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The Effects of Seat Racks and Buffer Materials
on Floating Packaging Parts Swing and
Overturning Safety

Dapeng Zhu, Chenghu Wu

Abstract—Two measures, namely using a support frame and
cushioning materials, are employed to improve the
sway-overturn safety of the floating packaging. The packaging
is placed on the support frame, with viscoelastic bearings
installed beneath the frame. A two-degree-of-freedom motion
equation for the packaging and support frame under impact
excitation is developed, and a numerical analysis method for the
sway motion of the packaging and the horizontal motion of the
support frame is established. Dimensional analysis is used to
study the factors affecting the sway-overturn safety of the
packaging.To further improve the sway-overturn safety of the
packaging, cushioning materials are applied to the support
frame. A three-degree-of-freedom motion equation for the
support frame and packaging under impact excitation is
constructed, and a numerical analysis method for the support
frame's sway, vertical, and horizontal motion is established. The
analysis results show that the excitation waveform influences
the effectiveness of the support frame. Under half-sine
excitation, the support frame is beneficial to safety
improvement. Under full-sine excitation, when w.}p is large, the
support frame improves safety. In contrast, when w./p is low,
the support frame decreases safety. Reducing the elastic
coefficient of the bearings is beneficial for improving safety.
Under half-sine excitation, increasing the bearing damping
coefficient reduces safety. When w.p is high, cushioning
materials are highly effective in improving safety.

Index Terms—Afloating packaging,
support frame, cushioning materials

sway-overturn safety,

1. INTRODUCTION

NSURING packaging safety during transport under

various load conditions is a core issue in transportation
packaging. Researchers mainly focus on packaging safety
under drop impact and random vibration loads [1-3]. The
findings are of significant theoretical value for improving
packaging transportation safety, enhancing packaging design,
and improving packaging testing methods. In engineering
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practice, many large goods or packaging, such as large
electromechanical products and prefabricated building
components, cannot be effectively reinforced due to
constraints such as loading efficiency, labor costs, and
reinforcement conditions. These packaging must be floated
during transport on vehicles or containers. During transport,
under the influence of vibration and shock loads, these
floating packages will sway, and if the swaying angle
exceeds a certain limit, the packaging will overturn. The
overturning of packaging causes damage to goods and often
leads to vehicle damage, traffic accidents, and other serious
consequences. Therefore, studying the sway phenomenon of
floating packaging during transportation is of significant
practical importance for packaging transportation safety.
Research on the sway problem of floating packaging in
transportation packaging is still limited. The sway of floating
packaging during transport can be modeled as the swaying
problem of a rigid mass block under bearing excitation. This
problem has attracted significant attention in earthquake
engineering and cultural heritage preservation fields.
Housner GW [4] proposed modeling buildings as rigid mass
blocks and established the inverted pendulum motion
equation for the swaying of mass blocks. References [5-8]
have proposed dynamic response analysis methods for rigid
mass blocks under various shock loads and established
overturning boundary curves for rigid mass blocks, providing
the basis for the sway-overturn safety analysis of packaging.
Charalampakis A E et al. [9] comprehensively considered the
forced and free responses of rigid mass blocks under shock
loads and constructed the overturning conditions for rigid
mass blocks under shock excitation. Although the swaying of
rigid mass blocks is structurally simple, it belongs to a
piecewise smooth nonlinear system with collisions,
exhibiting rich dynamic characteristics under certain
conditions. References [10,11] explored various dynamic
characteristics of rigid mass block swaying and analyzed the
conditions under which various dynamic phenomena occur,
focusing on the dynamic phenomena affecting the
overturning of mass blocks. Due to the negative stiffness
characteristics of swaying structures and their self-resetting
ability, using appropriate swaying structures in bridges and
buildings can improve the seismic resistance of systems
[12,13]. The swaying response of rigid mass blocks is often
difficult to analyze directly. Brzeski Pet al. [14] used the
Runge-Kutta method to analyze the swaying of rigid mass
blocks. However, this method has the disadvantages of low
analytical efficiency and high computational costs. Sieber
Met al. [15] used numerical analysis methods to analyze the
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correlation between the maximum swaying angle of rigid
mass blocks, overturning risks, and seismic load indicators.
The analysis showed that using the peak velocity of the load
could effectively predict the maximum swaying angle of the
rigid mass block. To efficiently analyze the swaying response
and overturning risk of rigid mass blocks, references [16-18]
used neural networks, machine learning, and other methods
to construct models for the swaying response of rigid mass
blocks. Although these models require a large amount of
simulation or experimental data during the training process,
once established, these intelligent models can quickly predict
the maximum swaying angle of the rigid mass block, whether
it will overturn, etc. These models can also reveal the key
factors affecting rigid mass blocks' swaying characteristics.

During the transportation of large packaging, to avoid
heavy load concentration and improve transportation safety,
the packaging is usually placed on a support frame, and both
the packaging and the support frame are placed in a vehicle or
container for transport. This paper uses two commonly used
engineering vibration reduction measures to reduce the
swaying response of floating packaging during transportation
and decrease the overturning risk of packaging: (1) Installing
viscoelastic bearings between the support frame and the
vehicle. Under the longitudinal load of the vehicle, the
bearing undergoes longitudinal deformation, absorbing part
of the load energy and reducing the packaging’s response; (2)
Laying cushioning materials on the support frame, which
absorb part of the energy during the packaging’s motion,
reducing the packaging’s response. To study the effect of
these two measures on the sway-overturn safety of packaging,
this paper constructs a response analysis method for floating
packaging support under shock loads. It investigates the
effect of viscoelastic bearings and cushioning materials on
the sway safety of packaging.It analyzes the impact of the
support frame, bearing, and cushioning material
characteristics on packaging sway safety. The research in this
paper provides important theoretical guidance for designing
cushioning measures for floating packaging and improving
transportation safety.

II. THE DYNAMIC CHARACTERISTICS OF STAND AND
FLOATING PACKAGING PARTS

To improve transportation safety, the floating packaging is
placed on a support frame for transport, with viscoelastic
bearings installed between the support frame and the vehicle,
as shown in Fig. 1. It is assumed that there is no relative
sliding between the packaging and the support frame, and
that after a collision between the packaging and the support
frame during the swaying process, no rebound occurs. Under
the longitudinal acceleration i, of the vehicle, the packaging

and support frame may exhibit two types of motion modes: (1)
simultaneous lateral movement, and (2) the packaging sways
on the laterally moving support frame. The motion of the
support frame and the packaging can be described using the
variables u and 6, where u is the displacement of the support
frame relative to the vehicle, 6 is the swaying angle of the
packaging, as shown in Fig. 1. It is assumed that the
packaging is homogeneous and symmetric, with a height of

2h, a width of 2b, R=+Ah*+b* and a mass of m. The
rotational inertia of the packaging about its center of mass
point C'is Ic, and tano. = b/h. The mass of the support frame is
myp. When the support frame moves to the right, it is assumed
that u > 0, and when the packaging rotates clockwise, 6 > 0.
Under the influence of i, the packaging will not sway when

the condition | &, + u |< gb / h is met. The acceleration

due to gravity is g = 9.8 m/s%. The motion equations for the
packaging and the support frame are as follows:

2b
|
16
|
: 2h
(0 u
Bearin UBROL Crame
| |Vehicle
>

Fig.1 .Model for the motion of package and rigid pedestal.

(m+m,)u, +u)+ku+cu=0 (1)

Where k5 and ¢, are the equivalent elastic coefficient and
damping coefficient of the bearing, respectively. Define the

k c .
param o, = *— and {, =——>——, then Equation
m+m, » 20,(m+m,)

(1) simplifies to:

ii+2§ba)bit+a)b2u=—iig ()
When |ug +ii| > gb/h is reached, the packaging swells on

the moving support frame. Considering the force balance and
torque balance in the horizontal direction, and applying
D'Alembert's principle, the motion equations for the
packaging and the support frame are constructed as follows:

(m+m,)u+u,)+ku+cu

+mR cos(a — sgn(@)é’)é + mRsin(sgn(6)a — 9)6’2 =0

A3)
(IC +mR? )0 +mR cos(ar —sgn(0)0)(ii +ii,) @
+ mgRsin(sgn(@)a —0) =0
Define the parameters p =, ’3_g and y = m . Then,
4R m+my

Equations (3) and (4) can be simplified as follows:

P 24, @1 — w;u+ p yR cos 4, sin A, — yRsin Azéz i

4

_ &)

b pzcosAl/g<2§ba)bu +ju+ p’yRsin Azez)— p’sin 4,
1—p2}/RCOS2A1/g

1- p’yReos’ 4, /g

(6)
Where: 41 = a - sgn(6), A2 = sgn(f)a - 6. To analyze the
motion of the packaging and the support frame using the
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Runge-Kutta method, the state vector is constructed as
follows: A, with T representing the transpose of the vector.
Taking the derivative of the state vector y(t) gives:

yo=livy 6w i d0f @

Equations (5) to (7) represent the coupled differential
equations for u and 6, which can be solved using the classical
Runge-Kutta method.

When the packaging sways on the support frame, at 6 =0,
the packaging and the support frame collide. Due to the
conservation of the instantaneous angular momentum of the
packaging about point O before and after the collision, the
following can be obtained:

1,0° —2mRbsina® +mhi~ =1,0" + mhi* ®)

The superscripts - and + represent the instantaneous values
before and after the collision, respectively. /o is the rotational
inertia of the packaging about point O or point O’
Additionally, considering the conservation of linear
momentum before and after the collision between the
packaging and the support frame, the following can be
obtained:

(m+m)i~ +mhO =(m+m,)i" +mh" )
By combining Equations (5) and (6), the relationship
between the changes in the motion states of the packaging

and the support frame before and after the collision can be
obtained:

2
0 — (y+4)cot"a—-2(y+1) o

5 (10)
(y+4)cot" a+4(y +1)
ut=u + f”’ 0 (11)
(y +4)cot” a+4(y+1)

III. THE DYNAMIC CHARACTERISTICS OF THE SEAT AND
FLOATING PACKAGING PART OF THE BUFFER MATERIAL

In engineering practice, cushioning materials can be laid
on the support frame to further improve the safety of the
floating packaging. An accurate model of the cushioning
material must be constructed to study the impact of the
cushioning material on the safety of the packaging.
Commonly used models include the Winkler model [19,20],
the Hunt-Crossley nonlinear collision model [21], and the
Hertz contact model [22]. In this study, the Winkler model is
used to analyze the effect of cushioning material properties
on the safety of the floating packaging. The Winkler model
represents the cushioning material laid on the support frame
as a continuously distributed linear spring and damper, as
shown in Fig. 2. After the longitudinal load i, from the

vehicle is applied to the support frame, the packaging placed
on the cushioning material will exhibit swaying motion and
vertical motion relative to the support frame. It is assumed
that the vertical displacement of the midpoint B at the bottom

of the packaging is zg. When point B moves downward, zz > 0.

Applying D'Alembert's principle and considering the vertical
force and torque balance at point B, the following
relationship can be obtained:

2b

0’ u

Bearin% Support Frame
| | Vehicle

«—>
Ug

O

Fig.2. Model for the motion of package and pedestal paved with
cushion material.

m, + mh(é2 cos @ + 6 sin 9)+ Fy—mg=0 (12)

(I +mh*)0 + mhii, cos @ + mh(Z, — g)sin @ "
+M g+ mhii, cosf =0 (13)
Here, F'3 and Mp represent the concentrated contact force and
torque exerted by the cushioning material on the packaging at
point B during the interaction between the cushioning
material and the packaging. Additionally, the motion
equations of the packaging and the support frame relative to
the vehicle are determined by Equation (3). Using the
Winkler model to characterize the properties of the
cushioning material, the vertical contact force F between the
packaging and the cushioning material can be expressed as
follows:
F(n,t)=kz(n,t)+cz(n,t) (14)
Here, k and c represent the elasticity and damping properties
of the cushioning material, respectively. # is the distance
from the bottom of the packaging to point O, and z(#,?) is the
vertical displacement of the bottom of the packaging at time ¢,
at a distance # from point O. According to Fig. 2, in Equation
(14), the displacement and velocity at any point on the bottom
of the packaging can be expressed as follows:

z(n,t) =z, —1nsind (15)

(16)

Here, zo and Z, represent the vertical displacement and

z(n,t)=:z, — n0cosf

velocity at point O: zo = zp + bsinf. When the packaging
sways on top of the cushioning material, if & is small, the
bottom of the packaging and the cushioning material are in
full contact. When 8 is large, part of the bottom of the
packaging and the cushioning material will lose contact. In
these two cases, the contact force F and contact torque Mz
generated during the interaction between the packaging and
the cushioning material can be expressed as follows:

When zz > b sin|f], the bottom of the packaging is in full
contact with the cushioning material, as shown in Fig. 3, then:

2b .
F, = jo F(.t)dn =2blkz, +cz,)  (17)

2b
My = [ FGp.0(b~1)cos B

5 | (18)
= §b3 cos H(k sin@ + cH cos 0)
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Fig.3. Condition of full contact of package with cushion material.
When zp < b sin|6|, the bottom of the packaging makes

partial contact with the cushioning material, as shown in Fig.
4, then:

Fig.4 . The packaging and the cushioning material are in partial
contact.

F,= J‘:z F(n,t)dn = %bzk sin&sgn 6+

Zp

1 z .
kz, (b-'—gsirfe sgn9j+c23 (b+

sgn HJ (19)

sin @

2
+Lcbooso b L ,Z’g sgn @
2 2 sin” @

M, = [ F.0(6-)cos =< bkcosOsing

2

2
+%k2300519(b2—l Zs Jsgné’

3 sin
2 (20)
+lcz' cosd| b — & sgn @
27 sin® @
| z
+—c@cos’ 0| b* +—2—sgn 6
3 sin” 6

The integration limits #; and #> differ when >0 and 6 <0,
and their expressions are listed in Fig. 4.
By combining Equations (3), (12), and (13), the following
can be obtained:

Q6 = »? -M,+Rcosa @
-7 (FB sin9+mcosﬁ(® +RO? cosasin&))

iiz—d)—(RycosAl)é—ijg (22)
. .. F
Z, = —h(92 cos @ + Osin 0)+;B+ g 23)
Among them:
—»’R
Q=mr ;¥ | e
(sm a —ycosacosfcos A —cos” asin 9)

® = 2¢wu + w*u + Ry sin 4,0° (25)
Construct the motion state vector for the support frame
with the cushioning material laid on it and the packaging

YO =) 0@) z,(0 a0 6@y z,0)].

Taking the derivative of the state vector ¥(t) gives:

vo=li 6w 2,0 i 60 0] @6
According to Equations (21) to (26), the Runge-Kutta
method can be used to analyze the motion responses u(?),
6(f) , and zp(f) of the packaging and the support frame with
cushioning material.
During the collision process, the system”’ s kinetic energy
and potential energy satisfy:
%100'2 +%(m +m, )i’ = mgh(1-cos )+ ;—kbuz Q7
Here, Io is the moment of inertia of the packaging about
the pivot point O, and # is the height of the center of mass.
When considering the nonlinear properties of the
cushioning material, Equation (14) is modified as follows:
F(n,t) = kz(n,t) +c2(n,t) + Bz(n,1)° (28)
It is recommended that footnotes be avoided (except for
the unnumbered footnote with the receipt date on the first
page). Instead, integrate the footnote information into the text
and the reference part.

IV. THE EFFECTS OF RACKS ON FLOATING PACKAGING
PARTS AND SWAYING AND OVERTURNING SAFETY

First, without considering the cushioning material, the
impact of the support frame characteristics on the packaging's
sway and overturning safety is studied. The packaging is
placed on the support frame, and under the vehicle's
acceleration load i, the responses of the packaging and the

support frame are divided into two stages:

(1) At point [u, +u|<gb/h , the packaging and the
support frame move together in thehorizontally. According to
Equation (2), the Runge-Kutta method analyzes the
packaging and the support frame's horizontal displacement
response u(?).

(2) At point |, +ii|>gb/h , the packaging begins to
sway on the support frame. Based on Equations (5) to (11),
and considering the velocity and displacement of the support
frame when the packaging starts to sway, the Runge-Kutta
method is used to analyze the sway response 6(¢) of the
packaging and the horizontal displacement response u(f) of
the support frame.

Assuming the amplitude of the vehicle excitation is a. »
and the frequency is w., according to Equations (5) and (6),
during the motion of the support frame and packaging, their
responses u(f) and 6(¢f) are functions of eight variables,
namely:

u(t)= f,(p.a.g,0,.¢,.7.a,,0,) (29

00 = f,(p.a.g.0,.¢,.7.a,,0,)  (30)

Due to the many factors affecting the packaging's sway
response, to analyze the main factors influencing the sway
response, the variables in Equations (26) and (29) are
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expressed in terms of length L, time 7, and angle ®. The
dimensional representation of each variable is as follows: [6]
=0, [u] =L, [p]=T",[a] =0, [g] =LT? [wp] =T, [{] is
dimensionless, [y] is dimensionless, [a.] = LT 72, [ws] = T
According to the IT theorem proposed by Buckingham
[23]and by analyzing the dimensional homogeneity and
balance [23,24], the responses u(¢) and (¢) are determined by

the following eight dimensionless parameters [25]:
2
I, :&’Hz = 06,11, :&»H4 =,
a

e e

€2))

I, =y,I1 :&,IL =tana,ll; = 4.
p g

Based on the results of the dimensional analysis and
Equation (31), by using I16 as the horizontal coordinate and
I18/T17 as the vertical coordinate, the boundary curve for
packaging overturning under different I13 conditions can be
analyzed. Taking half-sine and full-sine impact excitations as
examples, the packaging responses are analyzed using the
Runge-Kutta method according to Equations (5) to (11). The
basic parameters of the packaging and the support frame are
shown in Table I , and the packaging sway overturning
boundary curve is shown in Fig. 5.

TABLE I PARAMETERS VALUE IN THE EXAMPLE

Parameter m R y o« Wp/we We &
0.
1 0.5~2.0 20 1. 1/2. 5~30

Value ®  (m) LN radisy !

—No Seat Frame* ) _

L Wy we=1 ____m;g;%t Frame
5 80 Whwe=112 20 - wywe=112 /.
c Wy we=1/3 . / 5 wylwe=1/3 -
8 S © s
(o)} -
® S10

0

5 10 0 5 10
we/p
(a) (b)

Fig. 5. Packaging sway overturning boundary curve placed on the support
frame: (a) half-sine excitation, (b) full-sine excitation.

Fig. 5(a) shows that the support frame can effectively
increase the packaging's overturning boundary under
half-sine excitation. The softer the support frame beneath
(smaller wp/wwe), the better the packaging’s resistance to
overturning. Under full-sine excitation, without the use of the
support frame, the packaging exhibits two overturning modes:
when w.p is small, the packaging overturns after one
collision with the support frame; when w.p is large, the
packaging starts swaying and then directly overturns. After
installing the support frame, under full-sine impact excitation,
the packaging only exhibits one overturning mode: the
packaging starts to sway on the support frame and then
directly overturns. When w./p is small (i.e., when the
vibration excitation period is extended or the packaging size
is small), installing the support frame improves the
packaging's sway overturning safety. When w./p is large (i.e.,
when the vibration excitation period is short or the packaging
size is large), installing the support frame decreases the
packaging's sway overturning safety. A softer support frame

(smaller  wp/w.) 1is
sway ,overturning safety.

By changing the parameter y in Table I while keeping other
parameters constant, the effect of different y values on the
packaging's sway overturning boundary is analyzed. The
results are shown in Fig. 6. From Fig. 6; it can be seen that
increasing the support frame's mass m; and reducing y can
effectively improve the packaging's sway overturning safety.
This measure is effective under both half-sine and full-sine
excitation conditions. Therefore, when cost permits, it is
advisable to select a heavier support frame to improve the
packaging's sway overturning safety.

improves the  packaging’s

200 30 .
—y=0.8 ' —y=0.8
150, — V=06 <A —--y=06
g ”V=O4 "/’/ 220 "V=0.4
8100l Y702 NS y=0.2
° S
& ©10
50
0 0
O 0 Ty, 0
@) (b)

Fig. 6. Effect of y on the packaging's sway overturning boundary: (a)
half-sine excitation, (b) full-sine excitation.

By changing the parameter {; in Table I while keeping
other parameters constant, the effect of different {; values on
the packaging's sway overturning boundary is analyzed. The
results are shown in Fig. 7. From Fig. 7, the effect of the
support damping coefficient £ b on the packaging's sway
overturning safety varies under different impact excitation
waveforms.Under full-sine excitation, increasing the support
damping coefficient helps improve the packaging's sway
overturning safety. However, increasing the support damping
coefficient reduces the packaging's sway ,overturning safety
under half-sine excitation. A heavier support frame (low y
value) enhances safety but increases material costs and the
vehicle's load burden. It is recommended that safety and
economy be balanced through lightweight design (such as
honeycomb aluminum structures). The stiffness adjustment
of elastic supports should match the vehicle's chassis
structure, and complex installations may reduce loading and
unloading efficiency. Modular support frame designs can
simplify on-site operations.

0 5 10 0 wlp 10
(@) (b)

Fig. 7. Effect of { on the packaging's sway overturning boundary: (a)
half-sine excitation, (b) full-sine excitation.

V. THE IMPACT OF BUFFER MATERIALS ON THE SAFETY OF
FLOATING PACKAGING PARTS AND SWAYING SAFETY

The packaging is placed on a support frame with
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cushioning material,and under impact excitation; the
packaging's response includes the following three stages:

(1) During the initial stage of impact excitation, the
horizontal response of the packaging and the support frame is

small. When |, +1ii|<gb/h occurs, the packaging and the

support frame move together horizontally. According to
Equation (2), the Runge-Kutta method is used to analyze the
horizontal response of the packaging.

(2) Atpoint| i, + |> gb/h , it swells while the packaging

moves horizontally with the support frame. In the initial
swaying stage, the sway response angle 4 is small. When zz>
b sin|d)|, the packaging and the cushioning material are in
complete contact. The force Fz and torque M3 exerted by the
cushioning material on the packaging are determined by
Equations (17) and (18). Substituting these into Equations
(21) to (23) and using Equation (26), along with the initial
displacement and velocity of the packaging and the support
frame when the packaging begins to sway, the Runge-Kutta
method is used to analyze the response of the packaging and
the support frame.

(3) As the sway response angle € increases, when zp < b
sin|f), the packaging and the cushioning material are in partial
contact. At this point, Equations (19) and (20) determine the
force FB and torque M3. Substituting these into Equations (21)
to (23) and using Equation (26), along with the initial state of
the packaging at this moment, the Runge-Kutta method is
used to analyze the response of the packaging and the support
frame.

Defining parameters @, =/k/m and ¢, =c/2ma, , the

sway motion equation of the packaging on the support frame
with cushioning material is constructed to analyze its sway
motion. The basic parameters are shown in Table I. Under
both half-sine and full-sine excitation, the sway overturning
boundary curves of the packaging under different w. and .
conditions are shown in Fig. 8 and Fig. 9.

300 g
— No CUshioning Material .-/, ——No Cushioning Material -/
---- We=80rad/s o 3001 4 =goradss ’ 7
& 2000 “’Cf50rad/5 5 s -- w.=50rad/s _,./;/
IS wc=20rad/s Bz £ 200 wc=20rad/s S
> ; 8 g2
Y = 57 Sy =0.1 7
< q00q 0T 7 2 100 & ,/;
% 5 10 % 5 10
we/p we/p

(a) (b)
Fig. 8. Effect of w. on the packaging's sway overturning boundary: (a)
half-sine excitation, (b) full-sine excitation.

3000 y — —
ichzgg‘]shioning Materij}j/ 300 i’\é::glfh'on'ng Materlj//
2000 =0.3 7 - (=0.3 ¥
g (=05 7 2 2001 - (=05 7
o 4 < 9
< 1000 we=50rad/s 7 o w=50radis ;7
® g < 100 7
P
e 0
0 wg/ 10 0 (UE;/ 10
@ ®

Fig. 9. Effect of (. on the packaging's sway overturning boundary: (a)
half-sine excitation, (b) full-sine excitation.

Figs. 8 and 9 show that installing cushioning material with

certain elasticity and damping on the support frame can
improve the packaging’ s sway overturning safety. When
w/p 1s small, meaning the load frequency is low, or the
packaging size is large, the cushioning material has a more
negligible effect on improving sway overturning safety.
When w./p is large, meaning the load frequency is high ,or
the packaging size is small, the cushioning material can
significantly improve the sway overturning safety of the
packaging. Comparing Fig. 8(a) and Fig. 8(b), under
half-sine excitation, the effect of the cushioning material on
packaging sway overturning safety is much higher than under
full-sine excitation.

From Fig. 9, it can be seen that increasing the damping
coefficient {. of the cushioning material can improve the
packaging ° s sway overturning safety. However, the
improvement is limited, especially under half-sine excitation,
where the damping coefficient {. has little impact on the
packaging's sway overturning safety. Therefore, when laying
cushioning material on the support frame, the elastic
properties of the cushioning material should be given primary
consideration. Additionally, the temperature and humidity
sensitivity of the cushioning material (e.g., polyurethane
aging) may affect long-term performance, so environmental
durability testing should be included when selecting
materials.

Based on the numerical analysis results, under full-sine
excitation, if the support frame is not installed, the packaging
may overturn in two modes: when w.p is small, the
packaging overturns after a reverse sway and collision with
the vehicle, and when w./p is large, the packaging directly
overturns after swaying. After installing the support frame
under full-sine excitation with different amplitudes and
frequencies, due to the buffering effect of the support frame,
the packaging ’
overturning mode: direct sway overturning. After laying
cushioning material on the support frame, under full-sine
excitation, the packaging may initially undergo reverse
swaying; however, after colliding with the support frame
during the reverse sway motion, the packaging will not
overturn, and only one overturning mode will exist: direct
overturning. Therefore, under full-sine excitation, the support
frame can change the packaging's sway motion and
overturning modes. After laying cushioning material on the
support frame, the cushioning material can alter the
packaging's sway motion mode, but it will not change the
sway overturning mode.

s sway motion will only exhibit one

VI. IN CONCLUSION

This paper proposes two measures to improve the sway
overturning safety of floating packaging during transport: (1)
placing the packaging on a support frame and installing
viscoelastic supports at the bottom of the frame; (2) laying
cushioning material on the surface of the support frame. The
motion equations for the packaging and support frame are
established to study the effect of the support frame on the
packaging’ s sway overturning safety. The motion equations
for the packaging and support frame with cushioning material
are developed to examine the effect of the cushioning

Volume S5, Issue 10, October 2025, Pages 3463-3470



TAENG International Journal of Applied Mathematics

material on the packaging’ s sway overturning safety. The
main conclusions of this study are as follows:

(1) Under different vehicle load conditions with varying
waveforms, the impact of the support frame on the
packaging’ s sway overturning safety differs. Under half-sine
load conditions, installing the support frame helps improve
the packaging’ s sway overturning safety. Under full-sine
load conditions, the support frame changes the packaging's
sway motion and overturning modes. When w.p is large,
installing the support frame helps improve sway overturning
safety. When wop is small, installing the support frame
reduces the sway overturning safety. Therefore, under
full-sine excitation, when the excitation frequency is low ,or
the packaging size is large, it is not advisable to transport
floating packaging with the support frame.In this case, it is
recommended that the floating packaging be reinforced to
improve sway overturning safety.

(2) The support under the support frame affects the sway
overturning safety of the floating packaging. The softer the
support, the higher the packaging’ s overturning safety. The
damping coefficient of the support has an entirely different
effect on sway overturning safety under different excitation
waveforms. Under full-sine excitation, increasing the
support” s damping coefficient improves the packaging”’ s
sway-overturning safety, whereas under half-sine excitation,
increasing the support damping reduces the packaging’ s
sway-overturning safety.

(3) Increasing the mass of the support frame (decreasing
the coefficient y) helps improve the packaging ’ s sway
overturning safety.

(4) Laying cushioning material on the support frame helps
improve the packaging’ s sway, overturning safety. When
ws/p 1is large, laying cushioning material significantly
improves the packaging’ s sway overturning safety. When
w/p is small, laying cushioning material still improves sway
overturning safety but to a lesser extent. This indicates that if
the impact load period is extended or the packaging size is
large, laying cushioning material on the support frame has a

limited effect on improving the packaging = s sway
overturning safety.
(5) Reducing the cushioning material's elasticity

coefficient and increasing its damping coefficient both help
improve the packaging’ s sway overturning safety, but the
damping coefficient's effect on overturning safety is small.

(6) The cushioning material on the support frame can
change the packaging's sway motion mode but not alter its
sway overturning mode.

(7) Future research directions: () Multi-physics coupling
modeling: A more detailed multi-body dynamics model
should be established considering the coupling effect of
flexible deformation of internal cargo and external excitation.
@) Intelligent control technology: Combining active damping
systems (e.g., magnetorheological supports) with real-time
feedback control to dynamically adjust support stiffness in
response to complex road conditions. 3 Standardized design
guidelines: Based on big data and machine learning, a
packaging-support frame parameter database should be
constructed to promote the development of industry design
standards.
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