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A theoretical model is proposed to evaluate the impact protection effectiveness of a porous
cushioning material in a packaging container under the lateral constraint condition. An
acceleration-displacement equation of the protected product in the packaging container is
derived. The reliability of the equation is validated by numerical simulation. Subsequently,
the equation is applied to analyse the effect of strain rate on impact protection effectiveness
of three polymer foams under the lateral constraint condition, and to design the thicknesses
of cushioning materials in the packaging container.
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1. Introduction

The impact-resistant packaging container generally consists of the outer shell, cushioning ma-
terial and protected product. The cushioning material is usually filled between the protected
product and the outer shell. The mechanical behaviour of the cushioning material determines
the impact protection effectiveness of the packaging container. Therefore, evaluating the en-
ergy absorption of the cushioning material and optimizing cushioning material configuration are
feasible approaches to improve the protective performance of the packaging container.
The mechanical behaviour and energy dissipation of the cushioning material greatly af-

fect the protection effectiveness of the packaging container. Many scholars focus on promot-
ing the energy absorption of cushion materials in recent years. For pre-designing configuration
of cushioning materials, Meng et al. (2020) examined the mechanical response of composite
materials made of honeycomb aluminium under explosive impact loads, and proposed an em-
pirical formula to characterize the compression depth of double-layer honeycomb aluminium
composite materials. Kader et al. (2016) assessed the shock propagation and elastic-plastic
deformation behaviour of a closed-cell aluminium foam by experiments and numerical sim-
ulations. The results showed the significant influence of the foam material topology on the
shortest path for stress wave propagation in a porous material. Estrada et al. (2017) anal-
ysed the sizing effect of discontinuities on energy absorption characteristics of a steel square
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profile. It indicated that pre-designed discontinuities effectively enhanced energy absorption in
square-section steel tubes, whereas reduced the peak load. Baroutaji et al. (2016) analysed
the energy absorption characteristics of nested circular tube structures under lateral loads,
and explored the effects of geometrical and loading parameters on the responses of the best
nested tube system. Sek and Rouillard (2006) investigated the response characteristics of multi-
layer corrugated cardboard cushioning systems under impact loads, and demonstrated that
adding anti-wrinkle liners to soft cardboard cushion pads significantly expanded their pro-
tective coverage and capability to withstand extreme conditions. Guo et al. (2021) investi-
gated the mechanical behaviour and cushioning energy absorption of paper composite sand-
wich structures with sinusoidal corrugation and hexagonal honeycomb cores. They showed that
the influence of static compression rate on the yield strength and cushioning energy absorp-
tion of the paper composite sandwich structure was not obvious, and the composite sandwich
structures with large inertia moment and large thickness had more excellent cushioning energy
absorption.

Moreover, cushion materials with gradient density can be designed to improve energy absorp-
tion. Baertsch et al. (2021) optimized an auxetic re-entrant structure with a stiffness gradient for
enhanced energy absorption with a low acceleration peak, and found that concave honeycomb
structures with gradient stiffness variations exhibited superior energy absorption capability. Zeng
et al. (2010) investigated the influence of the density gradient profile on the mechanical response
of graded polymeric hollow sphere agglomerates under an impact loading. They showed that
foam materials with gradient density or stiffness had a stronger cushioning effectiveness along
the direction of gradient variation. Koohbor and Kidane (2016) proposed a semi-analytical ap-
proach to study the effect of density gradation in graded polymeric foams. A strong concave
gradient was shown to promote substantially lighter structural weights with superior energy
absorption. Gputa (2007) found that the compressive modulus, strength, and total energy ab-
sorption of syntactic foams could be controlled by an appropriate type and volume fraction of
microballoons. The compressive strength and modulus of a functionally graded syntactic foam
were dependent on the weakest layer in their structure. The literature indicates that optimization
of structure topology and gradient configuration is a feasible approach to enhance the energy
absorption of the cushioning material.

Apart from the studies on mechanical behaviour and energy dissipation of cushioning mate-
rials, many scholars (Lye et al., 2004; Chang et al., 2017; Zhang et al., 2011; Pan and Yu, 2022)
have performed impacting experiments to evaluate the impact protection effectiveness of packag-
ing container systems. Luong et al. (2021) analysed the effects of repeated impacts on corrugated
paper packaging by numerical simulations and experimental tests. An elastoplastic homogeniza-
tion model was proposed to replace a corrugated-core sandwich panel by a homogeneous plate.
Hussain et al. (2021) investigated the energy absorption of composite material automotive crash
boxes using drop-weight impact tests. The strength-to-weight ratio was considered as the im-
portant factor for the packaging boxes made of different cross-sections cushion materials. An
and Shi (2022) proposed an innovative reliability optimization method for cushioning design
based on the dynamic stress-strain curve and an active set strategy. It provides a new design
method for cushioning packaging based on the dynamic cushioning material stress-strain curve.
In the aforementioned literatures, the cushioning materials are usually taken as fully compress-
ible materials, ignoring the influence of lateral constraint conditions. A porous material volume
exhibits incompressible characteristics in the compaction stage. The lateral constraint makes
the cushion material stress increasing greatly with strain in the compaction process. It is nec-
essary to investigate the compressive behaviour of cushioning materials under lateral constraint
conditions, which contributes to improve the cushion evaluation and the optimization design of
the packaging container.
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For a packaging container with a high strength outer shell, the cross-sectional area of the
porous cushioning material can be taken as constant during the impact compression process.
Based on the stress wave theory and propagation characteristics of stress waves in a porous
material (Reid and Peng, 1997; Karagiozova, 2011), the acceleration of the protected product
can be derived to evaluate the cushioning protection effectiveness of the packaging container.
The theoretical model of the drop impact for cushioning material packaging containers is es-
tablished, and the acceleration-displacement equation for the protected product is given in the
paper. The equation indicates the peak acceleration of the protected product, which is influ-
enced by density, platform stress and compaction strain of the cushioning material. Combining
the mechanical properties of an expanded polystyrene foam (EPS), flexible polyurethane foam
(FPUF) (Zhang et al., 2023), and rigid polyurethane foam (RPUF) (Zhang et al., 2022), the
theoretical equation is verified by numerical simulations. The influence of the strain rate on the
impact protection effectiveness of the three polymer foam materials under the lateral constraint
condition is analysed, then the equation for computing the optimal thickness of the cushioning
material in the packaging container is derived.

2. Theoretical model of the packaging container drop impact

2.1. Fundamental equation for the stress wave in a porous cushioning material

The stress-strain curve of porous materials exhibits a concave characteristic in the plastic
stage. When a high amplitude stress wave propagates in a porous material, the material un-
dergoes compaction and “shock waves” are generated. Ignoring the stress reflection or “shock
waves” interaction, the stress in the porous material can be simplified in Eq. (2.1) (Karagiozova,
2011)

σ(ε) =

{

σp 0 ¬ ε < εD

+∞ εD ¬ ε
(2.1)

where σ, ε is stress and strain, σp is plastic platform stress and εD is compaction strain.

Figure 1 shows a schematic of a strong discontinuity wave front. The physical variables S+

and S− show the states in ahead and behind wave front, respectively. The difference between the
value is denoted as [S]. The C, A, v and x are wave propagation velocity, section area, velocity
and displacement, respectively.

Fig. 1. Schematic of strong intermittent wave front propagation

The momentum conservation condition of the wave front is as follows

(σ+ − σ−)Adt = ρAdX(v− − v+) [σ] = −ρC[v] (2.2)

The displacement continuity condition is expressed as

d

dt
[u] = [X,t] + C[X,x] = [v] + C[ε] = 0 [v] = −C[ε] (2.3)
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The energy conservation equation is given below, where e is the internal energy per unit mass
of the porous material

(σ+v+ − σ−v−)Adt = (e− − e+)ρAdX +
1

2
ρAdX{(v−)2 − (v+)2}

[σv] = −ρC[e]−
1

2
Cρ[v2]

− ρC[e] = [σv] +
1

2
Cρ[v2] = [σv] +

1

2
Cρ[v](v+ + v−) = [σv]−

1

2
[σ](v+ + v−)

− ρC[e] = σ+v+ − σ−v− −
1

2
(σ+v+ + σ+v− − σ−v+ − σ−v−)

− ρC[e] =
1

2
(σ+ + σ−)(v+ − v−)

ρC[e] = −
1

2
(σ+ + σ−)[v] =

1

2
(σ+ + σ−)C[ε]

ρ[e] =
1

2
(σ+ + σ−)[ε]

(2.4)

2.2. Acceleration-displacement equation for the protected product

During impacting the packaging container, the cushioning material is usually constrained by
the outer shell. The cross-section area of the cushion layer can be taken as constant. In order to
analyse theoretically analyse the acceleration response of the protected product during impact
process, the packaging container is simplified as shown in Fig. 2. It only consists of the protected
product, cushioning material and target. The left subfigure shows the undeformed state of the
packaging container at the initial moment. The middle subfigure represents the deformation state
of the packaging container at a certain moment t. The right subfigure represents the deformation
state of the packaging structure at a certain moment t + ∆t. Ma, ρ0 and A are mass, density
and section area of the cushioning material in the original stage, respectively. σd and ρD are
stress and density of the cushioning material in the densification stage, respectively. Mb is mass
of the protected product and C is the stress wave propagation speed in the cushion material.
It is assumed that the cushion material is compressed into the densification layer in the impact
process. The white and blue areas denote the uncompacted part and the densification part of
the cushion material, respectively.

Fig. 2. Drop model of the packaging container

The variables ahead the wave front are as follows

v+ = Vt ε+ = 0 σ+ = σp ρ+ = ρ0 (2.5)
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The variables behind the wave front are

v− = 0 ε− = εD σ− = σd ρ− = ρD =
ρ0

1− εD
(2.6)

where σd represents the dynamic stress. Based on Eqs. (2.2), (2.3), (2.5) and (2.6), the equations
[σ] = −ρC[v] and Vt = −C[ε] can be expressed as

σp − σd = −ρ0C(Vt − 0) = −
ρ0V

2
t

εD
σd = σp +

ρ0V
2
t

εD
(2.7)

The length of the undeformed zone is as follows

L = L0 − ut − x (2.8)

In Fig. 2, the porous cushioning material with initial length ut + x is compressed into the
densification layer with length x. The strain εD can be defined as the ratio of the reduced length
to the original length

εD =
ut

ut + x
x =
1− εD
εD
ut

ut + x = ut +
1− εD
εD
ut =

ut

εD

(2.9)

According to Eq. (2.8) and Eq. (2.9)3, the following equation can be given

dL

dt
= −
d(ut + x)

dt
= −

1

εD

dut

dt
= −
Vt

εD
(2.10)

Based on displacement continuity and conservation of momentum and energy, the internal energy
of the packaging container is constant. The compression of the porous cushioning material results
in a change of internal energy ∆EU . If the reduced length is ∆L, the internal energy variation
is as follows

∆EU = EU2 − EU1 = ρ[e]A∆L =
1

2
(σd + σp)[ε]A∆L =

1

2

(

2σp + ρ0
V 2t
εD

)

(0− εD)A∆L

= −
(

σp +
ρ0V

2
t

2εD

)

εDA∆L

(2.11)

The compaction part of the cushioning material has velocity 0, while the velocity of the
protected product and the uncompressed part of the cushioning material is Vt. The change in
kinetic energy ∆EK of the packaging container can be obtained by following equations

∆EK = EK2 − EK1 =
1

2
{Mb + ρ0(L+∆L)A}(Vt +∆Vt)

2 −
1

2
(Mb + ρ0LA)V

2
t

=
1

2
Mb(∆V

2
t + 2Vt∆Vt) +

1

2
ρ0LA(∆V

2
t + 2Vt∆Vt) +

1

2
ρ0∆LA(Vt +∆Vt)

2

=MbVt∆Vt + ρ0LAVt∆Vt +
1

2
ρ0∆LAV

2
t +O{(∆V

2
t + 2∆L∆Vt +∆L∆V

2
t }

(2.12)

Ignoring higher order infinitesimals, the formula is simplified to

∆EK =MbVt∆Vt+ ρ0LAVt∆Vt+
1

2
ρ0∆LAV

2
t =
1

2
{2Vt(Mb+ ρ0LA)∆Vt+ ρ0V

2
t ∆L} (2.13)

The total energy change of the packaging container is zero, as in the following

∆EU +∆EK = 0 ∆EK = −∆EU (2.14)
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The packaging container energy conservation equation is expressed as

MbVt∆Vt + ρ0LAVt∆Vt +
1

2
ρ0∆LAV

2
t =
(

σp +
ρ0V

2
t

2εD

)

εDA∆L (2.15)

Then, Eq. (2.8) and Eq. (2.9)1 can be written as

MbVt∆Vt + ρ0(L0 − ut − x)AVt∆Vt +
1

2
ρ0∆LAV

2
t = σpεDA∆L+

1

2
ρ0V

2
t A∆L

MbVt∆Vt + ρ0
(

L0 −
ut

εD

)

AVt∆Vt = σpεDA∆L
(2.16)

Equation (2.16)2 is divided by dt and the limit of dt is close to 0. The acceleration-displacement
equation of the protected product is obtained

(

MbVt + ρ0L0AVt −
ρ0A

εD
utVt

)dVt

dt
= σpεDA

dL

dt
(2.17)

According Eq. (2.10) and Eq. (2.17), the following equation can be obtained

(

MbVt + ρ0L0AVt −
ρ0A

εD
utVt

)dVt

dt
= −σpεDA

Vt

εD
(

Mb + ρ0L0A−
ρ0A

εD
ut

)

at = −σpA

(2.18)

and

at =
σpεD

ρ0ut −mεD − ρ0L0εD
m =

Mb

A
(2.19)

Taking parameter symbols of I, J and K into account, Eq. (2.19)1 is equivalently expressed as

a =
I

Ju−K
(2.20)

and

I = σpεD J = ρ0 K = mεD + ρ0L0εD (2.21)

Based on acceleration-displacement Eqs. (2.20) and (2.21), one can conclude that acceleration
of the protected product is related with density, compact strain, and platform stress of the
cushioning material. The acceleration-displacement equation of the protected product can be
calculated by the parameters of I, J and K. I is the combination of the platform stress and
compact strain, which is the maximum energy absorption per unit volume of the cushioning
material. J is density of the cushioning material. K depens on the compact strain, density,
section area, original length of the cushioning material, and the protected product mass.

3. Numerical validation of theoretical model

To verify the theoretical model in Eq. (2.20), three polymer foam cushioning materials (EPS,
FPUF, RPUF) are selected for the packaging container. The geometric dimensions of the pack-
aging container are shown in Fig. 3. The container shell is made of aluminium. The inner and
outer diameters of the shell are 72mm and 78mm, respectively. The protected product is a steel
cylinder. The diameter and height are 72mm and 78mm. The two cushioning layers are with
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Fig. 3. Geometric diagram of packaging container

Table 1. Geometric paraneters of the packaging container

Parameter
Diameter Height Thickness
[mm] [mm] [mm]

Outer shell 78 130 3

Protected product 72 78 –

Cushioning layer 72 20 –

the same size. The diameter and height of the cushioning layer are 72mm and 20mm. Detailed
geometrical information is given in Table 1.

Taking density of the protected product as 7810 kg/m3, then area density is 609.18 kg/m2.
The densities, equivalent platform stresses and compaction strains of EPS, FPUF and RPUF
are cited from the references of Zhang et al. (2022, 2023). The initial impact velocity of the
packaging container is 9.8m/s. The parameters I, J , K for EPS, FPUF, and RPUF at the
strain rate of 100/s are calculated by Eqs. (2.21), see Table 2.

Table 2. Cushioning material mechanical properties and design parameters

Material
Density Platform Compaction

I J K
[kg/m3] stress [MPa] strain

EPS-100/s 43.5 0.566 0.660 373390 43.5 402.633

FPUF-100/s 77.8 0.045 0.560 25431 77.8 342.012

RPUF-100/s 125.6 2.417 0.630 1522518 125.6 385.366

The finite element model of the packaging container is shown in Fig. 4. The material of
the protected product and the target plate is steel. The container shell is made of aluminium.
The mechanical properties of packaging container materials are shown in Table 3. An elastic-
plastic constitutive model is adopted to describe mechanical behaviour of steel and aluminium.
A crushable foam model is adopted to describe mechanical behaviour of EPS and RPUF. The
mechanical behaviour of FPUF is described by the hyperfoam constitutive model. The com-
pressive stress-strain curves of EPS, FPUF, RPUF at the strain rate of 100/s are shown in
Fig. 5.

Figure 6 shows von Mises stress and equivalent plastic strain of the packaging container
when the protected product velocity is 0. The packaging containers of FPUF, RPUF exhibit the
highest and lowest equivalent plastic strain, respectively. It indicates that FPUF was a lower
energy absorption, and energy absorption capacity of RPUF is stronger. The whole cushioning
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Fig. 4. Finite element model of the packaging container

Table 3. Material properties of the packaging container

Material
Density Elastic Poisson’s Yield stress
[kg/m3] modulus [MPa] ratio [MPa]

Aluminium 2700 69000 0.30 290

Steel 7810 212000 0.30 460

EPS-100/s 43.5 9.29 0.01 –

FPUF-100/s 77.8 0.91 0.01 –

RPUF-100/s 125.6 45.30 0.01 –

Fig. 5. Compressive stress-strain curves of cushioning materials

layer of FPUF is compacted, which results in that the kinetic energy of the protected product
can not be absorbed fully by the cushioning material in the impact process. The cushioning
material EPS has with a moderate energy absorption capacity. The numerical results show
partial compaction of the EPS cushioning layer. In contrast, RPUF has a higher platform stress,
which induces the highest energy absorption in the impact process.

The plastic platform stress is taken as constant in the deformation process in Eq. (2.20). The
theoretical expression is only feasible in the platform stress stage, namely the protected product
displacement is less than l0εD. The expression is not suitable in the compaction stage. Figure 7
is the displacement-time curve comparison of the protected product by theoretical calculation
and numerical simulation, respectively. It shows that the cushioning layers of EPS and FPUF
are fully compacted in the drop impact process. The results of theoretical analysis and numerical
simulation are consistent before the compaction stage, which verifies reliability of the theoretical
analysis.
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Fig. 6. Von Mises stress and equivalent strain of the packaging container: (a) EPS stress, (b) EPS
plastic strain, (c) FPUF stress, (d) FPUF plastic strain, (e) RPUF stress, (f) RPUF plastic strain

Fig. 7. Displacement-time curve comparison of the protected product by theoretical analysis and
simulation: (a) EPS, (b) FPUF, (c) RPUF

For the RPUF cushioning material, the theoretical result is not consistent well with that
of simulation in the large deformation stage. An assumption of the cushioning material with
constant platform stress until reaching the densification stage is made. It means that elastic
energy absorption is small and can be ignored comparing to the plastic deformation energy.
Being different from EPS and FPUF, the elastic energy absorption of RPUF is relatively larger.
It induces a discrepancy between the theoretical analysis and numerical simulation, which is
increases with growth of the deformation.
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4. Influence of the strain rate on the impact protection effectiveness under the

lateral constraint condition

Polymer foam materials are usually sensitive to the strain rate (Hwang et al., 2020; Tateyama et
al., 2016). In order to investigate the influence of the strain rate on the impact protection effec-
tiveness of the cushioning material under the lateral constraint condition, packaging container
(see Fig. 3) with initial impact velocity 9.8m/s is analysed. During the packaging container im-
pact process, the strain rate of the cushion layer is taken as constant. The mechanical properties
of cushioning materials under different strain rate conditions are substituted into the theoretical
model. The effect of strain rate on the impact protection effectiveness of cushioning materi-
als under the lateral constraint condition is analysed. The stresses and compaction strains of
EPS, FPUF and RPUF at strain rates of 1/s, 10/s, and 100/s are cited from the preliminary
work (Zhang et al., 2022, 2023). The parameters I, J , K of the three cushioning materials are
calculated by Eqs. (2.21), see Table 4.

Table 4. Cushioning material design parameters at different strain rate conditions

Material
Density Platform Compaction

I J K
[kg/m3] stress [MPa] strain

EPS-1/s 43.5 0.415 0.660 273902 43.5 402.633

EPS-10/s 43.5 0.466 0.660 307291 43.5 402.633

EPS-100/s 43.5 0.566 0.660 373390 43.5 402.633

FPUF-1/s 77.8 0.025 0.560 13744 77.8 342.012

FPUF-10/s 77.8 0.034 0.560 19125 77.8 342.012

FPUF-100/s 77.8 0.045 0.560 25431 77.8 342.012

RPUF-1/s 125.6 2.029 0.630 1278195 125.6 385.366

RPUF-10/s 125.6 2.256 0.630 1421101 125.6 385.366

RPUF100/s 125.6 2.47 0.630 1522517 125.6 385.366

The energy absorbing capacity of the cushioning material and the maximum acceleration of
the protected product are applied to evaluate the impact protection effectiveness of the packaging
container. The acceleration of the protected product is equivalent to the stress propagating to
the protected product. For the protected product safety, the stress is not allowed to exceed the
bearing limit of the product material. A greater energy absorption of the cushioning material
induces a lower acceleration of the protected product, which brings a better impact protection
of the packaging container.

Figure 8 shows the displacement-time and velocity-time curves of the protected product
found by theoretical calculations. The residual velocity of the protected product decreases with
the increasing strain rate at the three strain rate conditions. It indicates that a high strain
rate enhances the energy absorbtion of the three cushioning materials under lateral constraint
conditions. Comparing with EPS and FPUF, the velocity of the protected products in RPUF
containers is lower. It means that the EPS and FPUF cushioning layers are fully compacted,
and the RPUF cushioning layer is partly compacted in the impact condition.

Figure 9 shows the maximum acceleration of the protected product during the packaging
container impacting process. It is evident that a higher strain rate results in a higher acceleration
of the protected product. The cushioning layer exhibits greater energy absorption at higher
strain rate conditions. However, a higher strain rate loading brings leads to a higher stress of the
protected product. The energy absorption and allowable stress should be considered designing
in the packaging container.
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Fig. 8. Theoretical results for the packaging container: (a) EPS displacement, (b) FPUF displacement,
(c) RPUF displacement, (d) EPS velocity, (e) FPUF velocity, (f) RPUF velocity

Fig. 9. Maximum acceleration of the protected product

5. Finding the cushioning material thickness in the packaging container

Once the cushioning material in the packaging container is compressed into the densification
state, the internal space of the cushioning material is filled, and the stress increases sharply.
For a high performance cushioning material, the platform stress should be stable under a
large deformation condition. According to Eq. (2.20), the acceleration of the protected prod-
uct in the packaging container increases with growing displacement. For ideal cushioning de-
sign, the cushioning material should be with little compaction rather than full compaction
when the protected product reaches the maximum displacement. The maximum displacement is
given as

umax = εDL0 (5.1)
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Taking Eq. (2.20) and Eq. (5.1) into account, the maximum acceleration amax of the protected
product is expressed as

amax = −
I

K − Jumax
= −

σpεD

mεD + ρ0L0εD − ρ0εDL0
= −
Aσp

mb
(5.2)

When the maximum acceleration is less than the allowance value of the protected product, the
thickness of the cushioning material is given as follows

T = Cmin
Hg

amax
= Cmin

Hgmb

Aσp
(5.3)

Cmin represents the minimum cushioning coefficient, H is the allowance drop height for the
packaging container, and g is the gravity acceleration. Table 5 shows the minimum cushioning
coefficients of EPS, FPUF and RPUF at strain rates of 1/s, 10/s and 100/s obtained from
experimental tests (Zhang et al., 2022, 2023). Based on the protected product (see Fig. 3, the
mass is 2.45 kg and the section area is 4069mm2) and the platform stresses in polymer foam
materials (Table 3), the minimum cushioning coefficients of polymer foam materials are presented
in Table 5. The theoretical minimum thickness of the cushioning materials under the impact
condition of 9.8m/s is listed in Table 6. It is contributed to optimize the cushioning layer in the
packaging container and to enhance the impact protection performance.

Table 5. Minimum cushioning coefficient of the cushioning material

Strain rate 1/s 10/s 100/s

Minimum cushioning coefficient for EPS 2.323 2.429 2.369

Minimum cushioning coefficient for FPUF 3.324 3.239 3.056

Minimum cushioning coefficient for RPUF 2.380 2.369 2.215

Table 6. Theoretical design thickness of the cushioning material

Strain rate 1/s 10/s 100/s

Thickness for EPS [mm] 167 156 125

Thickness for FPUF [mm] 4042 2831 2009

Thickness for RPUF [mm] 35 31 27

6. Conclusion

• Based on the stress wave theory and energy conservation law, a theoretical model for
packaging containers during the drop impact is proposed. The acceleration-displacement
equation of the protected product is derived. It indicates that the product acceleration is
affected by the cushioning material density, compaction strain, and platform stress.

• The displacement-time variation of the protected product in packaging containers filled
with cushioning materials EPS, FPUF and RPUF, respectively, is obtained by theoretical
analysis and numerical simulations. The two approaches achieve consistent results.

• Combining the acceleration-displacement equation of the protected product and the me-
chanical properties of EPS, FPUF, RPUF under different strain rates, the influence of
the strain rate on the impact protection effectiveness of cushioning materials under the
lateral constraint condition is analysed. It shows that a high strain rate brings container’s
improvement of the ultimate bearing capacity of the container, but induces higher stress
in the protected product.
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• The formula for thickness determination of the cushioning material is derived. The opti-
mum thickness of the cushioning material is related with impact velocity, bearing area,
and protected product mass.
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