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Abstract
Detecting the direction of low-speed mechanical motions without a battery supply is critical for
various industrial and environmental monitoring applications. This paper presents a battery-free
bipolar detector that utilizes the intrinsic bipolar voltage output of a quasi-static toggling (QST)
electromagnetic energy harvester. The QST harvester uniquely produces positive or negative volt-
age pulses in response to opposite motion directions, thereby directly encoding directional infor-
mation into the harvested electrical signal without requiring additional sensing elements. A ded-
icated low-power circuit identifies the voltage polarity to determine the motion direction and
simultaneously harvests energy to power a system-on-chip for wireless transmission. As a con-
crete demonstration, an application of a motion detector for cargo landing/lifting monitoring was
proposed. The QST harvester releases a sufficient amount of energy above the internet of things
(IoT) task’s requirements once it crosses a critical position. The mechanical-to-electrical energy
conversion occurs even at a near-zero moving speed. This inherent property renders the QST
energy harvester highly suitable for cargo loading and unloading scenarios. Meanwhile, the bipo-
lar voltage-sensing mechanism integrated in the proposed system has demonstrated its technical
feasibility and promising application potential. The proposed design provides a practical example
of a simultaneous sensing and energy harvesting approach for developing sustainable ambient IoT
systems.

1. Introduction

Real-time and accurate detection of the cargo loading and unloading status serves as a key technology
for intelligent warehousing and logistics transportation systems. This technology demonstrates signifi-
cant value in reducing logistics damage rates, enhancing warehouse operational efficiency, and ensuring
transportation safety.

Most current schemes for cargo state detection and estimation adopt optical sensors [1] or weight
sensors as core sensing units. In port container handling scenarios, binocular vision-based methods
achieve real-time 6-degree-of-freedom pose measurement of cargo boxes. These methods cover the full
workflow including lifting off, in-air posture adjustment, and landing alignment. Furthermore, improved
deep learning-based visual models can further identify abnormal lifting states (e.g. truck-lifting acci-
dents) to ensure operational safety [2, 3]. For terminal logistics distribution and manual handling sce-
narios, inertial sensing approaches have been widely studied. Lightweight temporal neural networks are
capable of classifying typical rough handling behaviors, including violent lifting, high-altitude tossing,
and heavy dropping, by utilizing the built-in IMU data of parcels; wearable inertial motion sensors can
precisely capture critical state points of box lifting, hoisting, and lowering in manual operations; sev-
eral existing works further integrate triaxial accelerometers and barometric pressure sensors to lower
the false alarm rate of drop detection via dual verification of altitude variations and impact signatures
[4–6]. In addition, ultra-low-power shock sensing stickers can distinguish free fall, lifting, and placing
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Table 1. Comparison of cargo state detection approaches.

Design Battery-free Motion sensing Bipolarity Cost

Battery-powered IoT [17] − − − Medium

Passive RFID [14] ✓ − − High

BJTA-TENG [18] ✓ ✓ − High

Vibration EH [10] ✓ − − Low

This work ✓ ✓ ✓ Low

states via acceleration waveform features. They provide a deployable solution for large-scale supply
chain monitoring [7]. All these methods realize state discrimination by integrating preset thresholds or
machine learning algorithms [8], and they feature mature technical frameworks and reliable detection
accuracy. However, almost all the aforementioned perception systems, whether optical vision devices or
embedded inertial sensing nodes, generally depend on chemical batteries for power supply. The battery-
powered architecture not only severely limits the long-term continuous operation capability of the equip-
ment, but also significantly increases the replacement and maintenance costs in scenarios involving large-
scale node deployment.

Energy harvesting (EH) technology provides a new technical approach to address the aforementioned
challenges. Such technologies can capture various forms of environmental energy, including light energy,
wind energy, radio frequency energy, and mechanical vibration energy, and convert them into elec-
tric power [9–11]. This fundamentally eliminates reliance on batteries and significantly reduces system
operation and maintenance costs [12, 13]. Existing monitoring solutions based on EH technology have
achieved certain progress. Passive radio frequency identification (RFID) technology is a typical battery-
free (BF) alternative. It can complete state sensing and information interaction without an integrated
power supply [14–16]. It has been widely deployed in logistics traceability scenarios. Nevertheless, cur-
rent passive RFID detection solutions face prominent technical limitations. Their effective operating
range is generally short. The supporting reader-writer equipment incurs high costs. This makes large-
scale, low-cost deployment in extensive logistics and warehousing environments unfeasible. Vibration-
based electromagnetic EH solutions can harness vibrational energy generated during transportation for
a power supply. Yet, they only support the detection of event occurrence and cannot identify movement
directions. Solutions based on triboelectric nanogenerator (TENG), despite their motion-sensing capa-
bility, typically exhibit monotonic output characteristics and lack the function of distinguishing move-
ment directions. Additional sensing units must be installed to realize directional detection, which in turn
increases system complexity and power consumption overhead.

The core characteristics of various typical cargo state detection schemes are summarized and com-
pared in table 1. It is observed that existing technical schemes can scarcely satisfy the three core require-
ments, namely BF operation, bidirectional motion sensing, and low cost, at the same time.

Given the aforementioned application demand and design challenge of a cargo landing/lifting moni-
toring system, this short paper introduces a BF bipolar quasi-static motion detector design. By installing
four compact quasi-static toggling (QST) harvesters beneath the cargo, we ensure that the energy gen-
erated during the landing and lifting motion is sufficient to power the alarm transmission process. In
the meantime, since cargo lifting (upward) or landing (downward) state information is also identifiable
via the voltage output polarity, no additional sensor is needed for acquiring this information in a BF
manner.

The main contributions of this study are listed as follows:

• It leverages the near-zero-speed advantage of the QST energy harvester in the cargo landing and lift-
ing scenario. A voltage output with different polarity is generated by the QST energy harvester at the
cargo lifting or landing instants.

• A low-power and low-cost sensing circuit is proposed for voltage polarity detection in a QST energy
harvester. This circuit can identify and distinguish the positive and negative voltage signals output
by the QST energy harvester. Thus, the direction of cargo movement is determined based on the
detected voltage polarity.

• It integrates the information acquisition process with the EH process. Thereby, a BF bipolar quasi-
static motion detector system is developed. The system can utilize the bipolar voltage signals gener-
ated by QST. It achieves real-time and BF monitoring of the bipolar quasi-static motion during cargo
lifting and lowering.
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Figure 1. BF bipolar quasi-static motion detector for cargo landing/lifting monitoring. (a) One QST EMEH out of the four in the
bottom corners. (b) A single cargo box equipped with four BF wireless detectors at its bottom.

The ultimate goal is to achieve a favorable balance among four core characteristics in cargo land-
ing/lifting detection: low-latency responsivity, low or even zero maintenance, energy sustainability, and cost-
effectiveness.

2. QST energy harvester

The application scenario of the proposed BF cargo detection and alarm system is conceptually illustrated
in figures 1. As shown in figures 1(b) and (a) BF bipolar quasi-static motion detector is deployed at the
four lower corners of the cargo box. Each detector is realized using a QST electromagnetic energy har-
vester (EMEH) module, which is shown in figure 1(a). The operation principle of a QST generator was
elaborated in detail in a prior work by the authors” research group [19, 20]. Each BF bipolar quasi-static
motion detector module comprises three core components: a QST EMEH, sensing circuit, and the inter-
net of things system-on-chip (SoC) system. Through a synergetic design, these components perform four
key functions simultaneously, including energy generation, voltage regulation, polarity sensing, and wire-
less transmission.

The QST energy harvester plays a critical role in enabling the proposed BF bipolar quasi-static
motion detector for cargo landing/lifting monitoring. It possesses a unique capability that supports the
system’s core functionality. This capability refers to the accumulation of mechanical energy under the
near-zero-speed condition. Additionally, it can release the accumulated mechanical energy in an almost
instantaneous manner.

2.1. Working principle
The bidirectional toggling behavior serves as the fundamental mechanical basis for the QST harvester in
electromechanical energy conversion. As a bistable electromagnetic device, the QST harvester undergoes
complete magnetic flux reversal during each toggling action. A clockwise toggling switches the closed
magnetic flux from a counterclockwise direction to a clockwise direction. Conversely, a counterclockwise
toggling reverses the magnetic flux direction, as shown in figures 2(a) and (c).

According to Faraday’s law of electromagnetic induction, the variation of magnetic flux induces a
voltage across the coil. Since the direction of flux change is opposite for the two toggling directions, the
induced voltage naturally exhibits bipolar characteristics. Specifically, clockwise compression generates
a positive voltage pulse, whereas counterclockwise release produces a symmetric negative voltage pulse,
as shown in figures 2(b) and (d). This bipolar output is an inherent physical property of the electrome-
chanical conversion process in the QST harvester.

Notably, this operating mechanism demonstrates superior performance in the quasi-static regime,
where conventional inertial energy harvesters typically fail to operate effectively. The QST harvester only
requires a displacement to accumulate sufficient mechanical energy and achieve the toggling action. This
renders it highly compatible with cargo loading and unloading scenarios.
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Figure 2. Operation of a QST energy harvester. (a) A clockwise toggling action changes the magnetic flux from counterclockwise
to clockwise. (b) A positive voltage pulse is generated in clockwise toggling. (c) A counterclockwise toggling action changes the
magnetic flux from clockwise to counterclockwise. (d) A negative voltage pulse is generated in counterclockwise toggling.

2.2. Output voltage
The mechanical configuration of a bistable QST EMEH is illustrated in figure 2. During a clockwise
toggling action, as shown in figure 2(a), the closed magnetic flux is swapped from counterclockwise to
clockwise. The ∆ϕ = 2ϕ0 flux difference induces a voltage across the coil, i.e.

v(t) = N
dϕ

dt
, (1)

where N is the number of turns of the coil. For the PM4250 QST EMEH adopted in this work, the ref-
erence magnetic flux of its monostable magnetic circuit is ϕ = 8.3 µWb. The coil turn number is set as
N = 500. The induced voltage is usually a positive voltage pulse with an amplitude of 10–20 volts and a
duration of 1–2 milliseconds [19].

In the opposite direction, counterclockwise toggling as shown in figures 2(c) and (a) negative voltage
pulse in a symmetric shape is generated across the coil, given the magnetic flux swapped from clock-
wise to counterclockwise. The waveforms of the positive and negative voltage pulses are illustrated in
figures 2(b) and (d), respectively. These bipolar voltage pulses can be conditioned and temporarily stored
in a storage capacitor.

2.3. Harvested energy in each toggling
The energy conditioning circuit used in this work is shown in figure 3(a). The EH part consists of a
bridge rectifier followed by a storage capacitor Csto. A specific amount of storable energy can be har-
vested by rectifying the generated voltage pulses. The energy accumulated by a capacitor is formulated as
follows

E=
1

2
CstoV

2
sto,end, (2)

where Vsto,end denotes the direct current voltage value after a single toggling action.
With the harvesting circuit topology shown in figure 3(a) (bridge rectifier plus Csto), we measured

the harvested energy under different Csto values after one toggling (press or release) action. The har-
vested energy corresponding to this toggling action of a QST EMEH prototype is shown in figure 4.
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Figure 3. (a) Harvesting circuit with polarity sensing capability. (b) Positive veq phase. (c) Negative veq phase. (d) Discharge
phase after a negative veq pulse.

Figure 4. Harvested energy of a single toggling action under different filter/storage capacitance values.

For each capacitance value, we measure the final voltage five times and calculate the average harvested
energy. From figure 4, the peak harvested energy in one toggling is about 650 µJ when the filter capaci-
tance is around 30–50 µF. This value far exceeds the total system power consumption of 256 µJ required
for sensing and communication. Such an amount of energy is sufficient to power a Bluetooth low-energy
(BLE) beacon device for transmitting one beacon packet [21, 22].

This design employs a basic bridge rectifier circuit to achieve full-wave rectification of alter-
nating current pulses. By optimizing the parameter matching of the energy storage capacitor to
its optimal value, the harvestable energy from a single flipping action can be maximized. A low-
dropout regulator (LDO) is connected to the following stage of the energy storage capacitor to stabi-
lize and regulate the rectified output voltage. This regulator generates an adapted power supply level
for the SoC.
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3. Polarity sensing

To identify the polarity of the generated voltage pulse veq, a sample and hold circuit is connected in par-
allel with the negative branch of the bridge rectifier. Such a circuit consists of a diode and a capacitor
Csen. The voltage at the sampled node, denoted as vsen, is quantified by the analog-to-digital converter
(ADC) in an SoC.

3.1. Working principle
When the QST harvester is pressed down, in accordance with the cargo’s landing, the generated pos-
itive veq only charges the storage capacitor Csto, as shown in figure 3(b). The sample and hold circuit
is disconnected by the reversely biased diode. Sampling the node voltage vsen at the instant Tsen after
the initialization process yields a zero value. In the opposite moving direction, the generated negative
veq charges both the storage capacitor Csto and the sampling capacitor Csen, as shown in figure 3(c).
Sampling the node voltage vsen at the instant Tsen yields a positive value under this scenario. The tim-
ing parameter Tsen refers to the time interval from the QST initialization to the ADC sampling instant
on Vsen. It is determined by the program and will be detailed in the experiment section. After the sam-
pling process, as illustrated in figure 3(d), charge flows through the resistor Rsen. Correspondingly, the
voltage across the capacitor Csen drops gradually to zero, and prepares for the next triggering of the
QST module. Therefore, the different values associated with the ADC sampling results carry the polar-
ity information.

3.2. Timing design
A resistor Rsen is connected in parallel with Csen to discharge the stored charge during sampling, thereby
preparing for the subsequent switching operation. After the completion of a sampling process, the charge
stored in Csen is depleted through Rsen. This discharge process follows a time constant given by

τ = RsenCsen. (3)

Figure 5(a) presents the output voltage waveform veq of the electromagnetic energy harvester. This
waveform sequentially exhibits two sharp pulses with negative or positive polarities, which correspond
to the mechanical motions of cargo lifting and landing, respectively. Figure 5(b) illustrates the variation
curve of the energy storage capacitor voltage vsto. Both pulses with opposite polarities contribute to an
increase in the capacitor voltage. During the period when the SoC performs detection and data broad-
casting, the capacitor discharges under load, resulting in a rapid voltage drop. After the completion of
the task, the capacitor enters a slow self-discharge phase. Figure 5(c) compares the attenuation character-
istics of the sensing voltage under three different RC time constants. From figure 5(c), the RC constant
τ should be neither too large nor too small. A small value of τ causes vsen to decrease rapidly. If vsen
drops below the threshold voltage Vth before the sensing instant Tsen (as shown by the solid line), the
information carried by the negative pulse will be lost. Conversely, a large τ results in a slight decrease
in vsen. If vsen remains above Vth at a given Tsen instant following the next positive pulse (as indicated
by the dotted line), the information of the subsequent positive pulse will be misidentified. In the three
cases shown in figure 5(c), only the dashed line case give a correct identification under both polari-
ties. givesIn this study, the values of Rsen, Csen, Tsen, and Vth are finely tuned for repeatable and reliable
polarity identification.

3.3. Data transmission and identification
A low-power SoC integrated with an on-chip ADC and BLE module is adopted to perform signal acqui-
sition, direction judgment, and wireless data transmission. An energy balancing design is implemented
to match the impulsive EH supply with the digital load of the SoC. Once the QST harvester is triggered
and the supply voltage rises to the operating threshold, the microcontroller unit (MCU) starts initializa-
tion and executes ADC sampling at the preset Tsen. The SoC then compares the sampled vsen with the
threshold Vth to determine the motion direction. If the ADC value exceeds Vth, the motion is identified
as lifting, and the SoC broadcasts a BLE packet with a dedicated media access control (MAC) address #1.
Otherwise, the motion is identified as landing, and the SoC broadcasts a packet with another designated
MAC address #2.

The QST device sends standard BLE beacon packets including the MAC address, 32 bytes of user-
defined data, and received signal strength indicator. The two polarity signals are identified by two dif-
ferent MAC addresses. The current version is a proof-of-concept design. For safety and compliance with
industrial standards, more cybersecurity issues will be considered in future studies.
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Figure 5.Waveform of output voltage, rectified voltage, and sensing voltage. (a) Output voltage of an EMEH. (b) Voltage varia-
tion of the energy storage capacitor. (c) Rectified voltage and sensing voltages under three time constant τ cases (i.e. too small,
suitable, and too large).

A host receiver is configured to capture BLE packets. It identifies the cargo state based on the
received MAC address. This enables real-time wireless monitoring of the cargo landing and lifting status.

4. Experiment

4.1. Prototype and setup
A monostable QST energy harvester and the prototyped printed circuit board assembly are integrated
into a 3D-printed triangular housing, as illustrated in figure 6(a). The volume and weight of the inte-
grated assembly at each cornner are 80× 80× 25 mm3 and 43 g, respectively. Four such integrated
assemblies are mounted at the bottom corners, as shown in figure 6(b).

The toggling rod of the QST energy harvester protrudes 3 mm beyond the bottom of the assembly
plane. When the cargo box lands, the toggling rod is subjected to compression. It has been determined
that a trigger force of 10 N is required for the QST energy harvester. However, the triggering process is
automatically initiated upon release. At an approximate force of 40 N, the four modules trigger sequen-
tially. A weight of 4 kg is sufficient to activate the alarm system. This compression triggers the transmis-
sion of a BLE signal indicating the cargo box’s landing state. During the lifting process of the cargo box,
the toggling rod restored its initial position. Lifting-related information is sent out through an immedi-
ate data packet. The parameters of the prototype are listed in the table 2.

After the QST-EH is triggered, the energy builds up, and the MCU starts initialization (6604 µs)
and ADC sampling (17 µs). In such a setting, the time interval from the QST initialization to the ADC
sampling, Tsen, is measured 6621 µs. After finishing the sensing process, the SoC executes an if-else
statement on the voltage sensing result of Vsen to determine the MAC address of the BLE packet to be
transmitted. If the value of the ADC exceeds the preset threshold, the assigned MAC address shall be
01:01:01:01:01:01. Otherwise, the MAC address shall be configured as 02:02:02:02:02:02.
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Figure 6. Prototype and experimental setup. (a) A 3D-printed housing encapsulates a QST EMEH and a PCBA. (b) Four assem-
blies are mounted at the bottom corners of a cargo box. (c) Landing moment visualization. (d) Lifting moment.

Table 2. Key parameters of the prototype.

Parameter Value Parameter Value

Csto 32 µF QST EMEH PM4250

Csen 100 nF SoC LT5805A

Rsen 1 MΩ LDO HT7333

Rlim 1 MΩ Diode 1N4148

Vth 1.65 V Host receiver ESP32

τ 100 ms Transmission power 0 dBm

Assembly weight 43 g Receiving distance 5 m

Trigger force of a QST harvester 10 N Number of detection modules 4

An ESP32 SoC module (by Espressif Systems Ltd) is programmed to receive these BLE packets. It is
further configured to determine whether a specific BLE device MAC address contained in the received
packets has been detected. Then it passes the message to a host computer via a universal asynchronous
receiver/transmitter. To achieve real-time visualization, a Python program integrated with the OpenGL
graphics engine was developed. Figures 6(c) and (d) illustrate the entire setup for visualizing the landing
and lifting actions of a cargo box.
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Figure 7. Experimental waveform. (a) Transmitter storage and supply voltages. (b) Transmitter load current. (c) Receiver’s
response. The receiver immediately pulls up a GPIO pin upon receiving a BLE packet from the transmitter.

4.2. Result
Figure 7 shows the current and voltage profiles corresponding to a round of complete sensing and trans-
mission events. As can be observed from figure 7(a), the charging of Vsto from zero to a maximum 8 V
takes about 2 ms. The supply voltage Vcc is maintained at a constant value over the subsequent 7 ms.
As illustrated in figure 7(b), radio frequency (RF) transmission dominates the system’s energy consump-
tion. This RF transmission exhibits a peak current draw of up to 17.5 mA. The entire operation cycle is
completed within a 10 ms duration after the storage capacitor is charged.

Real-time performance holds critical significance in industrial operational environments. To evalu-
ate the responsiveness of the prototyped system, the ESP32 receiver was configured to toggle a general-
purpose input/output (GPIO) pin upon successful reception of a BLE packet. System latency was sub-
sequently measured by monitoring the time difference between the sensing trigger signal and the rising
edge of the GPIO pin. As shown in figure 7(c), the experimental results demonstrate that the system
latency from the transmitter’s action to the receiver’s reception is approximately 12.4 ms. Such a latency
is satisfactory in most logistic and industrial applications.

5. Conclusion

This short paper presents a BF bipolar quasi-static motion detector powered by QST EMEH for cargo
landing/lifting monitoring. The core innovation of the proposed system is its exploitation of the bipo-
lar voltage output characteristic of the QST harvester, which enables simultaneous EH and directional
motion sensing (landing/lifting) without additional sensors or batteries. By leveraging the QST har-
vester’s near-zero-speed energy accumulation capability and voltage polarity discrimination, the system
integrates EH, state sensing, and wireless transmission without batteries or additional sensors. The exper-
imental prototype achieves low latency and sufficient energy supply for BLE communication, meeting
the demands of cost-effective, low-maintenance logistics monitoring. Such a proof-of-concept design still
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has some deficiencies. The BLE broadcast of the system has a limited transmission range and poor anti-
interference capability. Packet loss is likely to occur under obstructions. Future work will optimize the
communication mechanism to improve its reliability and adaptability under a limited access to the ambi-
ent kinetic energy.
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