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Abstract: The dynamic mechanical behavior and cushioning performance of honeycomb sandwich
panels, which are extensively employed in product cushioning packaging due to their exceptional
energy absorption capabilities, were examined using a combination of experimental and numerical
methods. Several factors, such as maximum acceleration–static stress, cushioning coefficient–static
stress, and other curves, were analyzed under various impact conditions. The simulated stress–
strain, deformation modes, cushioning coefficients, and other parameters demonstrate consistency
with the experimental results. The acceleration, maximum compression, and cushioning coefficient
obtained from the experiment and simulation calculation were 30.68 g, 15.44 mm, and 2.65, and
31.96 g, 14.91 mm, and 2.79, respectively. The results indicate that all error values were less than
5%, confirming the precision and reliability of the model. Furthermore, the model was utilized to
simulate and predict the cushioning performance of honeycomb sandwich panels with different cell
structures and paper thicknesses. These results provide a solid basis for enhancing the design of
subsequent honeycomb element structures.

Keywords: honeycomb sandwich panels; finite element method; dynamic impact; simulation prediction

1. Introduction

Lightweight honeycomb sandwich structures have been widely applied in various
fields, including furniture, automobiles, ships, and aerospace. The outstanding mechanical
properties of these structures have attracted considerable research attention from schol-
ars [1–5]. Presently, a primary focus of research on honeycomb structures revolves around
their integration with panels to form sandwich structures [6]. A reduction in mass con-
tributes to a greater specific strength and stiffness of the structure [7,8], thereby significantly
enhancing the mechanical properties of the material. Research indicates that honeycomb
structures are susceptible to impact loads. In the analysis of the mechanical behavior of
honeycomb sandwich structures, the performance and structural parameters of the panel
and core materials during dynamic processes are highly important. The cushioning perfor-
mance of honeycomb sandwich structures subjected to impact loads is a major concern, and
there are currently many studies and experiments dedicated to this topic globally. These
studies cover various aspects, such as the compressive performance under dynamic impact,
structural factors, and deformation modes. Some recent research in this area has focused on
the cushioning performance of paper honeycomb sandwich panels [9–12]. Wang et al. [13]
used the Cowper Symonds model and segmented function method to create mechanical
models for the platform stress and yield stress of paper honeycomb structures under vari-
ous strain rates. Wang et al. [14] conducted experiments to determine the impact behavior
of paper honeycomb structures. The results show that the thickness and length of the
honeycomb cell wall are the key factors affecting cushioning performance. The study
revealed that increasing the thickness of the core paper significantly weakened the energy
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absorption effect. Gu et al. [15] investigated the in-plane uniaxial fracture behavior of hon-
eycomb sandwich panels. They identified three deformation modes under a Y-axis load:
the non-debonding mode, partial debonding mode, and complete debonding mode. Wang
et al. [16] proposed a mathematical model to elucidate the correlation between the energy
absorption properties of paper honeycomb and environmental humidity, as well as its struc-
tural parameters. The authors conducted a comprehensive simulation study to investigate
the energy absorption behavior across four distinct deformation stages of the paper honey-
comb. Notably, the model’s validity was confirmed by its alignment with the predicted
outcomes. Consequently, this research underscores the model’s potential applicability in
optimizing design strategies and material selection for paper honeycomb structures.

Given the substantial time and material expenses involved, experimental methods are
not always practical for thoroughly analyzing the mechanical properties of honeycomb
structures. Consequently, finite element simulation emerged as a reliable and efficient
alternative for conducting detailed analyses in this field [17]. Finite element simulations
have been widely adopted in numerous academic studies to explore and analyze the
cushioning performance exhibited by honeycomb sandwich panels. Xie et al. [18] studied
the dynamic mechanical behavior and properties of Nomex honeycomb sandwich panels
under impact loads. Their research investigated the effects of honeycomb core density,
punch diameter, and so on. The results highlighted that the thickness of the panels played
an important role in increasing the impact strength of the Nomex honeycomb panels, and
the density of the honeycomb cores played a key role in determining the stiffness of the
structure. Ma et al. [19] introduced the construction of an origami honeycomb and built an
analytical model with the help of FEM. It was concluded that the origami honeycomb is
superior to conventional honeycomb structures in terms of in-plane compression strength
and energy absorption. Sun et al. [20] conducted a study on the effect of adhesive geometry
on the impact damage of bonded aluminum sandwich panels utilizing both experiments
and finite element simulations. The results revealed a linear relationship between the depth
of honeycomb core damage and the height of the adhesive filet, emphasizing the critical
role of adhesive geometry in impact damage.

Due to the diverse components and intricate internal structure inherent in honeycomb
sandwich panels, ensuring accurate model predictions necessitates extensive calculations.
This poses a challenge to the performance and memory requirements of the computers,
which, in turn, affects computing efficiency [21,22]. Therefore, further experiments and
further studies are needed to obtain an accurate model for the damping properties of all
kinds of honeycomb sandwich panels. In this paper, the dynamic mechanical performance
of sandwich panels made of paper honeycomb was investigated. In this work, we built an
impact model of honeycomb sandwich boards with different drop heights and hammer
weights, subsequently validating the accuracy and reliability of these models through
dynamic experiments and numerical simulations. Furthermore, few simulations have been
used to forecast models in order to gain a larger variety of reference data. Most previous
research has employed a mix of experiments and simulations to check the correctness and
dependability of model data. This research employed a simulation to predict the buffering
performance under different honeycomb cell lengths, and the impact of the change in the
wall thickness of the surface layer and the core layer on the cushioning performance was
observed. These findings establish a robust foundation for the subsequent optimization
design of cellular structures.

2. Experimental Methodology
2.1. Specimen Description

The sample for testing was a honeycomb sandwich panel, which consisted of two
identical surface papers that were bonded to the upper and lower sides of a hexagonal
honeycomb core. The height of the sample was determined by adding the height of
the honeycomb core to the thickness of the surface papers. The honeycomb core had a
fixed height of 30 mm. The thickness of the honeycomb sandwich panel was adjusted
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by varying the thickness of the honeycomb paper core. Table 1 provides details on the
quantification and thickness of the face paper and core paper. Figure 1 shows the individual
honeycomb cell of the honeycomb core as a regular hexagon with a side length of 8 mm.
A single honeycomb core, neglecting the influence of adhesive, was composed of two
honeycomb walls with a thickness of 2 t and four honeycomb walls with a thickness of t.
The hexagonal honeycomb exhibited strong anisotropy, with an angle of 120◦ between the
honeycomb walls.

Table 1. Material properties of core sheet and face sheet.

Core Sheet Mass
W/g/m2

Core Sheet
Thickness

T/mm

Yield Stress
σγ/MPa

Face Sheet Mass
W/g/m2

Face Sheet
Thickness

T/mm

Yield Stress
σγ/MPa

80.00 0.12 8.70 200.00 0.28 7.80

Materials 2024, 17, x FOR PEER REVIEW 3 of 17 
 

 

The sample for testing was a honeycomb sandwich panel, which consisted of two 
identical surface papers that were bonded to the upper and lower sides of a hexagonal 
honeycomb core. The height of the sample was determined by adding the height of the 
honeycomb core to the thickness of the surface papers. The honeycomb core had a fixed 
height of 30 mm. The thickness of the honeycomb sandwich panel was adjusted by vary-
ing the thickness of the honeycomb paper core. Table 1 provides details on the quantifica-
tion and thickness of the face paper and core paper. Figure 1 shows the individual honey-
comb cell of the honeycomb core as a regular hexagon with a side length of 8 mm. A single 
honeycomb core, neglecting the influence of adhesive, was composed of two honeycomb 
walls with a thickness of 2 t and four honeycomb walls with a thickness of t. The hexagonal 
honeycomb exhibited strong anisotropy, with an angle of 120° between the honeycomb 
walls. 

Table 1. Material properties of core sheet and face sheet. 

Core Sheet Mass 
W/g/m2 

Core Sheet Thickness 
T/mm 

Yield Stress 
σγ/MPa 

Face Sheet Mass 
W/g/m2 

Face Sheet Thick-
ness 

T/mm 

Yield Stress 
σγ/MPa 

80.00 0.12 8.70 200.00 0.28 7.80 

 
Figure 1. Honeycomb sandwich panel sample. 

2.2. Test Method 
Specimens with a size of 100 mm × 100 mm were fabricated using honeycomb sand-

wich panels following ASTM-D7766 standards [23]. Before conducting dynamic impact 
tests, the specimens were conditioned to meet the requirements of standard PN-
EN20187:2000 for a duration exceeding 48 h [24]. The impact experiments were carried 
out using Y52-2/77 (Xian Guangbo Testing Equipment Co., Ltd., Xi’an, China) equipment 
for testing cushioning materials, as depicted in Figure 2. The composition of the buffer 
testing apparatus primarily includes a falling platform, an electric machine, a hammer, 
and data analytics system. Additionally, the experimental device is supplied with pneu-
matic control attachments to prevent the secondary impact of the punch on the specimen. 
During the initial impact, test data were generated to ensure the accuracy and reliability 
of the data. Each experiment was replicated five times under identical conditions. The 
mass of the impact hammer was adjusted to 7 kg, 8 kg, and 9 kg. The initial energy was 
autonomously adjusted by altering the drop height by 50 mm. Following each impact, the 
pulse data acquisition software automatically recorded and analyzed the necessary im-
pact reaction parametric quantities, for instance, the impact acceleration time curve. 

Figure 1. Honeycomb sandwich panel sample.

2.2. Test Method

Specimens with a size of 100 mm × 100 mm were fabricated using honeycomb
sandwich panels following ASTM-D7766 standards [23]. Before conducting dynamic
impact tests, the specimens were conditioned to meet the requirements of standard PN-
EN20187:2000 for a duration exceeding 48 h [24]. The impact experiments were carried out
using Y52-2/77 (Xian Guangbo Testing Equipment Co., Ltd., Xi’an, China) equipment for
testing cushioning materials, as depicted in Figure 2. The composition of the buffer testing
apparatus primarily includes a falling platform, an electric machine, a hammer, and data
analytics system. Additionally, the experimental device is supplied with pneumatic control
attachments to prevent the secondary impact of the punch on the specimen. During the
initial impact, test data were generated to ensure the accuracy and reliability of the data.
Each experiment was replicated five times under identical conditions. The mass of the
impact hammer was adjusted to 7 kg, 8 kg, and 9 kg. The initial energy was autonomously
adjusted by altering the drop height by 50 mm. Following each impact, the pulse data
acquisition software automatically recorded and analyzed the necessary impact reaction
parametric quantities, for instance, the impact acceleration time curve.
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2.3. Numerical Model

During the preparation of the specimen, the raw paper is treated as a material with
directional dependence due to variations in fiber orientation during the production process.
In the property module of the Abaqus 2022 software, engineering constants are typically
employed to define the material characteristics of the unprocessed paper of honeycomb
sandwich panels during the elastic phase. The constitutive relationship of the material in
the elastic stage can be represented by the stress–strain curve, as depicted in Formula (1):

ε11
ε22
ε33
γ12
γ13
γ23

 =



1/E1 −ν21/E2 −ν31/E3 0 0 0
−ν12/E1 1/E2 −ν32/E3 0 0 0
−ν13/E1 −ν23/E2 1/E3 0 0 0

0 0 0 1/G12 0 0
0 0 0 0 1/G13 0
0 0 0 0 0 1/G23





σ11
σ22
σ33
σ12
σ13
σ23

 (1)

The model uses notations 1, 2, and 3 to represent the X, Y, and Z coordinate axes,
respectively. In the formula, σij (Pa) represents the stress component, εij, and γij represent
the strain component; Ei (Pa) represents the elastic modulus in the i direction, and Gij (Pa)
represents the shear modulus that occurs in the j direction of the i normal plane deformation.
νij represents the Poisson’s ratio of the material and νij/Ei = νji/Ej. The study conducted
by Huang et al. [25] on raw paper for honeycomb sandwich panels provides empirical
formulas for nine elastic constants, namely:

E3 =
E1

200
(2)

G12 =
1

4
E45

− 1
E1

+ 2 · v12
E1

− 1
E2

(3)

G13 =
E1

55
(4)

G23 =
E2

35
(5)

ν12 = 0.293
√

E2/E1 (6)

The values of ν13 and ν23 are often set to 0.01 [25]. Based on the elastic modulus
obtained from the tensile test, the stress–strain curve is shown in Figure 3, and the values of
these nine elastic constants can be obtained. The material characteristics of the face paper
and core paper are shown in Table 2.
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Table 2. Material elastic parameters.

Elasticity Parameter Face Sheet Core Sheet

E1/MPa 3788.54 3516.72
E2/MPa 689.53 589.90
E3/MPa 18.90 17.58
G12/MPa 625.50 557.40
G13/MPa 68.90 63.92
G23/MPa 19.70 16.90

ν12 0.13 0.12
ν13 0.01 0.01
ν23 0.01 0.01

In addition, when defining plastic materials in Abaqus, the actual stress and plastic
strain need to be considered. Suppose the nominal stress and strain are obtained in the
experiment. In that case, they need to be converted using the following formula, where
σn (Pa) and εn represent the nominal stress and nominal strain, respectively; σ (Pa) and
ε represent the actual stress and true strain, respectively; εpl and εel represent the plastic
strain and elastic strain, respectively; and E (Pa) represents the elastic modulus.

σ = σn(1 + εn) (7)

ε = ln(1 + εn) (8)

εpl = ε − εel = ε − σ

E
(9)

2.4. Finite Element Modeling

Levent Aktay [26] and M Giglio et al. [27] underscored that FEMs for honeycomb
sandwich panels can be generally classified into two distinct groups: equivalent homoge-
neous models and micromechanical models. The former employs the direct application
of homogeneous solid units to construct a model, simulating it by assigning parameters
with overall mechanical properties. While this method exhibits efficient computational
performance, it concurrently neglects the impact of local kernel failure mechanisms on
the model. The latter strives to establish a model consistent with the honeycomb panel
structure, aiming for a more realistic simulation of alterations in the structural behavior of
the honeycomb core material.

As depicted in Figure 4, this article utilized the ABAQUS 2022 finite element soft-
ware to create a dynamic impact model of honeycomb sandwich panels comprising two
main components: a rigid panel and a honeycomb sandwich panel structure. The rigid
panel utilizes shell elements with thicknesses of 1 mm and 120 mm in length and width,
respectively, using an explicit dynamic solver. To streamline the computational complexity,
the model was simplified by excluding the addition of a hammer component. Instead,
the velocity of the free-falling body in contact with the honeycomb sandwich panel, just
before the application of its drop height, was assigned to the reference point of the upper
steel plate. The hammer’s mass was then applied to expedite the model and reduce the
calculation time for dynamic display. The reference point on the upper steel plate under-
went rotation/displacement constraints, allowing movement solely in the Z direction while
being fixed in other directions. The lower steel plate was subjected to completely fixed
boundary condition constraints. To replicate the real adhesive layer, binding limitations
were applied between the face and core papers, and universal contact was established
between the face paper and the steel plate. The contact attribute was configured as hard
contact, with a friction coefficient of 0.1, using reasonable grid partitioning to achieve
computational convergence. The R3D4 linear quadrilateral element type was used for
the rigid plates placed at the top and bottom of the structure. The core layer adopts S4R
elements, which can be used for modeling thin or thick shell structures, using the reduced
integration method, including hourglass mode control.
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3. Results and Discussion
3.1. Experimental and Simulated Deformation Process

The illustration in Figure 5 displays the comparison of the deformation of the honey-
comb sandwich panel before and after the impact of the hammer. It is evident that under
dynamic impact conditions, the face paper of the honeycomb sandwich panel remained
undistorted, while the middle core paper layer underwent bending deformation to absorb
energy. Each set of experiments was replicated five times under identical conditions. How-
ever, since the honeycomb sandwich panel was crushed after experiencing a single impact
and lost its original cushioning performance, each honeycomb sandwich panel was utilized
for only one test. After the dynamic compression experiment, under compression, the
thickness of the honeycomb sandwich panel was gauged by using a Vernier caliper. This
measurement was then compared with the thickness of the original sample and recorded
as the depth of compression, signifying the compression displacement of the hammer.
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Figure 6 shows the results of the dynamic impact finite element simulation on honey-
comb sandwich panels, showing the deformation states at various time points. The figure’s
color differences correspond to the different levels of stress, where blue indicates the lowest
level of stress and red the highest level of stress.
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The dynamic impact direction is aligned with the Z-axis, initiating elastic deformation
in the specimen. Beyond the elastic limit, plastic deformation occurred. The core paper
underwent gradual bending and wrinkling under the influence of velocity impact, forming
a plastic hinge as the honeycomb cell wall folded layer by layer. With the progression of
the impact, the wrinkles continued to fold downward, and the stress gradually increased.
By the time t reached 10 ms, the stress reached its peak value, and the thickness of the hon-
eycomb cardboard progressively decreased until the speed diminished to 0. At t = 12 ms,
a rebound phenomenon was initiated, and the honeycomb sandwich panel experienced
a brief period of small-scale rebound. Concurrently, the stress value gradually decreased.
Figure 4 corresponds to the state at time t in Figure 5, which spans the interval between
0 ms and 10 ms.

3.2. Displacement–Time Curve

The way in which sandwich panel structures deform and their ability to absorb energy
are significantly impacted by the velocity and energy of the impacting force during a drop.
In Figure 7, the curve depicts the displacement of the hammer over time, with the upward
lifting direction designated as positive and the downward falling direction designated as
unfavorable. The displacement curves of the three different masses of hammers exhibit
a consistent trend: initial downward impact to maximum compression displacement
followed by upward rebound. The experiment’s dynamic buffering machine, equipped
with an inflation device to prevent the hammer dropping a second time on the material,
resulted in a displacement curve that passed the peak moment, obscuring the precise
observation of displacement value changes. The data analysis revealed that weights of 7 kg,
8 kg, and 9 kg impacting the honeycomb sandwich panel yielded displacement peaks of
−8.52 mm, −15.2 mm, and −15.7 mm, respectively. The displacement value of 9 kg relative
to 7 kg increased by 7.18 mm, while the displacement peak at 8 kg did not significantly
differ from that at 9 kg. The error analysis suggested that the sample’s maximum impact
load tolerance was between 7 kg and 8 kg. Beyond this threshold, the sample could not
withstand excessive loads, leading to heightened damage.
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3.3. Acceleration Compression Displacement Curve

The dynamic cushioning performance of materials is usually characterized by peak
acceleration. Figure 8 shows the acceleration compression displacement curve of a heavy
hammer. Taking the 7 kg weight as an example, the maximum acceleration reached 19.5 g,
the maximum acceleration corresponding to the 8 kg weight was 23.4 g, and the maximum
acceleration corresponding to the 9 kg weight was 28.19 g. Compared to those of the 7 kg
weight, the acceleration of the 8 kg and 9 kg weights increased by 20% and 44.5%, respec-
tively. The slope of the acceleration curve of the 9 kg weight was also greater than that of
the 7 kg and 8 kg weights, and the speed of change significantly increased. Under certain



Materials 2024, 17, 1856 8 of 16

impact conditions, the panel received the transmitted impact energy, and the acceleration
of the hammer gradually increased from zero. After reaching the peak, the core paper
gradually absorbed the impact energy due to buckling, resulting in a gradual decrease in
acceleration. Compared with those of traditional laminated panels, the energy absorption
characteristics of honeycomb sandwich panels are significantly improved [28,29]. As the
compression displacement increased, the honeycomb sandwich panel was gradually com-
pacted, causing stress concentration and increasing the acceleration of the heavy hammer
again. A time history analysis revealed that the 7 kg hammer reached its displacement
peak at 7.8 ms, whereas the 9 kg hammer reached its peak at 10.85 ms. Smaller impact
loads reach their peaks faster than larger loads, resulting in deeper compression of the
cushioning material. An increase in the impact load prolongs the impact process, allowing
the cushioning material to absorb the impact energy more fully. The data indicate that an
increase in the impact load led to more significant compression displacement, increasing
the deformation of the honeycomb panel. There was a maximum load-bearing range for
the specimen, and surpassing this range rapidly increased damage. When designing and
applying sandwich panel structures, it is imperative to consider and limit the level of
impact load to ensure the required structural stability and performance in practical use.
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3.4. Stress–Strain Curve

The stress–strain curve of honeycomb sandwich panels under dynamic impact is
depicted in Figure 9. This is a commonly utilized method for characterizing material
mechanical properties, enabling the observation of material behavior throughout the stress
process. Elastic deformation occurred at the initial impact stage before point A, and the
following formula is satisfied in this linear segment:

σ = Eε (10)

In the formula, σ (Pa) represents stress, ε represents strain, and E (Pa) represents the
Young’s E modulus of the material, denoting the slope of the straight line, commonly
known as Hooke’s law. Upon surpassing the elastic limit at point B, plastic deformation
occurred in the honeycomb sandwich panel, and the core paper entered the yield stage
before reaching the initial stress peak. The stress peaks corresponding to 9 kg, 8 kg, and 7 kg
are 0.048 MPa, 0.043 MPa, and 0.04 MPa, respectively. The initial stress peak linearly rises
with an increase in the hammer’s weight. Subsequently, due to the collapse and buckling of
the internal structure of the core paper, the stress value initiates a decline. Upon reaching
the yield limit at point C, slip lines in the core paper led to damage, resulting in a gradual
decrease in cushioning performance. In the case of the 9 kg hammer, the initial stress peak
was reached at a strain value of 10.8, while for 8 kg and 7 kg hammers, the initial stress
peak was reached at strain values of 12.3 and 12.5, respectively. It is evident that the curve
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slope of the 9 kg hammer in the elastic stage is significantly larger than that of the 7 kg and
8 kg hammers. The increase in impact energy with the heavier hammer mass led to a more
rapid impact load application to the cushioning material.

Materials 2024, 17, x FOR PEER REVIEW 9 of 17 
 

 

 
Figure 8. Acceleration compression displacement curve. 

3.4. Stress–Strain Curve 
The stress–strain curve of honeycomb sandwich panels under dynamic impact is de-

picted in Figure 9. This is a commonly utilized method for characterizing material me-
chanical properties, enabling the observation of material behavior throughout the stress 
process. Elastic deformation occurred at the initial impact stage before point A, and the 
following formula is satisfied in this linear segment: 

σ = Eε (10)

In the formula, σ (Pa) represents stress, ԑ represents strain, and E (Pa) represents the 
Young’s E modulus of the material, denoting the slope of the straight line, commonly 
known as Hooke’s law. Upon surpassing the elastic limit at point B, plastic deformation 
occurred in the honeycomb sandwich panel, and the core paper entered the yield stage 
before reaching the initial stress peak. The stress peaks corresponding to 9 kg, 8 kg, and 7 
kg are 0.048 MPa, 0.043 MPa, and 0.04 MPa, respectively. The initial stress peak linearly 
rises with an increase in the hammer’s weight. Subsequently, due to the collapse and buck-
ling of the internal structure of the core paper, the stress value initiates a decline. Upon 
reaching the yield limit at point C, slip lines in the core paper led to damage, resulting in 
a gradual decrease in cushioning performance. In the case of the 9 kg hammer, the initial 
stress peak was reached at a strain value of 10.8, while for 8 kg and 7 kg hammers, the 
initial stress peak was reached at strain values of 12.3 and 12.5, respectively. It is evident 
that the curve slope of the 9 kg hammer in the elastic stage is significantly larger than that 
of the 7 kg and 8 kg hammers. The increase in impact energy with the heavier hammer 
mass led to a more rapid impact load application to the cushioning material. 

 
Figure 9. Stress–strain curve.

3.5. Static Stress–Cushioning Coefficient Curve

In the context of honeycomb sandwich panels, neglecting energy dissipation during
the hammer drop process implies mechanical conservation. This concept asserts that, when
the deformation of the honeycomb sandwich panel reaches its maximum, denoted as Xm
[m (or the strain reaches εm)], the panel will experience the generation of the maximum
static stress σm (Pa) and peak acceleration Gm (g). Following the law of energy conservation,
the entire hammer’s kinetic energy undergoes conversion into the deformation energy
of the honeycomb sandwich panel. Generally, when H >> Xm, the equation obtained is
as follows:

AT
∫ εm

0
σdε = mgH (11)

where A (m2) is the area of the cushioning material, T (m) is the thickness of the cushioning
material, m (kg) is the mass of the hammer, H (m) is the height of the hammer drop, and the
stress of the cushioning material under the gravity of a hammer is called the static stress,
which is determined by σst:

σst =
mg
A

(12)

The relationship between the maximum stress and static stress of the cushioning
material under hammer impact is:

σm = Gmσst (13)

In the formula, Gm (g) is the maximum impact acceleration of the hammer. Substitute
Equations (2) and (3) into Equation (1) to obtain the relationship between the honeycomb
cardboard thickness, drop height, and peak acceleration:

T = C
H

Gm
(14)

where:

C =
σm∫ εm

0 σdε
=

W
A Gm
WH
AT

=
GmT

H
(15)

In the formula, the weight of the hammer, denoted as W (kg), determines the dynamic
cushioning coefficient C based on the peak acceleration Gm and static stress σst. The shape
of the Gm-σst curve illustrates the energy absorption efficiency of packaging cushioning
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materials against individual impacts, with a more minor curve change indicative of su-
perior material protection for the product. The dynamic cushioning curve, derived from
dynamic compression experimental data, has been established as the most practical basis
for describing the shock absorption characteristics of cushioning packaging materials.

Figure 10 presents the peak acceleration static stress curve and dynamic cushioning
curve, both characterized by a U-shaped configuration with an upward opening. As
static stress increases, both the maximum acceleration and cushioning coefficient are
observed to undergo a decrease followed by an initial increase. The concave point of
the curve signifies the material’s maximum dynamic cushioning efficiency, aligning with
observations in reference [14]. This point is where the actual application effect of the
cushioning material is determined. Throughout this experiment, the contact area and drop
height of the designated honeycomb sandwich panel remained constant. At the same time,
three different weights were utilized to generate varying impact energies and static stresses.

Materials 2024, 17, x FOR PEER REVIEW 11 of 17 
 

 

per unit area corresponds to better cushioning performance, enabling the absorption of 
substantial impact energy during instantaneous impact. This performance was superior 
to that of the other two groups. The detailed values under different impact energies during 
the cushioning experiment are provided in Table 3. 

 
Figure 10. (a) Static stress acceleration curve and (b) static stress cushioning coefficient curve. 

Table 3. Dynamic cushioning test data. 

Test Parameters 9 kg 8 kg 7 kg 
Size/mm 200 × 200 × 40 200 × 200 × 40 200 × 200 × 40 

Drop height/cm 50 50 50 
Static stress/MPa 0.0022 0.00196 0.00172 

Peak acceleration/g 36.42 30.68 38.72 
Maximum stress/KPa 48.23 43.25 42.22 
Cushioning coefficient 2.91 2.79 3.10 

Maximum compression/mm 15.63 15.44 8.59 

4. Prediction of Cushioning Performance of Finite Element Models 
4.1. Model Validation 

A comparative analysis was conducted using experimental and simulation data to 
enhance the model’s credibility. Figures 11 and 12 present the comparison charts for the 
cushioning coefficient, maximum compression, and acceleration derived from the experi-
mental and simulation results. The overall trend is relatively consistent between the two 
datasets. The specific error analysis results for the experimental and simulation data are 
detailed in Table 4, where the error for the acceleration is 2.2%, the error for the maximum 
compression is 3.4%, and the error for the cushioning coefficient is 3.7%. All the error val-
ues fall within the 5% range, indicating that the simulation model accurately simulated 
the experimental conditions with high precision and reliability. This provides a dependa-
ble reference basis for further predictions and optimizations of structural models. 
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For instance, when the weight was 8 kg, resulting in a static stress of 0.00196 MPa,
the cushioning coefficient was observed to be the smallest at 2.79. A higher impact load
per unit area corresponds to better cushioning performance, enabling the absorption of
substantial impact energy during instantaneous impact. This performance was superior to
that of the other two groups. The detailed values under different impact energies during
the cushioning experiment are provided in Table 3.

Table 3. Dynamic cushioning test data.

Test Parameters 9 kg 8 kg 7 kg

Size/mm 200 × 200 × 40 200 × 200 × 40 200 × 200 × 40
Drop height/cm 50 50 50
Static stress/MPa 0.0022 0.00196 0.00172

Peak acceleration/g 36.42 30.68 38.72
Maximum stress/KPa 48.23 43.25 42.22

Cushioning
coefficient 2.91 2.79 3.10

Maximum
compression/mm 15.63 15.44 8.59

4. Prediction of Cushioning Performance of Finite Element Models
4.1. Model Validation

A comparative analysis was conducted using experimental and simulation data to
enhance the model’s credibility. Figures 11 and 12 present the comparison charts for
the cushioning coefficient, maximum compression, and acceleration derived from the



Materials 2024, 17, 1856 11 of 16

experimental and simulation results. The overall trend is relatively consistent between
the two datasets. The specific error analysis results for the experimental and simulation
data are detailed in Table 4, where the error for the acceleration is 2.2%, the error for the
maximum compression is 3.4%, and the error for the cushioning coefficient is 3.7%. All
the error values fall within the 5% range, indicating that the simulation model accurately
simulated the experimental conditions with high precision and reliability. This provides a
dependable reference basis for further predictions and optimizations of structural models.
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Table 4. Comparison of the experimental and simulation errors.

Test Parameter Test Simulation Deviation/%

Acceleration/g 30.68 31.36 2.2
Maximum

Compression/mm 15.44 14.91 3.4

Cushioning coefficient 2.65 2.79 3.7

4.2. Prediction of the Cushioning Performance of Cell Edge Lengths

In logistics processes, the honeycomb sandwich material serves as a representative
cushioning and energy-absorbing protective material [30]. Building upon existing research,
this study forecasts the dynamic cushioning performance of three distinct honeycomb cell
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lengths under various conditions and subsequently compares and analyzes the experimen-
tal outcomes. A stress nephogram depicting three types of honeycomb sandwich panel
core paper with cell edge lengths of 4 mm, 6 mm, and 8 mm is illustrated in Figure 13. To
better observe the force of the honeycomb core sheet, the upper and lower layers of the face
sheet are concealed. The initial thickness of the sample was 30 mm, and it was compressed
to final thicknesses of 26.82 mm, 15.39 mm, and 12.35 mm.
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Figure 13. Stress nephograms of honeycomb sandwich panels with different cell edge lengths:
(a) 4 mm; (b) 6 mm; (c) 8 mm.

With an increase in cell length, the distance over which the honeycomb sandwich
panel is compressed gradually expands. The nominal strains for honeycomb sandwich
panels with cell edge lengths, arranged from smallest to largest, are 0.106, 0.487, and
0.583, respectively. The relative deformation between the top and bottom edges of a sample,
divided by the sample’s initial height, is referred to as the nominal strain [31]. The sandwich
panel featuring a cell length of 4 mm exhibited relatively little deformation energy, with the
outer contour experiencing slight buckling. Conversely, panels with 6 mm and 8 mm cell
side lengths displayed greater deformation energy, indicating that the core layer effectively
absorbed impact energy, thereby reflecting superior cushioning performance. Notably, the
middle layer of the core paper consistently exhibited higher stress concentrations.

As depicted in Figure 14, it is evident that the honeycomb sandwich panel with a cell
edge length of 8 mm exhibited the smallest cushioning coefficient and peak acceleration
among the three at varying heights. The peak acceleration was 53.4% lower than that of the
honeycomb sandwich panel with a cell edge length of 4 mm and 24.3% lower than that of
the honeycomb sandwich panel with a cell edge length of 6 mm, indicating a significant
improvement in cushioning performance. Upon integrating the stress cloud map and the
dynamic cushioning coefficient map for peak acceleration, the maximum stress for the
8 mm cell length was 0.0027 MPa, and the minimum cushioning coefficient was 2.98, which
represents the reciprocal of the cushioning efficiency. Therefore, in selecting honeycomb
sandwich panels for use as cushioning material, a panel with a smaller cushioning coef-
ficient wherever possible should be selected to achieve material savings and the highest
level of cushioning efficiency. These findings comprehensively demonstrate that the 8 mm
honeycomb sandwich panel exhibits the most effective cushioning performance. In prac-
tice, a large amount of 8 mm long honeycomb cardboard can be used, which provides a
theoretical basis for reality. This kind of honeycomb cardboard can be used in logistics,
aviation, and other fields.
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4.3. Prediction of the Cushioning Performance of Face Sheet Thickness and Core Sheet Thickness

This chapter describes the cushioning properties of honeycomb sandwich panels with
three distinct face paper thicknesses: 0.14 mm, 0.42 mm, and 0.56 mm, and honeycomb
sandwich panels with three thicknesses of core paper: 0.12 mm, 0.36 mm, and 0.48 mm. The
specific values are shown in Table 5. The original model data are presented in the second
column. As the face paper thickness increased by a certain multiple, a linear decreasing
trend in the cushioning coefficient was observed, ranging from 5.34 to 5.14. It can be clearly
observed from the nephograms in Figure 15 that the thickness of the sandwich panel after
testing was almost the same in all three cases, and the degree of buckling and failure of the
core layer was also roughly the same, with the maximum stress values all being around
27.5 Pa. This difference is insignificant, indicating that changes in the face paper thickness
of honeycomb sandwich panels have little effect on their overall cushioning effectiveness.
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Table 5. Cushioning coefficient of face sheet and core sheet with different thicknesses.

Parameter Thickness/mm/Cushioning Coefficient

Face sheet 0.14/5.34 0.28/5.32 0.42/5.22 0.56/5.14
Core sheet 0.12 (0.06)/2.63 0.24 (0.12)/5.32 0.36 (0.18)/8.06 0.48 (0.24)/10.82

Similarly, the thickness of the core paper varied by a certain multiple. The cushioning
coefficient increased from small to large with changes in the core paper thickness, i.e., 2.63,
5.32, 8.06, and 10.82. The values in parentheses represent the thickness of the single-layer
honeycomb core paper, and the increment is notably larger than the changes in face paper
thickness. When considering the stress nephogram in Figure 15, it becomes apparent that
the compressed thickness of the honeycomb sandwich board decreased linearly, the degree
of buckling of the core layer gradually decreased, and most of the sandwich panels with
a thickness of 0.48 mm were still in the elastic stage, with only a few entering the yield
stage, resulting in relatively poor cushioning performance, accompanied by a proportional
decrease in the absorbed impact energy.

In summary, the thickness of the core paper is the primary factor influencing the
cushioning performance of honeycomb sandwich panels, with a less significant correlation
to the thickness of the face paper. When designing the honeycomb sandwich layer, it is
advised to concentrate on the core layer and keep the thickness of the core paper within a
narrow range in order to achieve the material’s best cushioning performance and avoid the
honeycomb sandwich panel becoming overly hard, which could impair the panel’s ability
to absorb impact energy and possibly damage the product.

5. Conclusions

Through simulation and experimentation, the reaction and mechanical characteristics
of honeycomb sandwich panels under dynamic compression were investigated. Under
various impact energies and cell lengths, the displacement, acceleration, stress–strain, and
cushioning coefficient were examined. Dynamic compression experiments were recreated
using modeling techniques to confirm the model’s accuracy, and the findings obtained
agreed with the actual data. Using a simulation to estimate the cushioning performance of
different structures, the following key findings were drawn:

(1) The experimental findings indicate that a reduction in the hammer weight will cause
the honeycomb cardboard to sustain less damage, distortion, and collapse depth.
Concurrently, the peak acceleration decreases as the hammer’s weight decreases.
This is because less impact energy is produced by lighter hammers, which results in
slower expansion rates, steeper acceleration curves, and more stiff collision processes.
There is a maximum load-bearing range for the specimen; exceeding this limit will
soon result in further damage. To guarantee the structural stability and performance
needed for practical usage, the impact load level must be considered and limited
when designing and implementing sandwich panel structures;

(2) According to the anticipated simulation results, cushioning effectiveness is improved
as the cushioning coefficient progressively decreases with a relative increase in cell
length. This suggests that shock energy absorption has improved, transforming this
into deformation energy to minimize material consumption and increase cushioning
effectiveness. Furthermore, it was discovered that altering the thickness of the surface
paper had no effect on the deformation of the honeycomb sandwich panel, while
altering the thickness of the core paper caused the deformation to vary significantly.
It is evident that enhancing the ability of honeycomb sandwich panels to provide
cushioning is significantly influenced by the thickness of the core paper;

(3) The experiment established a dynamic compression finite element model using the
ABAQUS finite element numerical simulation approach. By simulating how a hon-
eycomb paperboard deforms when subjected to dynamic loads at different speeds,
the results were compared with experimental observations. The correctness and de-
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pendability of the established dynamic compression simulation model for honeycomb
paperboard were confirmed by a deviation analysis, which showed that the difference
between the simulation values and experimental findings was less than 5%. Addition-
ally, a numerical simulation was used to assess the cushioning capacity of honeycomb
sandwich panels with various cell lengths. The data indicated that the cushioning
performance of honeycomb sandwich panels is closely related to that of the core
paper, with the surface paper having no significant effect. Increasing the cell length
appropriately within a certain range can also improve the cushioning performance.
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