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A B S T R A C T

Despite the great potential of diamagnetic levitation technology for constructing high sensitivity accelerometer, 
the development of compact or miniaturized versions remains an ongoing task. Herein, a compact diamagnetic 
levitation accelerometer with minimized size and high sensitivity is implanted. Specifically, a systematical 
investigation is conducted to dig out the dynamic response of diamagnetic levitation system consisting of per
manent magnet and disk-shaped pyrolytic graphite sheet considering scaling effect. Accompanied by the opti
mized yet minimized structural parameters of diamagnetic structure, an additional capacitive displacement 
probe is proposed to detect the axial displacement of pyrolytic graphite sheet. Further experiments validated that 
the assembled diamagnetic levitation accelerometer is both compact and sensitive, demonstrating an overall size 
of 12.0 cm3 and a sensitivity of 0.29 pF/g over a bandwidth of 3.0–6.0 Hz. These characteristics emphasize the 
versatility and potential of this system, showcasing its applicability as a compact, high-performance acceler
ometer for practical applications with space demands.

1. Introduction

Diamagnetic levitation refers to a fascinating effect where diamag
netic materials experience a repulsive force from external magnetic 
field, counteracting gravity and causing thus inducing levitation [1,2]. 
With the inherent merits of friction-free operation, low magnetic stiff
ness, structural simplicity and low cost, diamagnetic levitation holds 
tremendous potential in developing compact, efficient and robust sen
sors represented by accelerometers [3–7].

Accelerometers are devices highly sensitive to acceleration and vi
bration [8–10]. By providing superior precision and stability, diamag
netic levitation can significantly improve the accuracy and reliability of 
accelerometers, making them even more effective in measuring accel
eration with unparalleled sensitivity [11]. The earliest foray into inte
grating diamagnetic levitation into accelerometer designs can be traced 
to the work of Barrot et al. They proposed a novel design concept for 
diamagnetic levitation accelerometers that combined staggered cubic 
permanent magnets, a pyrolytic graphite disk as proof mass and two 
optical displacement sensors [12]. Further advancements were made by 
Wang et al. [13], who implanted a novel permanent 
magnet-diamagnetic hybrid levitation accelerometer coupled with an 

optical displacement interferometer. By utilizing a levitated permanent 
magnet rather than pyrolytic graphite as proof mass, the accelerometer 
was able to reduce magnetic stiffness, yielding an impressive sensitivity 
of 3.0 mm/g and a residual noise spectrum of 20 ng/Hz¹ /². Further re
finements were demonstrated by Ando et al. [14], who designed a 
diamagnetic levitation accelerometer using cubic permanent magnets 
paired with square pyrolytic graphite as proof mass. Their system 
incorporated an electromagnetic induction coil to capture the radial 
displacement of the levitated mass, providing both high resolution 
(0.53 mg) and sensitivity (0.51 mm/g).

Despite the notable and continuous advancements in diamagnetic 
levitation accelerometers, it is crucial to signify that the development of 
diamagnetic accelerometers remains in its early stages [15]. The current 
investigations primarily focused on enhancing the sensitivity of accel
erometer by optimizing magnetic field properties of permanent magnets 
or refining the morphology/mass of proof mass [3,12–14,16,17]. Few 
efforts have been devoted to exploring compact or miniaturized 
diamagnetic levitation accelerometers viable for practical applications, 
particularly in scenarios with stringent space constraints.

In fact, the development of compact or miniaturized versions still 
remains challenging. One major obstacle is the scaling effect induced by 
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the minimized diamagnetic levitation structure. Scaling effect refers to 
the phenomenon where the characteristics or behavior of system change 
with size variations. The scaling down of diamagnetic structure that 
mainly involving in permanent magnet array, would notably affect 
spatial magnetic field distribution, maximizing the non-uniformity of 
magnetic field strength [17]. As a result, the induced levitation force 
instability would cause compromised dynamic response, particularly 
sensitivity. Another major obstacle lies in the lack of integrated 
displacement probe compatible with micro diamagnetic structures. The 
reported diamagnetic levitation accelerometers typically rely on com
mercial laser displacement probes or laser interferometers for 
displacement detection [7,11,12]. However, the large size and poor 
spatial efficiency of these probes make it difficult to integrate them into 
accelerometers in a compact form. In this regard, exploring efficient, 
minimized diamagnetic structure and compatible detection probes is 
urgent for developing compact, miniaturized diamagnetic levitation 
accelerometers [18,19].

Herein, special attention is focused on implanting minimized 
diamagnetic levitation structure and compatible displacement detection 
system. Specifically, a systematical theorical investigation is conducted 
to dig out the impact of scaling effect on the dynamic response of 
diamagnetic levitation system consisting of permanent magnet and disk- 
shaped pyrolytic graphite sheet. Based on the obtained insights, the 
structural parameters of permanent magnet array are optimized 
accordingly to pursue the miniaturization of diamagnetic structure 
while ensuring high sensitivity. Additionally, a capacitive displacement 
probe based on nested ring electrodes is proposed to complement the 
minimized diamagnetic structure and detect the axial displacement of 
pyrolytic graphite sheet. Further experiments validated that the 
assembled diamagnetic levitation accelerometer is compact yet sensi
tive, with an overall size of 12.0 cm3and a sensitivity of 0.29 pF/g over a 
bandwidth of 3.0–6.0 Hz. These characteristics highlight the versatility 
and potential of this system as viable yet compact diamagnetic levitation 
accelerometers for practical applications with space demands.

2. Structure and measurement principle of accelerometer

2.1. Structure of accelerometer

The proposed accelerometer is comprised of an array of cylindrical 
permanent magnets, a disk-shaped pyrolytic graphite sheet, a capacitive 

displacement probe, and a signal post-processing circuit, as illustrated in 
Fig. 1(a). To eliminate the adverse effects of mechanical friction on the 
device, the oscillator of accelerometer is implemented using the 
diamagnetic levitation structure, as shown in Fig. 1(b). The permanent 
magnet array, serving as the magnetic source, is composed of a cylin
drical permanent magnet and an annular permanent magnet, both 
axially magnetized and arranged in an "Opposite" configuration. These 
magnets can bond independently without the need of external assis
tance, generating a sufficiently strong magnetic field gradient to provide 
the magnetic stiffness required for the stable levitation of diamagnetic 
materials. A disk-shaped diamagnetic pyrolytic graphite sheet is levi
tated above the permanent magnet array, serving as the proof mass of 
accelerometer. Moreover, considering the levitation characteristics of 
proof mass, a non-contact displacement measurement probe based on 
capacitive mechanism is developed, as shown in Fig. 1(c). The capacitive 
displacement probe comprised of nested electrodes, is mounted on the 
upper surface of the permanent magnet array, and connected via a co
axial cable to an LC oscillator circuit, which is then linked to a digital 
capacitance converter (FDC2214). The capacitance output is ultimately 
read by an STM32 MCU. The basic parameters of each component of the 
accelerometer are shown in Table 1.

Fig. 1. (a) The structure of the proposed accelerometer (b) oscillator of accelerometer based on diamagnetic levitation (c) capacitive displacement detection system.

Table 1 
Basic parameters of proposed accelerometer.

Parameter Value

Radius of cylindrical magnet 5 mm
Inner radius of annular magnet 5 mm
Outer radius of annular magnet 10 mm
Height of permanent magnet array 3 mm
Magnetization of annular magnet 7.61 × 105 A/m

Magnetization of cylindrical magnet
− 9.35 × 105 A/ 
m

Radius and thickness of pyrolytic graphite sheet 6 mm, 0.5 mm
Magnetic susceptibility of pyrolytic graphite sheet − 310 × 10− 6

Levitated height of pyrolytic graphite sheet 0.65 mm
Radius of capacitive displacement probe’s emitting electrode 2 mm
Insulation gap of capacitive displacement probe 0.25 mm
Outer radius of capacitive displacement probe’s receiving 

electrode 4.5 mm

Thickness of the capacitive displacement probe 0.125 mm
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2.2. Measurement principle of accelerometer

The measurement principle of accelerometer involves detecting ac
celeration by measuring the variation in the relative displacement of 
levitated proof mass. A mechanical analysis is conducted along the 
measurement axis (z-axis) of device as illustrated in Fig. 2, to establish 
the dynamic equation of proof mass. 

mẍz + cẋz + kxz = − mAbase (1) 

Where m represents the mass of the proof mass, xz, ẋz，ẍz denote the 
displacement, velocity and acceleration of the proof mass along the 
measurement axis relative to the base, respectively. k is the axial mag
netic stiffness coefficient, which is depending on the restoring force 
provided by the axial diamagnetic force and gravitational force, while c 
is the axial damping coefficient, equivalently represented by the elec
tromagnetic damping force. Abase represents the external excitation ac
celeration applied to the base.

The dynamic system corresponds to a standard second-order system. 
After performing the Laplace transform, its transfer function is given by: 

G(s) =
Xz(s)

Abase(s)
= −

1
s2 + c

m s + ω2
n

(2) 

Magnitude-frequency characteristic of the system is given by: 

A(ω) =
1

ω2
n

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(

1 − ω
ωn

)2

+

(

2ξ
(

ω
ωn

))2
√ ≈

1
ω2

n
(ω < < ωn

⎞

⎟
⎟
⎠ (3) 

Where ξ represents the damping ratio, and ωn denotes the natural fre
quency of the system.

When the base experiences low-frequency vibration along the mea
surement axis, the proof mass will undergo displacement in the mea
surement axis direction relative to the base due to the inertial force. 
Based on the system transfer characteristics described by Eq. (3), the 
output displacement of proof mass can be mapped to the input accel
eration value, enabling the detection of unknown input acceleration. At 
this point, according to the definition of the sensor’s performance pa
rameters, the magnitude of the frequency response can be used to 
characterize the accelerometer’s sensitivity. When the input signal fre
quency is much smaller than the natural frequency, the amplitude 
(accelerometer sensitivity) approximates a constant value, which is 
numerically equal to the inverse of the square of the natural frequency.

Based on the analysis aforementioned, it can be concluded that the 
natural frequency of diamagnetic levitation system is a key factor 
influencing the performance of accelerometer, and the natural fre
quency is negatively correlated with the accelerometer’s sensitivity.

2.3. Structure and working principle of capacitive displacement probe

The capacitive displacement detection mainly operates in two 
modes: self-capacitance and mutual capacitance [20]. Self-capacitance 
detection features a simple structure and a large sensing range, while 
mutual capacitance detection offers higher accuracy, superior sensi
tivity, and does not require the target object to be connected to the 

circuit directly. In this case, given that the displacement variation is 
small and it is difficult to connect the levitated graphite sheet with 
detection circuit directly, mutual capacitance detection mode is 
employed.

Mutual capacitance detection is based on the principle of fringe ef
fect of capacitance, which couples with the electric field. Typically, two 
electrodes are arranged in the same plane, with one acting as the 
emitting electrode to accumulate charges and generate electric field, 
while the other serves as the receiving electrode to collect the coupled 
electric field lines, thus forming a capacitor. When the target object 
approaches, the coupled electric field lines are altered, which changes 
the capacitance of the plates. In this design, the probe’s electrodes are 
designated as a nested ring structure: the inner circular electrode acts as 
the emitting electrode, and the outer ring electrode serves as the 
receiving electrode, separated by an insulating layer, as shown in Fig. 3
(a). This configuration offers superior linearity compared to a rectan
gular structure [21]. A flexible PCB is used to fabricate the electrode 
plates, which reduces the probe’s thickness and enhances its stability.

Fig. 3(b) manifests the electric potential and electric field distribu
tion of probe upon the unit excitation applied to emitting electrode. It is 
evident that the pyrolytic graphite sheet interacts with the electric field 
lines. As the position of the graphite sheet changes, it alters the distri
bution of coupled electric field lines, leading to a variation in potential 
and a corresponding change in the capacitance between the electrodes. 
In practical applications, the capacitance value will be output through a 
conversion circuit, enabling the conversion of the displacement signal 
into an electrical signal.

3. Mathematical modeling of accelerometer

3.1. Modeling of diamagnetic force

First, a mathematical model is established for the magnetic field of 
permanent magnets, serving as the theoretical foundation for analyzing 
the spatial magnetic field environment. Based on the equivalent current 
method [22], the spatial magnetic field model of a single cylindrical 
permanent magnet is constructed. The magnetic flux density at any 
observation point in space can be expressed as: 

Br(r,ϕ, z) =
μ0Ms

4π

∫ z2

z1

∫ 2π

0

cos(ϕ − ϕ́ )(z − ź )
|P − Ṕ |

3 ŕ dϕ́ dź (4) 

Bz(r,ϕ, z) =
μ0Ms

4π

∫ z2

z1

∫ 2π

0

− (r cos(ϕ − ϕ́ ) − ŕ )
|P − Ṕ |

3 ŕ dϕ́ dź (5) 

Bϕ(r,ϕ, z) = 0 (6) 

In the above equations, μ0 = 4π × 107N/A2 is the vacuum perme
ability, Ms is the magnetization intensity of the permanent magnet, z1 
and z2 are the z-axis coordinates of the bottom and top surfaces of 
permanent magnet, and |P − Ṕ | is the distance from the observation point 
to the source point, which is expressed as: 

(r2 + r 2́ − 2rŕ cos(ϕ − ϕ́ ) + (z − ź )2
)

3
2

The annular permanent magnet can be equivalently modeled as the 
Boolean subtraction of two cylindrical permanent magnets with oppo
site magnetization directions. Therefore, the permanent magnet array 
used can be equivalently represented as the superposition of three cy
lindrical permanent magnets, as shown in Fig. 4. The magnetic flux 
density generated by the permanent magnet array at any point in space 
is given by: 

B = BM11 +BM12 +BM2 (7) 

Where BM11, BM12, BM2 refer to the magnetic flux densities of three cy
lindrical permanent magnets.

The relative magnetic susceptibility of diamagnetic materials is 
Fig. 2. Mechanical model of the accelerometer.
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negative and relatively small, with a typical order of magnitude of 10− 5. 
In a magnetic field with magnetic flux density B, the diamagnetic force 
acting on a unit volume of diamagnetic material can be expressed as: 

dF = Md⋅(∇⋅B)dv (8) 

In this expression, Md represents the induced magnetization of 
diamagnetic material. When an external magnetic field is applied to 
pyrolytic graphite, due to its anisotropy, the diamagnetic susceptibility 
in different directions is not consistent, and it can be expressed as: 

Md =
χm

μ0
B =

1
μ0

[
χmr 0
0 χmz

]

⋅
[

Br
Bz

]

(9) 

Where χmr and χmz represent the radial and axial magnetic susceptibil
ities of pyrolytic graphite sheet, respectively. By substituting Eq. (9) into 
Eq. (8), the components of diamagnetic force in each direction are ob
tained as: 

Fr = −
χm

2μ0

∫∫

S
‖B‖2 r⇀⋅ds (10) 

Fz = −
χm

2μ0

∫∫

S
‖B‖2 z⇀⋅ds (11) 

3.2. Modeling of electromagnetic force

The relative motion between a conductor and a magnetic field in
duces a change in magnetic flux, generating an induced current and an 
electromotive force. According to Lenz’s law, the conductor experiences 
an Ampère force that opposes the relative motion. Pyrolytic graphite 
exhibits good electrical conductivity, with a conductivity of 2.1 × 106 S/ 
m. Therefore, when the pyrolytic graphite sheet undergoes axial vibra
tion, eddy currents are induced on its surface, as shown in Fig. 5, 
resulting in an electromagnetic damping force that opposes the relative 
motion.

Since the frequency of the conductor cutting the magnetic field lines 
is extremely low, the skin effect of eddy currents can be considered 
negligible, and the eddy currents can be assumed to be uniformly 
distributed in the thickness direction, so be able to simplify the three- 
dimensional problem into a two-dimensional one. Since the surface 
current density K is parallel to the tangent vector of the conductor, it 
depends only on the normal magnetic flux density Bn. Eddy currents are 
uniformly distributed across the cross-section, and the current density 
can be expressed as: 

J =
K
h

(12) 

According to the differential form of Ohm’s law: 

Fig. 3. (a) Structure diagram of capacitive displacement probe (b) simulated electric potential and electric field distribution map of the probe.

Fig. 4. Equivalent current model of permanent magnet.

Fig. 5. (a) 3D model built in COMSOL software (b) simulated eddy current on the surface of graphite sheet.
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J = σ(E+ v × B) (13) 

In this equation, J represents the current density, v is the velocity of 
the graphite sheet, B is the magnetic flux density, E is the electric field 
strength, and σ is the electrical conductivity.

For a constant magnetic field, the form of Maxwell’s equations is 
given by: 

∇× E = −
∂B
dt

= 0 (14) 

Taking the curl of both sides of Eq. (14) in cylindrical coordinates, 
the following expression is obtained: 

1
ŕ

[
∂(ŕ J́ θ́ )

∂θ́
−

∂(J́ ŕ )

∂θ́

]

= − σ
(

vr
∂Bz

∂r
+ vθ

∂Bz

r∂θ
+ vz

∂Bz

∂z

)

(15) 

In this equation, J́ θ́  and J́ ŕ  represent the azimuthal and radial 
components of current density, respectively. The right-hand side refers 
to the source term, which is the excitation source of the eddy currents, 
determined by the motion of graphite sheet and the initial magnetic field 
distribution.

A scalar potential D́  is introduced to describe the surface current 
density Ḱ : 

Ḱ θ́ =
∂D́
∂ŕ

, Ḱ ŕ = −
∂D́
ŕ ∂θ́

(16) 

When the excitation source is in the form of axial vibration, Eq. (16)
can be written as: 

1
ŕ

∂D́
∂ŕ

+
∂2D́
∂ŕ 2 +

1
ŕ 2

∂2D́
∂θ́ 2 = − σhvz

∂Bz

∂z
(17) 

The expression for the scalar potential is obtained using the method 
of images [23]: 

D|Q = −
hσ
4πvz⋅

∫

SQʹ

∂B0
z

∂z
ln

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
R4 + r2

Qr2 − 2rQrR2 cos(θQ − θ)
R2(r2

Q + r2 − 2rQr cos(θQ − θ))

√

dSQʹ (18) 

The axial electromagnetic force induced by the eddy currents is 
expressed as: 

Fz =

∫∫

Ś
(Ḱ rBr + Ḱ θBr)dś (19) 

Where ś  is the surface area of graphite sheet. The axial electromagnetic 
force Fz is directly proportional to the axial velocity vz, and can be 
equivalently treated as a damping force with a proportionality coeffi
cient corresponding to the damping coefficient.

3.3. Capacitance modeling of capacitive displacement probe

To investigate the capacitance-displacement relationship of the 
capacitive displacement probe, Laplace analytical method is used to 
mathematically model the probe. The geometric model of the probe’s 
cross-section is shown in Fig. 6.

For the space between the electrode surface and the object surface, 
the space charge density is zero. Therefore, the Laplace equation can be 
established in cylindrical coordinates as: 

∂2V
∂r2 +

1
r

∂V
∂r

+
1
r2

∂2V
∂φ2 +

∂2V
∂z2 = 0 (20) 

By using the method of separation of variables to express the po
tential as a product of functions of z and r, and substituting into Eq. (20), 
the following equation is obtained: 

1
R(r)

∂2R
∂r2 +

1
rR(r)

∂R
∂r

+
1

Z(z)
∂2Z
∂z2 = 0 (21) 

Solving the differential equation, the expression for the potential is 
obtained as: 

V(r, z) = (Az+B)(C ln r+D)+
∑∞

n=1
[AnI0(η0r)+BnK0(η0r)]⋅[Cn sin(η0z)

+Dn cos(η0z)]
(22) 

In this equation, An, Bn, Cn, Dn are undetermined coefficients, and In 
and Kn are the modified Bessel functions. 

In =
(x

2

)n ∑∞

k=0

(
x2

2

)k

k!Γ(n + k + 1)
(23) 

Kn =
(π

2

) I− n − In

sin(nπ) (24) 

By integrating the electric potential gradient in the z-direction on the 
receiving electrode, the capacitance expression for the ring structure is 
obtained as: 

Cf = 4R1ε0εr(ρ1 + ρ2)
∑∞

n=1

I1(nρ1)

I2(nρ2)
K1(nρ2){I1(nρ2)⋅K1[n(ρ1 + ρs)]

− I1[n(ρ1 + ρs)]}

(25) 

In this equation, ρ1 = πR1
d , ρ2 = πR2

d , ρs = πRs
d

In practical applications, parasitic capacitance, such as that from the 
detection circuit and probe wiring, is generated. Therefore, the total 
capacitance of the probe is: 

Ctotal = Cf +Cb (26) 

When the proof mass undergoes displacement, the capacitance of the 
capacitor plates will change accordingly: 

ΔCf =
4R1ε0εrπ

Δd

⎛

⎜
⎝R1+R2

⎞

⎟
⎠
∑∞

n=1

I1

(

n πR1
Δd

)

I2

(

n πR2
Δd

)K1

⎛

⎜
⎝n

πR2

Δd

⎞

⎟
⎠

⎧
⎪⎨

⎪⎩
I1

⎛

⎜
⎝n

πR1

Δd

⎞

⎟
⎠

⋅K1

⎡

⎢
⎣n

⎛

⎜
⎝

πR1

Δd
+

πS
Δd

⎞

⎟
⎠

⎤

⎥
⎦ − I1

⎡

⎢
⎣n

⎛

⎜
⎝

πR1

Δd
+

πS
Δd

⎞

⎟
⎠

⎤

⎥
⎦

⎫
⎪⎬

⎪⎭

(27) 

The analytical model from Eq. (27) makes it difficult to analyze the 
linear relationship of displacement probe. In this regard, further inves
tigation into the relationship between the change in capacitance and the 
change in displacement will be required through subsequent simulations 
and experiments.

4. Design and simulation of accelerometer

4.1. Scaling effect of permanent magnet array

In the diamagnetic levitation system, the forces acting on the levi
tated component are divided into volumetric forces (gravity) and surface 
forces (diamagnetic forces). When the size of the diamagnetic levitation 
system is scaled proportionally, the volumetric force varies with the 
cube of the size, while the surface force varies with the square of size. As Fig. 6. The geometric model of the probe’s cross-section.
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a result, the effectiveness of diamagnetic force increases as the system is 
scaled down. This leads to different equilibrium positions for the levi
tated elements and alters the dynamic response characteristics of sys
tem. On the other hand, the presence of the magnetic inclination angle 
leads to the non-uniformity change of the spatial magnetic flux density 
when the size of the permanent magnet array changes along different 
coordinate axes. Therefore, due to the unique nature of the permanent 
magnet’s magnetic field, it is not appropriate to simply consider a pro
portional scaling scenario for the system. As the magnetic source in the 
diamagnetic levitation system, the scaling effect mechanism of perma
nent magnet array should be analyzed first.

Based on the diamagnetic force model aforementioned in Eq. (11), 
the diamagnetic force along the z axis are affected by three factors, as 
described in Eq. (28), as follows. From this equation, one can see that in 
magnetic fields with higher magnetic flux density, a steeper gradient of 
magnetic flux density can provide a larger diamagnetic force. Therefore, 
the rate of magnetic field decay is a key qualitative indicator for 
measuring the strength of diamagnetic force. 

Fz∝χmz⋅Bz⋅
∂Bz

∂z
(28) 

In a diamagnetic levitation system, the levitated object is typically 
positioned in the region with the largest magnetic field gradient. The 
magnetic field gradient along the center axis of permanent magnet can 
directly reflect the magnetic field variation characteristics in this region, 
thereby correlating with the diamagnetic force. Considering that the 
height and radius of the permanent magnet array are responsible for the 
resultant magnetic field gradient, the effects of varied height and radius 
on the axial magnetic flux density distribution was firstly investigated 
using the control variable method.

To permit a sufficient diamagnetic force to counteract gravity, the 
outer radius of annular permanent magnet is set to be twice the inner 
radius in this case. The inner radius of the permanent magnet array is 
maintained at different constants, and the effect of the height parameter 
of the permanent magnet is considered separately based on the model 
built in Section 3.1. As shown in Fig. 7, one can observe that when the 
radius of permanent magnet remains constant, the gradient of the axial 
magnetic flux density first increases slowly and then almost remains 
unchanged with increasing height of permanent magnet. Moreover, as 
the radius of the permanent magnet decreases, the effect of changes in 
the height of the permanent magnet on the magnetic field’s gradient 
becomes progressively weaker.

The effect of radius parameter on magnetic flux density is also 
studied with fixed height of permanent magnet. The obtained results are 
displayed in Fig. 8. Obviously, the gradient of the axial magnetic flux 
density decreases with increasing radius, and the change amplitude is 
more significant when compared to the variation caused by height. 
Moreover, with declined height, the effect of radius on the magnetic 
field becomes progressively stronger.

Based on the analysis aforementioned, it can be concluded that the 

height inserts relatively weaker effect on the magnetic field, while the 
radius can significantly influence the magnetic field. Moreover, the 
radius is negatively correlated with the axial magnetic field gradient. As 
diamagnetic force is directly influenced by magnetic field gradient as 
shown Eq. (28), it can be deduced that the radius would also signifi
cantly affect the resultant diamagnetic force.

4.2. Parameter design of diamagnetic levitation structure based on scaling 
effect

As derived in Section 2.2, when the accelerometer operates within 
the working frequency range, the sensitivity of accelerometer is nega
tively correlated with the natural frequency of the diamagnetic levita
tion structure. This conclusion indicates that a decrease in the natural 
frequency can effectively enhance the sensitivity of accelerometer. The 
natural frequency of diamagnetic levitation system is related to the mass 
of proof mass and the magnetic stiffness, which can be expressed as: 

ωn =

̅̅̅̅
k
m

√

=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

−
χmz

μ0
⋅
∂(
∫ rd

0 B2
z πrdr)

∂z

√

|z=z0
(29) 

The analysis presented in Section 4.1 confirms that the size param
eters, particularly the radius of permanent magnet array have a signif
icant impact on the spatial magnetic field gradient. Changes in the 
spatial magnetic field gradient directly affect the system’s magnetic 
stiffness characteristics, thereby altering the system’s inherent fre
quency and sensitivity. Therefore, investigating how the size parameters 
of permanent magnet array affect the accelerometer sensitivity is crucial 
for the further parameters’ optimization.

In this work, the varied size parameters of permanent magnet array 
would lead to alterations of static levitation height of proof mass. 
Therefore, the levitation height z0 should be considered as an additional 
variable. Meanwhile, the radius of proof mass must be appropriately 
selected to ensure stable radial levitation. To simplify the calculation 
process and ensure the stable levitation of the proof mass, the radius of 
the proof mass is fixed and set to be approximately equal to the inner 
radius of the permanent magnet plus 1 mm. The selected range of 
structural parameters for the accelerometer is shown in Table 2:

MATLAB simulation is then used to analyze the relationship between 
the natural frequency and the varied size parameters based on Eq. (29). 
The obtained results are shown in Fig. 9. Clearly, one can see that the 
natural frequency is negatively correlated with the inner radius of per
manent magnet array. Specifically, as the radius decreases, the natural 
frequency would increase up to 25.76 Hz, corresponding to a minimum 
sensitivity of 0.37 mm/g. The impact of height on the natural frequency 
is relatively weak. Initially, a down-trend in natural frequency is 
observed with increasing height, followed by an up-trend with further 
increasing height. With a height of 5 mm and inner radius of 6 mm, the 
natural frequency reaches a minimum of 15.07 Hz, corresponding to a 
sensitivity of 1.09 mm/g. Sensitivity analysis of the input parameters 

Fig. 7. Study on the height of magnets: (a) axial magnetic flux density (b) the axial gradient of magnetic flux density.
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using Isight software reveals that the radius and height of the permanent 
magnet array contribute 92.79 % and 7.21 %, respectively, to the 
sensitivity of the natural frequency of the diamagnetic levitation 
oscillator.

From the analysis mentioned above, one can see that the radius of 
permanent magnet array is the primary factor affecting the natural 
frequency and consequently sensitivity of diamagnetic levitation sys
tem. As the radius of the permanent magnet array increases, the system’s 
natural frequency decreases, and the corresponding accelerometer 
sensitivity increases. On the other hand, the height of the permanent 
magnet array has a minimal impact on the accelerometer sensitivity. The 
overall size of the accelerometer can be reduced by decreasing height 
without significantly affecting the sensitivity. To enable the high 
sensitivity along the z axis and meanwhile minimize the global size of 
accelerometer, the radius parameter and height parameter are opti
mized, as shown in Table 3.

4.3. Simulation analysis of dynamic characteristics

Based on the optimized size parameters, a further dynamic charac
teristic analysis is performed to study the performance of accelerometer. 

To improve the accuracy of the magnetic field model, surface magnetic 
field measurements were conducted using the surface magnetic field 
automatic testing platform (TUNKIA: TD8420) on the plane above the 
permanent magnet. A set of measured experimental values was used as 
samples, and the magnetic field model’s magnetization intensity of 
permanent magnet was corrected using a particle swarm optimization 
algorithm, resulting in Ms1 = 7.61 × 10⁵ A/m and Ms2 = -9.35 × 10⁵ A/ 
m. These parameters were substituted into the mathematical model, and 
MATLAB was used for calculations. The results were compared with the 
experimental values, as shown in Fig. 10(a). From Fig. 10(a), it can be 
observed that the theoretical model values are in good agreement with 
the experimental values, validating the accuracy of model.

Furthermore, axial diamagnetic force calibration was performed 
using a precise balance. By adjusting the lifting platform to simulate 
changes in the suspension height, the readings of balance were recorded 
to obtain the relationship between the diamagnetic force and the height 
variation. The axial magnetic susceptibility was corrected to be 
310 × 10− 6. The experimental results were compared with the model 
calculations, as shown in Fig. 10(b), where the theoretical model values 
closely match the experimental values.

Without vibration signal input, the axial diamagnetic force acting on 
the proof mass equals to the gravitational force, and the system is in a 
state of equilibrium along the measurement axis. Based on the force 
model, the position at which the two forces balance is calculated, and 

Fig. 8. Study on the radius of magnets: (a) axial magnetic flux density (b) the axial gradient of magnetic flux density.

Table 2 
Range of parameters studied.

Symbol Parameter Value

R1 Radius of cylindrical magnet 2–6 mm
R2 Outer radius of annular magnet 2 R mm
Z Height of permanent magnet array 3–12 mm
Ms1 Magnetization of annular magnet 10 × 105 A/m
Ms2 Magnetization of cylindrical magnet − 10 × 105 A/m
r Radius of pyrolytic graphite sheet (R+1) mm
h Thickness of pyrolytic graphite sheet 0.5 mm

Xmz
Axial magnetic susceptibility of pyrolytic graphite 
sheet

− 450 × 10− 6

ρ Density of the pyrolytic graphite sheet 2.25 g/cm3

Fig. 9. (a) Natural frequency of diamagnetic levitation structure (b) influencing factors of natural frequency.

Table 3 
Optimized parameters of accelerometer.

Symbol Parameter Value

R1 Radius of the cylindrical magnet 5 mm
R2 Outer radius of the annular magnet 10 mm
Z Height of permanent magnet array 3 mm
r Radius of the pyrolytic graphite sheet 6 mm
h Thickness of the pyrolytic graphite sheet 0.5 mm
m Mass of the pyrolytic graphite sheet 179 mg
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the proof mass has a suspension height of 0.65 mm at this point. When a 
vibration signal is input, the proof mass undergoes axial displacement, 
and the diamagnetic force generates a restoring force to bring it back to 
the equilibrium position. In this case, the diamagnetic restoring force 
can be equivalent to a stiffness effect. Based on the mathematical model 
of the diamagnetic force, MATLAB simulations are conducted to calcu
late and fit the relationship curve between the net force acting on the 
proof mass and the displacement when it deviates from the equilibrium 
position, as shown in Fig. 11(a). Within the typical working displace
ment range (± 0.2 mm), the curve exhibits a good linear relationship, 
and the accelerometer’s equivalent magnetic stiffness is linearized to 
1.416 N/m.

Similarly, the effect of electromagnetic force can be equivalently 
treated as a damping effect. Finite element simulation software COMSOL 
is used to simulate the axial vibration of the pyrolytic graphite sheet, and 
the curve of equivalent electromagnetic damping versus suspension 
height is shown in Fig. 11(b). The value of electromagnetic damping 
decreases as the suspension height increases. In the proposed acceler
ometer, the change in damping caused by axial vibration micro- 
displacement during operation is small, and the damping coefficient 
can be simplified to the equivalent electromagnetic damping at the 
suspension height, which is 2.13 × 10− 3 N/(m/s).

The dynamic characteristics of accelerometer are simulated based on 
equivalent stiffness and damping. Under sinusoidal excitation, Fig. 12(a) 
shows the input and output curves of the accelerometer with a 3 Hz sine 
signal input. It can be observed that the displacement signal and the 
acceleration signal are proportional and inversely related, in accordance 
with the amplitude-frequency characteristics described in Eq. (3). 
Fig. 12(b) presents the frequency response simulation results of the 
accelerometer, with the first-order resonance peak occurring at 
18.19 Hz. To ensure measurement accuracy, the frequency corre
sponding to an error of less than or equal to 10 % is taken as the working 
frequency. Therefore, the frequency response range of the accelerometer 
is 0–5.5 Hz, and the structural sensitivity is 0.75 mm/g.

4.4. Simulation and structure optimization of capacitive displacement 
probe

As indicated by Eq. (27), the change in capacitance is related to the 
geometric dimensions of the electrode plates. Considering both the di
mensions of the permanent magnet array and the limitations of elec
trode fabrication, three probes with different size parameters were 
selected. MATLAB simulations were conducted based on the mathe
matical model in Section 3.3 to investigate the variation of capacitance 
with distance for probes of different sizes. The results are shown in 
Fig. 13(a), among the three selected sizes, when the insulation gap is 
consistent, a larger electrode area results in higher probe sensitivity; 
conversely, when the electrode area is fixed, a smaller insulation gap 
leads to higher probe sensitivity. The probe with dimensions R1 = 2 mm, 
S = 0.25 mm, and R2 = 4.5 mm demonstrates the highest sensitivity, 
and this electrode is chosen as the probe for the capacitive displacement 
detection device. Moreover, it is also found that as the gap decreases, the 
linearity of the probe deteriorates. However, considering the small 
measurement range, the linearity remains acceptable within a 1 mm 
detection range. Therefore, the probe configuration with higher sensi
tivity was chosen.

Then the static calibration of capacitive displacement detection 
system was carried out. The displacement of proof mass was measured 
using a Z-axis displacement platform, while the change in the capaci
tance between the plates was monitored using the post-processing cir
cuit. The results, shown in Fig. 13(b), indicate that the sensitivity of the 
displacement detection system is 0.3919 pF/mm.

5. Experiment

5.1. Experimental settings

The measurement of the natural frequency of the diamagnetic levi
tation structure and the calibration experiment of the accelerometer 
were conducted using the vibration excitation method under Earth’s 

Fig. 10. (a) Axial magnetic flux density of different height surfaces (b) axial diamagnetic force at different height.

Fig. 11. (a) Equivalent stiffness fitting curve (b) equivalent damping simulation curve.
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gravitational field. The experiment utilized a shaker (Sushi DC-300–3) 
as the vibration source, with the reference input signal being the ac
celeration value set through its closed-loop controller. Noted that the 
experiment was conducted at a fixed room temperature (25 ℃) and the 
effect of temperature fluctuations on the performance of accelerometer 
can be ignored.

The configuration of experimental setup is shown in Fig. 14. Two 
accelerometers are attached to the surface of the shaker to measure the 
real-time deviation between the actual acceleration and the preset ac
celeration, and this deviation signal is fed back to the controller. The 
controller then posts an acceleration adjustment command, converting 
the feedback signal into a voltage signal that is sent to the power 
amplifier, which drives the actuator to generate desired excitation 
acceleration.

In the dynamic response verification experiment based on scaling 
effect, the oscillator’s base of diamagnetic levitation accelerometer is 
fixed onto the shaker to ensure precise linear vibration transmission. The 
excitation signal is generated using the shaker, and a laser vibrometer is 
employed to directly measure the displacement output of oscillator.

For the calibration experiment of accelerometer, the laser vibrometer 
is removed, and the capacitive displacement sensing unit integrated into 
the designed diamagnetic levitation accelerometer is used for output 
measurement. The STM32 microcontroller communicates with the 
displacement-to-capacitance conversion circuit to obtain the capacitive 
variation of accelerometer output and convert it into acceleration 
values.

5.2. Verification of dynamic response characteristic based on scaling 
effect

To verify the influence of scaling effect on the dynamic response of 
accelerometer, five sets of diamagnetic levitation structures with 
different dimensional parameters were selected for a sinusoidal fre
quency sweep experiment in the range of 3–30 Hz. The obtained fre
quency response curves are shown in Fig. 15(a). The dimensional 
parameters, corresponding natural frequencies, and sensitivities of each 
experimental group are listed in Table 4.

By comparing the results of Experiments 1–3, it can be observed that 

Fig. 12. (a) Input-output response curve of the system under sinusoidal input (b) frequency response curve of accelerometer.

Fig. 13. (a) Variation law of plate capacitance and displacement (b) static calibration curve of capacitive displacement probe.

Fig. 14. (a) The configuration of the dynamic excitation measurement (b) experiment setup of calibration.
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when the radius of permanent magnet remains constant, the varied 
height has a minimal effect on the natural frequency and sensitivity. In 
contrast, from Experiments 3–5, reduced radius significantly declines 
the sensitivity. The experimental findings are consistent with the 
simulation results presented in Section 4.2. The results indicate that 
reducing the height of permanent magnet is of benefit to minimize the 
overall size while maintaining relatively high sensitivity. However, the 
radial dimension must be carefully modulated to balance sensitivity and 
size. Ultimately, the parameters of Group 3 were selected as the final 
prototype dimensions. And the experimental amplitude-frequency 
curves of group 3 parameters are consistent with the dynamic simula
tion results, as shown in Fig. 15(b).

5.3. Accelerometer calibration

The frequency response range of accelerometer refers to the fre
quency range in which it can accurately detect vibrations, typically 
defined as the bandwidth where the error does not exceed 10 %. The 
vibration frequency was increased sequentially from 3 Hz in 1 Hz in
crements. The identified frequency response range is 3.0 Hz to 6.0 Hz, as 
shown in Fig. 16(a).

The sensitivity of accelerometer is defined as the ratio of its output to 
the input acceleration. At a vibration frequency of 3 Hz, the amplitude of 
shaker was adjusted to change the acceleration magnitude, and the 
output capacitance values of the accelerometer were recorded. The re
sults, shown in Fig. 16(b), indicate that a linear fit based on the least 
squares method yields an accelerometer sensitivity of 0.29 pF/g, with a 
coefficient of determination (R²) of 0.9985.

At a vibration frequency of 3.0 Hz, the excitation acceleration was 
gradually reduced until the accelerometer could not output a clearly 
distinguishable sinusoidal waveform, which defines the resolution of 
accelerometer. Due to the amplitude limitations of shaker, the measured 
resolution of accelerometer is better than 3.5 mg, as shown in Fig. 16(b). 
Nevertheless, it should be noted that the Allan variance curve can also 
provide valuable insight into the effective resolution of accelerometer. 
To further clarify the resolution of accelerometer, the Allan variance 
curve, which calculated from the bias of output (see Fig. 16 (c)), was 
characterized and illustrated in Fig. 16 (d). Specifically, at an integration 
time between 0.16 s and 0.33 s, a minimum Allan deviation of 238 µg 
was observed within an operating bandwidth of 3.0–6.0 Hz. This sug
gests that the effective resolution of accelerometer is 238 µg.

The linearity of accelerometer is calculated using Eq. (30), resulting 
in a linearity of 2.25%. 

eL = ±
Δmax
yFS

⋅100% = 2.25% (30) 

The performances of this minimized accelerometer paper are also 
compared with the recent work regarding miniature or diamagnetic 

levitation types. As shown in Table 5, the proposed diamagnetic levi
tation accelerometer demonstrates a balance between sensitivity and 
size, highlighting its feasibility for practical applications requiring both 
sensitivity and constrained spaces, i.e. small-scale robotics, machinery 
monitoring and portable gravimeter. However, it should be noted that 
the proposed accelerometer still suffers from the narrow bandwidth 
limitation. It can only operate within a frequency range of 3.0–6.0 Hz, 
making it suitable for low-frequency measurements. Further efforts are 
required to address the narrow bandwidth issue by introducing tunable 
stiffness strategies.

6. Conclusion

In this work, a compact diamagnetic levitation accelerometer mainly 
consisting of permanent magnet, disk-shaped pyrolytic graphite sheet 
and capacitive displacement probe proposed. A systematical investiga
tion is conducted to dig out the dynamic response of diamagnetic 
structure considering scaling effect. It is found that the height of per
manent magnet array has minimal impact on both the central magnetic 
field distribution and the sensitivity of accelerometer. In contrast, the 
radius of the permanent magnet is negatively correlated with the central 
magnetic field gradient, while the sensitivity of the accelerometer is 
positively correlated with this gradient. Based on this scaling effect 
mechanism, the structural parameters of accelerometer are optimized 
yet minimized. Also, an additional capacitive displacement probe based 
on nested ring electrodes is proposed to detect the axial displacement of 
pyrolytic graphite sheet. The subsequently assembled diamagnetic 
levitation accelerometer demonstrated an overall size of 12.0 cm3 and a 
sensitivity of 0.29 pF/g over a bandwidth of 3.0–6.0 Hz, highlighting its 
applicability as compact, high-performance accelerometer for practical 
applications.

Fig. 15. (a) Results of the sweep frequency experiment (b) comparison between experiment and simulation.

Table 4 
Experimental results of prototypes with different sizes.

Group Height of 
array

Radius of 
magnet

Radius of 
graphite

Natural 
frequency

Sensitivity

1 10 mm 5 mm 6 mm 18.6 Hz 0.72 mm/ 
g

2 5 mm 5 mm 6 mm 18 Hz
0.77 mm/ 
g

3 3 mm 5 mm 6 mm 18.1 Hz
0.77 mm/ 
g

4 10 mm 2.5 mm 3.5 mm 22 Hz 0.51 mm/ 
g

5 12 mm 4 mm 5 mm 19 Hz 0.70 mm/ 
g
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