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ABSTRACT
In this paper, we introduce ViPSN-E: a transient-motion-

powered IoT sensor node. It carries out motion detection and
wireless communication by making good use of the energy har-
vested from an instantaneous motion. In our design, a piezo-
magneto-elastic structure, which is composed of a low-cost
piezoelectric cantilever and a pair of magnets, is used to in-
duce a plucking excitation and power generation under a tran-
sient and one-way movement. An energy management circuit,
which is composed of a self-powered synchronized switch har-
vesting on inductor (SP-SSHI) interface circuit and a voltage
regulator is utilized for efficient energy conversion. Through
the sophisticated collaboration between mechatronic design and
computer program, the motion information can also be identi-
fied and sent out by a wireless communication module. The
cyber-electromechanical synergy among mechanical dynamics,
power conditioning circuit, and the low-power embedded system
is emphasized towards the successful implementation of such a
motion-powered IoT device. The prototyped ViPSN-E has done a
good job by making good use of the energy associated with each
transient plucking motion. With only one plucking excitation, the
system can realize motion detection and several rounds of wire-
less transmission. The study on ViPSN-E provides valuable guid-
ance towards the self-powered ubiquitous motion-sensing sys-
tems.
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netic plucking, bistable, Internet of Things (IoT)
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1 INTRODUCTION

In the last decade, more research interests on ubiquitous
sensing and computing devices have been observed in the In-
ternet of Things (IoT) research community. The IoT technology
has a great potential to be applied to many scenarios, such as
smart city, smart building, smart home, smart health, and intelli-
gent vehicle [1]. However, the state-of-art battery-powered IoT
sensor nodes are still incapable of dispersed and everlasting de-
ployments. The labor cost of replacing and disposing trillions of
batteries is too high to enable all the things with sensory ability.
Energy harvesting technologies provide the feasibility of self-
contained, self-powered, and permanently deployable IoT sen-
sor nodes by scavenging energy in different physical forms from
the environment. Among various technologies, vibration energy
harvesting (VEH) has caught much research interest, due to the
abundance of explorable vibration in our surroundings.

In the previous studies, much effort has been made to
broaden the energy harvesting bandwidth and improve the elec-
tromechanical conversion efficiency by taking some mechani-
cal [2, 3] or electrical [4] solutions. By utilizing the parallel syn-
chronized switch harvesting on inductor (P-SSHI) or series syn-
chronized switch harvest on inductor (S-SSHI) interface circuits,
harvested power can be increased by 300–400%, compared with
the bridge rectifier standard energy harvesting (SEH) case [4].
On the other hand, the power consumption of some up-to-date
embedded micro-controllers in low-power mode has been re-
duced to about 30-50 nW [5]. Moreover, the design of VEH
based battery-free systems [6, 7] considering their communica-
tion or networking algorithms [8], computing architectures [9],
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and embedded operating system [10–12], recently have gained
extensive attention from the cyber point of view. However, few
studies can cross the interdisciplinary boundaries for consider-
ing the synergies among the mechanical, electrical, and cyber
parts, which are all necessary towards the realization of a VEH-
powered IoT system. In particular, most mechanical harvester
structures [13, 14] were discussed by using a simple linear resis-
tive load. On the other hand, most VEH based cyber designs only
used the simplest linear energy harvester [15,16] or even neglect
the mechanical dynamics in vibration [6].

The energy harvesting based embedded computing system
should be designed differently from conventional systems, given
the energy constraints under various source conditions [17].
Even if some energy harvester can provide high transient power,
in the real world, most ambient sources are fluctuating or inter-
mittent. Hardware and software synergy is necessary for guar-
anteeing reliable and robust operation in a long run. A device’s
run-time behaviors, such as when to execute tasks, how to use
low-power modes, or when to communicate, determine not only
how much energy it consumes, but also how much energy it har-
vests [18]. For example, opening a drawer can provide 10-30 µJ
energy [19], which can support at least one round of temperature
sensing; shaking an object can produce 500-2000 µJ energy [19],
which can be used to do several rounds of wireless transmission.

Considering the aforementioned challenges and aiming to
harvest energy from moving things, a new motion detector design
and sensing architecture is needed to support the Internet of mov-
ing things (IoMT). Therefore, in this paper, we present ViPSN-E,
a transient-motion-powered IoT sensor node as an example for
the development of motion-powered IoMT (MP-IoMT). Instead
of relying on continuous motions, such as walking and running,
ViPSN-E makes good use of the kinetic energy associated with
discrete and instantaneous motions. With the energy harvested
from a transient motion, ViPSN-E can simultaneously carry out
motion detection and wireless communication. ViPSN-E rede-
fines the VEH based sensing solution given a foundational hy-
pothesis that the level of harvested energy in one stroke is corre-
lated with the feature of motion to be detected. Through sophis-
ticated dynamic design, an energy harvester can simultaneously
act as a sensor. The prototype of ViPSN-E is shown in FIGURE
1. Two contributions are highlighted in this paper.

- ViPSN-E is one of the most pioneering designs, which
makes a full use of every discrete plucking motion for re-
alizing self-powered and self-contained IoT applications.

- ViPSN-E provides a reliable energy solution and sens-
ing architecture for motion detector, based on cyber-
electromechanically synergistic co-design.
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FIGURE 1. THE PROTOTYPED ViPSN-E DEVICES. (a) MOTION
HARVESTER. (b) ViPSN MODULES. (c) DOOR MOTION DETEC-
TOR. (d) FILE CABINET DOOR DETECTOR. (e) WINDOW DE-
TECTOR. (f) EQUIPMENT IMMOBILIZER.

2 SYSTEM DESIGN
2.1 Overview

The prototype of ViPSN-E is shown in FIGURE 1. The sys-
tem is developed based on ViPSN [20], an open-source devel-
opment platform specified for vibration-powered IoT devices1.
ViPSN-E is composed of four parts: a piezo-magneto-elastic
structure, which is made of a piezoelectric cantilever and a pair
of magnets, as shown in FIGURE 1. A self-powered synchro-
nized switch harvesting on inductor (SP-SSHI) [21] is used as
the ac-to-dc interface circuit. An off-the-shelf voltage regulator
is used for providing a constant 3.3 V voltage output to the fol-
lowing digital modules. A Bluetooth low energy (BLE) user unit
identifies the movement direction based on the amount of trans-
formed energy and sends out the corresponding information to a
receiver.

2.2 Transient-Motion Harvester
The detailed design and working principle of the transient-

motion harvester have been presented in [22]. A brief explana-
tion is given below. Based on the magnetic plucking mechanism
as shown in FIGURE 1(a), two repelling magnets are installed at
the moving subject and the fixed frame, respectively, for gener-
ating the magnetic plucking excitation under a one-way transient
movement. Different from the previous studies on the plucking
mechanism [2,13], we make use of only one plucking movement.
In each plucking motion, the beam is bended by a moving mag-
net. It is released after the magnet pass through a critical position.
After the release, the beam starts to oscillate until the vibration
is damped out. When the moving magnet moves, the profile of
potential energy (sum of the beam elastic and magnetic portions)

1https://github.com/METAL-ShanghaiTech/ViPSN
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FIGURE 2. PLUCKING DYNAMICS. (a)-(c) BEAM POSITIONS.
(d)-(f) POTENTIAL ENERGY PICTURES.

progressively changes, which results in the time-varying poten-
tial energy pictures. Each plucking motion can drive a linear sys-
tem to a bistable system, then to a monostable system. Hence, it
is easy for the plucking harvester to obtain a distinguishable vi-
bration response by setting the stop position of the moving mag-
net. The horizontal distance between the moving magnet stop
position and the linear beam equilibrium position is denoted as
b, as shown in FIGURE 2(c) and (f).

2.3 Potential Energy Precharging
FIGURE 3 shows a time-evolving energy picture when

ViPSN-E is excited by a single plucking motion. The involved
energy forms include mechanical potential energy, mechanical
kinetic energy, thermal energy, and electrical (potential) energy.
The energy composition during the plucking motion can be ex-
plained as follows.

1. In the initial state, the total energy held in the system is null.
2. As the cantilevered beam deforms under the plucking mo-

tion, the mechanical potential energy accumulates gradually.

When the beam is bended, the total mechanical potential energy
is expressed as follows:

U(w,b) =
1
2

Kw2 +
∫

Fm(w−b)d(w−b), (1)

where K is the stiffness; w is the beam deflection, i.e., horizontal
distance between the beam fixed end and the center of tip mag-
net (M1); b is the position of the moving magnet (M2), Fm is
the magnetic force. The beam deforms until the critical instant
tc, when the magnetic force between M2 and M1 equals to the
elastic force of the cantilever beam (in opposite directions). At
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FIGURE 3. ENERGY COMPOSITION IN ViPSN-E AFTER AN
OPEN-DOOR PLUCKING MOTION.

this point, the potential energy accumulated by the cantilevered
beam reaches the maximum amount, as shown in FIGURE 3. We
call this potential energy precharge. The accumulated potential
energy can be expressed as follows:

Epre =U [wc = w(tc),bc = b(tc)] , (2)

where wc and bc are the positions of tip magnet (M1) and moving
magnet (M2) at the critical state, respectively.

3. After the critical point, the elastic restoring force prevails;
the beam is released and begins to oscillate at its resonant
frequency, as shown in FIGURE 3.

The precharged potential energy (Epre) is converted into mechan-
ical kinetic energy, thermal energy, and electrical energy during
the under-damped vibration and energy harvesting process. Only
when the converted electrical energy (Ee = ηEpre) exceeds the
energy kicking-off threshold (Eload) of ViPSN-E, the sensing and
wireless communication functions can be carried out success-
fully. The parameter η denotes the electromechanical energy
conversion efficiency, which is related to mechanical structure,
interface circuit, energy management circuit, and load. There-
fore, the energy analysis is necessary for understanding the en-
ergy supply and demand relation in a practical transient-motion-
powered IoT node.

2.4 Self-Powered Motion Detection
As an MP-IoMT device, ViPSN-E should simultaneously

catch the energy as well as information associated with a sin-
gle plucking movement, and use the precious converted energy
to process and send out the motion information.

2.4.1 Energy reliability The plucking mechanism of-
fers a unique feature based on its catch-drag-release motion. By
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using proper mechanical design, the amount of precharged po-
tential energy Epre in a single plucking motion can be guaranteed
to be equal to or greater than its quasi-static plucking condition.
The larger plucking speed, the larger amount of injected mechan-
ical energy. Such calculable energy input ensures the successful
execution of one round of sensing, processing, and transmitting
functions. The minimum precharge energy can be tuned by ad-
justing the beam geometries or the magnetic gap. In this study,
ignoring the unpredictable kinetic energy transferred from the
moving subject, ηEpre is regarded as the normal harvestable elec-
trical energy, as shown in FIGURE 3. On the other hand, the
energy consumption of some simple software codes is also pre-
dictable. As mentioned in [22], ViPSN consumes about Eload =
100.2 µJ energy to fulfill one round of initialization, sensing, and
transmitting functions. To ensure the energy reliability in com-
puting, ViPSN-E must balance the energy supply and demand,
i.e., making ηEpre > Eload at every plucking motion.

2.4.2 Motion direction identification Motion direc-
tion identification is a basic function of motion detector. In
most solutions, additional parts, which might consume extra
energy, are needed for carrying out this task. As an energy-
constrained system, ViPSN-E has a better look for an alternative
self-powered sensing solution. According to Section 2.2, in an
asymmetric magnetic plucking structure, there is an implicit re-
lationship between the motion direction and harvestable energy
(Ee). By setting the terminal position of the moving magnet as
bt in one direction and the other as infinity, it forms two different
vibration conditions after beam release. The former one is a non-
linear monostable vibrator, whose final potential well is shown
in FIGURE 2(f), while the latter one is a linear vibrator, whose
final potential well is shown in FIGURE 2(d). As the depths of
the two final potential wells are different, the harvestable energy
in the back and forth directions is different too. The motion di-
rection can be estimated based on how much energy is captured
in a single plucking motion.

Based on this principle, we implement a cyber-
electromechanically synergistic design to realize the motion-
powered movement direction identification. In each plucking
motion, the harvested energy, whose amount is linked with the
motion direction, is kept in a storage capacitor. After that, the
micro-controller and radio are activated to quickly send out
packets as many as they can using this amount of harvested
energy. Given that the energy consumption of every packet is
almost the same, the receiver can count the number of received
packets from ViPSN-E and identify the motion direction accord-
ing to some prior knowledge about the packet number associated
with either motion direction.

TABLE 1. ViPSN-E SPECIFICATIONS.

Module Specification

Energy harvester

Transducer
Size 8×50 mm2

Material PZT

Beam
Size 100×10×0.53 mm3

Material Copper sheet

Magnet
M1 10×10×10 mm3

M2 20×20×20 mm3

Interface circuit Parallel-SP-SSHI [23]

Energy management

circuit

DC-DC LTC3588-1 [24]

Comparator MIC841 [25]

Capacitor 10 µF

Wireless module
Hardware nRF52832 [5]

Software Enhanced ShockBurst

3 IMPLEMENTATION
3.1 Hardware Platform

In this study, we implement a prototyped ViPSN-E, whose
picture is shown in FIGURE 1. A magnetic plucking structure is
used to capture energy from transient motions. This cantilevered
harvester also serves as a motion direction detector, as described
in SECTIONs 2.2 and 2.4.2. The other three units are intro-
duced in ViPSN [20], an open-source platform for the vibration-
powered IoT system.

The specifications of ViPSN-E are listed in TABLE 1. The
energy management circuit has three parts: a DC-DC buck con-
verter, an energy storage capacitor, and a comparator. We use an
LTC3588-1 IC chip [24] by Linear Technology Inc. for the volt-
age regulation purpose. It integrates a low-loss full-wave bridge
rectifier and a high-efficiency buck converter. MIC841 [25], a
micro-power, precision-voltage comparator with adjustable hys-
teresis, is responsible for detecting the energy level of the storage
capacitor. We choose a 10 µF storage capacitor, whose capaci-
tance satisfies the minimum energy demand in operation. A pro-
grammable Nordic nRF52832 BLE SoC [5] serves as the wire-
less module. Another nRF52832 BLE node is programmed as
a receiver and data aggregator, who receives the packet from
ViPSN-E and connects to the Internet.

3.2 Sensor Operation
FIGURE 4 shows the energy picture in operation after one

plucking motion. When the storage voltage Vstore reaches a
threshold of 5.0 V, the internal buck converter in LTC3588 is ac-
tivated to provide a regulated 3.3 V voltage output as the Vcc sup-
ply voltage. This causes the micro-controller to boot up. Then,
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the micro-controller enables the radio to send out wireless pack-
ets. As shown in FIGURE 4(b), 12 rounds of transmitting func-
tions are carried out to indicate the harvested energy level of this
plucking motion. Finally, with its tasks completed, the micro-
controller leaves active mode and switches to low-power sleep
mode. As shown in FIGURE 4(a), ViPSN-E can maintain a reli-
able computing state (stable Vcc) by up to 5 seconds.

4 APPLICATION
4.1 ViPSN-E Realizations

After evaluating the trade-offs of the ViPSN-E prototype,
we select real-world scenarios for possible deployments as well
as testing the robustness of ViPSN-E. They are shown in FIG-
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FIGURE 6. THE HARVESTED ENERGY FROM OPEN/CLOSE-
DOOR MOTIONS UNDER VARIOUS PEAK ACCELERATIONS.

URE 1. In FIGURE 1(c), we use ViPSN-E to implement a door
motion detector. It is installed at the main entrance door of our
laboratory. The experimental results in FIGURE 5 show that dur-
ing the open-door and close-door motions, ViPSN-E can harvest
about 1700 µJ and 750 µJ of electric energy, respectively. We
also install ViPSN-E in a file cabinet, window, and an oscillo-
scope as an equipment immobilizer, as shown in FIGURE 1(d),
(e), and (f), respectively. As a motion detector, ViPSN-E can be
applied to different applications such as archives management,
furniture safety, warehouse, and logistics, etc. These realizations
allow ViPSN-E to interconnect many moving things in the real-
world, either directly or indirectly.

4.2 Reliable Energy Harvesting
FIGURE 6 shows the energy harvesting performances under

different open/close-door accelerations. The peak acceleration
magnitudes are measured under real-world deployment. They
range from 0.03 g to 0.075 g. Experimental results show that dur-
ing each single open/close-door motion, ViPSN-E can robustly
harvest at least 1000 µJ of electric energy. On the other hand,
only 100.2 µJ energy is needed to execute one round of initial-
ization, sensing, and transmitting functions. Therefore, the har-
vested energy in one shoot makes sure that the embedded system
can correctly carry out those functions. In addition, this reli-
able harvester can also be used as a motion direction detector.
FIGURE 5 shows that in all of the four scenarios, the harvested
energy from different motion directions differs. Motion direction
detection based on these testing results is doable and reliable.

5 CONCLUSION
This paper introduced the hardware design and implementa-

tion of ViPSN-E, a transient-motion-powered IoT motion detec-
tor. ViPSN-E is developed based on a co-design considering the
cyber-electromechanical synergy among mechanical dynamics,
power conditioning circuit, and low-power embedded system.
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A magnetic plucking harvester is used to capture the transient
motion energy. Through the sophisticated collaboration between
the mechanical harvester configuration and software codes, the
associated motion information can be sent out with an off-the-
shelf wireless module. The prototyped device is implemented
and deployed in several real-world scenarios. Experimental re-
sults show that the energy harvested from a single plucking mo-
tion can be up to 1000 µJ, which is sufficient to carry out several
rounds of sensing and wireless transmission. By taking an asym-
metric bistable plucking structure, the motion direction can be
identified according to the different amount of harvested energy
in either direction. This study provides valuable guidance for the
design and implementation of future MP-IoMT devices.
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