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ARTICLE INFO ABSTRACT

Keywords: Ultra-sensitive accelerometers are garnering substantial attention in line with advancements in space physics
Diamagnetic levitation research. Herein, a novel ultra-sensitive accelerometer based on diamagnetic levitation is proposed by employing
Accelerometer

a quasi-zero stiffness (QZS) structure of sensitive component. Making use of the QZS structure which consists of
dual-layer stacked pyrolytic graphite, the sensitive component demonstrates to be highly sensitive to displace-
ments and maintains the inherit passive self-stabilizing characteristics. The subsequent theoretical and experi-
mental results reveal that by fine-tuning the QZS structure of pyrolytic graphite, an ultra-high sensitivity of
66.84 mm/g can be obtained, which is among the best reported data so far and 9 times higher than that of
conventional diamagnetic levitation accelerometer without QZS structure. The extraordinary sensitivity vali-
dates the feasibility and effectiveness of QZS structure modulation in boosting sensitivity, presenting a new

High-sensitivity
Quasi-zero-stiffness structure

perspective for developing high-performance diamagnetic levitation accelerometer.

1. Introduction

Over the past decade, the explosive developments in space physics
research represented by microgravity measurement and gravitational
wave detection, emphasize the demand for discerning ultra-low-
frequency weak acceleration signals with ultra-high detection preci-
sion [1,2]. To date, high-precision accelerometers rooting in electro-
static levitation, diamagnetic levitation, MEMS (Micro-Electro-
Mechanical Systems), cold atom interferometry and other types have
been successfully implanted [1,3-8]. Particularly, the diamagnetic
levitation type has recently gained special attention on account of the
notable yet unique traits including frictionless, low stiffness, and passive
self-stabilizing suspension [9-12].

Diamagnetic levitation utilizes the repulsive force between diamag-
netic material and magnetic field to achieve stable suspension without
physical contact and the need of external input. Making use of the
friction-free character, one can dramatically minimize the noise and
drift, which is desirable for high-precision measurements [9,10].
Meanwhile, compared with other sensing structure represented by
electrostatic levitation or mechanical springs, the diamagnetic levitation
systems typically exhibit much lower stiffness, making it highly sensitive
to weak and ultra-low-frequency vibrations [11,12]. These
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characteristics make diamagnetic levitation particularly attractive for
constructing ultra-sensitive accelerometers for advancing space physics
research.

Based on the diamagnetic levitation mechanism, a few high-
precision accelerometers have been reported. For example, D. Garmire
et al. proposed a MEMS-based diamagnetic levitation accelerometer,
achieving a high resolution of 34 ug and a sensitivity of 0.33 mm/g [3].
B. Ando et al. presented an accelerometer utilizing electromagnetic in-
duction displacement sensing mechanism, permitting a sensitivity of 12
V/g [4]. Wang et al. developed a hybrid levitation accelerometer
employing diamagnetic and permanent magnet elements, coupled with
optical displacement probes [5]. A maximum sensitivity of 5 mm/g,
with residual noise spectrum of 20 ng/ \/ Hz at 0.2 ~ 0.3 Hz, was realized
and ensuring its application in detecting seismic wave [5].

Despite the extraordinary and continued progresses achieved for
diamagnetic levitation accelerometers, it should be signified that they
still suffer from some limitations more or less. Firstly, even the reported
sensitivity of diamagnetic levitation accelerometers is comparable to
that of electrostatic levitation or MEMS types, it still lags behind the
requirements of advanced space physics research. Secondly, current
investigation on diamagnetic levitation accelerometers primarily fo-
cuses on developing displacement detection methods for sensitive
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component. However, the resultant sensitivity of diamagnetic levitation
accelerometers not only depends on rationally regulating the displace-
ment detection methods, but also strongly relies on the structure of
sensitive component. Hence, it is of urgent need to explore optimized
structure of sensitive components for developing ultra-sensitive
diamagnetic levitation accelerometer.

Recently, a novel quasi-zero stiffness (QZS) structure has been
attempted to develop ultra-high sensitivity accelerometers [2,13,14].
Generally, the structure involves combining elements with opposing
stiffness characteristics, such as introducing a negative stiffness mech-
anism onto a positive stiffness structure [15-17]. Making use of this
configuration, the global structure remains stable while the stiffness at a
specific position can approach zero [16,17]. Consequently, the resis-
tance of sensitive component to deformation or motion can be mini-
mized, making it highly sensitive to displacements. A few high-precision
accelerometers based on QZS structure have been proposed [13,18-20].
Take the work conducted by Duan for example, an adjustable QZS
accelerometer with a preload force adjustment device was constructed,
yielding a maximum sensitivity of 3.8 mm/g [13]. The recent work of
Sun also proved that using a three-dimensional (3D) QZS vibration
sensor system based on pre-deformed scissor-like structure, one can
detect the absolute motion of 3D moving platforms and achieve a
maximum sensitivity of 14.9 mm/g [19,20]. Motivated by these works,
it is anticipated that the QZS structure can also be used in diamagnetic
levitation system to further boost sensitivity [18,21-23]. Theoretically,
the inherent passive self-stabilizing characteristics of diamagnetic levi-
tation structure is of great benefit to eliminate complex mechanical
connections and control systems to establish QZS structures, making it
feasible to realize ideal QZS characteristics under specific magnetic
fields and dramatically reducing the fabrication complexity of QZS
structures.

Herein, in this work, QZS structure is implemented in diamagnetic
levitation accelerometer to evaluate its reinforcing effect in sensitivity
for the first time. Specifically, a diamagnetic levitation accelerometer
consisting of sensing component and a permanent magnet array,
featured with a streamlined design is constructed. The relative vibration
between the sensing component and permanent magnet stator is moni-
tored by optical displacement detection approach. Pyrolytic graphite is
adopted as the sensitive component and a dual-layer stacked structure of
graphite is introduced. Such architecture endows the upper and lower
graphite layer with different force characteristics within the undulating
magnetic potential well generated by permanent magnet stator. By fine-
tuning the shape parameters of the sensitive component, one can guar-
antee the passive stable levitation of lower graphite layer under positive
stiffness magnetic force. Meanwhile, the upper graphite layer would
encounter negative stiffness magnetic force. As a consequence, a desir-
able QZS structure of sensitive component consisting of two graphite
layers can be achieved.

A systematic work is performed to elucidate the static suspension
characteristics and dynamic response of the accelerometer with QZS
structure, with an emphasis on the influencing factors including the
shape parameters, suspension height of sensitive component and
magnetization parameters of permanent magnet array. The subse-
quently theoretical and experimental results demonstrate that with the
optimized QZS structure, it is facile to induce ideal QZS characteristics
by further modulating the magnetization parameters of permanent
magnet array and the suspension height of sensitive component. An
ultra-high sensitivity of 66.84 mm/g is obtained in this accelerometer,
which is among the best reported data so far and 9 times higher than that
of conventional diamagnetic levitation accelerometer without QZS
structure. For the first time, a pioneering ultra-sensitive diamagnetic
levitation accelerometer based on QZS structure is proposed and vali-
dated, highlighting the feasibility of structure modulation of sensitive
components to boost sensitivity and develop high-performance
diamagnetic levitation accelerometer.
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2. Structure and principle

The schematic and photos of diamagnetic levitation accelerometer
with quasi-zero stiffness (QZS) structure are presented in Fig. 1(a) and
(b), respectively. When subjected to vibrations along the radial direction
of accelerometer, the sensitive element consisting of two pyrolytic
graphite with different diameters, would vibrate radially under inertia.
Then, the acceleration signal could be obtained by detecting the relative
displacement signal of sensitive element.

For the permanent magnet stator of accelerometer, a unique
arrangement of magnets was employed. Specifically, an annular magnet
is concentrically arranged around a cylindrical magnet, with the two
components having opposite axial magnetization. The cylindrical mag-
net possesses a radius R; of 3.98 mm while the annular permanent
magnet has an inner diameter and outer diameter Ry of 4 mm and 10
mm, respectively. Such arrangement of magnets would enable a wave-
like potential well structure manifested in Fig. 1(c). It also should be
mentioned that the radial stiffness of two pyrolytic graphite sheets
would vary with radius within the wave-like potential well. When the
radius of graphite sheet exceeds the radius of central permanent magnet,
the radial stiffness at center is positive while the radial stiffness at center
is negative once the radius of graphite sheet is smaller than that of
central permanent magnet, which would be discussed in the following
section 3.2.

For the sensitive element, both pyrolytic graphite layers possess a
similar thickness of 0.5 mm while the radius of bottom layer is 5.0 mm
and that of upper layer is 3.5 mm. The two pyrolytic graphite layers
align along a common central axis and the bottom layer primarily pro-
vides axial support to offset gravitational forces. Meanwhile, the bottom
layer also delivers positive radial stiffness along the axis, ensuring the
passive, stable suspension of sensitive element along the axis direction.
Conversely, the upper layer situated within a designated suspension
zone, would impart negative radial stiffness. This allows the stiffness of
sensitive element at the balance point to be reduced to nearly zero,
enabling an optimal near-zero stiffness characteristic.

For the conventional diamagnetic levitation accelerometer, the
dynamical equations of a proof mass (sensitive element) can be reduced
to an expression for one dimension related to the radial motion
[11,24,25].

mx, + ;X + kp Xy = — Mapgse (€})

where m denotes the mass of proof mass, x, represents the relative
displacement between proof mass and stator, aps. is the acceleration of
base vibration, k, is the equivalent stiffness calculated from radial
diamagnetic force and ¢, is the equivalent damping constant calculated
from eddy-current effect. By applying the Laplace transform to Eq. (1),
we can obtain the transfer function between the input acceleration
signal and output displacement signal:

20 [ 1 fo (- (2o ()] @

where, { = c¢;/\/mk, represents the damping ratio and w, =

\/kr/mrepresents the natural frequency.
3. Static levitation characteristic
3.1. Diamagnetic levitation

Table 1 lists the basic parameters of proposed accelerometer. Ac-
cording to previous studies, it can be concluded that current model is
effective in analyzing the magnetic field of permanent magnets [26-28].
Based on the current model, the cylindrical permanent magnet can be
simplified as an equivalent surface current distribution, as illustrated in
Fig. 2(a). Meanwhile, it should be noted that in the previous reported
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Fig. 1. (a) Schematic diagram of the diamagnetic levitation accelerometer with QZS structure, (b) the photos of diamagnetic levitation accelerometer with QZS
structure, (c) the load characteristics of upper and bottom pyrolytic graphite layers, (d) the load characteristic of sensitive element with QZS structure.

Table 1
The basic parameters of the accelerometer.
Parameter ~ Definition Value Unit
Ry The radius of cylinder magnet 4 Mm
Ry The radius of annular magnet 10 Mm
L The length of PM 12 Mm
r The radius of bottom graphite sheet 5 Mm
ra The radius of upper graphite sheet 3.5 Mm
h The levitation height of graphite sheet 0.5 Mm
m The mass of graphite sheet 105 Mg
Ms, The magnetization of cylinder magnet 10 x 10° A/m
Ms, The magnetization of annular magnet 10 x 10° A/m
Ho The permeability of free space 41 x 1077 Wb/
Am
Ym The volume magnetic susceptibility of the —450 x -
graphite 10°°
B, The magnetic flux density along r axis - T
B, The magnetic flux density along z axis - T
Fgiar The diamagnetic force along r axis - N
Fiaz The diamagnetic force along z axis - N
Udia The total potential of graphite sheet - J/m®

literatures and this work, the permanent magnets in the diamagnetic
levitation system are assumed to be uniformly magnetized along the axis
[27].

As shown in Fig. 2, the current distribution is used as the source term
in the static electromagnetic field equations, and the magnetic flux
density can be obtained using the following formula:

® X
® X
® ®
® X
O, X

quSL / / 2 cos(¢ )(z 2 ) oy
B, = ri1dgp dZ
(e s

//2ncos - ;(‘z Z) d¢’dz’>Bu
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where, z; = 6 mm, 2, = -6 mm, P (r,®,2) and P’ (r’,®’,2’) are the point at the
surface of magnet and the point in the free space, and the point at the surface

of magnet, respectively. [P—P'|= \/ r24r'2-2m'cos(p— ')+ (z—2')* is
the distance between P and P’, as shown in Fig. 2(b). r1, ro, rsrepresent 0, R,
Ry respectively.

As mentioned above, the permanent magnet stator is comprised of an
annular magnet concentrically arranged around a cylindrical magnet
and the two components possess opposite axial magnetization. Then, the
magnetic flux density (B) produced by the permanent magnet at any
point in space can be calculated using the following formula:

B=B,+B; (€)]
where B; and B, are the magnetic flux densities generated by cylindrical

magnet and annular magnet, respectively. The unit volume potential
energy for the diamagnetic material can be then obtained as,

(b)

Fig. 2. (a) Distribution of equivalent surface current and (b) magnetization of permanent magnet stator.
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dUua(r, 9,2) = —%Bzdv ®)
0

The total potential of the diamagnetic body can be expressed as,

Utotal (T, @, 2) = Ugia + U, :///( - %BZ +sz) av (6)
0

where p is the density of the pyrolytic graphite, and g is the gravity
acceleration.

Therefore, the diamagnetic force on the diamagnetic body is found
as,

Fuia = — VU = /// In g2y @
V24

According to Ostrogradsky theorem, the above equations could be
written as,

Xm 2
—Zmn B“nds
24g

S14S2

F,— _fm ﬁSBz?ds
2uq

S3

F, =

(€))

3.2. The diamagnetic levitation of two distinct layers of pyrolytic graphite

Considering that the magnetic susceptibility of diamagnetic mate-
rials in nature is weak (|xm| < 450 x 107%) and the magnetization of
diamagnetic materials rarely affects the external magnetic field, the
force characteristics of the sensitive element can be equivalently rep-
resented as the diamagnetic forces exerted on two distinct layers of
pyrolytic graphite, as shown in Fig. 3.

From formula (8), it can be seen that the diamagnetic force exerted
on a single layer of pyrolytic graphite is determined by the suspension
height of diamagnetic element, shape parameters, and the magnetiza-
tion strength of the permanent magnet array. Firstly, the diamagnetic
force of sole pyrolytic graphite layer with different radius was analyzed
based on formula (8) and the obtained results are shown in Fig. 4. One
can see that when the radius of pyrolytic graphite layer exceeds 4 mm, a
restorative force directed towards the equilibrium position along the
radial direction would be induced. Hence, the pyrolytic graphite layer
would exhibit positive stiffness at the equilibrium position and the radial
diamagnetic force enables the stable suspension of pyrolytic graphite
layer in the radial direction. Once the radius is less than 4 mm, the
pyrolytic graphite layer would experience a repulsive force away from
the equilibrium position in the radial direction, resulting in negative
stiffness at the equilibrium position.

The magnetic potential energy and radial diamagnetic force of upper

upper pyrolytic graphite layer
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pyrolytic graphite layer (R = 3.5 mm) and bottom layer (R = 5.0 mm)
are presented in Fig. 5. As displayed in Fig. 5(a), the magnetic potential
energy of bottom pyrolytic graphite layer would reach a local minimum
at the radial center position. Fig. 5(c) gives the radial diamagnetic force
of bottom pyrolytic graphite layer when it undergoes radial displace-
ment. It can be seen that when the radial displacement of bottom py-
rolytic graphite layer is less than 1.2 mm, the diamagnetic force is
directed towards the center and its magnitude increases with increasing
radial displacement, demonstrating a positive stiffness effect. This
would ensure the subsequently passive stable suspension of sensitive
element along the radial axis. For the upper pyrolytic graphite layer, the
magnetic potential energy also reaches a local minimum at the radial
center position (see Fig. 5(b)). Meanwhile, when the radial displacement
of upper pyrolytic graphite layer is less than 0.7 mm, the diamagnetic
force would also raise with increasing radial displacement, presenting a
negative stiffness effect. As a result, the stiffness of sensitive element
would approach zero at the equilibrium position, yielding the ideal
quasi-zero stiffness characteristics.

To further elucidate the effect of factors such as suspension height of
sensitive element and magnetization strength on the diamagnetic force
of sole upper or down pyrolytic graphite layer, a systematic investiga-
tion was performed. Shown in Fig. 6(a) and (b) are the diamagnetic force
versus radical displacement of bottom and upper pyrolytic graphite
layers with varied suspension height h, respectively. Apparently, with a
suspension height reduced from 1 mm to 0.2 mm, the positive radial
stiffness of bottom pyrolytic graphite layer would increase from 0.114
N/m to 0.148 N/m while the negative radial stiffness of upper pyrolytic
graphite layer would rise from —0.0546 N/m to —0.283 N/m.

Fig. 6(c) and (d) give the diamagnetic force versus radical displace-
ment of bottom and upper pyrolytic graphite layers with varied
magnetization strength of cylindrical magnet (M), respectively. With a
fixed magnetization strength 1 T of annular magnet (M), the positive
radial stiffness of bottom pyrolytic graphite layer would slightly varied
from 0.158 to 0.137 N/m when Mj, increases from 0.8 T to 1.2 T.
However, the negative radial stiffness of upper layer would dramatically
increase from 0.113 to 0.2515 N/m.

Correspondingly, Fig. 6(e) and (f) present the diamagnetic force
versus radical displacement of bottom and upper pyrolytic graphite
layers with varied magnetization strength of annular magnet (M;y),
respectively. With a fixed My; of 1 T, the positive radial stiffness of
bottom pyrolytic graphite layer would notably rise from 0.103 to 0.203
N/m when Ms, increases from 0.8 to 1.2 T. On the other hand, the
negative radial stiffness of upper layer would remain to be around 0.181
N/m.

Based on the analysis mentioned above, it can be concluded that My;
primary affects the diamagnetic force of upper pyrolytic graphite layer
while M, strongly affects the diamagnetic force of bottom pyrolytic

bottom pyrolytic graphite layer

Fig. 3. The schematic diagram of force characteristics of sensitive element, upper and bottom pyrolytic graphite layer.
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Fig. 4. (a) The diamagnetic force along radial direction versus displacements of pyrolytic graphite layer, (b) The diamagnetic force along radial direction versus

displacements of pyrolytic graphite layer with varied radius.
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Fig. 5. The magnetic potential energy and diamagnetic force versus radical displacement of (a, ¢) upper pyrolytic graphite layer and (b, d) bottom layer.

graphite layer. Given that, the ratio of magnetization strengths of two
permanent magnets, namely My; /Mg, can be adopted to characterize the
influence on the quasi-zero stiffness characteristics of this diamagnetic
levitation system.

3.3. The diamagnetic levitation of sensitive element

According to the analysis discussed in section 3.2, it can be seen that
the upper pyrolytic graphite layer possesses the negative stiffness while
the bottom pyrolytic graphite layer delivers the positive stiffness. Thus,
the coupling of two layers is of great benefit to enable the passive yet
stable suspension of resultant sensitive element and meanwhile signifi-
cantly minimize the resistance to displacement of sensitive element
around the equilibrium point, greatly enhancing the sensitivity of
accelerometer. Moreover, by regulating the suspension height of sensi-
tive element and Mg;/M;, one can modulate the quasi-zero stiffness
characteristics of diamagnetic levitation system. Fig. 7(a) plots the
corresponding suspension height and Mg;/Ms, in cases wherein ideal
quasi-zero stiffness characteristics are obtained. To make it clearer, a

typical sample with ideal quasi-zero stiffness characteristic is presented
in Fig. 7(b) and (c). In this case wherein h = 0.18 mm and Mg; /M =1,
the positive and negative stiffness of the two pyrolytic graphite layers
can cancel each other out, resulting in a total stiffness of zero. Addi-
tionally, the positive radial stiffness of bottom layer would increase
rapidly with increasing displacement, constructing a hard spring char-
acteristic to ensure a wide detection range.

The reported diamagnetic levitation accelerometers are generally
based on positive stiffness and thus the relationship between diamag-
netic force and displacement of sensitive element at equilibrium position
is linearized, as described in Eq. (1) [11,24,25]. However, for the QZS
structure, the quasi-zero-stiffness characteristics would induce the
nonlinearity of stiffness [16,29]. In this manner, nonlinearity should be
considered to describe the relationship between the diamagnetic force
and displacement of sensitive element at equilibrium position, as pre-
sented in the following equation which adopts a polynomial expression
[29].

©)

F, = a3 + a3 + arx,
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dual layer of graphite corresponding to case 1, (c) the diamagnetic force versus displacement of sensitive element corresponding to case 1, (d) the diamagnetic force

versus displacement of sensitive element corresponding to case 1-4. (e) the

where a; refers to the linear stiffness, ay is square stiffness and as rep-
resents the cubic stiffness. When sensitive element is approaching the
equilibrium position, the linear stiffness a; is mainly responsible for the

diamagnetic force versus displacement of sensitive element corresponding to case 5-8.

resultant sensitivity. az would affect the symmetry of diamagnetic force
versus displacement curve. It is noted that in this case, a; is almost zero
due to the axis-symmetric structure of sensitive element and thus can be
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almost ignored. as would enlarge the radial diamagnetic force consid-
erably when sensitive element is away from the equilibrium position,
permitting a wide detection range of accelerometer.

Once the parameters including h or Mg, /Mg, deviate from the ideal
quasi-zero stiffness cases, the sensitive element would then deviate from
the ideal quasi-zero stiffness characteristics, as depicted in the cases 1-8
shown in Fig. 7(a). The specific Ms;/Msy and suspension heights (h)
corresponding to cases 1-8 are detailed in Table 2. Based on Eq. (9), the
obtained aj, as, az and R? are also given in Table 2. It can be seen that the
fitting curves match well with the theoretical curves as the R? values are
all approaching 1.

Cases 1 to 4 illustrate the gradual departure from quasi-zero stiffness
with increasing h. As the h increases from 0.18 mm to 0.33 mm, the
quasi-zero stiffness characteristic of the diamagnetic suspension struc-
ture gradually weakens. Meanwhile, the linear stiffness at the equilib-
rium position would rapidly raise from k; = 2.50 mN/m to k; = 55.99
mN/m, leading to a rapid decrease in static sensitivity of accelerometer.
Cases 5 to 6 describe the gradual deviation from quasi-zero stiffness of
diamagnetic suspension system with decreasing Mg1/Mgy. As the Mg/
Mjso decreases gradually from 1.15 to 0.85, the quasi-zero stiffness
characteristic of diamagnetic suspension structure weakens gradually.
The linear stiffness at the equilibrium position would sharply raise from
ki1 = 8.75 mN/m to k; = 67.75 mN/m, resulting in a rapid decrease in
the static sensitivity of accelerometer.

4 Dynamic performance analysis
4.1. Dynamic response modeling

Given that the detected object undergoes fundamental vibrations
under harmonic excitation, the approximate damped vibration equation
near the static equilibrium position for QZS diamagnetic levitation
accelerometer can be expressed as follows,

mx, + ¢ Xy + f(Xr) = — MApgseCOS(L) (10)

where m is the mass of the sensitive element, x, is the relative
displacement between the stator and the sensitive element, c is the
system’s damping and f(x;)is the force-displacement relationship of the
system near the equilibrium position. Noted here that c is 6.13 x 107°
N/(m/s%) based on the experimental results. Based on the analysis in
Section 3.3, f(x;) can be approximately expressed as f(x;) = azx? +
ay Xr.

To explore the general rules, the time dimension 1/w,, the
displacement dimension [, and the mass dimension m were adopted to
nondimensionalize Eq. (10). The resulting nondimensional parameters

, and aq; =

= -~ a A ~ -~
are Xr =3, t = wnt, Apase = 55, @ = prm = 1,{ =

eI7'(i = 1,2,3), where w, = /ki/m refers to the undamped natural
frequency of system. Therefore, equation (10) can be derived as follows,

PR
2mawy,

Xy 20X, + Ay Xy + As %y = ApgseCOS(DE) an

Eq. (11) represents a Duffing equation. Utilizing the Harmonic

Table 2
The Ms;/Mss,, h, corresponding polynomial expression parameters of diamag-
netic force (based on Eq. (9) of accelerometer under varied cases.

Case Ms1/Mso h a as as R?

1 1 0.18 0.250e-2 —6.133e-15 1.323e5 0.9965
2 1 0.23 2.258e-2 —5.33e-15 1.173e5 0.9971
3 1 0.28 4.074e-2 —4.472e-15 1.021e5 0.9983
4 1 0.33 5.599e-2 —7.136e-15 8.723e4 0.9994
5 1.15 0.25 0.875e-2 —1.479e-15 8.826e4 0.9932
6 1.05 0.25 2.337e-2 —2.515e-15 8.339%¢4 0.9965
7 0.95 0.25 4.662e-2 —1.288e-15 7.929e4 0.998
8 0.85 0.25 6.775e-2 —7.509e-16 7.521e4 0.9988
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Balance Method (HBM), when only the system response frequency that
aligns with the frequency of simple harmonic excitation is considered
while disregarding contributions from higher harmonics, the definitive
solution to the equation can thus be represented as shown in Eq. (12).

X, = )A(,cos(a)t + ) (12)

By integrating Eqgs. (11) and (12) and neglecting the influence of
higher harmonics, as well as equalizing the coefficients of corresponding
terms, we can determine the steady-state amplitude (x;) and phase. The
sensitive element of accelerometer, under the influence of inertia, gen-
erates vibrations that mirror the fundamental vibration acceleration
signal. Therefore, the sensitivity of this element is quantifiable through
the transfer rate Tg.

T, x| 1 a3)

- |ab'wﬂ - 2 2
3N v ~ ~2 ~
w? (zagX, +a, - > + (2¢0)

4.2. Influencing factors

Fig. 8(a) presents the relative displacement response amplitudes of
sensitive element with different suspension height upon the vibrations
with acceleration amplitude of 4.5 mm/s%. As shown, with a suspension
height of 6.18, 6.23, 6.28 and 6.33 mm, respectively, the corresponding
relative displacement response amplitudes of sensitive element are
0.1657 mm, 0.031 mm, 0.017 mm and 0.013 mm, respectively. Fig. 8(b)
shows the frequency response curves of QZS accelerometer at different
suspension heights. Given the requirements for minimal fluctuations in
the frequency response function within the operational range of the
accelerometer, its working bandwidth is typically set at one-third of the
resonance frequency. The sensitivities corresponding to varied heights
are 323.8 mm/g, 65.93 mm/g, 37.28 mm/g, and 26.96 mm/g, respec-
tively. It is observed that by modulating the suspension height of sen-
sitive element and thus approaching/realizing the ideal quasi-zero
stiffness characteristics, the sensitivity of the accelerometer can be
notably enhanced.

Fig. 9(a) illustrates the relative displacement response amplitudes of
sensitive element with different Mg;/M;, upon the vibrations with ac-
celeration amplitude of 4.5 mm/s>. As shown, with the Mg;/Mgs of 1.15,
1.05, 0.95, and 0.85, respectively, the corresponding relative displace-
ment response amplitudes of sensitive element are 0.081 mm, 0.031
mm, 0.015 mm and 0.010 mm, respectively. Manifested in Fig. 9(b) are
the frequency response curves of QZS accelerometer with different Mg/
M. Given the requirements for minimal fluctuations in the frequency
response function within the operational range of the accelerometer, its
working bandwidth is typically set at one-third of the resonance fre-
quency. The sensitivities corresponding to varied Ms;/Ms are 162.90
mm/g (Mg /Mg, = 1.15), 61.77 mm/g (Ms1/Ms, = 1.05), 30.54 mm/g
(Mg1/M;s2 = 0.95) and 19.70 mm/g (Ms1/Ms2 = 0.85), respectively. It can
also be concluded that by modulating the Mg;/M;; and thus approach-
ing/realizing the ideal quasi-zero stiffness characteristics, the sensitivity
of the accelerometer can also be dramatically strengthened.

5. Experimental results
5.1. Experimental setup

Fig. 10(a) is the photo of a magnetic field distribution meter for
measuring magnetic flux density. Specifically, the permanent magnets
are placed on an XY linear motor platform, while the Tesla meter is
positioned on a Z-axis precision motion platform. The air gap between
the Tesla meter and the permanent magnet increases from 0.6 mm to 3
mm in increments of 0.1 mm. Considering that the Tesla meter can only
measure magnetic flux density in the vertical direction, experiments
were conducted solely on characterizing Bz. This work used two magnet
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Fig. 8. (a) The relative displacement response amplitudes of sensitive element with different suspension height upon the vibrations with acceleration amplitude of
4.5 mm/s? (casel-4), (b) the frequency response curves of accelerometer at different suspension heights (casel-4).
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Fig. 9. (a) The relative displacement response amplitudes of sensitive element with different My;/Ms, upon the vibrations with acceleration amplitude of 4.5 mm/s>
(case5-8), (b) the frequency response curves of accelerometer with different Ms;/Ms, (case5-8).
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photo of experimental setup for comparative calibration tests.

arrays, PM1 and PM2 which possess similar shape and size with different
magnetization strength. The peak-to-peak variation curves of magnetic
flux density in the plane perpendicular to the axis of the axial magnetic
field were recorded, as shown in Fig. 11(a) and (b). For the sake of
comparison, the simulation values based on formulas (3) and (4) are also
presented in Fig. 11. The experimental magnetization strengths for PM1
are determined to be Mg; = 9.8 x 10° A/m® and My, = 8.5 x 10° A/m®.
For PM2, the experimental Mg; = 8 x 10°A/m® and Mg =10.2 x 10°A/

m®. Clearly, the experimental results are well in accordance with the
theoretical values.

Fig. 10(b) and (c) illustrate the principle of measuring diamagnetic
force by using a precision scale. When measuring the diamagnetic force
along the supporting axis, Fqis;, the permanent magnet array was fixed
on a stepper motor, which modulated the air gap between the magnet
and the diamagnetic component. To eliminate the influence of the
magnet on the precision scale, a plastic rod was adopted to support the
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Fig. 11. The experimental and simulated peak-to-peak variation curves of magnetic flux density in the plane perpendicular to the axis of the axial magnetic field for

(a) PM1 and (b) PM2.

diamagnetic component, providing sufficient distance between the
magnet and the precision scale. When measuring the axial diamagnetic
force, F4iar, the permanent magnet array was fixed on a plastic column.
The stepper motor was set to descend by 0.1 mm per step, recording the
corresponding data until the readings on the scale stabilized. Fig. 12
presents the experimental and simulation curves of axial diamagnetic
levitation force with PM1 and PM2 versus suspension height. The sus-
pension height of the sensitive element can be adjusted by attaching a
circular thin disk to it, enhancing its quasi-zero stiffness characteristics.
A systematic work was performed to dig out the static and dynamic
performance of the accelerometer with varied Ms;/Ms; and suspension
heights, corresponding to the experiments 1-5 shown in Table 3.

Fig. 10(d) and (e) are the schematic diagrams of experimental setup
for comparative calibration tests using dynamic excitation methods. In
the calibration experiments, a signal generator produced the excitation
signal, which was then amplified by a power amplifier to drive the
shaker. Our proposed accelerometer and a reference accelerometer were
placed on the same side of shaker. The output signals of the two accel-
erometers were collected and analyzed by the same FFT analyzer. The
proposed accelerometer was securely fixed on a stator connected to the
driver, allowing for precise linear vibrations along an air-float rail. The
pressure regulating valve was maintained at 0.5 MPa, and the air-float
rail utilized the air static pressure effect to stabilize the stator, thereby
reducing the friction from basic vibrations and enhancing the funda-
mental vibration performance of stator.

5.2. The static performances of the proposed accelerometer

Static performances of the proposed accelerometer with varied Ms;/
Ms; and suspension heights (experiments 1-5) were first performed to

4 ;
@4 Experiment
Simulation
=3 \. Experiment 1
= \ m=0.208 g
R SN Experiment 2
L§ i ) S m=0.161 g
1[ h=0.4l mm ™S
? | h=0.59 mlﬁ\“~~-‘_
O - = l l -
0 0.5 1 15 2

height (mm)

validate the effectiveness of QZS in modulating sensitivity. The obtained
diamagnetic force along the supporting axis, Fgia; and corresponding K1
are displayed in Fig. 13(a) and (b), respectively. Also, the theoretical
diamagnetic force is also plotted in Fig. 13, revealing the good accor-
dance between theoretical and experimental results.

By comparing the results corresponding to experiments 1 and 2, it
can be observed that with the same stator (PM1), the stiffness at the
equilibrium position of sensitive element would decrease from 0.070 N/
m to 0.025 N/m when suspension height was reduced from 0.59 mm to
0.41 mm. Meanwhile, by comparing the results corresponding to ex-
periments 1 and 3, one can see that with the same sensitive element (m
= 0.208 g), the stiffness at the equilibrium position would decrease from
0.090 N/m to 0.025 N/m when changing the stator from PM2 (Mg;/Ms»
= 1.152) to PM1 (Ms1/Mg; = 0.76). The results demonstrate that the
quasi-zero stiffness characteristics can be yielded by adjusting the sus-
pension height and Mg;/M;o.

Moreover, based on the results shown in experiment 5, it is clear that
the stiffness at the equilibrium position of the sensitive element was
0.170 N/m when using a single pyrolytic graphite layer and PM1 for
conventional diamagnetic levitation accelerometer. However, the dual-
layered structure of pyrolytic graphite layers enables much lower stiff-
nesses, i.e., 0.025 N/m, 0.070 N/m at the equilibrium position, revealing
the feasibility of simple dual-layered structure in constructing QZS and
reducing stiffnesses.

5.3. The dynamic performances of the proposed accelerometer

The dynamic performances of the proposed accelerometer with
varied Ms;/Ms, and suspension heights (experiments 1-5) were also
carried out. Fig. 14(a) gives the experimental frequency response curves
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Fig. 12. The experimental and theoretical axial diamagnetic levitation force with (a) PM1 and (b) PM2 versus suspension height.
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Table 3
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The Ms;/Mss, suspension heights (h) and sensitivity of accelerometer under varied experiments.

Experiment Magnetization (><105 A/m3) h (mm) a; (N/m) Sensitivity (mm/g)
m (g) M M2 Simulation Sensitivity
1 0.208 9.8 8.5 0.41 0.025 81.53 66.84
2 0.161 9.8 8.5 0.59 0.070 22.54 23.4
3 0.208 8 10.5 0.32 0.090 22.64 24.6
4 0.161 8 10.5 0.5 0.114 13.84 16.5
5 0.112 9.8 8.5 6.25 0.170 6.86 7.1
(a) 016 — Simulationl (b) — Simulation1
19— Simulation2 L 0.04 |— Simulation2
Simulation3 — Simulation3
Z 0.08 Simulation4 Z — Simulation4
o — Simulatio T — Simulation5
o K
= = ke
x 0 201 e nm0.025 Nim
3 __%*| Experiment] £ *  Experiment]
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-1.2 0.6 0 0.6 1.2 -0.3 0 0.3

displacement (mm)
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Fig. 13. (a) The experimental and theoretical diamagnetic force along supporting axis, Fgia; versus displacement for accelerometer, (b) The experimental and
theoretical diamagnetic force along supporting axis, F4ia, around the equilibrium position.

of accelerometer with different Ms;/Ms; and suspension heights. By
comparing the results corresponding to experiments 1 and 2, it can be
observed that with the same stator (PM1), the sensitivity at the equi-
librium position of sensitive element would increase from 23.4 mm/g to
66.84 mm/g when suspension height was reduced from 0.59 mm to
0.41 mm. Meanwhile, by comparing the results corresponding to ex-
periments 1 and 3, one can see that with the same sensitive element (m
= 0.208 g), the stiffness at the equilibrium position would enhance from
24.6 mm/g to 66.84 mm/g when changing the stator from PM2 (Ms;/
Mo = 1.152) to PM1 (Mg1/Mgs = 0.76). The results demonstrate that the
quasi-zero stiffness characteristics can also be yielded by adjusting the
suspension height and Mg;/Ms,, consequently enhancing the sensitivity.

Furthermore, based on the results shown in experiment 5, the
sensitivity of accelerometer was only 7.1 mm/g based on single-layered
sensitive element and PM1. However, sensitivity of accelerometer based
on QZS can reach up to 66.84 mm/g, which is over 9 times that of
convention diamagnetic levitation accelerometer. It is worthy noting
that even the mass increment of sensitive element would be of benefit to
enhance the sensitivity when adjusting the suspension height, the
enhancement in sensitivity is rather slight.

Meanwhile, based on the dynamic modeling equation, the theoret-
ical frequency response curves of accelerometer can also be obtained
and the theoretical curves are plotted in Fig. 14(b). Evidently, the
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theoretical frequency response curves fit well the experimental curves,
ensuring the good agreement between theoretical and experimental
sensitivities.

The sensitivity of proposed accelerometer is also compared with the
recent works concerning high-sensitivity accelerometers
[1,12-14,18,22,30-32]. As shown in Fig. 15, it can be concluded that
the optimized QZS structured accelerometer possesses a low natural
frequency of 1.8 Hz, permitting an ultra-high sensitivity that out-
performs the reported diamagnetic levitation types and even is compa-
rable with those reported in ultra-high sensitivity MEMS accelerometer
[[1,12-14,18,22,30-32].

6. Conclusion

In this work, QZS structure is employed in diamagnetic levitation
accelerometer to evaluate its reinforcing effect on sensitivity for the first
time. Making use of a simple dual-layer stacked structure of graphite in
sensitive element, an ideal QZS structure is constructed. A comprehen-
sive study was performed to explore the static and dynamic responses of
the proposed accelerometers with QZS structure, with an emphasis on
digging out the influences of shape parameters, suspension height of
sensitive element, and magnetization characteristics of the permanent
magnets. The theoretical and experimental validate that by optimizing

3
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Fig. 14. (a) The experimental frequency response curves of accelerometer with different Ms;/Ms, and suspension heights, (b) The theoretical frequency response

curves of accelerometer with different Ms,/Ms, and suspension heights.
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Fig. 15. (a) Sensitivity and (b) natural frequency comparisons among different types of accelerometers with high sensitivities.

the QZS structure and adjusting magnetization of magnets and the sus-
pension height, one can achieve ideal QZS properties. The QZS charac-
teristics endow the proposed accelerometer with an exceptional
sensitivity of 66.84 mm/g, which is among the highest reported data so
far and almost tenfold greater than conventional non-QZS diamagnetic
levitation accelerometers. This work reveals the feasibility of QZS in
constructing ultra-sensitive diamagnetic levitation accelerometer,
providing a new perspective for developing high-performance diamag-
netic levitation accelerometer.
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