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ABSTRACT
Effectively reducing motor vibration and radiated noise is a highly challenging technical problem, especially under complex multi-physics
coupling conditions. This paper proposes a novel design strategy involving a rubber-embedded quasi-perfect spiral acoustic metasurface to
effectively reduce motor vibration and radiated noise. When the spiral metasurface is combined with rubber, it is equivalent to a mass-spring
system. When the motor’s vibration frequency matches the natural frequency of the structure, the system undergoes resonant absorption,
significantly reducing the vibration amplitude. Simultaneously, the spiral metasurface can redistribute the phase of sound waves and extend
the sound wave path, causing opposite response modes on the upper and lower surfaces, achieving complete sound absorption at specific
frequencies. This method is not affected by the motor’s operating conditions and can achieve vibration and noise reduction in specific fre-
quency bands by adjusting parameters such as spiral path length, order, and rubber thickness. The structure’s thickness is only one-tenth of
the motor’s diameter. Numerical results show that embedding just two spiral metasurfaces in the damping rubber can reduce the radiated
noise by an average of 6 dB, decrease the relative vibration amplitude peak by 0.99, and achieve a frequency band attenuation rate of over
80%. This method provides a new solution for ultra-broadband vibration and noise reduction in motors and lays the foundation for similar
designs in complex rotating machinery.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0271926

I. INTRODUCTION

Motors are extensively employed in propulsion systems within
the aerospace sector and other industries. They drive aircraft flight
and support the normal operation of various equipment, playing
an essential role in the development of aerospace technology. As
technology advances, modern motors face increasingly stringent
requirements regarding weight and volume. Enhanced power den-
sity and energy density are critical for achieving the lightweight
and compact designs demanded by contemporary aerospace appli-
cations.1 Vibration and noise are inherent issues during motor
operation,2 which can adversely affect motor performance and
stability. Implementing vibration and noise reduction technolo-
gies can enhance the motor’s operational efficiency, accuracy, and

reliability, thereby improving the overall quality and performance of
the product.3

Traditional methods for reducing motor vibration and noise
primarily involve structural design,4,5 material selection,6,7 and con-
trol strategies.8–10 In 2002, researchers published pioneering work
on mechanical vibration and noise control in motor systems, offer-
ing valuable references for advancing motor vibration and noise
control techniques.4 Zou et al. optimized the slot width of the
motor rotor to reduce the magnetic amplitude near the resonance
frequency.11 Sun et al. investigated the impact of pole slot combina-
tions on the vibration and noise of permanent magnet synchronous
motors.12 Wang and Li proposed an improved rotor structure incor-
porating an auxiliary flux barrier to reduce radial electromagnetic
forces, thereby attenuating electromagnetic vibration and noise.13
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However, as motor performance advances, the conditions for
vibration and noise become increasingly complex, rendering tra-
ditional reduction methods insufficient to meet current demands.
First, while many studies effectively reduce motor vibration and
noise, they often significantly weaken the output torque.14 Second,
previous optimization methods necessitate different approaches for
different motors, which increases manufacturing costs and process-
ing complexity. Consequently, there remains a lack of a universal
method for vibration and noise reduction.

In recent years, novel acoustic metasurfaces have emerged as
effective tools for controlling and reducing noise by manipulating
the propagation and scattering of sound waves through precisely
engineered microstructures.15–19 Compared to traditional acoustic
materials, acoustic metasurfaces offer superior noise control across
a broader frequency range, with enhanced performance from low to
high frequencies.20–22 The microstructure of acoustic metasurfaces
can be customized and designed according to specific require-
ments, allowing adaptation to various application scenarios and
demands.23–25 The adaptability and customizable nature of acous-
tic metasurfaces enable optimization for various noise challenges,
ensuring optimal noise control effects. Moreover, acoustic metasur-
faces typically possess smaller dimensions and lighter weight,26,27

facilitating effective noise control within constrained spaces.28 This
characteristic renders them particularly suitable for applications
with limited space, such as aerospace,29 automotive,30 construction,
and other industries.31

For instance, Liu et al. introduced a design methodology for
a metasurface anechoic coating aimed at reducing pipeline ven-
tilation noise. By implementing an ultra-thin labyrinth channel
sound-absorbing metasurface structure on the inner wall surface of
the pipeline, they achieved broadband noise reduction at low fre-
quencies.32 Meanwhile, Popa et al. employed highly compact active
meta-atoms to construct a barrier and proposed an acoustic bian-
isotropic material exhibiting non-zero strain and momentum cou-
pling. This material, not constrained by feedback stability require-
ments, surpassed expectations in terms of attenuation, bandwidth,
and shielding volume, thus representing a cutting-edge sound isola-
tor.33 Zhou et al. introduced a loosely coupled reflective impedance
waterborne acoustic metasurface (WAM) to attain precise control
over underwater acoustics. They developed a functional-structural
integrated topology optimization framework incorporating surface
impedance models and vibration coupling constraints to system-
atically engineer WAM.34 These notable advancements underline
the expansive potential applications of acoustic metasurfaces in the
realms of vibration and noise reduction.35

For shell structures, acoustic black hole (ABH) technology has
seen significant development in recent years, with designs such
as single- and double-leaf ABH configurations applied to under-
water pressure-resistant shells, providing new insights into the
development of potential broadband vibration and noise reduc-
tion structures.36,37 Compared to such structures, the rubber-based
acoustic metasurface embedded with spiral units proposed in this
study has good integrability and mechanical compliance when
applied to rotating machinery and can be stably installed under
complex boundary conditions. It avoids complex thickness gradient
design, making the manufacturing and debugging process simpler
and more efficient, and is particularly suitable for vibration and
noise reduction in motors and other compact rotating systems.

In previous research, we proposed a spiral-shaped quasi-perfect
sound-absorbing metasurface.38 This spiral metasurface exhibits a
quasi-perfect sound absorption coefficient (up to nearly 0.998) and
can flexibly adjust the frequency of perfect sound absorption based
on parameter design.38,39 It shows great potential for applications in
vibration and noise reduction in small spaces. In conjunction with
the technical challenges addressed in this article, such as mitigating
vibration noise sources in small-sized motors, acoustic metasur-
faces demonstrate promising application prospects. First, acoustic
metasurfaces have the capability to achieve sub-wavelength sizes.40

Second, they impose no specific material or operational condition
requirements, offering flexible configuration adjustments according
to specific needs. This adaptability grants them a broad applicability
across diverse scenarios.

This paper designs a vibration and noise reduction covering
layer with a rubber embedded spiral metasurface for the motor.
By using only two spiral metasurfaces, the performance of ultra-
wideband vibration reduction and quasi-perfect sound absorption
is achieved. This study regards the motor and the metasurface as
a whole, and the research results include the interaction between
the sound field and the structure. The design fills the motor hous-
ing with damping rubber and embeds the spiral metasurface. The
damping rubber is similar to a shock absorber, which first suppresses
the vibration of the motor. The spiral metasurface performs broad-
band quasi-perfect absorption of the leaked radiated sound field,
achieving dual suppression of motor vibration and noise. The struc-
ture is independent of the internal structure and operating state
of the motor and has universal applicability. Moreover, the flexi-
bility of the structure allows it to be adjusted in size according to
the size of the motor, further enhancing its versatility. The design
length of the spiral metasurface depends on the thickness of the rub-
ber layer, and thinner rubber layers are preferred because they can
achieve more compact structures while still maintaining excellent
sound insulation and shock absorption performance. This not only
improves material efficiency but also helps reduce weight, making
the structure lightweight, efficient, and highly adaptable to practical
engineering applications.

II. DESIGN CONCEPT
The spiral structure originally discovered in the biological

world constitutes an asymmetric structure, such as snail shells and
DNA structures, which is characterized by the fact that neither sin-
gle nor double helices are completely symmetrical. In this study,
we use single helical paths to form elastic metasurface structures
and systematically study their core mechanisms and acoustic behav-
iors. Specifically, we embed the spiral metasurface into rubber and
apply it to the surface of the motor. It is worth noting that in actual
motor applications, the vibration of the motor cannot be ignored,
so the sound absorption performance of the spiral periodic structure
alone is significantly different from that when the influence of motor
vibration is considered. In order to show this difference, we briefly
introduce the sound absorption performance and theoretical mech-
anism of the spiral periodic metasurface when it acts alone in this
section. Sections III–VI will discuss the motor vibration reduction
and noise reduction in detail.

Figure 1 illustrates the overall concept of the vibration and
noise reduction structure design: a damping rubber structure with
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FIG. 1. Model diagram of periodic
helical metasurfaces and calculation
results of sound absorption efficiency:
(a) schematic diagram of periodic heli-
cal metasurfaces placed in a waveguide,
(b) schematic diagram of the internal
structure of helical metasurface unit, (c)
absorption coefficient curve of periodic
helical metasurfaces, and (d) sectional
view of the sound pressure distribution at
the absorption peak frequency.

periodic spiral metasurfaces. To facilitate understanding, we first
present its tiled configuration, as shown in Fig. 1(a). The core of
each spiral unit comprises a hollow cylinder, surrounded by a spi-
ral path. The periodic structure is based on damping rubber, with
the spiral metasurface positioned within six circular holes along the
central axis. The entire periodic structure is placed in a rectangular
waveguide, with radiation boundary conditions applied at both ends,
with one end serving as the incident plane wave boundary. The inci-
dent sound wave pi is a plane wave incident from the upper end,
and pt is the transmitted sound wave. The sound wave attenuation
coefficient is calculated using α = 1 − ∣ pt

pi
∣.

Figure 1(b) presents a schematic diagram of the internal struc-
ture of the spiral metasurface, with a radius of 10 mm and a thickness
of 10 mm. Figure 1(c) displays the sound attenuation coefficient of
the spiral metasurface periodic structure, calculated across the fre-
quency range of 20–20 kHz. As illustrated in the figure, the sound
attenuation coefficient of this structure exceeds 0.5, indicating that
at least 50% of the sound pressure is attenuated. A perfect sound
absorption coefficient is defined as α > 0.9. The results demon-
strate that 90% of the sound waves in the target frequency band
achieve perfect sound absorption, validating the ultra-broadband
sound absorption characteristics of this structure. Figure 1(d) illus-
trates the sound pressure distribution at the sound absorption peak.
It is evident from the figure that the sound wave at the incident end is
nearly entirely absorbed by the spiral metasurface. Then, the sound
wave undergoes multiple refractions and reflections within the spi-
ral unit until the energy leakage at the exit end is minimized, thereby
achieving perfect sound wave attenuation.

Since the spiral unit is on the sub-wavelength scale, it can be
regarded as a mean unit. According to effective medium theory,

the surface properties of the mean unit can be characterized by its
Green’s function,41

Gi(r, r′) =∑
n

cnψn(r)ψ∗n (r′). (1)

Here, G(r, r′) is the Green’s function, which describes the effect of
the excitation at position r on the response at position r′. ψn(r) is the
nth eigenfunction of the element. cn is the expansion coefficient used
to represent the contribution of each eigenfunction to the overall
Green’s function. The following is a detailed derivation.

The scattered field ψsc on the boundary surface ∂s is related to
its eigenfunction ψn as follows:

ψsc(x′) = ∮
∂s

Gm(x′, ζ)ψn(ζ)dζ, (2)

where x denotes the coordinates outside the spiral unit, ζ represents
the coordinates on the boundary of the structure, and Gm indi-
cates the Green’s function of the material, satisfying the boundary
conditions of continuity required by the Green’s function.

Similarly, the eigenfunction ψ on the boundary ∂s is related to
the total displacement xi(ζ) + xsc(ζ′) by the Green’s function,

ψn = −∮
∂s

G−1(ζ, ζ′)[xi(ζ′) + xsc(ζ′)]dζ′. (3)

Here, G is the Green’s function inside the material, which satis-
fies the required continuity boundary conditions. G−1 is the inverse
of the Green’s function, satisfying the condition,

∫
s
G−1(x, x′)G(x′, x′′)dx′ = δ(x, x′′). (4)
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Substituting (4) into (3), the scattered field of the structure can
be expressed as

ψsc(x) =∯
∂s

Gm(x, ζ)G−1(ζ, ζ′)[xi(ζ′) + xsc(ζ′)]dζdζ′. (5)

Equation (5) shows that the structural unit contributes to the surface
response only in the direction G−1(ζ, ζ′). On the structural surface
∂s, a set of orthogonal surface modes (α,β) can be defined, and the
structural surface response can be expressed as

Gαβ =∯
∂s
α∗(ζ′)G(ζ, ζ′)β(ζ)dζdζ′. (6)

By adjusting the unit structure, an ultimate scenario is achieved
where the monopole G+ and dipole G− responses reach equal ampli-
tudes at a specific frequency. These two responses cancel each
other out at the exit surface, preventing sound output and thereby
achieving ultra-attenuation.

The total surface response of the metastructure can thus be
described using the eigenmode expansion of the Green’s function.
Let Qi represent the normalized eigenstates satisfying the continuity
boundary conditions, and the Green’s function can be expanded as

G(x′, x) =∑
i

Qi(x′)Q∗i (x)
ρi(ω2

i − ω2)
. (7)

Here, ω is the angular frequency, and ρi represents the average mass
density of each eigenstate, defined as

ρi = ∫
s
Q∗i (x)ρ(x)Qi(x)dx, (8)

where ρ(x) is the local mass density at point x.
For a high-aspect-ratio unit structure, its surface response can

be expressed in terms of two components,

G+ = ω2∑
i

Q∗i (h/2)[Qi(h/2) +Qi(−h/2)]
(ω2

i − ω2)ρi
, (9)

G− = ω2∑
i

Q∗i (h/2)[Qi(h/2) −Qi(−h/2)]
(ω2

i − ω2)ρi
. (10)

Here, h/2 and−h/2 are the coordinates of the front and back surfaces
of the spiral unit along the Z axis, Qi(h/2) and Qi(−h/2) correspond
to the ith eigenmode of the structure, and Q∗i (h/2) is its complex
conjugate.

The total surface response for the periodic structure is

G(r, r′) =∑
i
∑

n
cnψn(r)ψ∗n (r′), (11)

where i is the number of spiral units. For the problem we want to
study, we are more concerned about the sound pressure attenua-
tion after the sound wave passes through the structure. Therefore,
the eigenfunction we need is the sound pressure distribution func-
tion, that is, ψn(r) = pn(r). Since the propagation of sound waves in
structures is complex and obtaining an analytical expression is chal-
lenging, this study employs finite element numerical calculations
to analyze the sound pressure attenuation. The semi-analytical for-
mula for the sound absorption coefficient of the spiral metasurface,

derived by combining numerical results with analytical expressions,
will be the focus of our next step. This work aims to fully lever-
age computational resources to reduce engineering manufacturing
costs. By prioritizing simulation and analytical analysis to determine
optimal parameters, the cost of large-scale experimental trials can be
significantly reduced. The results are shown in Figs. 1(c) and 1(d).

III. FEM MODELING METHOD
A. Structural and parameters

As shown in Fig. 2, the damping rubber embedded spiral
metasurface (RSM) covering layer is generated by hollowing out a
small circular hole in a cylindrical damping rubber with a thick-
ness of 10 mm and the same size as the motor diameter and then
embedding the spiral metasurface in the circular hole. The para-
meters that control the performance are mainly the pitch p and
the total height h of the spiral unit (i.e., the rubber thickness). The
medium of the entire calculation domain is air, and the relevant
parameters of the motor, RSM, and background medium are shown
in Table I.

Figure 2 is a schematic diagram of the motor model and various
vibration and noise reduction treatments. First, we fill the outside
of the motor with a layer of 10 mm rubber to perform traditional
vibration and noise reduction treatment. Then, we use rubber as the
base, hollow it out, and place n spiral metasurface units in the center.
The motor model is a permanent magnet synchronous motor. Since
the vibration and noise reduction structure does not depend on the
motor’s working conditions, there are no special requirements for
the selection of the motor type.

Figure 2(a) shows the permanent magnet synchronous motor
model. The gray parts are the rotor and stator, the green wireframe
is marked as the coil, and the outermost yellow–green structure is
the motor housing and bracket. The motor model can be found in
the COMSOL case library. The goal of this article is not to study the
operation and structure of the motor, so the motor model will not
be described in detail. The entire motor model is fixed in space by
the bottom boundary, and the boundary load is calculated from the
electromagnetic effect of the rotor part. In the frequency response
finite element analysis of all models, all boundary conditions and
loading conditions are consistent. Figure 2(b) shows the motor case
filled with pure damping rubber. Figures 2(c)–2(f) show the com-
posite structure filled with damping rubber and a spiral metasurface.
In order to reduce the vibration and noise of the motor, the motor
shell is replaced by rubber and a spiral metasurface.

The replacement shell is placed outside the motor, with a thick-
ness of 10 mm and an axial length of 145 mm. The mechanical
excitation generated by the electromagnetic excitation and rotor
movement inside the motor acts as a vibration noise source on the
motor casing. The vibration of the motor casing generates radia-
tion noise. The combined structure of damping rubber and a spiral
metasurface covers the surface of the motor to reduce vibration and
noise.

This structure is equivalent to applying a shock absorber on
the surface of the motor while simultaneously embedding a sound-
absorbing structure inside the shock absorber, representing a passive
vibration and noise reduction method. Figure 3 shows a schematic
diagram of the model through the shock absorber. The internal
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FIG. 2. Model diagrams of different vibra-
tion reduction and noise reduction meth-
ods for motors. (a) Motor model with-
out vibration and noise reduction treat-
ment, (b) motor model filled with damp-
ing rubber, (c) motor model embedded
with two spiral metasurfaces, (d) motor
model embedded with four spiral meta-
surfaces, (e) model embedded with eight
spiral metasurfaces in a single row, and
(f) model embedded with eight spiral
metasurfaces in two rows.

TABLE I. Relevant parameters of the motor, RSM, and background medium.

Parameter name Value

Media name Air
Medium density 1.29 (kg/m3)
Rubber density 1100 (kg/m3)
Rubber thickness 10 mm
Pitch 0.5 mm
Spiral path thickness 2 mm
Spiral path width 1.2 mm
Damping coefficient 0.7

vibrations and electromagnetic excitations of the motor are out-
put as vibration noise sources. Through the composite structure
of damping rubber and a spiral metasurface, the vibration ampli-
tude of the motor is first dampened at the rubber. Simultaneously,

FIG. 3. Model schematic of motor vibration reduction and noise reduction. Internal
electromagnetic and mechanical excitations in the motor propagate as vibration
noise sources to the motor casing, which then radiates noise outward. Embedding
damping rubber with spiral metasurfaces is akin to applying a layer of damping
rubber on the outside of the motor casing for vibration reduction, while the spiral
metasurfaces absorb sound, ultimately achieving attenuation of both vibration and
noise.

the outwardly radiated noise enters the spiral structure. Due to the
complexity of the spiral path, the sound waves undergo repeated
refraction and reflection until their energy is attenuated.

Motor noise sources mainly come from electromagnetic exci-
tation and mechanical excitation. Each of these sources belongs to
the local characteristics of the motor system and has its own specific
response to excitation under any working conditions. Therefore,
traditional motor vibration and noise reduction measures mainly
focus on optimizing the motor’s internal structure.42 However, these
tasks often require a large amount of computing resources and are
highly specialized. They require different optimizations for different
motors and are difficult to apply flexibly. In addition, as the require-
ments for motor performance become more stringent, the internal
structure becomes correspondingly more complex, making it more
challenging for traditional methods to achieve universal vibration
and noise reduction. Therefore, it is necessary and urgent to design
a universal, flexible, and adjustable method for motor vibration
and noise reduction. Based on the above-mentioned considerations,
and given the small size and unique performance characteristics of
acoustic metasurfaces, this article proposes new ideas for applying
acoustic metasurfaces to motor vibration and noise reduction.

According to the absorption characteristics of the spiral peri-
odic structure in free space discussed in Sec. II, it can be seen that the
ultra-wideband sound absorption efficiency of this structure is very
significant, demonstrating its application potential in small machin-
ery. Therefore, this section focuses on the analysis and research of
applying the spiral metasurface structure to motor vibration and
noise reduction.

B. FEM simulation setup
First, the electromagnetic force is calculated by simulating the

2D cross-sectional model of the motor. The rotating domain fea-
ture is used to rotate the rotor, and the electromagnetic force is
then calculated using the force calculation feature in the magnetic
field module. The “Weak Form Boundary PDE” module is used
to store the electromagnetic force on the interface and to gen-
erate the FFT of these forces. The electromagnetic analysis study
includes two steps: steady-state analysis and transient analysis. The
steady-state analysis is used to initialize the electromagnetic field,
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FIG. 4. Flow chart of the numerical
computation.

while the transient analysis is used to solve for the electromagnetic
force.

Next, the 2D motor model is extended to 3D. The calculated
electromagnetic force is applied to the motor as an electromag-
netic load using the boundary load feature. The motor vibrates
and radiates noise outward. This part uses the structural finite ele-
ment method to obtain the vibration characteristics of the motor
and then uses the pressure acoustics module to perform frequency
domain calculations to obtain sound pressure levels and other acous-
tic characteristics. Figure 4 shows the flow chart of the numerical
computation.

IV. RESULTS AND DISCUSSION
First, using COMSOL for multiphysics simulation, the tran-

sient force calculation of the magnetic field is performed to com-
pute the characteristic electromagnetic forces of a two-dimensional
motor cross section. Subsequently, FFT is employed to represent
the electromagnetic forces in the frequency domain. This analysis
yields the spatial distribution of the forces, and the solver per-
forms a discrete Fourier transform on the time-dependent variables,
resulting in a series of complex coefficients. These forces produce
displacements within the structure, which in turn convert into sound
pressure. Subsequently, the pressure acoustics module computes the
sound pressure and vibration amplitude on the motor surface using
the exterior field characteristics.

To visually compare the vibration and noise reduction effects
of the spiral metasurfaces, Fig. 5 shows the local frequency band
vibration and noise reduction effects for an untreated motor and
two spiral unit models. Figure 5(a) presents the normalized vibration
amplitude of the MI and M3 models within the 100–2000 Hz fre-
quency band. The results indicate that the structure embedded with
two spiral metasurfaces can reduce the vibration peak value by 59, an
attenuation rate that is difficult to achieve with other methods. This
is because the RSM can be regarded as a mass-spring system. When
the vibration frequency matches the natural frequency of the RSM,
the system achieves resonant absorption of the vibration energy.

Figure 5(b) shows the average sound pressure curves on the
motor surface for the M1 and M3 models within the 6 k to 20 kHz
frequency band. The results indicate that the structure embed-
ded with two spiral metasurfaces can reduce the sound pressure
level by up to 13 dB, with an average attenuation of 9 dB, achiev-
ing ultra-wideband sound attenuation. Due to the presence of the
spiral metasurface, RSM redistributes the phase and propagation
path of sound waves from vibrational noise, causing certain fre-
quencies of sound waves to cancel each other out. In addition,
the spiral structure extends the effective propagation path of the
sound waves, allowing more sound energy to be converted into
other forms of energy through material friction and structural defor-
mation within the structure, ultimately achieving ultra-wideband
attenuation within the perfect sound absorption band.

Figure 5(c) is a schematic diagram of the motor’s sound radi-
ation at a frequency of 500 Hz. The figure shows that the motor’s
radiated sound pressure level is significantly reduced, from the
original 80 dB to ∼40 dB. This is because the presence of the spi-
ral metasurface achieves impedance matching on the RSM surface
through phase adjustment, reflecting part of the sound waves back
into the RSM structure at the exit end, thereby reducing the energy
of sound waves radiated outward.

Figure 6 shows the comparison of vibration deformation and
sound pressure attenuation results between motor models M1 and
M3 at 500 Hz. The results indicate that in the rubber model embed-
ded with two spiral metasurfaces, both the vibration amplitude and
radiated sound pressure of the motor are significantly suppressed.

V. PARAMETRIC STUDY
A. Parameter settings for different models

To achieve the purpose of reducing noise, there are a total of
five processing methods (see Table II for details). Model M1 repre-
sents a motor without vibration and noise reduction treatment. M2
represents a processing method that is only filled with rubber, while
M3, M4, M5, and M6 represent structures with spiral metasurfaces
nested on damping rubber. The spiral metasurface numbers are 2,
4, 8, and 8, respectively, where M5 and M6 are distributed in one
row and two rows, respectively. The filling method is full axial filling
outside the motor shell.

B. Vibration amplitude reduction of different models
Figure 7 displays the calculation results of motor vibration

amplitude attenuation, presenting the vibration deformation dia-
gram of the motor model at a frequency of 500 Hz under various
models (M1–M6). The examined frequency response bandwidth
spans from 100 Hz to 20 kHz, with a frequency resolution of 200 Hz.
The black wireframe represents the original shape of the motor,
while the color represents the motor shell. As the vibration ampli-
tude of the motor is minimal, we express the values as relative
deformation, with a reference value of 1 × 10−7 m.

Figure 7(a) shows the vibration deformation of the motor
without any vibration or noise reduction measures. The results indi-
cate that, when no vibration damping measures are applied, the
motor deforms significantly, creating a noticeable deformation gap
between the original motor frame and the motor frame. Figure 7(b)
illustrates the deformation diagram of the motor when only damp-
ing rubber is used. The results show that while the damping rubber
has some inhibitory effect on motor vibration, the effect is not
substantial.

Figure 7(c) shows the deformation diagram of the motor case
filled with damping rubber and embedded with two spiral metasur-
face models. The results indicate that the vibration deformation of
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FIG. 5. Schematic diagram of the vibration and noise reduction efficiency in the local frequency band for the untreated motor (M1) and the model embedded with two spiral
metasurfaces (M3). (a) Normalized vibration amplitude of the M1 and M3 models in the 100–2000 Hz frequency band, (b) average sound pressure distribution curves of the
M1 and M3 models in the 6 k to 20 kHz frequency band, and (c) the comparison of sound radiation at 500 Hz for motor models M1 and M3.

the motor has been significantly improved and has almost not devi-
ated from the original motor position, though there is still a small
amount of offset. Figures 7(d)–7(f), respectively, represent models
with 4 and 8 embedded spiral metasurfaces. The results demonstrate
that the motor shell shows almost no deflection, with deformation
being significantly suppressed. This result demonstrates the excel-
lent performance of spiral metasurfaces in motor vibration and noise
reduction applications.

Table III shows the statistics of the simulation results of motor
vibration reduction efficiency with different processing methods.
The results show that damping rubber alone can inhibit motor vibra-
tion, but the proportion of attenuation frequency is 96%, and the
average attenuation is only 0.69. The embedded spiral metasurface
method can increase the attenuation ratio to 99%, and the average
attenuation is increased to 0.99. The overall maximum attenuation
does not show a significant difference.

Figure 8 shows the average normalized amplitude curves of dif-
ferent motor model surfaces. For clarity, the vibration peaks are
marked in red in the figure. The results indicate that the original
motor vibration peak can reach 62, while the rubber-filled model can
reduce the peak to 22. The model embedded with the spiral meta-
surface can reduce the vibration peak by an order of magnitude,
making the peak value only about 1.5. These results demonstrate
that the vibration reduction efficiency of a single damping rubber
is low, while the spiral metasurface exhibits superior performance in
significantly improving vibration reduction efficiency.

C. Sound absorption efficiency of different models
Figure 9 shows the calculated sound pressure distribution on

the motor shell for different motor models at a frequency of 500 Hz.
It corresponds one-to-one with the deformation results in Fig. 7
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FIG. 6. Vibration and noise reduction efficiency diagrams of the untreated motor (M1) and the model embedded with two spiral metasurfaces (M3) at 500 Hz. (a) Comparison
of vibration deformation between motor models M1 and M3 at 500 Hz, (b) comparison of sound pressure values between motor models M1 and M3 at 500 Hz, and (c)
comparison of radiated sound pressure levels between motor models M1 and M3 at 500 Hz.

under the same conditions. The black wireframe represents the orig-
inal shape of the motor, and the colors indicate the motor shell. The
colors from dark to light show that the sound pressure distribution
on the motor surface gradually decreases. The darkest red represents
2.5 Pa, the area close to white is almost 0 Pa, and blue represents the
minimum value of −2.5 Pa, with the negative sign indicating that the
sound pressure phase is opposite to the reference direction.

Figure 9(a) shows the sound pressure distribution on the sur-
face of the motor without any vibration and noise reduction mea-
sures. The results indicate that when no vibration damping measures
are applied, the sound pressure distribution value on the surface of
the motor is relatively large, close to the maximum value except for

the base part of the motor. Figure 9(b) shows the sound pressure dis-
tribution on the motor surface when only damping rubber is used.
The results indicate that the damping rubber has a certain attenua-
tion effect on the motor radiation noise, but it is not significant and
remains around 2.3 Pa.

Figures 9(c)–9(f) show the sound pressure distribution dia-
grams of the motor case filled with damping rubber and embedded
with 2, 4, 8, and 2 × 4 spiral metasurface models. The results demon-
strate that the motor radiation noise is significantly reduced, almost
to zero. Among these, M5 and M6 represent models with 8 spiral
metasurfaces embedded, but with different embedding methods. M5
represents a uniform arrangement in one row along the perimeter,
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TABLE II. Different vibration damping and noise reduction methods: parameter statis-
tics. M1–M6 represent the model numbers of different vibration damping and noise
reduction methods.

Model
number

Rubber filling
position

Number of spiral
metasurfaces

M1 No 0
M2 Full axial filling 0
M3 Full axial filling 2
M4 Full axial filling 4
M5 Full axial filling (one line) 8
M6 Full axial filling (two lines) 8

while M6 represents a uniform arrangement in two rows. The results
of the two arrangements are different. The sound pressure distri-
bution of M5 is slightly larger than that of M6, indicating that the
one-row arrangement is not suitable for motor noise reduction.

To quantitatively compare the vibration and noise reduction
efficiency of each model, we measured the average vibration ampli-
tude and average sound pressure level of the motor surface for
each model. We focused on the maximum attenuation degree, aver-
age attenuation degree, and the proportion of vibration attenuation
frequency within the bandwidth of interest produced by different
processing methods in motor vibration and noise reduction. The
results are shown in Figs. 8 and 10, and the comparison results are
listed in Tables III and IV.

Table IV shows the statistics of the simulation results of motor
sound attenuation efficiency with different processing methods. The
results indicate that the layouts of M3, M4, and M6 are notably supe-
rior, with an attenuation ratio of 82% and above. While M6 exhibits
the highest maximum attenuation sound pressure level, its average
attenuation sound pressure level is not as good as M4. In a com-
prehensive comparison, M3 demonstrates the best performance,

TABLE III. Vibration reduction efficiency simulation results of different vibration
reduction and noise reduction treatment methods.

Model
code

Proportion of
vibration

attenuation
frequency (%)

Maximum
degree of

attenuation

Average
degree of

attenuation

M2 96 61.66 0.69
M3 99 60.82 0.99
M4 99 60.76 0.99
M5 99 60.68 0.99
M6 99 60.67 0.99

requiring the smallest construction resources and engineering man-
ufacturing complexity. However, its average attenuation is only 0.4
dB lower than M4, and the maximum attenuation value is only 6.3
dB lower. Therefore, the method of embedding two spiral metasur-
faces fully meets the requirements for vibration and noise reduction
in motors without the need for more complex quantity accumula-
tion. The rubber filling method can achieve 76% sound attenuation,
but its maximum attenuation value is only 12.3 dB, and its average
attenuation is only 4.5 dB.

The results indicate that the rubber filling method alone is not
efficient for vibration and noise reduction in motors. The M5 model
achieves only a 29% reduction in sound pressure, with a maximum
sound attenuation of just 4 dB, and the average attenuation is nega-
tive. This result indicates that the M5 model actually increases sound
pressure and is therefore unsuitable for motor vibration and noise
reduction. The calculations for M5 also show that there is a limit to
the number of single-row spiral metasurfaces. When the number of
spirals exceeds this limit, the vibration noise is amplified instead.

Figure 10 shows the average sound pressure distribution curves
on the surfaces of different motor models. To facilitate comparison,

FIG. 7. Deformation diagrams of differ-
ent motor models at the frequency of
500 Hz. (a) Motor model without vibration
and noise reduction treatment, (b) motor
model filled with damping rubber, (c)
motor model embedded with two spiral
metasurfaces, (d) motor model embed-
ded with four spiral metasurfaces, (e)
model embedded with eight spiral meta-
surfaces in a single row, and (f) model
embedded with eight spiral metasurfaces
in two rows.
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FIG. 8. Average normalized vibration amplitude of different motor model surfaces. The red mark is the frequency corresponding to the vibration peak. [(a)–(f)] Average
vibration amplitude curves of the surfaces of models M1–M6.

the dotted line in the figure indicates the quieter sound pressure
level, which is 30–40 dB. The results show that without any pro-
cessing on the motor, most of the motor noise is above 40 dB, as
shown in Fig. 10(a). Figure 10(b) shows that only filling the motor

with rubber can effectively reduce noise, but the reduction efficiency
is limited and the effect is not obvious.

Figure 10(c) shows the result curve of embedding two spiral
metasurfaces in the rubber layer. It can be seen that most of the noise
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FIG. 9. Distribution of surface sound
pressure values of different motor RSM
models. [(a)–(f)] M1–M6 are heat maps
of surface sound pressure value distribu-
tion of different RSM models.

can be reduced to less than 40 dB. Figure 10(d) shows the result curve
of four spiral metasurfaces embedded in the rubber layer. The sound
attenuation is better than that of two spirals, but the improvement
effect is not obvious. Figures 10(e) and 10(f) show the result curve
of eight spiral metasurfaces embedded in the rubber layer, with M5
arranged uniformly along the circumference in a single row.

The results show that the sound pressure is not attenuated but
enhanced, indicating that in the case of a single-row arrangement,
the number of units on the spiral metasurface has a limit. When
this limit is exceeded, the sound attenuation function fails. M6 is
the model calculation result of two rows of embedded spiral meta-
surfaces. The results show that the two rows of spiral metasurfaces
still have the ability to attenuate sound, but the effect is not much
enhanced compared to M4 and M3.

To sum up, when using the composite structure of a spiral
metasurface and damping rubber for motor vibration and noise
reduction, there is a limit to the number of embedded spiral
metasurfaces. When this limit is exceeded, the efficiency of sound
attenuation is no longer significantly improved. In this study, the
optimal choice is two embedded spirals, as exceeding this number
does not significantly improve the effect but doubles the engineer-
ing complexity, so there is no need to continue increasing the
number.

D. Sound radiation sound pressure level attenuation
of different models

Figure 11 shows the calculated results of radiation noise lev-
els at 500 Hz for different motor models (M2, M4, M5, and M6).
By comparing the results of the four figures, it is evident that ordi-
nary rubber has a poor noise radiation attenuation effect on the
motor, whereas embedding spiral metasurfaces in the rubber can
significantly reduce the noise sound pressure level. In addition,
this method has minimal dependence on the number of spirals,

meaning that only one or two spirals embedded in the rubber can
achieve excellent results without complex quantity design.

Figure 12 shows the vibration amplitude and sound pressure
isosurface maps for different motor models. In these figures, green
and yellow values represent vibration amplitude (unit: meters),
while red and blue represent sound pressure isosurfaces (unit: pas-
cals). The more yellow there is, the greater the vibration amplitude,
with green indicating almost zero vibration amplitude. Similarly,
for the sound pressure isosurface map, colors closer to red indi-
cate higher sound pressure, while colors closer to light blue indicate
lower sound pressure.

Comparing the results shown, the motor without vibration and
noise reduction treatment (M1) has vibration maps almost entirely
yellow, indicating that the entire structure is vibrating intensely.
Pure rubber filling (M2) can slightly reduce the vibration amplitude,
but the effect is not significant. However, the method of embedding
spiral metasurfaces in rubber (M3–M6) can greatly reduce the vibra-
tion amplitude. Similarly, the sound pressure isosurface values of the
M1 and M2 motor models are much larger than those of the motors
treated with spiral metasurfaces (M3–M6). This result indicates that
embedding spiral metasurfaces in rubber can not only significantly
reduce vibration but also effectively attenuate sound pressure.

Based on the above-mentioned results, it can be seen that for
small structures such as motors, efficient vibration and noise reduc-
tion can be achieved by designing metasurfaces. The composite
structure of damping rubber and spiral metasurface proposed in this
article can cover the surface of the motor. While the damping rub-
ber reduces vibration, the spiral metasurface structure absorbs the
radiated noise into the interior for attenuation. This structure only
needs to embed up to two spiral metasurfaces in the damping rubber
to achieve ideal vibration and noise reduction effects, greatly sim-
plifying the process difficulty and design complexity and providing
great application value. At the same time, due to the multi-parameter
adjustability of the spiral metasurface, any attenuation within the
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FIG. 10. Average sound pressure distribution curves on the surfaces of different motor models. The blue dotted line represents 30 dB, the red curve represents 40 dB, and
the space between the two dotted lines represents the quieter reference sound pressure level range. [(a)–(f)] Average sound pressure distribution curves on the surfaces of
models M1–M6.
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TABLE IV. Simulation results of sound attenuation efficiency of different vibration and
noise reduction processing methods.

Model
code

Proportion of
vibration

attenuation
frequency (%)

Maximum
degree of

attenuation (dB)

Average
degree of

attenuation (dB)

M2 76 12.3 4.5
M3 82 34.1 6.2
M4 83 38.8 6.6
M5 29 4 −5.6
M6 82 40.4 6.5

target frequency band can be achieved by adjusting the structural
parameters, providing flexible operability for practical applications.
The work of this article also provides a basis for the research of smart
metamaterials.

As mentioned earlier, for a specific target frequency band, the
parameters of the helical metasurface have limit values. Therefore,
it is necessary to design an optimization algorithm to efficiently
calculate the optimal parameters for each working condition accord-
ing to the specified goals. This can greatly save actual experimental
resources and will be the focus of our next research phase. At the
same time, most of the calculations in this article are finite element
calculations, which are not very efficient. For vibration and noise

problems, it is very feasible to use boundary elements to improve
efficiency. Therefore, our next step is to design a set of boundary
elements based on the performance of the spiral metasurface. The
automatic optimization program of the meta-algorithm provides a
large amount of accurate prior data for practical applications and
saves actual costs.

E. Future outlook
In practical applications, the alignment between the motor and

the load plays a crucial role in the mechanical operation’s precision.
Due to the potential deformation or local displacement caused by
the helical metamaterial structure, the traditional rigid connection
between the motor and the shaft may not maintain ideal alignment,
thereby affecting the system’s stability and performance. To address
this issue, we will consider using flexible couplings to connect the
motor and the load shaft in future applications. These couplings,
through their elastic structure, provide a certain degree of adapt-
ability, allowing them to absorb small displacements and vibrations
between the shafts, thereby reducing the mechanical stress caused by
alignment errors.

Another point to consider is that, in practical applications,
the metal helical structure may experience fatigue under repeated
compression, which could affect its long-term performance and
reliability. In future engineering applications, we will consider opti-
mizing material selection and other measures to enhance the fatigue
resistance of the helical structure.

FIG. 11. Radiated noise plots of the
motor for different vibration and noise
reduction models. [(a)–(d)] Radiated
noise sound pressure levels for models
M2 and M4–M6, in dB.
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FIG. 12. Vibration amplitude and sound pressure isosurface maps for different motor models. [(a)–(f)] The vibration amplitude and sound pressure isosurface maps for motor
models M1–M6, green and yellow values represent vibration amplitude (unit: meters), while red and blue represent sound pressure isosurfaces (unit: pascals).

VI. SUMMARY AND CONCLUSIONS
In this article, we presented a vibration and noise reduction

structure with a spiral metasurface embedded in the base of damping
rubber. Using a permanent magnet synchronous motor as a model,
we analyzed its vibration and noise reduction efficiency. Detailed
numerical simulation models were employed to verify the superior
performance of this composite structure. The damping rubber-
embedded spiral metasurface structure consists of a hollowed-out
cylinder and a spiral path. The entire structure is equivalent to
a shock absorber plus a sound absorber. The structural vibration
is suppressed by the damping rubber, and the radiated noise is
absorbed by the spiral metasurface. Sound waves undergo multi-
ple refractions and reflections within the spiral metasurface until
they reach an optimal attenuation level. This structural configura-
tion yields impressive results, with 99% vibration attenuation and
over 80% sound pressure attenuation. Moreover, the average sound
pressure level attenuation surpasses 6.2 dB, effectively mitigating
noise to quieter levels and achieving ultra-wideband attenuation.
Compared to traditional narrow-band vibration and noise reduc-
tion methods for motors, these results show a significant decrease in
both the bandwidth and amplitude of vibration and noise, thereby
markedly improving performance. This research presents a flexi-
ble, multi-parameter adjustable structure for vibration and noise
reduction in small motor-type devices, independent of the internal
operating conditions of the device. It has the potential to offer gen-
eral vibration and noise reduction solutions for motors while also
providing a data foundation for intelligent structural design aimed

at vibration reduction. The next step will involve manufacturing
and experimental work based on the results presented in this arti-
cle. However, due to the complexity of the motor structure and the
metasurface mechanism, it is difficult to obtain accurate expressions
relying solely on analytical analysis. We will first combine simula-
tion data for big data analysis and design an automated optimization
algorithm, followed by experimental validation based on the optimal
structural parameters. These extensions are left for future work.
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