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ARTICLE INFO ABSTRACT

Communicated by X. Jing The quasi-static-toggling (QST) electromagnetic energy harvester (EMEH) is an established solu-
tion for motion-powered wireless remote switches. These devices generate sufficient electricity
. for wireless transmission under low-speed actuation. Despite their extensive application as
Electromagnetic generator ) . L.
Quasi-static operation engineered products, the fundamental operating principles of QST EMEHs have only recently
Bistable structure attracted attention from the research community. This paper conducts a parametric analysis to
Mechanical energy harvesting optimize the mechanical input energy of a bistable QST EMEH. The input energy is defined
as the potential energy stored in the energy-buffering spring before toggling. The magnetic
attracting force is a key factor affecting the input energy amount. It is proportional to the square
of the total magnetic flux through the iron bar mover. Major geometric parameters’ influencing
the total magnetic flux are first evaluated via finite element method (FEM) simulation.
The optimization process also involves two other parameters: the mover’s stroke distance
between two magnetic poles, and the energy-buffering spring stiffness. The theoretical lumped-
parameter model is simulated with a multi-field-coupled numerical simulator. Experimental
results obtained from several prototypes with different geometries indicate that the trend of
the force-displacement curve and the harvested energy are consistent with theoretical and
simulation predictions. The discussion provides the optimal parameter region for achieving the
maximum output electrical energy in practical design. This understanding is valuable for a
rational optimization of QST EMEH.

Keywords:

1. Introduction

Energy harvesting (EH) technology has emerged as a novel power solution for ambient Internet of Things (IoT) systems [1]. By
replacing chemical batteries with ambient energy harvesters, low-power IoT devices can become self-sustainable and maintenance-
free, thereby providing an environmental friendly alternative [2,3]. These ambient energy sources can be derived from various
mechanisms, such as thermal gradients [4], wind flows [5], solar radiation [6], and ocean waves [7]. Among these diverse sources,
mechanical energy is particularly ubiquitous. It is widely available from human motions (e.g., finger pressing, foot stepping) [8]
and structural vibrations [9]. Therefore, mechanical EH is regarded as an ideal power solution for self-powered IoT devices,
especially for those depending on user interactions [10]. However, ambient mechanical motions typically exhibit low power density,
broad spectrum, and relatively low-frequency characteristics [11,12]. Consequently, designing efficient linear energy harvesters for
ultra-low-frequency or ultra-low-speed systems remains a significant challenge.
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To harvest energy from low-frequency motions, existing electromagnetic energy harvesters (EMEHs) are primarily categorized
based on their motion modes.

Rotational EMEHs typically harvest energy associated with rotational motions, which is transformed via transmission mechanisms
like rack-and-pinion structures [13,14]. Introducing flywheel energy storage to these rotational harvesters can significantly enhance
the energy-harvesting capability under discrete steps [15,16]. However, these designs usually require a large displacement stroke
and occupy a considerable volume. This makes them more suitable for large-scale applications.

Translational EMEHs directly convert the kinetic energy of linear motion into electrical energy. To improve the power density of
translational EMEHs under low-frequency inputs, researchers have proposed solutions to optimize the magnetic array structures [17].
In addition, improving the electromagnetic damping models is also an effective approach to enhance the output performance of linear
harvesters [18].

To further overcome the limitations of extremely low-frequency inputs, many studies have adopted frequency up-conversion
mechanisms. These mechanisms transform low-frequency inputs into high-frequency oscillations [8,19-21]. Bistable planar springs
are also widely utilized to broaden the operating frequency band for low-frequency energy harvesting [22]. Recently, some studies
have introduced catapult trigger mechanisms specifically to compensate for the energy harvesting deficiency under non-continuous
excitations [23].

While these mechanisms demonstrate excellent performance in continuous vibration environments, they may encounter efficiency
limitations under ultra-low-frequency or sporadic singular-triggering scenarios (e.g., occasional finger presses). For such specific
applications, a highly compact and reliable trigger mechanism provides a more suitable alternative.

The quasi-static-toggling (QST) EMEH offers a mature engineering solution to this challenge. It operates based on the instanta-
neous magnetic pole swapping principle. Utilizing bistable structures to achieve the sudden release of energy has also proven to
be an effective means of coping with extremely low-speed pressing [24]. By utilizing energy buffering and sudden release through
an internal spring, it generates sufficient electricity to drive wireless transmissions under extremely low-speed pressing. Although
such compact modules have been successfully applied in commercial products (e.g., EnOcean wireless switches [25,26]), systematic
investigations into their fundamental working principles remain scarce. In our previous work [27], we introduced an analytical
model for the QST-EMEH. This model conducts a rigorous energy and dynamic analysis of the principles behind such quasi-static
triggered mechanical EH devices. Based on a lumped-parameter mechanical model, the potential energy and force characteristics
under different structural configurations were thoroughly investigated. The study focused on the effects of the energy-buffering
spring and the monostable/bistable designs. However, different IoT applications impose customized requirements on actuation force,
device dimensions, and required output energy [28,29]. To achieve on-demand design, it is imperative to conduct a comprehensive
parametric analysis and input-energy optimization. Recent studies have also indicated that system-level optimization of structural
parameters tailored to specific application scenarios is critical to improving the overall performance of energy harvesters [30,31].
Such comprehensive optimization has not been adequately explored in existing QST-EMEH studies.

In a QST-EMEH, there are many geometric, physical, and circuit parameters. To effectively capture the transient dynamics across
the mechanical, magnetic, and electrical domains, this paper adopts a lumped-parameter model for systematic analysis. In complex
electromechanical coupled systems, employing a lumped-parameter model for dynamic response analysis has been proven to be
an efficient and accurate approach [32,33]. Among these parameters, the internal magnetic attracting force is closely related to
the structural geometries. This force is proportional to the square of the magnetic flux through the mover. Therefore, this paper
first employs the finite element method (FEM) to investigate the effects of multiple geometric parameters (e.g., magnet thickness,
stopper thickness) on the magnetic attracting force. Building upon this, the paper focuses on the most critical components of the QST-
EMEH—the stiffness of the energy-buffering spring (K,) and the toggling stroke distance (d,). These two parameters fundamentally
determine the operation states of the system and the maximum mechanical energy input. Finally, based on the lumped-parameter
model, the circuit parameters are discussed. This clarifies the adjustment method of these parameters to achieve higher electrical
energy output.

The main purposes of this article are listed as follows:

» To analyze the magnetic field of the QST-EMEH and select key parameters for the optimal design.

» To model the input energy of the QST-EMEH and discuss how to optimize the input energy under different parameters.

» To provide optimization and practical design guidelines covering structural and circuit parameters, which is validated with
experiments on prototyped devices.

2. Working principle of QST -EMEH

The working principle of the QST-EMEH relies on the instantaneous magnetic poles swapping [27]. Fig. 1 illustrates this principle.
A rigid iron bar is rotatable in a small gap confined by two stopper iron plates, which also act as magnetic flux guides. One end of
the bar touches the north or south pole, while the other end touches the opposite pole. Magnetic flux through the moving iron bar.
An energy-buffering spring K, is connected to the node #2 end. When a force is applied to compress K, at node #1 end, it stores the
potential energy. As illustrated in Fig. 1(a), when the stored energy reaches a specific threshold, K, pushes the iron bar to rapidly
rotate clockwise by a small angle rapidly and then settles into another stable position. During this transition, the magnetic flux
within the iron bar changes direction from —¢, to ¢,. This rapid change in magnetic flux direction induces an instantaneous high
voltage pulse across the coil, which is wound around the iron bar. Conversely, as shown in Fig. 1(b), when an external force pulls
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Fig. 1. QST-EMEH Structure. The two subfigures show two stable conditions of the structure. The moving nodes 1 and 2 correspond to those in
the lumped model shown in Fig. 6.
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Fig. 2. Working processes of QST-EMEH in the soft-spring case.

the energy-buffering spring K, at node #1, the working process of the spring exhibits a reverse behavior compared to that under
compression. During a stretching toggling operation, the magnetic flux reverses from ¢, to —¢,. Under this condition, a voltage
pulse with the opposite sign is generated.

In practical low-frequency or low-speed applications (e.g., finger pressing and door/window push-pull), the external actuation
still has a finite speed. Before the energy-buffering spring is released, the input mechanical energy is mainly stored in the spring.
Once the spring displacement reaches the triggering threshold, the flipper enters a rapid transient process whose characteristic time
scale is much shorter than that of the excitation movement. Therefore, the speed variation brought by low-frequency or low-speed
actuation can be approximately neglected for a single toggling event.

One of the critical components of the QST-EMEH is the energy-buffering spring K,. Its essential role has been substantially
discussed in one of our previous papers [27]. The operation of a QST-EMEH is different under two stiffness conditions. The detailed
movements under the two stiffness conditions in toggling are illustrated frame by frame in Figs. 2 and 3.

2.1. Soft-spring case

The working process of the soft-spring case is depicted in Fig. 2. The QST-EMEH initiates its process at point A, where no external
force is applied. As an external force starts to compress the energy-buffering spring, the spring undergoes slight deformation. But it
is insufficient to push the iron bar down to the other side. As the applied force is gradually increased to a critical value (marked as
point B), the energy stored in the spring reaches a sufficient magnitude to press the iron bar downward. This process further initiates
the direction swapping of magnetic flux. The iron bar rapidly proceeds to point C in a very short time with a sudden drop in pressing
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Fig. 3. Working processes of QST-EMEH in the hard-spring case.

force. After the toggling, a continued force exerted on the spring causes further deformation, as observed at point D. Subsequently,
reducing the force causes the QST-EMEH to return to point C. Finally, when the force is completely removed, the spring stays at
another stable point E. The process from point E to A is a reverse process of the sequence from point A to E. Line #1 and line #2
denote the linear F,-x, relationships of the iron bar, respectively. These linear relationships are derived from Hooke’s law with two
different initial displacements. They correspond to the scenarios where the iron bar is in contact with the upper stopper or the lower
stopper.

2.2. Hard-spring case

The working process of the hard-spring case is shown in Fig. 3. The first two operating points, i.e., A and B, follow the same path
as that in the soft-spring case. The divergence begins at point C. As the iron bar descends, it does not reach the opposite side (line
#1) immediately. Instead, the iron bar stays midway within the gap. As the iron bar moves continuously downward, it comes into
contact with the other stopper, which is represented by point D. Exerting a continued force on the spring causes further deformation,
as observed at point E. The spring stays at another stable point F, same as point D, when the external force is released. The process
from point F to I is a reverse process of the sequence from point A to D.

3. Influence of geometric parameters

Before analyzing the input energy flow, selecting the key parameter based on a more advanced model is essential for optimal
design. This section introduces the FEM model to examine the magnetic flux distribution in a QST-EMEH. In this section, A, h,, and
d, are employed to illustrate how geometric design affects the magnetic circuit and consequently the magnitude of magnetic force
F,. This analysis serves as a preparation for the later input-energy discussion, where the roles of d, and K, are examined from an
energy-regulation perspective. In a real assembly, the magnetic flux flowing through the QST-EMEH is not homogeneous. Modeling
the flux at the contact point between the iron bar and the stopper is challenging due to the sharp-to-flat contact form. Therefore,
a FEM analysis is essential for providing a more precise understanding of the actual magnetic field distribution, which has been
widely adopted in the design of various electromagnetic energy harvesters [34,35]. A set of FEM results is obtained by constructing
a QST-EMEH structural model in COMSOL Multiphysics (by COMSOL Ltd.). The influence of different geometric parameters is
investigated with a parameter-sweep simulation.

In the FEM model, the ferromagnetic conductors (including the flux guides and the moving iron bar) are described by a nonlinear
B-H relation rather than a constant permeability. This setup captures the possible local saturation in the vicinity of narrow flux paths
and contact edges. Within the design-relevant parameter range of this study, such local saturation primarily modifies the detailed
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Fig. 4. Magnetic structure of a QST-EMEH for FEM analysis. (a) Isometric projection view. (b) Front view.

Table 1

Parameters in the FEM model for numeric simulation.
Params Value Description Params Value Description
V (mm?) 800 Volume of magnet d, (mm) 0.01 Thickness of air gap
D (mm) 20 Width of QST-EMEH h, (mm) 1 Thickness of iron bar
A, (mm?) V/D Side area of magnet L, (mm) 50 Length of iron bar
d, (mm) [2, 22.5] (default:2) Half of stoppers’ gap d (mm) 1 Iron bar and magnet distance
h, (mm) [2, 20] (default:4) Thickness of magnet Hre B-H model Relative permeability of iron
b, (mm) A./h, Length of magnet B (T) 0.24 Flux density of magnet
h, (mm) [1, 35] (default:1) Thickness of stoppers Himag 1.05 Relative permeability of magnet
L, (mm) 60 Length of stopper

magnetic field distribution, but exerts a limited impact on the peak magnetic attracting force F, ,. Accordingly, it does not change
the trends discussed in the following sections.

3.1. Key parameter selection

In the simplified illustration presented in Fig. 1, the magnetic flux in the two stable positions exhibits symmetry. For the detailed
analysis of field distribution via FEM, only one of the two conditions needs to be considered. To establish a FEM structural model,
the case depicted in Fig. 1(a) is selected. This FEM structural model with detailed geometric parameters is illustrated in Fig. 4.

The width of the QST-EMEH device is denoted as D. The magnet size is characterized by its thickness 4, and length b,. For the
stopper, the length is L,, and the thickness is 4,. For the moving iron bar, the length is L,, and the thickness is 4;. In this FEM
model, a gap d, is assumed to simulate the contact between components. The end distance between the moving iron bar and the
magnet is denoted as d.

Next, some key parameters are selected to investigate their influence on the magnetic field. The first parameter is the magnet
thickness, h.. It changes by keeping a constant product with b, in order to maintain a constant volume of magnetic materials.
Therefore, the variation in magnet thickness has an impact on its length 5., which alters the total magnetic flux flowing out of
the magnet surface. The second parameter is the thickness of the stopper bar, i.e., A, as the flux flows through the bar from the
magnetic side to its far end. Changing the stopper’s thickness has a significant influence on its contained magnetic flux. The third
parameter is the air gap between the two stoppers, i.e., 2d,. This gap distance has a substantial influence on the QST-EMEH’s energy
flow. Other parameters have a relatively small influence on the magnetic field; therefore, they are not analyzed separately.

Table 1 lists the values of all parameters used in the FEM simulation. In the comparative study, one parameter is varied at a
time during the simulation. All other parameters are kept constant at their default values throughout the simulation process. This
parameter-adjustment strategy is adopted to observe the change in the magnetic field. The magnetic field change is induced by the
variation of the specific parameter under investigation. The simulation results of different key parameters are presented as follows.

3.2. Influence of magnet thickness h,

In this parameter analysis, the magnet volume and the width of the QST-EMEH are kept constant. Consequently, the product of
the magnet’s length b, and thickness s, remains constant. When the thickness of the magnet &, increases, the corresponding length
b, decreases accordingly. The corresponding finite element simulation results for two A, instances are illustrated in Fig. 5(a) and
(b). Fig. 5(g) illustrates the continuous relationship of the magnetic flux ¢, (measured at the middle intersection of the moving bar)
under various values of h,. The figures show that as the magnet’s thickness increases, the flux within the iron bar decreases. The
rate of flux reduction exhibits a steep trend within the range of 2 mm to 6.5 mm. In contrast, this flux reduction rate transitions to
a more gradual trend when the range shifts from 6.5 mm to 20 mm.

Therefore, under the constraint that the same volume of magnetic materials is utilized, a flat shape magnet is preferred to
introduce a greater amount of magnetic flux in the moving bar. The rate of flux reduction is steep between 2 mm and 6.5 mm,
while it becomes more gradual between 6.5 mm and 20 mm.
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Fig. 5. Magnetic finite element simulation results of QST-EMEH. (a) and (b) Results under two magnet thicknesses .. (c) and (d) Result under
two stoppers (flux guide) thicknesses &,. (e) and (f) Result under two d, changes. (g) and (i) Variation of the flux of the iron bar with the change
of h,, h,, and d,.

3.3. Influence of stoppers (also flux guides) thickness h,

In the design of this QST energy harvester, the stoppers also function as magnetic flux guides. The variation in magnetic flux
under two different instances of stopper thickness is illustrated in Fig. 5(c) and (d). Fig. 5(h) presents the continuous relationship
between stopper thickness and magnetic flux. As indicated by the graph, when the stopper thickness #, is less than 4 mm, the
magnetic flux increases sharply with the increase of i,. However, when 4, exceeds 4 mm, the magnetic flux becomes saturated and
reaches a constant plateau.

Therefore, there is a proper thickness of the magnetic flux guide stoppers, beyond which it only increases the weight rather than
making an effective contribution to the total magnetic flux.

3.4. Gap between two stoppers 2d,

The flux variation under two instances of half stoppers gap d, is depicted in Fig. 5(e) and (f). Fig. 5(i) presents the continuous
relationship between this gap and magnetic flux. The graph illustrates that the magnetic flux exhibits a trend of initial increase
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Fig. 6. Lumped-model of the mechanical part of a QST-EMEH. The moving nodes 1 and 2 correspond to those in the structure shown in Fig. 1.

followed by subsequent decrease, with a critical boundary at 11.5 mm. Based on the magnetic flux simulation results, it can be
inferred that the iron bar flux maintains stability when the QST-EMEH is configured to a specific size. In the subsequent analysis of
the QST-EMEH, a specific flux value will be selected; this selection indicates that the flux ¢, remains constant.

The smaller magnetic flux observed under a small d, originates from the fact that a significant portion of the magnetic flux
tends to flow through the air gap more readily when d, is small. Therefore, Z-shaped flux-guide stoppers can be employed to
simultaneously achieve a large ¢, under the conditions of a relatively small #, and a large d,, as shown in Fig. 5(f).

4. Input energy analysis

A mechanical model was established in the prior study to elucidate the working principle of a QST-EMEH [27]. This study
further investigated the parametric relationships among the stiffness of the energy-buffering spring, the gap of the stoppers, and the
magnetic attracting force. These three parameters exert a direct influence on the input mechanical energy.

4.1. Mechanical model

Fig. 6 illustrates the QST system’s lumped model. Node #1 refers to the actuating point, while node #2 refers to the moving
point, as also marked in Fig. 1. F; and x, denotes the force and displacement of node #1. F, and x, are those of node #2. K, is the
energy-buffer spring. K, and 2d, model the two stoppers. K, model the nonlinear magnetic force. M, D,,, and D, are the equivalent
mass, mechanical damping, and electrically induced damping of the moving iron bar. These three components have no effect to the
input mechanical energy; they only take effect after every toggling instant.

In the equivalent lumped model, the levering effect exhibited by the two ends of the rotating rigid iron bar is characterized
through the motion of node #2. The total force acting on node #2 can be mathematically formulated as follows.

F, (xl,xz) =FK2 (xl,x2)+Fg (>c2)+FKA (xz) o
==Ky (xy—x)) + Fy (x) =K, [(xy — dy) H (xy —dy) + (x3+ dy) H (=x, —dy)] ,

where H(:) is the Heaviside unit step function. The magnetic force F, in Eq. (1) is a nonlinear function of x,, which is formulated
as follows

242 43
a“gyd; x)

(2)

F,(xy) = .
¢ ) dot A (@ + 2 = 2]
a is a dimensionless flux-leakage coefficient in the lumped magnetic-reluctance approximation, i.e., it accounts for the fraction of
magnetic flux that does not follow the intended main path due to fringing/leakage. In this work, we follow our prior quasi-static-
toggling model [27] and use an empirical value « = 0.1. In addition, the magnetic force calculated by Eq. (2) agrees with that
generated by the “reluctance force actuator” block in Simulink, which is used in the dynamic simulation in Section 5. ¢, represents
the magnetic flux passing through the moving iron bar in the system. y, denotes the permeability of vacuum, a fundamental physical
constant in magnetic circuit analysis. u, stands for the relative magnetic permeability of the medium, which is air in the context of

this study. A denotes the cross-sectional area of the magnetic circuit, a key geometric parameter for flux calculation.
The total potential energy of the QST-EMEH can be formulated as the integral of the negative force —F,, along the direction of
x,. Specifically, this formulation is expressed as follows:

U (xl,xQ) = /—F2 (xl,xz) dx,

“2‘15(2)‘1; 1 2 2 @
_MMAW+D@_@+5mUM_@)H@rwg+m+@)Hp&_@w

1
=§K2 (%2 - x1)2

In prior research [27], the bistable design was discussed, as well as the working principle of the monostable design with a
restoring spring. The energy of restoring spring only depends on x;. It does not change in the energy-releasing process, i.e., the
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sudden changes of x, at the toggling instants. Therefore, for discussing the input energy, only considering the bistable cases is
sufficient.

In the bistable QST-EMEH, when the actuating force F; applied at node #1 is zero, the moving bar at node #2 remains in either
the d, or —d, position, corresponding to two stable equilibrium points. At either of these two stable positions, substituting x, = +d,
into Eq. (2) gives the same magnitude of magnetic force as follows

Fy= q% “@
& /"OMrA '

4.2. Input energy in different cases

Prior to the toggling of the moving iron bar to the opposite side in either soft- or hard-spring case, the spring K, adheres to
Hooke’s Law with two distinct initial displacements, namely x, = d, or —d,. The two cases can be represented as two lines in the
F,-x, diagram, as illustrated in Figs. 2 and 3. The mathematical expressions corresponding to these two lines, which are formulated
as follows

Line #1: F| (x)) = K, (x| +d,), 5)
Line #2: F) (x)) =K, (x| —d,). 6)

The actual energy cycle of the QST energy harvester is confined within the region bounded by these two spring characteristic lines.
The input mechanical energy can be visualized as the area enclosed by the F,-x; trajectory. This area is also called the work cycle
in the F;-x, diagram [36].

4.2.1. Soft-spring case
Assume that the QST assembly initiates its motion from the position of point A. Prior to toggling, the constitutive relation of the
system conforms to line #2 in the F,-x, curve presented in Fig. 2. The iron bar leaves the magnetic adhesion of the lower flux-guide
stopper? when
K, (x| —d,) = -F, )

gm:

During the press-down half-cycle, solving Eq. (7) reveals that there exists a critical value — X ., for x,, at which the toggling behavior
occurs. The critical displacement required to break the magnetic adhesion force is expressed as follows.

F,
&.m
Xl,cr = ?2 - d2' (€©)]
The left iron bar is attracted to the upper flux-guide stopper. At this moment, if K, is sufficiently soft, it collides with the upper
flux-guide stopper immediately, i.e., switches the track to line #1 under the same critical position —X; ... The “sufficiently soft”
criteria is mathematically formulated as follows

X > dy. (©))

Fig. 8(d) and (e) show the F;-x, graphs in the soft-spring cases. In these cases, the force magnitude drops by 2K,d,. By referring
to Eq. (3), the energy released in one toggling action, i.e., an instant change of x, from d, to —d,, can be formulated as follows

Ep=U(~X,er.dy) —U (=X, . —dy) =2d, (Fy,, — Kyds) . (10)

The other half of the cycle follows a symmetric process. This symmetric process releases an equal amount of energy during the
reverse toggling action.

4.2.2. Hard-spring case
Compare with the “sufficiently soft” criteria in Eq. (9), the “relatively hard” criteria is mathematically formulated as follows

Xy <dy. an

In this scenario, the moving iron bar fails to reach the opposing flux-guide stopper immediately upon breaking the magnetic adhesion
of one flux-guide stopper. The iron bar node #2 stops in the gap between the two stoppers, e.g., point C and H in Fig. 3. In such a
hovering zone, the magnetic force exhibits a near-zero magnitude. This characteristic is particularly pronounced under the condition
of a small « ratio [27]. After that, The node #2 follows the movement of node #1 until it reaches the opposite stopper line.

Fig. 8(a) and (b) show the F;-x, graphs in the hard-spring cases. In these cases, the force magnitude drops by F, . Neglecting
the magnetic force in the hovering area, the energy released in a toggling action is formulated as follows

F2

==, (12)

1
E,=U (_Xl,cr’dZ) -U (_Xl,cr!_Xl,cr) ~ E S

2 In the equivalent model illustrated in Fig. 6, the “upper” and “lower” positional relationship is swapped. This swapping phenomenon arises from the
direction-reversing effect of the lever employed in the actual hardware implementation.
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Table 2
Parameters for calculating E;, in Eq. (15).
Name Value/Range Description
K, (N/m) [0,3000] Stiffness of energy buffer spring
A (mm?) 15 Cross-section area
Ho (H/m) 4z x 1077 Permeability of vacuum
M 1 Relative permeability of air
d, (mm) [0,35] Half distance between stoppers
¢y (WWb) 20 Flux through the iron bar
a 0.1 Flux leakage ratio

4.2.3. Boundary case
In the transition point of soft- and hard-spring, there is a boundary case, where

Xier =ds. 13)

During the toggling action of a boundary case, the leaving iron bar node #2 stops at the opposite stopper. This stopping position
is exactly where the force of the energy-buffering spring returns to zero. The input energy in the boundary case can be formulated
by substituting Eq. (13) into either Eq. (10) or Eq. (12).

Ej, =U (=dy,dy) = U (=dy,~dy) = 2K, dj. 14

4.2.4. Summarizing formula of input energy
Combining the input energy expression in Egs. (10), (12), and (14) gives a comprehensive formula as follows

2dy (Fy, — Kydy) . 2Kydy < F,, (soft spring),
E;, =12K,dZ, 2K,d, = F,,, (boundary), (15)
F,/(2K;). 2K,d, > F,,, (hard spring).

It should be noted that Eq. (15) contains no explicit velocity term. The QST feature ensures a certain minimum harvestable energy
under even quasi-static (very slow) operation. Yet, the pressing speed, in fact, exerts a certain influence on the actual harvested
energy. In general, a small rise in harvested energy can be observed under higher speed. The primary task of the QST harvester is
not to maximize energy harvesting. It aims to harvest an specific amount of energy, as described in Eq. (15), above the minimum
requirement. This minimum energy ensures the successful implementation of an IoT function.

Based on the set of parameters listed in Table 2, the variation trend of input energy E;, under different values of d, and K,
is visualized in Fig. 7. The input energy can also be interpreted from the F;-x, diagrams. In this subsection, the enclosed gray
area in the F|-x; plane is used to represent the input energy E,,. Therefore, the force—displacement plots provide an intuitive
interpretation of E;,, consistent with the analytical expressions [36]. When the stiffness K, is fixed at a constant value, the F;-x,
diagrams corresponding to five distinct d, conditions, which correspond to the five data points in Fig. 8, are separately presented
in Fig. 8(a) to (e).

For a given constant K,, E;, increases monotonically with the increase of d, in the soft-spring regime. After crossing the boundary
point between the two regimes, the case changes to hard spring, and E;, remains constant with further increase of d,. This piecewise
trend is the same as that predicted by Eq. (15), and can be recognized from the area evolution in the corresponding F;-x, plots.

On the other hand, when d, is fixed, E;, monotonically decreases as K, increases in the combined soft- and hard-spring regimes.
The corresponding F|-x; diagrams under constant d, and five different K, are illustrated in Fig. 9. From Eq. (15), E;, bounds at
2d,F, ,, in the soft-spring regime, when K, approaches zero.

For a given constant d,, E;, decreases monotonically with the increase of K, in the combined soft- and hard-spring regimes. This
trend is the same as that predicted by Eq. (15), and can be recognized from the area evolution in the corresponding F;-x, plots.

5. Simulation and experiment

The theoretical energy analysis in the preceding section fully clarifies the variation trend of the input energy E;, with different
values of d, and K,. To further investigate the effects of d, and K, on E,;, and E,, of the QST-EMEH, the dynamic components
shown in Fig. 6 are introduced. The numerical simulation of the multi-field dynamic behavior is carried out via the Simulink toolbox
in the MATLAB environment.

Previous studies employed products manufactured by Chlorop Ltd. (China). These studies demonstrated the suitability of the
model for the QST-EMEH. In the present work, a series of QST-EMEHs were designed. The design aimed to validate the harvested
energy of different QST-EMEH types. It also aimed to verify the dynamic analysis results. However, experimental validation of all
points was not feasible. This limitation arose from hardware constraints. For example, points corresponding to d, = 0.2 mm cannot
be implemented in practical applications. Additionally, acquisition of an ideal hard iron bar presents a challenge. The ideal hard
iron bar requires a thickness of 0.1 mm. In the experiments, the moving iron bar is made of DT4 electromagnetic pure iron with a
thickness of 0.5 mm.
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Fig. 10. Multi-field-coupled dynamic model of the QST-EMEH built in Matlab Simscape.

5.1. Simulation model

Fig. 10 shows the dynamic model. The static parameters are listed in Table 3. Prior to toggling, the input mechanical energy in
the quasi-static process is theoretically analyzed. The analysis adopts the lumped element and lumped parameter approximation.
After toggling, the transient operation involves intricate mechanical-magnetic-electrical coupling dynamics.

5.2. Experimental setup

Figs. 11 and 12 illustrate the structural configuration of the QST-EMEH and the experimental arrangement of the entire testing
system. The setup consists of a digital ruler, a dynamometer, an oscilloscope, and a capacitor. These components are used to measure
the input energy and harvested energy of the QST-EMEH. To verify the effects of varying parameters d, and K,, different types of
shells and energy-buffering springs were designed. The design parameters of the QST-EMEH are detailed in Table 4. For parameter d,,
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Fig. 11. Experimental setup. (a) QST-EMEH device. (b) Testing setup.

Table 3
Parameters in the dynamic model.
Name Expression Description
D,, (Ns/m) 20 Effective damper
M (g) 0.5 Effective mass
K, (GN/m) 10 Stiffness of the stopper
D, (GNs/m) 10 Stopper damping coefficient
a 0.1 Flux leakage ratio
d, (mm) [0, 30] (default: 3) Half distance between two stoppers
N (turns) 500 Turns of the coil
R (Q) 25 Resistance of the coil
C, (uF) [1, 3.3, 10, 22, 33, 47, 100, 220, 330, 470, 1000] Energy storage capacitor
R, (GQ) 10 Load resistance
vV, (V) 0.55 Voltage drop of a diode
Table 4
Parameter table of the experiment setup.
Params Value/Range Description
K, (N/m) {650, 1400, 1987} (default: 650) Stiffness of energy buffering spring
d, (mm) {3, 6.5, 10} (default: 3) Half distance between stoppers
C, (uF) {1, 10, 22, 33, 47, 100, 220, 330, 470, 1000} Energy storage capacitor
¢y (WWb) 22.5 Magnetic flux via the iron bar
a (mm?) 53 Cross-section area
R (Q) 25 Resistance of the coil
R, MQ) 10 Load resistance
hy 0.5 mm Thickness of the iron bar

three different types were employed. Each type of d, was paired with three different energy-buffering springs. In the experiments,
one parameter (d, or K,) was set as the default value. The other parameter (K, or d,) was varied during the testing process.
Parameters not listed in Table 4 are consistent with those in Table 3.

In this experimental setup, the input energy of the QST-EMEH is measured via reciprocating swing of the iron bar. The input
energy is calculated using the movement of the ruler and the force data from the dynamometer. The harvested energy is determined
by measuring the energy storage capacitor connected to the poles of the QST-EMEH. The energy stored in the capacitor decreases
accordingly, and the harvested energy is also affected by the circuit, which comprises a resistor and the storage capacitor. It should
be noted that the harvested energy cannot be directly acquired from experimental results. Only the output voltage is obtainable
from the oscilloscope. However, the harvested energy can be indirectly calculated using the following equation.

1
E,, = EC,dec, 16)

5.3. Result
Fig. 13 shows the F;-x, results from simulation and experiment. Red dashed lines in this figure represent experimental data. Blue
lines denote simulation results under the same parameters. Comparison of Fig. 13(a), (b), and (c) reveals that d, variations induce a

specific F,-x, response trend. This trend is consistent with corresponding simulation results. Similar consistency applies to the effect
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Fig. 12. Prototypes with different stiffness K, and stopper distance d,.
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Fig. 13. F|-x, relation in experiment. (a) d, =3 mm and K, = 650 N/m. (b) d, = 6.5 mm and K, = 650 N/m. (c) d, = 10 mm and K, = 650 N/m.
(d) d, =3 mm and K, = 1400 N/m. (e) d, =3 mm and K, = 1987 N/m.

of energy-buffering spring stiffness on F;-x; characteristics. This effect is illustrated in Fig. 13(a), (d), and (e). These observations
confirm that the variation trend of E;, matches the previously presented theoretical results. Among the five sub-figures, Fig. 13(b)
and (d) are close to the critical conditions for the transition from soft-spring to hard-spring behavior.

Fig. 14 shows the experimental open-circuit voltage waveform of the QST-EMEH under different d, and K, values. It can be seen
from Fig. 14(a), (b) and (c) that the peak open-circuit voltage decreases gradually as d, increases. The maximum peak open-circuit
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Fig. 14. Open circuit voltage in experiment. (a) d, = 3 mm and K, = 650 N/m. (b) d, = 6.5 mm and K, = 650 N/m. (c) d, = 10 mm and
K, =650 N/m. (d) d, =3 mm and K, = 1400 N/m. (e) d, =3 mm and K, = 1987 N/m.

voltage attains 5.2 V, and the minimum is about 1.5 V. By contrast, the change in spring stiffness exerts a relatively slight influence
on the open-circuit voltage. Nevertheless, the peak voltage shows a decreasing trend, which falls from 5.2 V to approximately 4 V.

By varying the resonant capacitance C,, the variation trend of harvested energy is observed. In addition, the distance d, and
stiffness K, are adjusted individually to investigate the variation trend of E,,. In Fig. 15(b), E,, shows a increasing trend as K,
decreases. This trend is consistent with the previously presented variation trend of E;,. However, a discrepancy is observed in Fig.
15(a). In this figure, E,,, decreases monotonically with the increase of d,.

Waveform of open-circuit voltage are extracted from Fig. 14(a), (b) and (c). Simulated and experimental results of the waveforms
show an obvious time-scale discrepancy with the increase of d,. The variation of E,, with d, is presented in Fig. 15(a). E,,, decreases
as d, increases in the figure. This trend is inconsistent with the conclusion derived for E,,. Primary reasons of this inconsistency
are summarized as follows:

» The amplitude of open-circuit voltage correlates with iron bar velocity. As d, increases, the QST-EMEH works in the hard-
spring regime. Fig. 3 shows that the iron bar experiences two acceleration stages. The iron bar velocity between these two
stages is determined by input motion velocity, which is hard to unified in simulation and experiment. This causes a significant
time-scale gap between experimental and simulation results with the increase of d,.

» Two accelerating stages — leaving one pole and arriving at the other pole — superimpose a higher velocity on the moving iron
bar in the soft-spring case. This induces a larger open-circuit voltage. Therefore, it might also result in a higher energy output.

+ A larger d, reduces the magnetic flux passing through the iron bar. This reduction arises from the surface contact to point
contact. Consequently, the amplitude of the output voltage decreases.
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Fig. 15. Experiment results of QST-EMEH harvested energy. (a) Harvested energy under different d, and C,. (b) Harvested energy under different
K, and C,.

» The diodes exhibit a fixed voltage drop. The effect of this fixed voltage drop on the E,, is voltage-dependent. Specifically,
this effect is negligible when the output voltage is high. In contrast, this effect becomes significant when the output voltage
is low.

The combined effect of the above factors is the primary reason for the inconsistent variation trends of E,,, and E;, with the change
of d,. A relatively complex dynamic process takes place after the iron bar breaks free from the constraint of magnetic force. In
the case of the soft spring, the iron bar directly reaches the lower stopper. During this process, the mechanical energy stored in
the energy buffering spring is not fully released, which leads to continuous acceleration of the iron bar. In the case of the hard
spring, however, the iron bar still fails to reach the lower stopper even after the mechanical energy in the energy buffering spring is
completely released. As a result, the iron bar first undergoes acceleration, then deceleration, and is accelerated again by magnetic
attraction when approaching the lower stopper. This dynamic process exerts an influence on the electrical energy output of the
QST-EMEH. Only a brief analysis of this process is conducted in the present study. A more in-depth investigation into its underlying
mechanism will be carried out in future work.

6. Discussion
6.1. Optimal region in the d,-K, space

In the design of QST-EMEH, two core objectives need to be balanced simultaneously. The objectives are structural compactness
and maximized energy output. Theoretical analysis, simulation verification and experimental results are presented previously. Based
on these results, this study proposes optimization suggestions for key parameters. The proposed suggestions possess engineering
reference value. In the structural dimension design of QST-EMEH, the pressing distance (X, . +d,) is a core indicator. Its value
directly determines the practical application of the device. The influencing factors of F, ,, are mutually independent. The magnitude
of F,,, is mainly determined by the performance parameters of the selected permanent magnet. At the initial stage of parameter
design, the value of F,, and the upper limit of pressing distance (X, +d,) can be directly determined according to practical
requirements. This mapping yields the minimum value of K.

F,,,
Xie+dy

Combined with the aforementioned conclusions, E;, and E,, both exhibit a monotonically increasing trend as K, decreases.
Thus, the optimal value of K, corresponds to the green line in Fig. 16. The system satisfies the relation d, = F,, /(2K,) under
critical conditions. This relation corresponds to the purple line in Fig. 16. The red line in the figure denotes the boundary criterion
for soft and hard-spring conditions. This criterion is consistent with that presented in Fig. 8.

From the perspective of input energy characteristics, E;, under the hard-spring condition is higher than that under the soft-spring
condition. From the perspective of harvested energy characteristics, the increase in d, tends to induce the attenuation of E,. This
attenuation is caused by the four reasons mentioned in Section 5.3. Therefore, the optimal value range of d, falls into the subcritical
region of the soft-spring condition. By integrating the optimization principles of K, and d,, the optimal parameter design region
of QST-EMEH is presented in Fig. 16. In practical engineering applications, numerous additional parameters influence the output
magnitude of E,,. These parameters include the capacitance of the energy storage capacitor C, and the number of coil turns N.
Furthermore, complex dynamic interactions exist among these parameters. Thus, further simulation analysis is necessary to optimize
the parameters based on specific application requirements.

K, > a7
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Fig. 17. Simulation result of harvested energy E,, under different coil turns N.

6.2. Influence of circuit parameters

In practical engineering applications, the electrical side of the QST-EMEH can be regarded as a voltage source in series with
an inductance and a resistance. According to Faraday’s law, increasing the coil turns N generally improves induced voltage and
harvested electrical energy. However, a larger N also increases coil volume and winding resistance. The effective flux-linkage gain
gradually approaches a practical saturation boundary. As shown in Fig. 17, E,, increases monotonically with N. Therefore, to
achieve higher electrical energy output in practical implementations, N should be selected as large as possible within allowable
design constraints.

On the load side, an energy management circuit with energy buffer and release mechanism (EBRM) is usually utilized to decouple
the charging process from power consumption [37,38]. During the transient charging stage, the IoT load is effectively disconnected
from the load. All the harvested energy is fully stored in the buffer capacitor C,. Once the charging process is completed, the buffered
energy is sequentially released through the EBRM circuit to supply power to the IoT load. Thus, the energy-harvesting process and
the load power-supply process operate independently. In Fig. 15, the horizontal axis is the capacitance value C,, and the vertical
axis denotes the corresponding harvested energy. It can be observed that an optimal value of C, exists for maximizing the extracted
energy under a single excitation. This mechanism constitutes a fundamental distinction between energy-triggered transient-to-static

generators and conventional power-type transient generators. Accordingly, proper selection of C, is also critical, besides the number
of coil turns N, to achieving maximum energy harvesting performance. As the storage voltage across C, changes during the charging
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process, the equivalent loading condition varies in the charging transient. Future work should investigate the transient dynamics
combining post-toggling motion and gradual capacitor charging.

7. Conclusion

This paper performed a parametric study and design optimization for QST-EMEH using magnetic FEM analysis, lumped-parameter
modeling, multi-domain coupled simulation, and prototype experiments. Analytical results indicated that input energy increases with
the inter-stopper gap d, in the soft-spring regime and saturates in the hard-spring regime. On the other hand, it decreases with the
buffer spring stiffness K,. Yet, simulation and experiment found that an excessively large d, reduces the actual output energy,
which does not follow the changing trend of input energy. Such energy inconsistency between input and output arises from the
superposition of accelerating breaking force and attracting force exerted by two poles. It is also attributed to reduced magnetic flux
leakage. Additionally, the soft-spring case features higher open-circuit voltage and lower dissipation in the diode rectifier. The joint
electromechanical dynamics of the post-toggling transient warrant future scrutiny. In terms of parametric design, by referring to the
simulation and experimental results, the optimal design region is identified as the subcritical soft-spring regime with a small K, and
moderate d, around the critical boundary between soft- and hard-spring regimes. Furthermore, an optimal storage capacitance C,
exists to maximize the energy per trigger. This is a typical feature of QST generators. Coil turns should be maximized within volume
constraints. These parametric study and results offers valuable design guidelines for compact, high-performance QST-EMEHSs toward
transient-motion-powered IoT applications.
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