simulate the excitation of the human arm swing, an exper-
imental setup shown in Fig. 9(a) was built. Although the energy
harvester is designed for capturing the kinetic energy of human
arm swinging motion, the motion simulator can generate more
consistent excitations than a human being does. It can reduce
the disturbances of inconsistent excitations and it is convenient
to make performance comparisons between different configura-
tions. Since the human arm swing resembles sinusoidal motion
[27], a pendulum with a length of 50 cm was employed to mimic
the human arm, which was driven by a stepper motor (Telesky
HBS86H, China). The excitation frequencies and amplitude
of the created sinusoidal motion ranged from 0.8–1.2 Hz and
18°–25°, respectively. The prototype was secured at the terminal
of the pendulum and excited by the pendulum. A pair of the
magnetic spring’s magnets were fixed on a screw gauge (Mitu-
toyo IM 175, Japan) for quick setup and adjusting the air gap of
the magnetic spring (see the right view of Fig. 9). To measure
the output power, an optimal resistor was directly connected
to the prototype without current rectification and its voltage
was recorded by the oscilloscope (Keysight DSO-X 3024A,
USA) to calculate the average power. In a real application, the

current rectification should result in energy loss and thus the
measurement without rectification will overestimate the output
power. However, due to the ultralow voltage drop (as low as
43 mV for MAX40200, Analog Devices) of the commercial
diodes, it is informative to evaluate the output power without
rectification. For each trial, the experiments lasted for 60 s and
were repeated 5 times with the same prototype. Then the average
power was obtained by averaging the repeated data and standard
deviations were calculated for the error bars of each trial. To
evaluate the performance of different orientations of the device,
a wedge was used to configure the angles of β and γ, as shown
in Fig. 9(b) and (c).

Apart from measuring the average power, the combined
damping coefficient was acquired to perform the simulations via
a free oscillation experiment [18]. To this end, the base of the
prototype was vertically fixed, and an optimal resistor was also
used to dissipate the generated electricity. In the experiment,
the proof mass was released to freely oscillate with an initial
condition of θr = 90° and zero speed. A camera was employed
to track the trajectory of the proof mass, which was used to
obtain the combined damping coefficient via curve fitting. This
process was repeated 5 times for different configurations of the
prototype. Using this method, the combined damping coeffi-
cient b was measured to be 3.1 × 10−6 N·m·s/rad for CON,
3.05 × 10−5 N·m·s/rad for PLG and PMS, and 3.12 × 10−5

N·m·s/rad for PAC and PAM, respectively. By disconnecting
the load resistor, the mechanical damping coefficient bm for
PLG, PMS, PAC, and PAM was measured to be 2.9 × 10−6

N·m·s/rad. Therefore, it leads to a transmission efficiency of ηm
= (1- bm/b) × 100% = (1−0.29/3.05∼3.12) ×100%≈93.5%.
With the efficiency of copper loss for Ri = RL, the electrical
efficiency ηe = RL/(Ri+RL) ×100% = 50%. Then the total
efficiency of PLG, PMS, PAC, and PAM is estimated to be η =
ηm×ηe = 93.5% × 50% = 46.75%.

C. Results and Discussions

As discussed, the optimal air gap of the magnetic spring
depends on the excitation amplitudes and frequencies. How-
ever, the optimal air gap for a specific excitation amplitude
and prototype configuration may lead to power deterioration
of another excitation condition or configuration. To ensure the
effectiveness of the magnetic spring for all the testing conditions
and configurations, it seems to be safe to select an air gap that
is not smaller than 3.5 mm from Fig. 7(a). In the experiment,
we tentatively used different air gaps for PMS and PAM to
experimentally determine the air gap of the magnetic spring
under different excitation intensities (or excitation accelera-
tions). The excitation acceleration is proportional to the square of
the excitation frequency, excitation amplitude, or the pendulum
length. Therefore, the average output power versus excitation
frequency for different excitation amplitudes and configurations
is presented, as shown in Fig. 10. It is observed that the value of
maximum output power lies at 4.0 mm, instead of a smaller value
that is predicted by the analytical model. This probably results
from manufacture and assembling errors of the magnetic spring,
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Fig. 10. Measured average output power of PMS and PAM for various
air gaps of magnetic spring with zero β and γ. (a) Excitation amplitude
of 18° for PMS. (b) Excitation amplitude of 25° for PMS. (c) Excitation
amplitude of 18° for PAM. (d) Excitation amplitude of 25° for PAM.

which leads to asymmetric magnetic field distribution and cre-
ates an additional stable equilibrium point to trap the proof mass.
The magnetic field asymmetry becomes more severe if the air
gap is smaller. As a result, we found that the proof mass could be
occasionally trapped and thus the output power is significantly
weakened if the air gap is smaller than 4.0 mm. In addition, the
asymmetric magnetic field exerts additional magnetic torque on
the magnets of the transducers to constrain their motion. Such
additional magnetic torque is then amplified by the planetary
gear system and further reduces the output power. Apart from
this, it is noted that the air gap of 3.8 mm for PAM outperforms
the air gap of 4.2 mm in general while the results are contrary for
PMS. Since PAM has the asymmetric carrier design, it seems that
the effect of manufacture and assembling errors can be abated by
increased eccentric mass. The prediction may be more accurate
if the magnetic field asymmetry is considered in the model.
However, the model will become extremely complicated, and
the computing resource requirement may be unacceptably high.
Moreover, it is difficult to precisely measure the magnetic field
asymmetry effect because of the prototype’s highly compact
structure.

After determining the air gap of the magnetic spring, the
average output power of different configurations for various
excitation amplitudes and frequencies was also measured, as
shown in Fig. 11. It can be observed that, within the testing
frequency range, the output power is positively correlated with
excitation intensity and the maximum power is achieved at
1.2 Hz for each configuration. It is worth noticing that the
upper limit of output power may not exist since the potential
energy curve of this energy harvesting system is periodic, and

Fig. 11. Measured and simulated average output power with respect
to excitation frequency for various configurations. The air gap of the
magnetic spring is 4.0 mm for PMS and PAM. The angles of β and γ
are zero.

there exists the maximum potential energy point. Therefore, if
the proof mass is energetic enough to overcome the maximum
potential energy point, the output power could continue to in-
crease with the excitation frequency. Using the measured data in
Fig. 11, the power improvement range for the testing excitation
frequencies and amplitude can be calculated. Compared with
CON, PLG can improve the output power by 335%–1422% since
the energy conversion capacity is significantly enhanced by the
planetary gear system. Since PAC and PMS integrate one more
power enhancement technique, the output power of these two
configurations generally outperforms that of PLG, which further
improves the output power by 35%–373% and 16%–278%,
respectively. Although PAC and PMS are both equipped with
two kinds of power enhancement mechanisms, it is observed
that the output power of PAC is evidently higher than that of
PMS. However, this result conflicts with the simulated power
shown in Fig. 11, which is probably caused by the manufacturing
and assembling errors that we have discussed. For PAM con-
figuration, the prototype hybridizes three power enhancement
mechanisms and has the best performance in average output
power, which further improves the power of PAC and PAM
by up to 26% and 56%, respectively. The power performance
of different configurations can also be verified by the load
voltage shown in Fig. 12. It shows that the configurations with
the power enhancement approaches obtain remarkably higher
voltage than that of CON, and PAM achieves the highest output
voltage. This reveals that different power enhancement mecha-
nisms integrated into the energy harvester can work together to
maximize power improvement for the whole excitation range.
With the air gap of 4.0 mm, PAM achieves a maximum power
of 326.27±17.46 μW at 1.2 Hz for the excitation frequency
of 25°. Besides, it is worth mentioning that compared with
CON, PLG increases the volume by around 50% while the other
configurations only require minimal additional space (less than
2.5% of PLG’s volume). Therefore, with an extra volume of
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Fig. 12. Load voltage of different configurations at the excitation fre-
quency of 1.2 Hz for the excitation amplitude of 25°.

Fig. 13. Output power of PAM for different values of β and γ. The
excitation amplitude is 25°.

around 54%, the hybridized power enhancement approach of
PAM boosts the output power to 8–28 times that of CON. This
highlights the preponderance of the hybrid power enhancement
approach for wrist-worn energy harvester.

The average power of PAM for different β and γ is shown in
Fig. 13. It is shown by both the simulation and experiments that
with increasing β or decreasing γ, the output power decreases.
For β�0, the arm swinging motion does not coincide with the
sagittal plane O0x0y0, which leads to less intense excitation and

TABLE IV
PERFORMANCE COMPARISON AMONG DIFFERENT DEVICES

thus the power decreases as β increases. On the other hand, an
increasing γ serves to lower the gravity potential energy well
depth. This effect is similar to the effect of the magnetic spring.

From Figs. 11 and 13, the simulation generally underestimates
the output power for low frequencies. These differences between
the simulation and the measurement may be caused by the
additional vibration of the stepper motor. At a low speed, the
motion of the stepper motor is usually unsmooth, and thus the
excitation becomes more energetic. With increasing excitation
frequency, this effect is attenuated since the stepper motor can
generate smoother motion. However, at high excitation frequen-
cies, the full-type groove element bearing that is equipped in the
prototype undergoes kickback friction, which leads to overall
overestimation in the simulation. Furthermore, the overestima-
tion of the simulations for PMS and PAM is relatively large
due to manufacturing and assembling errors of the magnetic
spring. Besides these, it is interesting that the simulated power
of PMS is slightly higher than that of PAM at low excitation
frequencies. Two reasons may account for this result. First, the
measured damping coefficient of PAM is slightly larger, and
thus the captured motion is more easily damped. Second, since
the eccentric mass of PAM is increased by asymmetric carrier
design, it may require stronger magnetic torque to sufficiently
lower the potential energy well depth to overperform PMS at
low frequencies. Nonetheless, with increasing excitation fre-
quency, PAM can gain a more significant advantage in output
power.

Despite the discrepancies, the overall simulations match the
measurement for other configurations, which validates the sys-
tem dynamics model. Thus, the developed model seems to be
sufficient for predicting the performance of the energy harvester
on an average power basis, especially if more precise manufac-
turing and assembling technology is employed.

As given in Table IV, with the smallest volume among the
counterparts, the proposed energy harvester performs much
better than most of the existing devices in terms of output
power and power density. Such improvement is contributed by
the hybrid approach that enables the synergy effect of different
mechanisms. Although the power density of our device is not the
highest, it could be significantly increased based on the scaling
law. Moreover, future optimization can also contribute to the
improvement in power density.
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V. CONCLUSION AND OUTLOOKS

In this article, a wrist-worn energy harvester with the hy-
brid power enhancement approach was proposed to boost the
performance of power generation. Based on a highly compact
framework, the energy harvester integrated multiple approaches.
A planetary gear system was employed to increase the energy
conversion capacity and the asymmetric carrier of the planetary
gear system was utilized to improve the motion capture capacity.
In addition, a tiny repulsive magnetic spring was used to enhance
displacement and velocity responses. To predict the performance
of different power enhancement mechanisms, an analytical
model was constructed. With the analytical model, the effects
of different power enhancement mechanisms were theoretically
analyzed, which revealed that the asymmetric carrier could
effectively improve motion capture capacity and there existed an
optimal air gap for the magnetic spring. A miniature prototype
with a total volume of 2.01 cm3 was fabricated to experimentally
verify the proposed concept under bench-top excitations. Due
to manufacturing and assembling errors, the air gap value of
maximum power output lay at 4.0 mm while a smaller value
was estimated by the simulation. In addition, the output power
of various configurations was measured to quantify the power
improvement of different power enhancement mechanisms. The
results showed that compared with the conventional structure,
the planetary gear system improved the output power by 335%–
1422% at the price of increasing the total device volume by
around 50%. With minimal additional device volume, the asym-
metric carrier and magnetic spring further increased the power
by 35%–373% and 16%–278%, respectively. By hybridizing all
three approaches, the output power was finally boosted to 8∼28
times that of the conventional structure, achieving a maximum
power of 326.27±17.46μW. Thanks to significant improvement
in output power, the hybrid approach provides a highly compact
structure for a high-performance wrist-worn energy harvester.
With a small size and high power output, the proposed energy
harvester can be easily embedded in a smart watch to power
several sensors, such as the pedometer and temperature sensors.

We recognize that there is much room to improve performance
based on the above results and discussions. In the future, tailored
magnetic shielding methods should be developed to reduce MI
because of its negative effects on performance. Furthermore, a
systematic optimization can be performed to further improve
the output power. Finally, it will provide more insights to in-
vestigate the power generation performance under nonperiodic
excitations.
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