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Abstract This study provides a thorough investigation into the vibration behavior
and impulse response characteristics of composite honeycomb cylindrical shells filled with
damping gel (DG-FHCSs). To address the limitations of existing methods, a dynamic
model is developed for both free and forced vibration scenarios. These models incorporate
the virtual spring technology to accurately simulate a wide range of boundary conditions.
Using the first-order shear deformation theory in conjunction with the Jacobi orthogonal
polynomials, an energy expression is formulated, and the natural frequencies and mode
shapes are determined via the Ritz method. Based on the Newmark-β method, the pulse
response amplitudes and attenuation characteristics under various transient excitation
loads are analyzed and evaluated. The accuracy of the theoretical model and the vibration
suppression capability of the damping gel are experimentally validated. Furthermore, the
effects of key structural parameters on the natural frequency and vibration response are
systematically examined.
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1 Introduction

The sandwich structure is a composite structure consisting of two face panels (referred to as
the “skin” layers) and a lightweight core material layer (referred to as the “core” layer). This
design aims to reduce weight while maintaining or even enhancing the overall strength and
stiffness of the structure. Additionally, it improves other properties such as thermal insulation,
acoustic insulation, and fatigue resistance[1]. Fiber-reinforced composite honeycomb sandwich
cylindrical shells (FHCSs) have gained extensive applications across various fields owing to
their superior lightweight design and exceptional mechanical properties. For example, the pro-
tective structures of aviation equipment contain a significant number of honeycomb sandwich
shell components[2–5]. Figure 1(a) shows the fiber-reinforced honeycomb cylindrical shell in the
aerospace industry. Figure 1(b) shows actual cylindrical prototypes of the upper and lower
interstage structures for the second stage of Russian launcher Proton-M[6]. Figure 1(c) shows
all composite honeycomb grid-stiffened fuselage utilized for the Russian civil aircraft[7]. This
type of sandwich shell is typically subjected to severe dynamic loads, including air inflow, bird
strikes, and hydraulic pump pulsations. These loads can induce excessive vibration responses,
potentially leading to fractures and fatigue damage[8–11]. Therefore, it is crucial to conduct a
comprehensive analysis of the free vibration characteristics and transient dynamic response be-
haviors of the structure. Furthermore, the filling method represents an economical and effective
approach to enhance the stiffness, strength, vibration resistance, and energy absorption per-
formance of honeycomb sandwich structures[12–15]. Consequently, this technique has garnered
significant attention in recent years. Thus, developing a high-performance damping gel material
capable of effectively suppressing vibration and absorbing impact energy, and comprehensively
analyzing the dynamic characteristics of structures, are crucial for enhancing the reliability and
durability of honeycomb sandwich structures[16–18].

(a) (b) (c)

Fig. 1 Example applications of composite honeycomb grid-stiffened shells: (a) fiber-reinforced hon-
eycomb sandwich shells in the aerospace industry; (b) all CFRP composite stiffened interstage
for the second stage of Russian launcher Proton-M[6]; (c) all composite grid-stiffened fuselage
utilized for the Russian civil aircraft[7] (color online)

In recent years, the dynamic characteristics of sandwich cylindrical shells with various core
layers have emerged as a research hotspot. For instance, Liu and Sun[19] employed a com-
bination of theoretical modeling and experimental validation to investigate the free vibration
behavior of carbon fiber-reinforced cylindrical origami sandwich structures (CFSSs). Yadav
et al.[20] investigated the nonlinear dynamic behavior of cylindrical sandwich shells featuring
porous core materials and carbon nanotube-reinforced panels. The study further examined the
effects of the porosity coefficient, the thickness ratio of the core material to the panel, and
the boundary conditions on their deformation characteristics. Van Quyen et al.[21] investigated
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the nonlinear free and forced vibration behaviors of sandwich cylindrical panels with carbon
nanotube-reinforced composite faces. Li et al.[22] investigated the vibration characteristics of
fiber-reinforced composite hexagonal honeycomb sandwich cylindrical-spherical combined shells
(HHC-FRCS-CS). The study analyzed the influence of geometric parameters on the dynamic
performance of the structure and concluded that vibration suppression can be significantly en-
hanced by reducing the ratios of the HHC-FRCS-CS thickness to the total thickness and the
honeycomb unit wall thickness to the overall radius, while increasing both ratios of the hon-
eycomb unit length to the overall radius and the characteristic angle of the HHC-FRCS-CS.
Shahali et al.[23] utilized the semi-analytical method, which combines trigonometric function
expansion with the generalized differential quadrature method, to investigate the vibration and
damping characteristics of cylindrical sandwich shells featuring functionally-graded material
panels and an electro-rheological core. Keleshteri and Jelovica[24] conducted an analysis of the
vibration and buckling behaviors of cylindrical sandwich plates with an improved functionally-
graded metal foam core. Liu et al.[25] focused on analyzing the vibration characteristics of
corrugated cylindrical shells and systematically investigated the effects of various parameters,
including the period, radius, height of corrugated, units, and different boundary conditions,
on the vibration behavior of corrugated shells. Li et al.[26] developed a vibration suppression
performance model for composite pyramid truss sandwich cylindrical shell plates. Through
experimental validation, the study analyzed the effects of key parameters, such as the compos-
ite ply angle, the damping coating thickness ratio and modulus ratio, the pyramid truss core
thickness ratio and modulus ratio, and their corresponding vibration characteristics. Karimiasl
and Alibeigloo[27] investigated the free and forced vibrations of sandwich cylindrical plates fea-
turing auxetic cores under hygrothermal conditions. Heidari-Soureshjani et al.[28] investigated
the vibration characteristics of honeycomb cylindrical shells with rectangular openings. The
study systematically examined the effects of opening characteristics (opening angle, position,
and geometric shape), sandwich structure properties (core layer thickness ratio, inclination
angle, and auxetic parameter), and boundary conditions on the vibration behavior. The ac-
curacy of the proposed model was validated through experimental comparisons. Jian et al.[29]

investigated the vibration characteristics of a fiber-reinforced composite sandwich cylindrical
shell. This shell features a functionally-graded graphene-reinforced porous composite core layer
and is subjected to discontinuous boundary conditions. Wu et al.[30] analyzed the vibration
characteristics of the sandwich cylindrical shell with a metal rubber core in a thermal envi-
ronment. Dong et al.[31] analyzed the vibration and response behavior of sandwich cylindrical
shells with corrugated-honeycomb mixed cores and functionally-graded composite skins under
a non-uniform thermal environment. Thang et al.[32] utilized the refined trigonometric shear
deformation theory (RTSDT) to investigate the free vibration characteristics of honeycomb
sandwich cylindrical shells reinforced with graphene nanoplatelets/polymer (GNP) coatings.
The effects of axial and circumferential wave numbers, geometric parameters, material proper-
ties, and elastic foundation parameters on the vibration frequency were systematically analyzed.
Yavari and Alibeigloo[33] analyzed the free vibration and buckling behaviors of sandwich cylin-
drical shells with auxetic honeycomb cores and shape memory alloy wire-reinforced panels using
the differential quadrature method. Dong et al.[34] analyzed the vibration behavior of sandwich
cylindrical shells with corrugated honeycomb cores and three-phase composite panels under
thermal conditions. The study explored the frequencies and various harmonic resonance behav-
iors under different configuration schemes and thermal effects, ultimately providing practical
guidelines for enhancing the dynamic performance of the structure. Ni et al.[35] proposed a
prediction model for honeycomb sandwich cylindrical shell with dual deformation modes. The
circumferential band vibration characteristics were analyzed through quasi-static compression
experiments and dynamic modeling. Yadav[36] investigated the free and forced vibration behav-
iors of the sandwich cylindrical shells featuring auxetic honeycomb cores and carbon nanotube-
reinforced face panels. Qin et al.[37] systematically developed a free vibration analysis model
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for rotating functionally-graded carbon nanotube-reinforced composite cylindrical shells. Based
on the first-order shear deformation theory (FSDT) and Donnell shell theory, the authors in-
troduced an artificial spring technique to simulate various boundary conditions, and applied
the Chebyshev-Ritz method to effectively capture the coupling effects of the Coriolis force and
centrifugal force induced by rotation. The study elucidated how the distribution pattern and
volume fraction of carbon nanotubes, boundary stiffness, and geometric parameters influence
the traveling wave vibration characteristics, thereby offering a solid theoretical foundation for
the dynamic design of rotating shell structures. Zhu et al.[38] proposed a localized constrained
layer damping modeling and topology optimization approach applicable to cylindrical shells
with general boundary conditions. A three-layer coupled dynamic model was developed using
the Rayleigh-Ritz method, and evolutionary structural optimization was employed to determine
the optimal distribution of damping materials.

In recent years, remarkable advancements have been achieved in the development of gel
materials, particularly in the field of damping applications. By employing innovative molec-
ular mechanisms and sophisticated material designs, researchers have successfully developed
novel gel materials with superior damping capabilities[39]. For instance, Zhang et al.[40] fab-
ricated oxidized sodium alginate/polyacrylamide double-network hydrogels and systematically
investigated their viscoelastic properties and damping performances. The results demonstrated
that when the methylene dimethyl amide concentration was set at 0.02%, the damping fac-
tor of the hydrogel remained above 0.3 across a temperature range of 0 ◦C–125 ◦C, thereby
exhibiting exceptional damping characteristics. Deastra et al.[41] utilized the shaking table ex-
perimental method to evaluate the vibration control performance of gel-based dampers in a
three-story steel structure and further analyzed the effects of viscous damping and hysteretic
damping mechanisms on the multiple resonance peak behaviors of the structure. Koruk and
Rajagopal[42] performed a comprehensive theoretical investigation into the viscoelastic parame-
ters and damping properties of engineering materials, with particular emphasis on soft material
systems. This study provided a valuable framework for characterizing the damping proper-
ties of gel-based damping materials. Through microphase separation analysis, Zhang et al.[43]

revealed that dielectric gel structures exhibit exceptional vibration damping across a wide fre-
quency range while maintaining excellent optical transparency — a unique combination that
makes them promising for demanding flexible sensor applications. Ding et al.[44] fabricated
synthetic polydimethylsiloxane-based composite gels and assessed their damping performance
using the low-speed impact method. Additionally, they evaluated the damping attenuation
characteristics of these gels across various temperature ranges.

Existing studies on honeycomb sandwich structures have predominantly concentrated on
harmonic vibration characteristics, with the transient dynamic behavior receiving dispropor-
tionately limited research attention. Furthermore, the majority of studies have neglected the
significant potential benefits of gel damping materials in reducing vibrations and enhancing re-
sistance to transient responses. Aiming to address the scarcity of studies on the modeling and
analysis of free vibration and transient dynamics of honeycomb sandwich structures with damp-
ing gel materials, this paper focuses on the DG-FHCS as the research object. An analytical
model for the DG-FHCS is established to comprehensively investigate its free vibration char-
acteristics and transient response behavior.

First, the analytical models of the DG-FHCS under four types of transient excitation waves
are developed, and the solution principle is elaborated in Section 2. Section 3 conducts a de-
tailed convergence analysis of the relevant parameters in the model and compares the results
with those obtained from finite element software to validate the accuracy of the model. Then,
in Section 4, the FHCS and DG-FHCS are fabricated. The accuracy of the model is validated,
and the vibration reduction performance of the damping gel is evaluated through experimental
comparisons. In Section 5, the influence of relevant parameters on the vibration characteris-
tics of the structure is analyzed in detail. Finally, in Section 6, the key research conclusions
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are summarized, along with several practical designs and engineering recommendations. The
innovation points of this paper are as follows. (i) A silicon-based damping gel material is syn-
thesized. (ii) An advanced model for predicting the vibration characteristics of the DG-FHCS
is developed. (iii) The vibration reduction performance of shells with and without damping gel
materials is systematically assessed. (iv) Several constructive recommendations for optimizing
the structural parameters of the DG-FHCS to enhance its vibration resistance are proposed.

2 Theoretical deduction

The dynamic models of FHCSs and DG-FHCSs are developed, and the free vibration solu-
tions are derived using the first-order shear deformation theory in conjunction with the Jacobi-
Ritz method. Additionally, the transient dynamic response solutions are obtained based on the
Newmark-β method.
2.1 Model description

Figure 2 illustrates the theoretical model of the structure. Specifically, Fig. 2(a) illustrates
the detailed layup method of the sandwich structure. This structure consists of inner and outer
fiber skin layers enclosing a honeycomb core filled with damping gel. The thicknesses of the inner
skin, honeycomb core, and outer skin are denoted as hf1, ho, and hf2, respectively. Figure 2(b)
illustrates the laying method of the fiber skin. The direction of parallel fibers is denoted as 1,
while the direction of vertical fibers is denoted as 2. Additionally, the direction perpendicular
to the 12-plane is denoted as 3. Figure 2(c) presents the comprehensive model of the structure.
The length of the shell is represented as L, and the mid-surface radius of the shell is denoted as
R. The primary coordinate system is defined as O-xθz, while the mid-surface modal coordinate
system is specified as o-u0v0w0. Additionally, the boundary spring comprises three tensional
springs (ku, kv, and kw) and two torsional springs (kθ and kϕ). Figure 2(d) illustrates the
honeycomb sandwich structure, where the wall thickness of the honeycomb is denoted as a, the
length of the honeycomb arm is denoted as b, and the honeycomb corner angle is denoted as
γ. Figure 2(e) illustrates four types of pulse excitation waveforms, specifically the exponential
wave, triangular wave, half-sine wave, and square wave. Among these, the excitation duration
extends from t0 to t1, and the excitation time of the pulse wave is denoted by τ .
2.2 Material parameter equivalence method

According to the Gibson theory, Young’s moduli Eh
1 and Eh

2 , shear moduli Gh
12, Gh

13, and
Gh

23 of the honeycomb core can be expressed as[45]
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The density ρh of the structure can be expressed as

ρh = ρh
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Fig. 2 A theoretical model of DG-FHCS. (a) The ply model of the structure; (b) the layer angle
model of fiber-reinforced skin in the local coordinate system o-123; (c) geometric symbols of
the overall structure with a cylindrical coordinate system O-xθz and boundary springs; (d)
geometric parameters of the honeycomb core; (e) schematic representations of (i) exponential,
(ii) triangular, (iii) half-sine, and (iv) rectangular pulse excitations (color online)

where the parameters Eh and Gh represent Young’s modulus and the shear modulus of the
materials utilized in fabricating honeycomb sandwich structures, respectively, while ρh denotes
the corresponding density.

According to the Hamilton equivalent theory[45], Young’s moduli Eo
1 and Eo

2 , shear moduli
Go

12, Go
13, and Go

23 of the damping-filled honeycomb core can be expressed as
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1 = 1

/( ∫ 1
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Poisson’s ratios νo
12 and νo

21 of the damping gel-filled honeycomb core can be expressed as

νo
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/( ∫ 1
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1
(νh
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dδ
)
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0

1
(νh

21 + |νo − νh
21|Gz(δ))
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)
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where the cross-sectional area functions for filling the honeycomb core in the x-, y-, and z-
directions are denoted as Gx(δ), Gy(δ), and Gz(δ), respectively. Young’s modulus, shear mod-
ulus, and Poisson’s ratio of the damping gel used for filling are denoted by Eo, Go, and νo,
respectively.
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In addition, the density of the composite damping-filled honeycomb core is denoted as ρo,

ρo =
b2ρh cos γ + (2ab cos γ + a2)ρo

(b cos γ + a)2
. (6)

The stiffness matrix elements of the damping-filled honeycomb core can be denoted as
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(7)

The elements of the stiffness matrix pertaining to the stretching, coupling, and bending
effects in the honeycomb core can be denoted as[47–49]

Ao
ij =

∫ ho
2

−ho
2

Qo
ijdz, Bo

ij =
∫ ho

2

−ho
2

Qo
ijzdz, Do

ij =
∫ ho

2

−ho
2

Qo
ijz

2dz. (8)

The stiffness coefficients of the fiber-reinforced skins are presented in the electronic supple-
mentary material[49] (see https://doi.org/10.1007/s10483-025-3304-7).
2.3 Constitutive relation and energy equation

Considering the identical stress-strain relationship between the honeycomb core layer with
damping gel and the fiber-reinforced skins, the constitutive relationship of the sandwich cylin-
drical shell structure incorporates both components. Using the FSDT, the displacement com-
ponents of the cylindrical shell can be established as follows[50]:

U(x, θ, z, t) = u0(x, θ, t) + zϕ0
xz(x, θ, t), (9a)

V (x, θ, z, t) = v0(x, θ, t) + zϕ0
θz(x, θ, t), (9b)

W (x, θ, z, t) = w0(x, θ, t), (9c)

where the maximum truncation order of the polynomial is denoted by M . The stress and strain
relationships at any given position within the structure can be expressed as

εx = ε0
x + zκ0

x, εθ = ε0
θ + zκ0

θ, (10a)

χxθ = χxθ + zκ0
xθ, χxz = χ0

xz, χθz = χ0
θz, (10b)

where the normal strains in the middle surface are denoted as ε0
x and ε0

θ, while the shear strains
in the middle surface are represented by χ0

xθ, χ0
xz, and χ0

θz. The curvatures of the middle surface
are respectively indicated by κ0

x, κ0
θ, and κ0

xθ
[51],
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R
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∂φ
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xz =
∂w0

∂x
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R

∂w0
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R
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R
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, κ0

xθ =
1
R
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The stress-strain relationship of the structure can be found in the electronic supplementary
material. The resultant axial forces (Nx, Nθ, Nxθ), bending moments (Mx, Mθ, Mxθ), and
resultant shear force values (Qxz, Qθz) can be found in the electronic supplementary material[52].

The structural strain energy can be denoted as

Uε =
1
2

∫ 2π

0

∫ L

0

(Nxεx + Nθεθ + Nxθχxθ + Mxκ0
x + Mθκ

0
θ + Mxθκ

0
θx

+ Qxzχ
0
xz + Qθzχ

0
θz)dxdθ. (12)
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The potential energy resulting from the presence of elastic boundaries can be denoted as[53]

Up =
1
2

∫ 2π
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∫ h/2

−h/2

(ku,0u
2
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2
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2
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2
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02
θz)x=Ldzdθ, (13)

where ki,0 and ki,1 (i = u, v, w, ϕ, θ) represent the values of springs at two sides of the structure.
The kinetic energy T of the structure can be described as follows[53]:

T =
1
2

∫ x
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)2))
Rdθdx, (14)

where I1, I2, and I3 represent the inertial components of the DG-FHCSs. The specific expres-
sions are provided in the electronic supplementary material.
2.4 The displacement function and the orthogonal polynomials

Based on Jacobi orthogonal polynomials, the middle surface displacements of the cylindrical
shell in the x-, θ-, and z-directions are denoted as u0, v0, and w0, respectively. The torsional
deformations of the cylindrical shell in the xz- and θz-planes are denoted as ϕ0

xz and ϕ0
θz,

respectively[54–55],

u0 =
M∑

m=0

UmP
(α,β)
m (δ) cos(nθ), v0 =

M∑

m=0

VmP
(α,β)
m (δ) sin(nθ), (15a)

w0 =
M∑

m=0

WmP
(α,β)
m (δ) cos(nθ), ϕ0

xz =
M∑

m=0

ξxmP
(α,β)
m (δ) cos(nθ), (15b)

ϕ0
θz =

M∑

m=0

ξθmP
(α,β)
m (δ) sin(nθ), (15c)

where the mid-plane modal displacement function of the structure can be expressed as u0, v0,
w0, ϕ0

xz, and ϕ0
θz. The functions of time and mode shape vectors are expressed as Um, Vm,

Wm, ξxm, and ξθm. The circumferential mode number in the displacement equation is denoted
as n. The Jacobi polynomial in the axial direction is denoted as P

(α,β)
m (δ)[56]. The specific

expressions are provided in the electronic supplementary material.
2.5 Free vibration solution and dynamic response solution

The Lagrange function L of the structure can be derived as[57]

L = Uε + Up − T. (16)

Furthermore, using the Rayleigh-Ritz to minimize the partial derivative of L with respect
to the coefficients Um, Vm, Wm, ξxm, and ξθm, the following equation can be obtained:

∂L

∂Um
=

∂L

∂Vm
=

∂L

∂Wm
=

∂L

∂ξxm
=

∂L

∂ξθm
= 0. (17)

Then, the eigenvalue equation can be determined as[58]

M
∂2q

∂t2
+ C

∂q

∂t
+ Kq = Ft = MEx′′g , (18)

where K denotes the stiffness matrix, M denotes the mass matrix, and the specific expression is
given in the electronic supplementary material. C denotes the damping matrix. The excitation
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force is denoted as Ft, and the vibration response displacement of the DG-FHCSs is represented
by q. The excitation direction indication vector is denoted as

E = (Om×t Om×t Jm×t Om×t Om×t)T, (19)

where the zero matrix and the identity matrix are denoted as Om×t and Jm×t, respectively,
both with dimensions m× t, while the basic excitation acceleration is denoted as[59]

x′′g = frkg. (20)

The forms of the four excitation signals are denoted as fr, and the relationships between
their respective signal amplitudes and time are presented in Eqs. (S11)–(S14) of the electronic
supplementary material[60]. The magnitude of the acceleration excitation level is denoted by k,
the gravitational acceleration is represented by g, and the time step vector is symbolized as t.
The force vector Ft acting on the structure can be constructed by multiplying the mass matrix
by the acceleration excitation vector.

Based on the Rayleigh damping model, the damping matrix C of the structure can be found
in the electronic supplementary material[61–63].

When both the excitation force vector Ft and the modal damping matrix C are set to zero,
Eq. (21) is derived. By solving for its eigenvalue, the natural frequency ω of the structure can
be determined,

(K − ω2M)X = 0, (21)

where the feature vector is represented as X = (Um Vm Wm ξxm ξθm)T. By substituting X
into Eq. (15), which describes the mid-plane displacement, the modal shapes of the structure
can be accurately determined.

Based on the Newmark-β method, the time-domain response of the structure is solved. The
detailed derivation process is provided in the electronic supplementary material.

3 Convergence analysis

In this section, the convergence of the proposed dynamic model is analyzed, and the model
is validated through comparison with the finite element software. The results demonstrate that
the proposed model exhibits good convergence and shows strong agreement with the simulation
results, thereby confirming its validity. The detailed analysis process is provided in the electronic
supplementary material.

4 Experimental study

In this section, composite honeycomb sandwich cylindrical shells with filled damping gel
and honeycomb sandwich cylindrical shells without damping filling are respectively fabricated,
and experimental tests are conducted on the two different cylindrical shells to confirm the
effectiveness of the model and the vibration reduction properties of the damping gel.
4.1 Fabrication of the FHCS and DG-FHCS specimens

The detailed preparation process is described in the electronic supplementary material.
4.2 Dynamics experimental system and method

Before the experiment, it is essential to determine the location and number of measurement
points on the test specimen, as well as their coordinate positions[64]. To ensure the stability of
data acquisition, two acceleration sensors are employed for simultaneous data collection. The
primary verification point is the test point 1, while the secondary verification point is the test
point 2. Figure 3 gives the location of the pulse excitation point (R, π, 0.8 L), the coordinates
of measurement point 1 (R, 2π, 0.5 L) and point 2 (R, 2π, 0.5 L), as well as the modal test
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framework models. These details should be established by creating a geometric model of the
measurement points using the geometry function module within the LMS test lab software.

x-direction

θ-direction

z-direction

Test point 2

Test point 1

Excitation point

Fig. 3 Test points, excitation point, and modal test framework models (color online)

Speedgoat data

output system

Power supply system

of speedgoat

Acceleration sensor 1 and

acceleration sensor 2

Overload protection

systems of speedgoat

Mobile workstation

for data collection

Mobile workstation

for signal output

Power amplifier

LMS SCADAS data

acquisition instrument

PCB0861C01 modal

force hammer

Vibration shaker

Fig. 4 A test system for measuring the vibration characteristics of the FHCS and DG-FHCS (color
online)

Upon completing the preparation process for the FHCS and the DG-FHCS, the experimental
test system illustrated in Fig. 4 is established. The established testing system comprises two
subsystems, the vibration excitation subsystem and the dynamic signal acquisition subsystem.
Among these components, the excitation subsystem consists of a suite of single-point pulse
excitation equipment, specifically comprising the vibration shaker, power amplifier, and speed-
goat data output system. The transmission of the excitation signal is detailed in the electronic
supplementary material. The dynamic signal acquisition subsystem is specifically composed
of the LMS SCADAS data acquisition instrument, the PCB 352C33 accelerometer sensor (the
sensor exhibits a sensitivity of 100 mV/g (±10%) and operates within a frequency range of
0.5Hz to 10 kHz. During the test, α-cyanoacrylate adhesive is employed for bonding, with
3M tape used as an auxiliary fixation method) and a computer workstation equipped with
LMS Test Lab 2021.1 data processing software. Furthermore, the PCB0861C01 modal force
hammer is utilized for conducting modal testing. The sensitivity of the modal force hammer is
11.2mV/N (±15%), the measurement range is ±440N, the resonant frequency exceeds 15 kHz,
and a medium-hard hammer head is used during the testing process.

Subsequently, modal hammering tests are conducted on specimens both with and without
damping gel. Frequency response data from various excitation points are collected. Utilizing
the PolyMax technique[65]. A Hamming window function is applied, with a sampling frequency
range of 0Hz to 3 200 Hz. The natural frequencies and mode shapes of the specimens within
the specified range are identified.

Finally, the specimen is successfully subjected to pulse vibration through sufficient excitation
provided by the combination of a vibration shaker, signal output device, and power amplifier.
The excitation amplitude is set to 20 N, and the corresponding time-response curve of the
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specimen under this condition is accurately recorded. Furthermore, the sampling frequency is
set to 6 400 Hz; the material parameters of the test specimens are summarized in Table 1.

Table 1 Geometrical and material characteristics of the FHCS and DG-FHCS

Type Parameter

Outside and inside skins
Ef1,f2

1 = 258GPa, Ef1,f2
2 = 35GPa, Gf1,f2

12 = 3GPa, Gf1,f2
12 = Gf1,f2

13 = 2GPa,

νf1,f2
12 = νf1,f2

21 = 0.3, ρf1,f2 = 1 500 kg/m3, hf1,f2 = 1mm, κk = [0◦/90◦/0◦]

Honeycomb core
Eh = 80GPa, ρh = 1 750 kg/m3, Gh = 32GPa, ho = 0.008m,

θh = 60◦, a = 1× 10−3 m, b = 1× 10−2 m

Damping gel Eo = Go = 4.217× 10−4 GPa, ρo = 930 kg/m3

Overall structure L = 0.15m, R = 0.04m

4.3 Comparisons of predicted and experimental results
The modal shapes of the structures are presented in the electronic supplementary material.

The modal shapes remain similar whether the damping gel is present or absent. Table 2 gives
the natural frequencies of the structures. Specifically, the first three modes are selected for
comparison: the first mode (m = 1, n = 2), the second mode (m = 1, n = 1), and the third
mode (m = 1, n = 3). The results show that the three modal shapes obtained from both
methods display a high degree of consistency, with the maximum error in natural frequency
being 5.1%. This finding supports the accuracy of the model proposed in Section 2.

Before performing the analysis of transient response behavior, based on the modal test data,
the Rayleigh damping parameters for the FHCS (ξ1 = 1.98, ξ2 = 2.31) are determined to be
η1 = 0.004 79 and η2 = 0.003 83. For the DG-FHCS (ξ1 = 2.79, ξ2 = 6.53), the corresponding
Rayleigh damping parameters are calculated as η1 = 0.006 91 and η2 = 0.005 52.

Table 2 Experimental and theoretical natural frequencies of the FHCS and DG-FHCS

Mode

FHCS

Error/%

DG-FHCS

Error/%Experimental
frequency/Hz

Theoretical
frequency/Hz

Experimental
frequency/Hz

Theoretical
frequency/Hz

1st 1 010.0 1 034.8 2.5 989.5 1 014.2 2.5
2nd 1 157.5 1 207.4 4.3 1 134.0 1 183.9 4.4
3rd 1 802.0 1 881.6 4.9 1 765.5 1 855.5 5.1

Using the integration function in the LMS test lab 2021.1 data processing software, the
collected acceleration signal is processed using Simpson integration to accurately obtain the
displacement signal. When the peak value of different transient excitation loadings is 80 N,
the time-response curves derived from both calculation and experimentation are presented in
the electronic supplementary material. Tables 3 and 4 give the peak-to-peak values of the
vibration responses under different transient excitations. The corresponding maximum error
is 6.5%, which falls within the acceptable range for practical engineering applications, thereby
validating the effectiveness of the model.

Table 3 Comparison of the test and computational peak-to-peak amplitude without damping gel
filled

Type Rectangular Triangular Half-sine Exponential

Experimental amplitude/m 4.7× 10−5 14.2× 10−6 23.0× 10−6 4.6× 10−6

Theoretical amplitude/m 5.0× 10−5 15.1× 10−6 24.5× 10−6 4.9× 10−6

Error/% 6.4 6.3 6.5 6.5
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Table 4 Comparison of the test and computational peak-to-peak amplitude with damping gel filled

Type Rectangular Triangular Half-sine Exponential

Experimental amplitude/m 3.1× 10−5 12.4× 10−6 20.3× 10−6 3.3× 10−6

Theoretical amplitude/m 3.3× 10−5 13.2× 10−6 21.6× 10−6 3.5× 10−6

Error/% 6.4 6.5 6.4 6.1

The primary causes of the prediction error can be attributed to the following factors. (i)
The comprehensive account for defects and in-plane residual stresses generated during the
manufacturing process of the inner and outer fiber skins are not considered. (ii) The damping
effects at the interfaces between the damping glue, honeycomb walls, and inner and outer fiber
skins are not taken into account. (iii) The boundary stiffness predicted by the theoretical
model is overly idealized, leading to certain numerical inaccuracies. (iv) Young’s modulus of
the filling honeycomb core layer is simplified and equivalently analyzed using the theoretical
model, which to some extent is compromised in terms of the accuracy of the theoretical model.
(v) The damping coefficient in the Rayleigh damping model is determined based on parameters
such as the natural frequency and damping ratio of the structure, introducing a degree of error.
4.4 Anti-vibration evaluation of the shells with and without damping gel-filled

materials
This section presents a comparison of the vibration response between the FHCS and DG-

FHCS, and evaluates the vibration-damping performance of the damping gel. The results
demonstrate that the damping gel developed and fabricated in this study exhibits effective
damping characteristics. A detailed comparative analysis and evaluation of the damping per-
formance are provided in the electronic supplementary material.

5 Influence parameter analysis

In this section, a parametric study is conducted based on the validated model in Section 2.
This study explores the influence of several factors on the vibration characteristics of the DG-
FHCS structure. These factors include the ratio of honeycomb core thickness to skin thickness,
the ratio of honeycomb cell wall thickness to length, and the honeycomb angle. Based on these
findings, several important design recommendations are summarized to mitigate the vibration
of similar structures. The detailed analysis process is provided in the electronic supplementary
material.

6 Conclusions

Through experimental and theoretical investigations, the natural frequency and vibration
response of the FHCS and DG-FHCS are analyzed. Detailed solution methodologies are pro-
vided, and a convergence analysis along with finite element model validation is conducted. In
light of both the theoretical data and experimental findings, the following conclusions can be
drawn.

(I) The well-established theoretical model demonstrates high reliability in predicting the
natural frequencies and vibration responses of both the FHCS and DG-FHCS. Specifically, the
maximum error between the theoretical natural frequency of the FHCS and the experimental
results is limited to 4.9%, while for the DG-FHCS, it is confined to 5.1%. Moreover, the
maximum discrepancy between the theoretical vibration responses of the FHCS and DG-FHCS
and their respective experimental results does not exceed 6.5%.

(II) The established theoretical model can reliably predict the vibration reduction effect of
the damping gel. When the excitation is a rectangular wave, the measured and calculated pulse
response time attenuation rates are 34.0% and 34.1%, respectively. When the excitation is a
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triangular wave, the measured and calculated pulse response time attenuation rates are 12.6%
and 12.7%, respectively. When the excitation is a half-sine wave, the measured and calculated
pulse response time attenuation rates are 11.8% and 11.7%, respectively. When the excitation
is an exponential wave, the measured and calculated pulse response time attenuation rates are
28.6% and 28.3%, respectively, which demonstrates the significant contribution of the damping
gel to the dissipation of pulse excitation energy.

(III) This study provides a useful modeling tool for predicting the vibration resistance per-
formance of the DG-FHCS. The modeling, analysis, and manufacturing methods proposed in
this study can be easily applied to similar cylindrical shells with filled damping gels, such as
composite hydrogen storage shells, composite missile and rocket shells, as well as compression-
resistant shells in ocean engineering.

However, material nonlinearity, the bonding effect between layers, and structural vibration
problems in thermal environments have not been considered in this study. Therefore, these
factors need to be taken into account to develop a more comprehensive modeling methodology
for future research. In addition, incorporating multi-material designs or employing machine
learning techniques to optimize the structural topology for specific mechanical properties is
necessary.
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