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The self-powered wireless switch is one of the successful battery-free electronic products, which can be
fully powered by a small mechanical energy harvesting (MEH). In most existing designs, bistable toggling
electromagnetic energy harvesters are utilized to extract the mechanical energy associated with the switch
toggling motions. Although such MEH modules are already put into volume production, the toggling dynamics
and their energy profile have not been seriously investigated yet. This paper gives a comprehensive study
of this toggling MEH. The released energy in a toggling action is quantified based on a varying potential
well theoretical model. The mechanical-magnetic—electrical interaction within this dynamic system is better
revealed with a simulation model built in Matlab Simulink. Experimental results further validate both the
theory and simulation. The new insight into these quasi-static MEH systems and their essential potential energy
precharging mechanism fills the gap between leading engineering practice and lagging academic study, in terms

of application significance, over the last two decades.

1. Introduction

Mechanical energy harvesting (MEH) technology is developed with
the purpose to scavenge energy from ambient mechanical sources,
then using the harvested energy to power the pervasively distributed
Internet of Things (IoT) devices, i.e., turning the otherwise wasted
mechanical energy into useful information [1-5]. The ambient vi-
brations or motions usually cover some relative low-frequency spec-
trum, e.g., below 100 Hz. Many sophisticated frequency up-conversion
techniques have been proposed by scholars from academia for trans-
ferring the energy concentrated in the low-frequency band to the
high-frequency one, which better matches the resonant frequencies of
most rigid MEH structures [6-10]. However, industrial engineers prefer
simpler and more practical designs to manufacture their products. The
motion-powered toggling wireless switch is a good example. One of
the earliest products was released by EnOcean GmbH from Germany
around 2001 [11,12]. Fig. 1(a) and (b) show the EnOcean ECO 200
MEH module and its explosive view, respectively. Many manufacturers,
e.g., the ZF Group from Germany [13], Alps. Ltd. from Japan [14],
Linptech Ltd. from China [15], and Chlorop Ltd. also from China [16],
have released similar self-powered switch products.

The aforementioned commercial MEH modules for the self-powered
wireless switches are all based on the instantaneous magnetic poles
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swapping principle [12]. These toggling switches have a significant
common feature that they can work under extremely low-frequency
or slow excitations. To be more professional, such excitations can be
referred to as quasi-static motions. The triggering behavior of these
quasi-static toggling (QST) MEH is very similar to those in the snap-
through or bistable designs [17]. Yet, most of the previous studies
of snap-through and bistable structures considered the performance
in bandwidth broadening by directly exerting continuous vibration
excitations to them [7-9]. The detailed transient dynamics and energy
profile in each triggering motion were not thoroughly investigated. On
the other hand, from the successful application of the motion-powered
switches [11] and other transient-motion exciting designs [18], it turns
out that, only one QST action is good enough to provide sufficient en-
ergy for the sub-1G or Bluetooth wireless transmission. Although these
QST devices have already experienced booming growth in the industry
and been put into a successful business over the last two decades, such a
concept of QST-MEH has not caught sufficient attention and emphasis
in the academic community. Only a few papers studied the behavior
of some post-buckling mechanical structures and used the concept of
quasi-static excitation until now [19,20]; the understanding is far from
a systematic insight toward a battery-free IoT system energized by the
harvested energy from a quasi-static motion.
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Fig. 1. Quasi-static motion energy harvester (ECO 200 by EnOcean GmbH). (a)
Harvester module. (b) Explosive view [11]. (c) and (d) Schematics showing the two
stable positions after two toggling steps.

This paper gives a comprehensive investigation of the QST-MEH
system by studying its mechanical-magnetic—electrical coupling dy-
namics and energy flow. The previous analytical approaches for the
continuously excited frequency up-conversion, snap-through, bistable,
or multi-stable structures become invalid for describing a single QST
motion. A varying potential well model is thus developed to analytically
study the energy accumulating and releasing process in each QST
action. The dynamics after toggling are numerically analyzed with
a mechanical-magnetic—electrical multifield coupling model built in
Simulink.

2. Working principle at a glance

The existing QST-MEH structures were mostly designed based on
engineering experiences without rigorous theoretical modeling and
parametric analysis. Two mechanisms, namely, instantaneous magnetic
poles swapping and potential energy precharging, respectively, enable and
enhance the MEH effect.

2.1. Instantaneous magnetic poles swapping

The key mechanism enabling the QST-MEH design is based on
the instantaneous magnetic poles swapping technique [12], whose
principle is illustrated in Fig. 1(c) and (d). The moving part of the
QST harvester is a seesaw-like magnet and magnetic flux guide iron
bars assembly. As it toggles in between the clockwise [Fig. 1(c)] and
counterclockwise [Fig. 1(d)] stable positions, the magnetic flux flowing
through the coil changes between ¢, to —¢,. According to Faraday’s
Law of induction, a pulsed electromotive force (EMF), i.e., voltage or
potential difference, will be induced in the coil during a rapid magnetic
pole swapping transition.

2.2. Potential energy precharging

Besides the toggling magnetic structure, in almost all designs, the
triggering bar is driven by an additional spring, which might be a leaf
spring or spiral spring [12]. Such an auxiliary component is essential,
as it can significantly enhance the harvested power. The secret results
from the accumulated strain energy associated with its deformation
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before breaking through the magnetic adhesion. Therefore, this aux-
iliary spring is called the energy-buffering spring in this study, which is
illustrated in Fig. 1. The mechanism of potential energy precharging
has caught some research interest recently [18]. The idea is not un-
precedented but very useful, in particular, for energy harvesting from
quasi-static motions or extremely low-frequency vibrations. Because
the potential energy does not rely on the frequency or speed of a
movement. By accumulating or buffering mechanical energy from a
motion, regardless of its speed, and later releasing it in a burst mode,
the electromechanical energy transformation efficiency can be robustly
guaranteed. In particular, for electromagnetic generators, the EMF in
electromagnetic induction is proportional to the changing rate of mag-
netic flux. The more and faster the magnetic flux changes, the higher
and easy-to-process voltage can be generated from an electromagnetic
generator. It compensates for the drawback of a linear electromag-
netic generator, which usually produces a relatively large current but
small voltage output, compared to other MEH mechanisms, such as
piezoelectric and triboelectric ones [21,22].

Although it was mostly seen that the MEH technology was referred
to as kinetic energy harvesting (KEH). But obviously, with the suc-
cessful application of the potential energy precharging mechanism in
the QST switches, the harvester that scavenges energy from ambient
vibrations or motions should be more accurately and generally referred
to as a mechanical or motion energy harvester.

The theoretical fundamentals of potential energy precharging in the
QST-MEH structure will be discussed in detail in the following parts of
this article.

2.3. Special and valuable features

As one of the commercialized small MEH modules, which was
put into volume production, the QST electromagnetic harvesters have
some significant features compared with other MEH designs, which are
summarized as follows:

* Excellent frequency up-conversion capability. The QST action is
activated and sends out a voltage pulse whenever the moving part
passes the critical positions, regardless of the moving speed or
frequency.

Relative high output voltage. Most commercial QST harvester’s
maximum instant output voltage can be up to 20 V, which is much
higher than many linear or frequency up-conversion electromag-
netic MEH designs.

Quantifiable input mechanical energy. The quasi-static exciting case
ensures the lowest amount of input energy in each toggling;
excitation at a higher speed gives a larger amount of energy. This
feature is unique and useful for ensuring a successful wireless
transmission along with each toggling action.

Reliable operation. From the testing data of the manufacturer, the
compact QST-MEH module can be effectively toggled for more
than one million times [11,14].

Although the QST-MEH modules have such unique features and already
had been put into a successful business for two decades, a comprehen-
sive study of their dynamics and energy flow is still absent. This paper
is targeted to fill this gap between leading engineering practice and
lagging academic research.

3. Theoretical energy analysis

A theoretical lumped mechanical model is developed to evaluate the
amount of input mechanical energy during the energy accumulation
and releasing process under quasi-static excitations.
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Fig. 2. Lumped model. (The dashed dynamic components play no effect before each
quasi-static toggling action.)

3.1. Quasi-static model

Fig. 2 shows the equivalent lumped model of the QST-MEH module.
The effect of toggling magnetic structure is abstracted by a nonlinear
stiffness K, and a two-way stopper, whose gap is a constant 2d, and
contact stiffness is K. K, represents the energy-buffering spring, while
K, is the rebounding spring for monostable design. The magnet-iron
moving assembly is represented as node 2, whose displacement is x,.
The action point is denoted as node 1, whose displacement is x}. Given
that each toggling action only applies a unidirectional force to the ac-
tion point, such a mechanism is modeled with a moving stopper, whose
gap is a constant 2d, and displacement is x,. To distinguish x; and x| is
necessary because, in some cases, the action point might fly out of the
finger after passing the critical position. The aforementioned springs
and stoppers form the toggling mechanism and determine the input
energy. For the dynamics after toggling, the dynamic components,
such as equivalent mass M, mechanical damper D,,, and electrically
induced damper D,, which results from energy extraction, should be
taken into account [23,24]. In this study, the theoretical model only
considers the quasi-static energy process. Since the dynamics after an
energy-releasing instant involve complex interactions such as collision
and mechanical-magnetic-electrical coupling, they are studied with
numerical simulation in Section 4.

The total force applied at node 2 reflects the state of the QST
harvester, in particular, the conditions before and after the critical
toggling positions. This force is formulated as follows

Fy(x1, %) =Fgy + Fgg + Fg,
=-K, (xz - x'l + x20) + K, (xp) x;
- K, [(x2—dy) H (x, — d,)
+(xy+dy) H (—xy - dy)].

(€Y

where H () is the Heaviside unit step function; the displacement x’I is
expressed as a saturation function of x;.

K,
X, —dy, when —=—x, < x; —d|,
K, +K,
X ={x;+d when Lx >x;+d 2)
1 1 1» K +K, 2 1 1>
K
—sz, others.
K, +K,

The initial conditions of the rebounding spring and energy-buffering
spring are x;, and x,,, respectively. These two initial conditions are
correlated with the following relation

K x19 = Kyxy0. 3)

The magnetic effect is taken as a nonlinear spring with negative stiff-
ness, which is expressed as follows

K, (%)) ® Ky3x3 + K, @

where K3 and K, are two constants fitting the practical nonlinear
magnetic force using the Duffing-type model. This polynomial approx-
imation is valid in most cases. A more comprehensive model and the
rationale for this simplification will be discussed in Section 3.2.
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Fig. 3. Magnetic reluctance force model. (a) Equivalent magnetic circuit of the
magnetic assembly. (b) Force and displacement relation of nonlinear stiffness K.

Combining the potential energies of the linear rebounding spring,
linear energy-buffering spring, and nonlinear magnetic assembly yields
the total potential energy of the QST system, which is expressed as
follows

U(x1,x5) = Uk + Ugy + Uk, + Uk,

= Lk (4 xi0) 2K (= ) )

2 2
1, 4 1,

~ 1 Kex — 3 Kax; )
1 2

+ 3K, [(x2 —dy)" H (x, — dy)

+ (vt d) H (v - dy)].

There are two types of QST harvesters on the market, bistable and
monostable ones, meeting different application requirements [13]. The
bistable designs have no rebounding spring K;, compared with the
monostable ones; therefore, the two toggling positions are symmetric
in positive and negative x, directions. On the other hand, the two
toggling positions are both in the negative x; direction for the monos-
table design. The lumped model provided in Fig. 2 is compatible for
modeling both cases by simply setting different stiffness values of K.
The bistable case with zero K, is taken as a fundamental to discuss the
potential energy variation during toggling operation in Section 3.3. The
monostable design will be discussed in Section 3.5.

3.2. Magnetic reluctance force

The magnetic assembly, which facilitates the instantaneous mag-
netic poles swapping function, is one of the essential parts of the QST
harvester. Fig. 3(a) shows the magnetic circuit of the assembly. ¢, is
the magnetic flux source provided by the permanent magnet. R|;, R,
R,;, and R,, represent the reluctance between the moving and fixed
magnetic flux guiding iron bars. Their values are formulated as follows

dy + x
2 2T X
Rij=Ryp=—"—>=; Rp=Ry = » (6)
ﬂO:urA

where y, is the permeability of vacuum, p, is the relative magnetic
permeability of the material (air in this study), and A is the cross-
sectional area of the magnetic circuit in square meters. R; models
the reluctance due to the flux leakage. It is taken proportional to the

constant gap 2d, with a ratio a, i.e.,
2ad,
Ry=a(R 1 +Rp) = . (7)
3 (R 12) Yo A

According to the basic magnetic circuit laws, the magnetomotive force
(MMF) across the magnet can be formulated as follows

F = ¢o {Rsll [(R111R21) + (R12lR2)] } - @®)

The magnetic fluxes through R, (same amount through R,,) and R,
(same amount through R,,) can be formulated as follows

F Ry F Ry

_r : =F_*u_ 9
2R+ Ry biz 2Ry +Ry ©

11



S. Liu et al.

—2 mm

X;=—6 mm

—4 mm (critical)

0 mm

Nano Energy 104 (2022) 107887

2 mm 4 mm (critical) 6 mm

Point

AorD

(d) (e) (® ™~

N
F=0
0) [ & IRV [ [ (m) |
-1 0 17 -1 0 17 1 0 1 -1 0 1
X (mm) X (mm) X (mm) X (mm) X (mm) X (mm) X (mm)

Fig. 4. The potential energy and force pictures as functions of x, at different excitation position x; under relatively soft K, and bistable (zero K;) case.
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Fig. 5. The potential energy picture in one cycle of toggling actions under relatively
soft K, and bistable (zero K,) case. (a) Potential energy picture. (b) Potential energy
contours.

Substituting (6) into (9) and referring to the reluctance force for-
mula, the total reluctance force of the magnetic assembly can be
expressed as a function of x,, i.e.,

2 & — ¢ dRy,
117 dx, 1274y,
a2¢(2)d;x2 (10)

Hok Al +1)d7 = x3]

F, (xy) =2(Fy; + Fip) = —¢

R

Fig. 3(b) shows the functional relations between total reluctance force
F, and displacement x, under different reluctance ratio a, as well as
their fitted curves with the quadratic polynomial nonlinear stiffness
model provided in Eq. (4). Unlike a typical spring, which provides a
restoring force, the magnetic force repels the mover away from the un-
stable equilibrium at the zero position. From Fig. 3(b), the Duffing-type
model fits better when «a is larger than 1. Deviations are more obviously
found at small a. In that case, we had better rely on Eq. (10) rather than
Eq. (4) to formulate the force produced by the magnetic assembly. In
addition, the magnetic force calculated by Eq. (10) agrees with that
generated by the “reluctance force actuator” block in Simulink, which
is used in the dynamic simulation of Section 4.

3.3. Potential energy variation

Given the special magnetic assembly design, without external dis-
turbance, the mover, i.e., node 2 in the equivalently lumped model
shown in Fig. 2, must stop at either x, = d, or —d, position. Therefore,
the magnetic assembly is a typical bistable structure. Potential energy
analysis helps reveal its critical condition of toggling and the input
mechanical energy at the firing instants. Since a quasi-static excitation
is assumed in this paper, i.e., x; — 0, no kinetic energy is input to
the system. Both F, [the total force at node 2, which is formulated
in Eq. (1)] and U [the total potential energy of the system, which is
formulated in Eq. (5)] are functions of the toggling point displacement
x, and the action point displacement x,. Their progressions with x; and
x, elaborate the principle of QST energy harvesting.

The potential energy picture under a normally used soft precharging
stiffness K, and bistable case is illustrated in Figs. 4 and 5 from
different points of view. The parameters of the assembly are listed as
the first case in Table 1. In this case, since K, = 0, there is no preloading
force applied to K,; therefore, the operation is symmetric with respect
to the x; = x, = 0 vertical line. The potential energy 3D picture in
a cycle of symmetrical toggling actions is illustrated in Fig. 5(a). It is
kind of a special saddle surface, given the effect of positive stiffness
along x; and local negative stiffness along x,. The valley points and
ridge points at different x, are connected into the valley and ridge lines
and illustrated as the red and black dashed lines, respectively, in the
figure. The valley lines (red) goes along the stoppers’ positions, where
X, = +d,, while the ridge line (black) goes between —d, and d, as x,
varies.

Starting from point A, one of the stable points, path A to B repre-
sents a press action (x; < 0), which precharges the energy-buffering
spring K,. When arriving at point B, the valley point merges with
the ridge point. After that, there is no valley points when x, = d,.
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Fig. 6. The potential energy and force pictures as functions of x, at different excitation position x, under relatively hard K, and bistable (zero K,) case.
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It means after point B, the node 2 mover will immediately drop to
point C, which toggles an instantaneous energy release at the critical
x, position. The released energy is represented by the height difference
between point B and C. After this toggling action, the mover stays at
another stable point D, where the press action is finished. Likewise, the
paths from point D to critical point E, and instantaneously to point F
describe the toggling action in the other lifting direction (x; > 0). Such
a toggling cycle can be further understood with the potential energy
contours shown in Fig. 5(b). At either of the critical points B or E,
the contour lines’ tangent is perpendicular to the horizontal x, axis.

Table 1
Static parameters used in theoretical modeling (Section 3) and dynamic simulation
(Section 4).

Case Para. Value Para. Value
Common K, 30 kN/m d, 1 mm
parameter in Ky 50 GN/m? d, 1 mm
three cases K, 10 GN/m

Soft K,, bistable K, 0 X10 0
(Section 3.3) K, 20 kN/m Xo0 0

Hard K,, bistable K, 0 X9 0
(Section 3.4) K, 200 kKN/m X2 0

Soft K,, monostable K, 10 kN/m X190 —6 mm
(Section 3.5) K, 30 kN/m Xy —2 mm

Moreover, the 2d, gap models the unidirectional constraint at either
press or lift action.

Fig. 4(a)-(g) show several slices of the 3D pictures in Fig. 5(a)
when x, varies around the equilibrium position. Fig. 4(h)-(n) show the
pictures of the corresponding force F,. F, is the sum of Fy,, Fg,, and
Fk, as formulated in Eq. (1). Within these three forces, only Fy, is
related to x,. Therefore, moving x; acts as if introducing a translational
up or down movement to the F, curve at x; = 0 condition, i.e., Fig. 4(k).
Likewise, the picture of the total potential energy U under different x,
can be regarded as a sum of the U curve at the x; = 0 case and a moving
section of the parabolic curve of Uy, as illustrated in Fig. 4(h)-(n). The
conditions of critical x, positions are designated in Fig. 4(b), (f), (i),
and (m). From the force pictures, the critical x; marks the transitional
condition of F, from single to triple zero-crossing points. The released
energy in each toggling action is denoted as AU, in this soft K, bistable
case, as illustrated in Fig. 4(b) and (f). Since U is the integral of F,,
when K, = 0, AU, is proportional to the area, which is patterned by
orange diagonals in Fig. 4(i) and (m).

The analysis of potential energy variation under different exciting
position x; reveals the basic principle of the QST harvester in quasi-
static operation. It is different from the existing dynamics and power
analysis of bistable or snap-through structures. Almost all existing stud-
ies evaluate the power output under continuous excitation of different
frequencies. In this paper, energy, rather than power, is considered
the key factor in evaluating the energy harvesting performance. The
MEH modules based on the QST mechanism have been manufactured
and put into a successful business, such as motion-powered wireless
switches, during the last two decades. Therefore, the QST mechanism is
remarkable for MEH applications, even though it was ignored by people
from academia until now.



S. Liu et al. Nano Energy 104 (2022) 107887
x;=—4.5mm -3.5 mm (critical) —2.5 mm —1.5mm —0.5 mm (critical) 0.5 mm 1.5 mm
0.4 \/ (@) Point M
s |
0.2 — 2 2
L Ue (©) ) I
200
J— N
— |l [ Fell 1 "2 011 11 a1 B
< 0
- 1
) Fr=0
200 (D) 0) , | | [ ,
-1 0 1 -1 0 1 -1 0 1 -1 0 1 -1 0 1
X (mm) X (mm) Xy (mm) X (mm) X5 (mm) Xy (mm) X (mm)

Fig. 8. The potential energy and force pictures as functions of x, at different excitation position x, under relatively soft K, and monostable (nonzero K,) case.

d—1 Potential energy surface © Potential energy contours
=p= Paths of potential energy precharging = <<--- Ridge line
=p Paths returning to a stable position ----- Valley line
=== Paths of instantenous energy releasing (toggling)

Stoppers

17

i,
I
w%%‘%%lllllllllllllnr

ettt

N
1177 1
T

U(Q) HHI
17777
7
047 /{4
_ \ 211717 V
0.3 \ e i press
AZ /4
e
e S gt
0.1 Sssssss
' ez ail) - o
L
]
O_
(a)
0.5
0
(b) x, (mm)

Fig. 9. The potential energy picture in one cycle of toggling actions under relatively
hard K, monostable (nonzero K; and nonzero x,,) case. (a) Potential energy picture.
(b) Potential energy contours.

3.4. Effect of energy precharging stiffness

In all QST products, the energy-buffering spring is a necessary
component, e.g., the brass leaf spring in the EnOcean product shown
in Fig. 1(a) [11]. This additional component can significantly increase
the input mechanical energy in each toggling action. This subsection
investigates the rationale behind this component.

When the energy-buffering spring is stiff, the potential energy pic-
ture looks different. The potential energy picture under a hard energy-
buffering K, and the bistable case is illustrated in Figs. 6 and 7 from
different points of view. The parameters are listed as the second case
in Table 1. In this large K, case, the most obvious difference is that the
valley lines are no longer confined in the x, = +d, positions, as we can
observe from Fig. 7. The merging points of the valley lines and ridgeline
are on the x, = 0 line. Therefore, when we press the QST harvester
by starting from point G, the stable points diverge from the stopper
position at x, = d, after passing point H and then instantaneously
release the stored energy from x, = 0 to —d, (point I to point J),
rather than from —d, to d, as those in the soft K, case. In the opposite
lifting direction, the stable points diverge from the other stopper at —d,
and the harvester travels from point L to point G to release the same
amount of potential energy.

As we can observe from Fig. 5(b), the 2d, gap is a necessity for
enabling the sudden potential energy drops in this hard K, case. If the
nonlinear term K5 in the magnetic negative stiffness is small and can
be neglected, the critical K, value distinguishing soft or hard features
just equals to K. In this case, we denote the released energy in each
toggling action as AU, as illustrated in Fig. 6(b) and (d). AU, is just the
height of the potential barrier, which separates the bistable potential
wells. Moreover, as we can observe from the patterned area in Fig. 6(i)
and (m), which is proportional to the released energy, the area is much
smaller than that in the soft K, case, which was shown in Fig. 4(i)
and (m). If the nonlinear term K,; is negligible, K, can be regarded
as a linear negative stiffness. Given the geometrical (approximately
triangular) relation in the extreme very soft and very hard K, cases,
we can have the following relation between the amounts of released
energy in the two cases, i.e.,

AU, = 44U,,. an

If the nonlinear K,3 term is significant, the enclosed area in Fig. 6(i)
gets even smaller, while that in Fig. 4(i) remains the same; there-
fore, such an energy ratio might get even larger than four-folds. This
explains the necessity of the soft energy buffering K, design in a prac-
tical product for realizing reliable and sufficient precharged potential
energy.

3.5. Monostable design

Besides the bistable QST harvester module, the monostable version
is also used in many self-powered switch scenarios [13]. In the monos-
table design, one toggling action happens on the way when the exciting
rod is pressed down and the other happens on the way returning to
its only stable position. To realize the monostable design, a preloaded
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Fig. 10. Multifield coupled dynamic model for numeric simulation in Simulink.

rebounding spring K, connecting node 1 and the ground should be
added.

The parameters used to study the monostable QST harvester are
listed in the third case of Table 1. Figs. 8 and 9 show the potential
energy picture of the monostable case. It should be noted that, after
inserting nonzero K, and applying the preloading force, both the initial
displacement of spring K; and K,, i.e., x|, and x,, respectively, are
negative. With a proper selection of the K; value, when excitation force
is revoked, the node 2 mover can only rest at the x, = d, stable position,
i.e., around point M in Fig. 8. When the QST harvester is pressed down,
its potential energy goes along the green arrow line until attaining
the critical point N, after which it drops to point O in a sudden. The
mover is toggled from the x, = d, potential well to the —d, well. When
the harvester is released from point O, its potential energy goes along
the red arrow line. After another critical point P, the potential energy
suddenly drops to point Q; the mover is toggled back to the d, potential
well. In the monostable design, the gap of action point d; has no effect
on the toggling actions since the force is only applied in the downward
direction. The released energy in each toggling action is denoted as
AU,,, as shown in Fig. 8(b) and (e).

In the datasheet of ZF bistable and monostable energy harvesters,
the switch characteristics are explained with the force-travel dia-
grams [13]. Such diagrams might explain the behavior from the ac-
tuating point of view. However, they can explain neither the energy
details nor the dynamic principle of a QST harvester. In fact, most of
the previous QST products were developed based on empirical or trial-
and-error engineering procedures. Without a rigorous theoretical study
on the potential energy variation and toggling dynamics, in particular,
those under the unique and useful quasi-static excitation condition,
quantitative analysis and optimization toward more reliable, compact,
and cost-effective designs are unable to be realized. Therefore, the
potential energy analysis discussed in this section is necessary for this
ultimate goal of optimal design.

4. Simulation of multifield dynamics

The theoretical energy analysis in Section 3 has provided a thor-
ough understanding of the toggling principle and the amount of input
mechanical energy in each toggling action. To further study the dy-
namics after each triggering point, we have to consider the dynamic
components, such as mass M, mechanical damping D,,, and electrically
induced damping D,, as shown in Fig. 2.

Since the transient behavior after a toggling involves complex multi-
field coupled dynamics across the mechanical, magnetic, and electrical
domains as well as some mechanical collisions at the stoppers, an ana-
lytical model with closed-form expressions is not easy to be developed

Table 2

Dynamic parameters used in dynamic simulation (Section 4).
Parameter Value Parameter Value
o 20 pWb A 5 mm?
Ho 4z x 1077 H/m Hy 1
M 100/10/1 g D, 1 N s/m
K, 1 x 10'° N/m a z
D, 1 x 10° N s/m C, 1 mF
N 500 turns Vy 0.6 V
R, 100 MQ

Other quasi-static parameters in three study cases were listed in Table 1.

right away. In this study, the multifield dynamics are numerically sim-
ulated with Simulink in Matlab. Fig. 10 shows the block diagram built
in Simulink. The simulation model comprises mechanical components
in green, magnetic components in magenta, and electrical components
in blue. In the simulation model, four reluctance force actuator blocks
linking the green mechanical and magenta magnetic domains are used
to represent the reluctance components R;, Ry, Ry, and R,, in
Fig. 3, whose values are related to the mechanical-magnetic inter-
action. The electromagnetic interaction during the toggling instants
is modeled by the electromagnetic converter block, which links the
magenta magnetic and blue electrical domains.

4.1. Simulation results

Following the three cases, whose static parameters were listed in
Table 1 and energy pictures discussed in Section 3, we can further
investigate the transient dynamic behavior of the QST harvester. The
other dynamic parameters used in the dynamic simulation are illus-
trated in Fig. 10. Their values are listed in Table 2. Those dynamic
parameters are kept the same in the three study cases. Fig. 11 shows
the key waveform during the operation of the QST system under the
three study cases.

4.1.1. Soft toggling bistable case

The key waveform of the soft toggling stiffness K, bistable case is
shown in Fig. 11(a)—(f). As shown in Fig. 11(al) and (a2), the activating
node 1 displacement x; (dashed line) continuously and slowly varies
between +6 mm, such that to toggle the node 2 displacement x, (solid
line) bistablly changing between +1 mm, the stoppers positions. During
the toggling moments, as shown in Fig. 11(cl) and (c2), the magnetic
flux ¢ through the electromagnetic coil switches between the two stable
values ¢, and —¢, almost in an instant. Through the N turns coil,
voltage pulses are induced in the electrical domain, as shown by v, in
Fig. 11(d1) and (d2). Through a diode bridge rectifier, whose forward
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Fig. 11. Simulation results under three cases. (Parameters are provided in Tables 1 and 2. M =1 g in this study). (a)-(f) Soft K, bistable case. (g)-(1) Hard K, bistable case.

(m)-(r) Soft K, monostable case.

voltage drop is 2V, and a filter capacitor C,, the generated electricity
is rectified into storable dc form, as shown by vg. in Fig. 11(el).

The toggling or actuating force at node 1, i.e., F; as illustrated in
Fig. 11(b1), is also of interest for elaborating the toggling characteris-
tics. It can be observed that F; abruptly drops at every toggling instant.
Fig. 11(f) further illustrates the work cycle as a trajectory of the (x;, F;)
points in every toggling cycle. The checkpoints from A to F correspond
to the trajectory points shown in Fig. 5. Hysteresis is observed in this
force-displacement figure. The enclosed area is proportional to the
energy extracted from the QST system within one operation cycle [25].

4.1.2. Hard toggling bistable case

The key waveform of the hard toggling stiffness K, bistable case
is shown in Fig. 11(g)—(1). As we can observe from the waveform of
x; and x, in Fig. 11(gl) and (g2), the variations of x, in toggling
actions are not as prompt as those in the soft K, cases. From the
enlarged view shown in Fig. 11(g2), x, follows x, to slowly move for a
d, distance before starting a sudden drop from the zero x, position.
The observed phenomenon in numeric simulation agrees with that
predicted in the theoretical analysis in Section 3.4. The degradation in
toggling agility affects the magnetic flux changing speed and amount
of generated energy. As shown in Fig. 11(j1) and (j2), the v,. pulses
have lower magnitude. The level of the output voltage vg4. after four
toggling actions is only one-half of that in the soft K, case; therefore,
the amount of energy stored in the capacitor C, is only about one-
fourth of that in the soft K, case, which approximately validates the
theoretical prediction given in (11).

From the work cycle picture shown in Fig. 11(1), the area enclosed
by the force—displacement trajectory is much smaller than that in the
soft K, cases.

4.1.3. Soft toggling monostable case

The key waveform of the soft toggling stiffness K, monostable case
is shown in Fig. 11(m)-(r). In the monostable case, the two toggling
actions only take place in the negative x, range, one in the downward
pressing process and the other in the upward releasing process. The
toggling positions can be more obviously distinguished from the force
F, waveform in Fig. 11(n1). The toggling positions can be tuned by
adjusting the K, value and the initial deformations x;y and x,,. From
Fig. 11(p1) and (p2), the generated voltage pulses during the toggling
actions look approximately the same as those in the soft K, bistable
case.

The monostable designs were extensively used in motion-powered
switch applications as battery-free command transmitters. For one rea-
son, only one pair of pressing and releasing actions gives two energy
pulses; therefore, more energy is provided with one natural finger-
press action. In the meanwhile, it also gives a better user experience.
Given the possible packet loss in wireless communication, the physical
position changes associated with bistable toggling actions might not
be truthfully reflected in case of communication failure. On the other
hand, the monostable design always returns to the reset position; no
physical difference remains after every finger press-release action.

4.2. Effect of actuating gap 2d,

The actuating gap 2d; is used to model the unidirectional force
effect applied by the finger press or lift actions. Such a design is not
necessary for the soft K, monostable case. As we can observe from
Fig. 11(r), the hysteresis of force-displacement trajectory are all in the
negative x; and negative F| region; it still works even if the positive
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Fig. 12. The force—displacement trajectories under zero actuating gap (d, = 0)

condition. (a) Soft K, bistable case. (b) Hard K, bistable case.

x, part is removed. For the soft K, bistable case, Fig. 12(a) shows
the result under zero d; condition. It shows that it still works without
inserting a nonzero 2d, gap. The enclosed area, which corresponds to
the extracted energy in one cycle, is approximated the same as that in
the nonzero 2d, condition. The balanced position of x,, where F, =0,
is at —d, when x, = —d,. It is at d, when x, = d,.

For the hard K, case, the nonzero d; design is necessary. Fig. 12(b)
shows the result with large K, under zero d, condition. Since node 2 is
strongly confined by the rigid K, under both positive or negative x,—x;
deformation, there is no abrupt displacement drop of x,. No enclosed
area is found in the force-displacement trajectory of Fig. 12(b); there-
fore, no energy can be extracted in the hard K, case, if not involving
the nonzero d, model.

In real applications, the hard K, condition is seldom used, because
of its inferior energy generation. But, in this study, understanding the
underlying reason why soft K, is preferred, particularly the quantitative
relation to the hard K, case, is of importance toward the fundamental
principle and an all-rounded evaluation of the QST harvester.

4.3. Effect of toggling mass

The potential energy precharging can be carried out either very
slowly or almost instantaneously, because the inertia of a real spring is
very small, and therefore, can be neglected. But in the following energy-
releasing stage, the equivalent mass M at node 2 matters. It confines
how fast the mover of the magnetic assembly moves. Fig. 13 shows the
selected waveform under three different toggling mass M in simulation.
Comparing the three columns under different masses, we can find that
a large mass impedes the rapid changes of x, between the two bistable
positions +d, as well as the amount of magnetic flux ¢ between +¢,.
Therefore, the induced voltage pulse has a smaller magnitude but wider
span over time in a larger mass case. From these observations, we can
conclude that, in general, smaller mass M is preferred, since it gives
more rapid response and a larger electromotive force (EMF), or simply
put, higher and easier-to-process voltage output.

4.4. Other issues in simulation

Besides the toggling mass M, there are some other dynamic compo-
nents in Fig. 2 model. The mechanical damping D,, is mostly comprised
of air damping during toggling. It is set to a very small value in
simulation. The electrically induced damping D, is implemented with
a bridge rectifier as the interface circuit in this study, such that to
show more details of the multifield coupled dynamics. The values of
filter capacitance C, and load resistance R, can be adjusted to simulate
different charging and loading effects. During each toggling action, the
precharged energy is released in a burst. Only a portion of the released
energy is converted into electricity through the electromagnetic coil.
The remaining portion is dissipated in a mechanical collision at a
stopper. The rigid contact of a stopper is modeled with a large stiffness
K, and a large contact damping D, whose values are listed in Table 2.
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Fig. 14. Experimental setup (Video S1 showing its operation can be found in the online
supplementary materials). (a) Testing setup. (b) Tested QST-MEH module manufactured
by Chlorop Ltd. (mechanical assembly with an size of 25 x 45 x 10 mm?®) and METAL
group at ShanghaiTech University (circuitry).

5. Experiments

The QST energy harvester module is a mature engineering product.
It is used to build many commercial motion-powered switch products
over the last two decades [11]. In this section, we take the measure-
ment results from a QST harvester product, whose mechanical part is
manufactured by Chlorop Ltd. from China, and electrical circuitry is de-
veloped by the authors’ research group (METAL group at ShanghaiTech
University in China), to validate the energy and dynamic analysis
discussed in this paper.

5.1. Testing setup

Fig. 14(a) shows the experimental setup for measuring the quasi-
static behavior and energy output of the QST harvester. The enlarged
view of the QST-MEH module is shown in Fig. 14(b). The testing setup
is composed of a force gauge and a manual micro-positioning stage,
both of which are fixed on a wood frame. In the test, a QST-MEH
module is mounted at the micro-positioning stage, while its actuating
pedal is pressed by the measuring head of the force gauge. Because
the manual micro-positioning stage travels extremely slow, manually
rotating its tuning head one round only moves the stage by 0.5 mm, the
actuating movement provides a rigorous quasi-static motion input. The
quasi-static characteristics can be recorded by marking down the data
pairs of the translational displacement and the corresponding pressing
force.

To better show the necessity of the energy-buffering mechanism,
two sets of data are recorded when the mover is actuated through an
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Table 3

Equivalent component values identified from experimental data.

Parameter Press at node 1 Press at node 2
(soft K, mono.) (hard K, mono.)

K, (N/m) 1140 200

K, (N/m) 3380 40000

¢y (WWb) 5.3 8.3

R; (1/H) 2 x 108 2 x 107

X, (mm) -1.2 -0.3

d, (mm) 0.92 0.55

M (kg) 0.2 0.2

D,, (N s/m) 1x 107 1x 107

N (turns) 500 500

K,, Dy, uy, p,, A are the same as those listed in Table 2.

----3%--- Press in experiment (from 0 to -1.8 mm)
----3--- Release in experiment (from -1.8 to 0 mm)
Trajectory obtained with Simulink simulation

0 : : : :

-1.0
Displacement (mm)

Fig. 15. Force-displacement trajectories in experiment and simulation comparison. (a)
Soft K, monostable case (being pressed at node 1). (b) Hard K, monostable case (being
pressed at node 2).

energy-buffering spring and a plastic lever, i.e., being pressed at node 1,
or directly being pressed at the rigid node 2. The two pressing positions
of the QST module are illustrated in Fig. 14(b).

5.2. Force—displacement trajectory

Fig. 15 shows the force-displacement trajectories when the QST
module is pressed at node 1 (soft K, case) or 2 (hard K, case), respec-
tively. The red and green discrete data points are measurement results
obtained with the experimental setup. The black solid lines are simu-
lation results, based on the component values, which are identified by
fitting the experimental data points. The component values are listed in
Table 3. Given the excitations at different actuating nodes, which also
encounter different levering effects, all of the listed equivalent compo-
nent values are not the same in the two cases. In general, the simulation
results with these two parameter sets follow the experimental trajecto-
ries quite well. It validates the mechanical-magnetic—electrical model
presented in Fig. 10 for simulating the multifield coupled dynamics of
the QST-MEH device.

Some observations can be obtained from the two force-displacement
trajectories. First, the soft K, case do release a larger amount of
mechanical energy during each press-release cycle, as the enclosed
area by the trajectory is larger. Second, the absolute input mechanical
energy in one press-release cycle of the preferred soft K, case is about
5 N x 0.8 mm = 4 mJ. Knowing this absolute amount of energy is
helpful for figuring out the possibility to make some specific sensing
or computing demands in IoT applications. Given the conservation
of energy, those continuous and impartible tasks whose total energy
consumption is over this amount will never be fulfilled in any case,
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Fig. 16. Open-circuit voltage and harvested energy of the QST-MEH module in the
experiment. (a)-(d) Soft K, case. (e)-(g) Hard K, case. (a) and (e) Overviews of
a press-release cycle. (b) and (f) Enlarged views of the press-down moments in the
experiment. (c) and (g) Enlarged views of the release moments in the experiment. (d)
Enlarged views of a release moment in simulation. (h) Harvested energy under different
values of filter capacitance in a press-release cycle.

even with an ideal transducer and a perfect energy conversion and
management circuit.

5.3. Voltage and energy output

More measurement results of the open-circuit voltage (v,. without
the bridge rectifier, C,, and R, in Fig. 10) during the toggling instants
under the aforementioned soft and hard K, monostable cases are shown
in Fig. 16(a)-(g). Compared with the hard K, case, the preferred soft
K, case outputs two higher and narrower voltage pulses in one press-
release cycle, one negative and one positive pulses. From the enlarged
views shown in Fig. 16(b) and (c), the duration and magnitude of
a voltage pulse are about 1.5 ms and 20 V maximum, respectively,
which is similar to those described in the datasheet of some QST switch
products [11,13,14]. The pulsed voltage in the hard K, case lasts longer
but has a smaller magnitude, as we can observe from the enlarged
figures shown in Fig. 16(f) and (g). In addition, the voltage pulse profile
recorded in simulation (Fig. 16(d)) looks very close to that of the
experimental one (Fig. 16(c)). It once again validates the effectiveness
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of the multifield coupled dynamic model provided in Fig. 10. The
numerical model might be used for efficient parametric studies toward
future optimal designs.

Besides the open-circuit output voltage, the energy harvesting per-
formance is also investigated. The harvested energy under different
filtering and storage capacitors C, are shown in Fig. 16(h). Without
the loading resistor R, in Fig. 10, after a complete press-release action,
the harvested energy is calculated as follows
E, = %c, Vi,
where V. is the end dc voltage after the press-release action. From
Fig. 16(h), the maximum harvested energy of the soft K, case is about
0.7 mJ, while that of the hard K, case is about 0.2 mJ. The ratio of
output electrical energy in these two cases is about 3.5, which again
shows a seemly correlating agreement with the four-fold relation of
the input mechanical energy formulated in (11). To harvest maximum
energy, an optimal filter capacitor should be selected. In this studying
case, the optimal capacitance value is about 33 pF.

As this QST module can always give an energy output larger than
0.7 mJ, by adding some high-efficient circuit modules for voltage
regulation and under-voltage lockout, it is convenient to design a low-
energy application within this 0.7 mJ energy bound. For example, the
energy consumption of a Bluetooth low-energy (BLE) beacon node,
which was designed and optimized by the authors’ research group, in
sending one wireless packet is Epp ~ 0.2 mJ [18], whose level is
illustrated by the red dashed line in Fig. 16(h). Therefore, the QST-
MEH-powered BLE beacon can send out two to three packets after each
press-release action in applications.

12)

5.4. IoT applications

Many designs have been proposed for motion or vibration energy
harvesting during the last two decades. The major electromechani-
cal transduction mechanisms being investigated include piezoelectric,
electromagnetic, and electrostatic ones. In particular, the triboelectric
nanogenerator (TENG), as one of the emerging realization electrostatic
generators, has attracted a lot of research interest during the last
decade [4,21]. On the other hand, from the industrial or engineering
application point of view, in particular, for those designs targeting
human-motion-powered electronics, user experience is a prior concern.
For the motion-powered switch, there is a hard constraint for engineer-
ing applications that at least one wireless packet must be sent out after
only one strike by either hand or foot, i.e., one strike one packet in
short; otherwise, the user experience gets worse and even is regarded
as unacceptable.

The QST-MEH module is a competent and mature product that
can meet the aforementioned one strike one packet principle. As we
can see in the measurement, the absolute input mechanical energy
of each strike is at least 4 mJ; the converted and successfully har-
vested electrical energy is 0.7 mJ; while sending each BLE beacon
packet consumes 0.2 mJ energy. Therefore, although there seems still
a large space for potential improvement in electromechanical energy
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conversion efficiency, the 17.5% harvested energy, from mechanical
input to optimal electrical output, can already reliably support the
task of a motion-powered BLE beacon. According to the manufacturer’s
product specifications, these modules can properly work after millions
of strikes [11]. Therefore, they are very robust.

Based on these QST-MEH modules and the circuitry design by
our research group, we have prototyped several motion-powered IoT
systems for the applications, such as interactive exhibitions, interactive
toys, and self-powered sensing floor tiles for indoor positioning. The
general architecture of these IoT systems is sketched in Fig. 17. The
alternative current (ac) pulses generated by a QST module are rectified
into direct current (dc) form, and then regulated into a constant dc
output voltage around 1.8 V by a low-dropout (LDO) regulator, in order
to power the digital system on a chip (SoC). By using the harvested
energy, the SoC broadcasts some BLE beacon signals, which can be
received by any BLE receivers such as smartphones or embedded sys-
tems in the vicinity, usually within 10 m. These pieces of information
can finally reach the cloud servers through some WiFi or 5G network
relays. Three application examples built based on this architecture are
illustrated in Fig. 18. The corresponding videos (S2-S4) are provided in
the supplementary materials. Given that these devices can send out two
to three BLE beacon packets by pressing the 5 mm stroke QST buttons
at whatever speed, they are very promising in building many practical
battery-free and maintenance-free interactive products.

6. Discussion

Frequency up-conversion is an extensively discussed topic for low-
frequency mechanical energy harvesting during the last decade. How-
ever, the slowest moving case, a quasi-static (excited by a very slow
motion) energy harvester, was seldom reported and studied, even
though they are a good fit with human-motion-powered battery-free de-
vices, as demonstrated by the commercial QST harvester modules. The
underneath reason might come from the extensively used but confusing
term “kinetic energy harvesting”. Most existing designs studied how to
convert mechanical energy into electricity in real-time by implementing
dynamic transducers, rather than using the first collect or store then
release strategy. Power rather than energy has received more attention
as a figure of merit for performance evaluation since most people
considered continuously moving MEH systems. In fact, potential energy
is as important as kinetic energy. They coexist in vibrations. Moreover,
potential energy in a mechanical system has a unique feature, because
it can be collected almost instantaneously with our everyday low-
speed movements (given an input rod with small inertia) and steadily
storable in a mechanical spring, etc. Existing renewable energy systems,
such as hydro-power plants and compressed-air energy storage systems,
also make use of potential energy as an intermediary form for energy
collection and reservoirs. However, no sufficient attention was paid
to potential energy as an intermediary energy form from the very
beginning of the related research in small-scale MEH systems (around
the 2000s).

A QST energy harvester and its associated power conversion and
management circuit and embedded IoT module built a good example
of a self-contained and self-sustaining battery-free wireless system. It
realizes the most fundamental and critical design criteria of a practical
battery-free IoT system, i.e., to commensurately satisfy the demand in
sending a piece of useful information by making good use of the tiny
amount of harvested energy. The most fantastic thing about the QST
self-powered wireless switch is that it all happens with only one finger
press.

Although the commercial QST-MEH modules have already provided
a reliable way for realizing the “one strike one packet” motion-powered
wireless BLE beacon, the current harvested electrical energy is only
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Fig. 18. Prototyped IoT applications using the motion-powered BLE transmitters built with QST-MEH modules (Video S2-S4 can be found in the online supplementary materials).
(a) Interactive exhibition. (b) Interactive toy. (c) Self-powered sensing floor tile for indoor positioning.

17.5% of the input mechanical energy.! When the 0.7 mJ maximum
harvested electrical energy is released in two 1.5 ms instants, the
average power is up to 233.3 mW. Given that the size of the QST
module is only 25 x 45 x 10 mm?, the power over volume density
after power conditioning during an instantaneous release in around
1.5 ms is up to 20.7 kW/m?3. If we skip the 10 mm thickness, the
power over area density is 207 W/m?, which is higher than many
triboelectric designs [26-28]. In recent years, there has been extensive
research interest in stretchable energy harvesters and self-powered
sensors, etc., in particular, in those studies based on TENG [29-35].
Some of the studies on TENG reported a very high power density, say
up to 2.67 kW/m? [36], more than 10 times of this QST MEH module.
Yet, this power is recorded under a high-frequency or high rotational
speed excitation (3 kHz in the 2.67 kW/m? case). As we know, TENG
has a very high instantaneous power density; yet, the average power
density is low. For example, a recent design has recorded an ultrahigh
instantaneous power density of 10 MW/m? at a low frequency of about
1 Hz [37]; however, its average power density is only 790 mW,/m?, also
at 1 Hz excitation. This average power density is 0.38% of that achieved
by the QST module in this study. Moreover, the harvested energy by
the QST module is ready-to-use energy in electrical dc form around a
digital voltage level. It can supply power to the SoC after simple voltage
regulation via a low-cost LDO. In this sense, the QST electromagnetic
energy harvester is not only more efficient but also more mature than
the emerging TENGs.

Referring to the first principle of mechanical energy, i.e., energy
equals force multiples by displacement E = FAX, the advantage of QST
MEH module results from its relatively large impeding force against
the movement. Such an impeding force always does negative work;
therefore, input energy to the electromechanically coupled system. The
magnitude of the pressing force to excite the QST module is about
several N, as we can see from Fig. 15. Large force ensures the large
input energy from the mechanical domain at a given travel distance.
However, the force magnitudes of TENGs are usually at the mN lev-
els [38], which is three orders of magnitude smaller than what a QST
MEH module provides.

Future improvements of the QST MEH modules can be carried out
to further increase the electromechanical energy conversion efficiency,
cut down the power consumption in the power management process,
and optimize the energy-aware computing routines. With those im-
provements in all mechanical, electrical, and cyber domains, future
QST-MEH devices may either satisfy the same information demand with
a lighter or unintentional finger press, or, in the other way round,
acquire, process, and send out more pieces of useful information with a
finger press at the similar strength. Starting from the quantification of
energy supply and information demand, the energy analysis of the QST
module provides a good example of systematic design by balancing the

! We can hardly find a published paper talking about the output energy
over input energy conversion efficiency, because, in the past, most literature
takes the functionality or power output as the figure of merit in evaluating the
performance of an energy harvester.
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energy supply and information demand. The supply—demand balance
principle and a synergistic design strategy across different disciplines
must be emphasized in future designs and optimization.

7. Conclusion

The mechanical energy harvesting (MEH) modules manufactured
by EnOcean GmbH et al. have been put into the successful business
of motion-powered battery-free wireless switches for more than two
decades. In this paper, for the first time, we provide rigorous energy
and dynamic analysis of the physics of these quasi-static toggling
(QST) MEH devices. The secrete of the QST operation includes the
slow potential energy accumulation and the sudden electromechanical en-
ergy transduction. The potential energy and force pictures of different
settings were carefully investigated based on a lumped mechanical
model. In particular, the effect of the energy-buffering spring and
the monostable design are emphasized. It turns out that, by properly
designing the component parameters, we can manufacture the QST-
MEH device with different dynamic features, which meet different user
demands in practical battery-free applications. More attention should
be drawn to the potential energy precharging mechanism, although it
is well-known and classical in some sense, toward the effective and
practical designs of MEH-based battery-free IoT systems.
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