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Abstract

With the increase in the frequency of modern people's travel, convenience and
efficiency have become important indicators for evaluating the design and usage
of suitcases. How to complete the push-pull operation of the suitcase at the lowest
cost has become a typical problem in engineering optimization and ergonomics
research. Based on four push-pull methods on a horizontal road surface, this pa-
per first constructs a two-dimensional force analysis model of the suitcase, con-
sidering key factors such as the direction Angle and application point of friction
force, gravity, etc. To scientifically evaluate the effects of the four methods, this
paper adopts the Improved Particle Swarm Optimization Algorithm (IPSO) to find
the minimum total push-pull force corresponding to each of the four methods. The
results show that slightly inclined pulling has the best force efficiency in most
cases, and the advantage is more significant when the friction coefficient is small.
The force direction optimization problem is extended to the situation where the
direction of the pull rod is variable. During the solution process, the Mul-
ti-objective Optimization Framework (MOO) was introduced. Taking "minimum
force"” and "feasibility of operation Angle" as the trade-off objectives, and adopting
the hybrid strategy of the Nelder-Mead simplex method combined with the parti-
cle swarm optimization algorithm, the efficient search for the push-pull direction
Angle was achieved. Finally, the optimal direction that minimizes the energy ex-
penditure of the human box system under the given ground conditions was de-
termined, which has strong ergonomic adaptability and operational feasibility.
Then, the focus is on studying the influence mechanism of the change in the length
of the pull rod on the applied force. Under the condition of maintaining the
push-pull Angle unchanged, systematically analyze the effects of different pull rod
lengths on the force distribution and the overall push-pull force. The results show
that increasing the length of the pull rod within a certain range can effectively re-
duce force consumption, but there is a critical point. Beyond this length, the mar-
ginal effect weakens significantly. This paper expands the scope of analysis to
multi-parameter optimization problems in inclined road surface environments.
Under this background, a multi-dimensional optimization model including three
variables: ground tilt Angle, tie rod Angle and tie rod length is established.
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1. Problem Analysis
1.1. Problem Background

In modern society, with the increasing frequency of people's travel, convenient lug-
gage handling equipment has become an indispensable tool in daily life. As a com-
mon means of transportation, how to enhance the convenience and comfort of users
in the design and use of suitcases has become one of the key focuses. During the
process of pushing and pulling the suitcase, users not only face the challenge of the
suitcase's weight, but also need to consider the influence of factors such as the type
of ground, the pushing and pulling method, and the length of the pull rod. Especially
during long and long-distance pushing and pulling processes, how to reduce the
physical exertion of users and ensure their comfort and efficiency has become an
important research topic. The problem of the least effort required to push and pull a
suitcase involves multiple disciplines such as mechanical analysis, optimization al-
gorithms, and ergonomics. Studying the most labor-saving problem of push-pull
suitcases not only helps optimize suitcase design but also provides theoretical
guidance for improving the efficiency of human daily travel. In addition, with the
rapid development of the tourism industry, logistics industry and modern express
delivery business, the convenient push-pull method has become the key to enhanc-
ing user experience and optimizing operational efficiency. An effective solution for
minimizing push-pull force not only reduces physical exertion during the push-pull
process and avoids physical injuries caused by incorrect use, but also brings innova-

tive ideas to luggage design and enhances the overall market competitiveness.

1.2. Problem Analysis

Question 1: Detailed mechanical models of four typical push-pull methods on hori-
zontal roads were established and optimization analyses were conducted. Figure 2
of the title shows four common push-pull methods, namely: In this study, we will
focus on analyzing two typical methods: applying force upward during pulling (i.e.,
the Angle 6 between the pulling force and the horizontal line is greater than 0) and
applying force downward during pushing (i.e., the Angle 6 between the pushing
force and the horizontal line is greater than 0, but the direction of the force applica-
tion is pushing, so the actual direction of the force component changes). Through
mechanical modeling and analysis of these two situations, the most labor-saving
push-pull strategy under different circumstances is then solved.

Question 2: The push-pull issue of suitcases involves mechanical balance and ergo-
nomic design, especially how to apply the minimum push-pull force under different
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ground conditions to ensure efficient and comfortable operation. In response to this
issue, this paper discusses how to minimize the push-pull force by adjusting the
force application Angle under two different ground conditions (horizontal ground
and inclined ground), while considering the feasibility of the operation Angle. The
push-pull problem of suitcases is not merely a simple mechanical balance issue; it
also involves the comfort of the human body during actual operation. Therefore, we
need to establish a model that comprehensively considers the minimization of force
and the optimization of operation angles, and then solve the optimal force applica-
tion Angle and the minimum push-pull force through optimization algorithms.
Question 3 mainly studies the influence of the length of the pull rod on the push-pull
force. The objective is to analyze the distribution of the push-pull force and the
changes in the applied force under different pull rod lengths while maintaining the
push-pull Angle unchanged. By establishing the functional relationship between the
push-pull force and the length of the pull rod, the nonlinear least squares fitting
method is used to fit the function expression, and the simulated annealing algorithm
and local search strategy are utilized for global optimization to solve for the optimal
length of the pull rod and the minimum push-pull force. The results show that ap-
propriately increasing the length of the pull rod can effectively reduce the push-pull
force, but when it exceeds a certain critical length, the marginal effect weakens. This
research provides an optimization reference for suitcase design, aiming to enhance
operational efficiency and reduce energy consumption.

Question 4: Multi-parameter optimization problem of push-pull suitcases in inclined
road conditions. By establishing a three-dimensional optimization model including
the ground tilt Angle, tie rod Angle and tie rod length, the trend of push-pull force
varying with these variables is precisely described. An optimization process com-
bining Latin Hypercube sampling (LHS), Response surface method (RSM), and ge-
netic algorithm (GA) is adopted to find the optimal operation strategy correspond-
ing to the minimum push-pull force. The simulation results are presented through
3D visualization diagrams and heat maps, revealing the influence of different pa-
rameter combinations on the push-pull force, providing support for deci-
sion-making in actual scenarios, and helping to determine the most labor-saving
push-pull scheme.

2. Model Assumptions

e A graph within a graph is an “inset”, not an “insert”. The word alternatively is
preferred to the word “alternately” (unless you really mean something that al-
ternates).

o  The length L and Angle © of the tie rod are adjustable, but in each scenario
(such as horizontal road surface and inclined road surface), the length and An-
gle of the tie rod are assumed to be fixed values. This means that for specific
problems, the length and Angle of the pull rod will not be adjusted according to
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the dynamic changes during the operation process, but will be analyzed as op-
timization variables.

e  This article assumes that during the pushing and pulling process, the pushing
and pulling force of the suitcase is only affected by the following basic factors:
gravity, friction (between the ground and the suitcase), and the magnitude and
direction of the pulling force. This assumption simplifies other factors that may
affect the pushing and pulling force, such as air resistance, rolling friction of the

wheels, the quality and structure of the pull rod itself, etc.

3. Symbolic Explanation

Table 1. Symbolic

serial number symbol state
1 r The radius of the suitcase wheel
2 Fp The magnitude of the pushing and pulling force
3 min Minimum push-pull force
4 ¢ Road slope Angle
The Angle between the push-pull force and the
5 a -
normal direction of the ground
6 Lopt Optimal pull rod length
7 F The minimum push-pull force corresponding to the
opt optimal length of the pull rod

Static friction coefficient, dynamic friction coeffi-

8 Hs , Hy cienty

4. Model Establishment and Solution
4.1. Model establishment and solution for Question One

4.1.1. Free body diagram and force balance analysis diagram

To scientifically evaluate the effects of the four push-pull methods, we first estab-
lished a two-dimensional force analysis model of the suitcase under different

push-pull methods. The following figure shows the force analysis diagram:

- -

mg mg

= e

mg mg

Figure 1. Two-dimensional force analysis visual view
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The above figure shows the four different mechanical cases considered in Question
One, respectively describing the different ways in which force acts on an object. In
Case 1, the object is subjected to a horizontal force f to the right, along with a
downward gravitational force mg. The direction of the force forms a certain Angle
F( 6 ) with the horizontal direction. Situation 2 describes an upward pulling force
acting on an object. Force f pulls the object upwards, while gravity mg continues to
act downward, balancing the object's motion. Situation 3 shows a downward thrust
acting on an object, which is in the same direction as gravity, forming a common
downward force. Finally, in case 4, the object is subjected to a horizontal thrust f,
while gravity mg acts vertically downward. The direction of the force once again
forms a different effect from that of gravity. Based on these circumstances, it is pos-
sible to analyze how forces in different directions affect the balance and motion
state of an object. The specific analysis process is as follows:

1) Tensile force (horizontal)

Suppose the pulling force F1 of the suitcase acts horizontally and has no vertical
component. The specific model formula is as follows:

N =mg
f, = umg Q)
B =/, = umg

2) Pulling force (tilted upward)

Suppose the Angle between the pulling force F of the suitcase and the horizontal
plane is 6, and 6>0. The pulling force not only has a horizontal component acting in
the horizontal direction, but also a vertical component. This vertical component acts
upward, reducing the positive pressure on the suitcase and thereby reducing the
frictional force. By solving for the normal pressure, frictional force and horizontal
balance, the complete force exerted by a person on the suitcase is strived to be

solved. The specific model formula is as follows:

N, =mg—F,sin0
f, = H(mg ~ Fysin )

F,cos@ = u(mg —F, sin0) @)
F=—t"s
cos@+ usin @

3) Thrust (downward tilt)

In this case, the pulling force still has a horizontal component, but the vertical com-
ponent of the pulling force is downward, thus increasing the positive pressure on
the suitcase and leading to an increase in friction. The specific model formula is as
follows:
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N, =mg+ F,sin®
Sy = u(mg + Fsin0)

F; cos @ = u(mg + F, sin 0) 3
F=-—_HNs
cos@— usin @

3) Thrust (horizontal)
At this point, thrust F4 acts in the horizontal direction and has no vertical compo-
nent. Similar to Situation 1, the thrust acts entirely along the horizontal plane.

N =mg
S, =pumg 4
Fy =/, =pmg

4.1.2. Model solution and result analysis

By comparing Equation (1) and Equation (2), we can draw the following conclusion:
when pulling, force is applied upwards: In this case, as the Angle ¢ increases, the
denominator will increase, thereby reducing the required pushing and pulling force
F. Therefore, applying force upward when pulling can effectively reduce the
push-pull force while keeping the length of the pull rod unchanged. When pushing,
apply force downward: In this case, as the Angle 0 increases, the denominator de-
creases, resulting in an increase in the pushing force F instead. Therefore, applying
force downward when pushing is not the most effortless way. Based on this analysis,
we can conclude that applying force upwards during pulling is the optimal approach.
Moreover, through further optimization of the Angle analysis, the optimal force ap-
plication Angle is obtained. The Angle derivation takes case 2 as an example as
shown below:

FO)=—F"

cos@+ usinf
D (0)=—sin@+ ycos @ =0

(5
0, =arctan u

,sin(arctan y) = £

b M
J1+ 7 1+ 47

cos(arctan ) =

FooHME
We will design a simple improved Particle Swarm optimization (IPSO) algorithm to
calculate the push-pull force at different angles and select the Angle corresponding
to the minimum push-pull force. The Particle Swarm Optimization (PSO) algorithm
simulates the foraging process of bird flocks and optimizes a multi-dimensional ob-
jective function. Each individual in the particle swarm represents a potential solu-

tion. All particles fly within the search space and adjust their flight direction and
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speed based on the historical optimal positions of individuals and the swarm. The
Improved Particle Swarm Optimization (IPSO) algorithm is an improvement on the
PSO.

The following figure shows the variation law of the applied force at different angles.
The forces of horizontal tension and thrust at different angles show different trends
of change. The horizontal pulling force decreases in a parabolic trajectory as the An-
gle increases, while the pushing force rises linearly. These changes reflect the angu-
lar dependence of force and demonstrate the different effects of tension and thrust

in the horizontal and vertical directions under different application angles.

Figure 2. Experimental result diagrams of the four situations

Therefore, from the theoretical and computational results, it can be seen that among
the four methods, when the force is applied upwards during pulling and the optimal
force application Angle is 6 =16.70° , the required pushing force is the smallest,
that is, it is the most labor-saving.

4.2. Question 2: Model Establishment and Solution

4.2.1. Modeling

Firstly, for problem Two, it is divided into two cases. First, a model for scenario one
is constructed. In terms of mechanical equilibrium analysis, the applied force F is
decomposed into horizontal and vertical components. Since the vertical component
will reduce the normal pressure between the suitcase and the ground, and consid-
ering uniform motion in our assumption, it just overcomes the static friction force or
reaches the critical value of the sliding friction force. The specific model formula de-
rived is as follows:

N =mg—-Fsin@

f =uN = u(mg — Fsin 0)

. (6)
Fcos@ = p(mg —Fsinf)
F(cos@+ usin@) = umg

Further, the expression of F regarding can be solved as follows:
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F(o)=—21"8 0
cos@+ usin @

Our goal is to minimize it while meeting the operating Angle within the ergonomic

allowable range. Therefore, a single-objective optimization model can be written as:

min F(9)=—2H"8
Ol Oy O cos@+ usin@ (8)
st.Fsin@<mg

The derivation and analysis process of the solution is as follows:

%(cos@husiné?)=—sin6?+,uc059=0

_ Hmg (9
cos(arctan )+ p(arctan u)

g Mmg

min_m

For situation two, we establish coordinate systems parallel to the ground (along the

min

inclined plane direction) and perpendicular to the ground (in the direction of nor-
mal pressure). Let the inclination Angle of the inclined plane be (8. Similarly, a me-
chanical equilibrium analysis is conducted. Let the magnitude of the force applied by
a person be F, and its component in the direction parallel to the inclined plane be
Fcos® The component in the vertical direction of the inclined plane isFsinf ¢
refers to the Angle between the pulling force and the horizontal line of the inclined
plane. The vertical component of the pulling force helps to reduce the normal pres-
sure. Meanwhile, the frictional force is also derived and analyzed based on the as-
sumptions in this paper. The model of situation two obtained is as follows:

N =mgcos f—Fsind

s.t.Fsin@ <mgcos f
f =uN = u(mgcos f—Fsinf)
F cos@ =mgsin f+ p(mgcos f— F sin 0) (10>

Fcos@+ pFsin@ =mg(sin B+ pcos f)

F(0)= mg(sin B+ ,u.cos £)
cos@+ usind

The optimization model can also be obtained as follows:
. mg(sin B+ pcos
min &GS+ pcos f)
0elbnin-Onx ] COS 6 + f15in @ (1D

s.t.Fsin@ <mgcos [

The derivation and analysis formula for the solution is as follows:

mg(sin 3 + 11 cos
Fo= g(sin 5 + ucos f3) (12)
2
NI+ u
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In practical operation, apart from pursuing the minimum force, the operability of
the pulling force direction also needs to be considered (for example: an Angle that is
too low or too high may make the operation difficult). For this purpose, the follow-
ing comprehensive objective function can be constructed:

min J(0) =w,F(0)+w,$(0) (13)

Ol Ornin Orma
Among them, the first term of the objective function formula is the tension function
established above, and the second term is the penalty function reflecting the "feasi-
bility" of the operation Angle, which can be designed as the degree of deviation from
the comfortable Angle of the human body. This method can ensure the minimum
force while keeping the force application Angle within the comfortable range of er-

gonomics as much as possible.

4.2.2. Model Solution

Due to the nonlinear functions involved in the model and the possible mul-
ti-objective trade-off problem, this paper adopts a hybrid algorithm: Firstly, the par-
ticle swarm Optimization algorithm (PSO) with strong global search ability is used
to obtain the optimal region, and then the Nelder-Mead simplex method is used for
local fine search to obtain the accurate optimal solution. The algorithmic idea is as
follows:

1) Initialization

Generate a certain number of initial solutions (particles) randomly within the al-
lowable Angle range.

2) Particle Swarm Optimization Stage (PSO)

Each particle represents a candidate Angle ©.

Update the velocity and position of the particles according to the standard PSO up-
date formula.

Calculate the objective function value J(8) corresponding to each particle.

Update the historical optimal solution and the global optimal solution for each par-
ticle.

3) Local search stage (Nelder-Mead) :

Taking the global optimal solution found by PSO as the initial point, a fine search is
conducted.

locally using the Nelder-Mead method to obtain the final optimal solution.

4) Output result:

Including the optimal force application Angle and the corresponding least effort.

For a horizontal ground (with an inclination Angle of zero), according to theoretical
calculations, the optimal force application Angle is approximately 11.31 degrees,
and the most effortless push-pull force is 38.4 Newtons. The simulation was carried
out using the hybrid optimization algorithm, and the obtained results were very
close to the theoretical values. The force application Angle was 11.3 degrees, and the

minimum push-pull force was 38.4 Newtons. Under the condition of an inclined
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ground (with an inclination Angle of 15 degrees), theoretical calculations also show
that the optimal force application Angle is 11.31 degrees, and the most effortless
push-pull force is 86.8 Newtons. The simulation results show that the force applica-
tion Angle obtained through the optimization algorithm is 11.3 degrees, and the
minimum push-pull force is 86.9 Newtons.

4.3. Question 3 Model Establishment and Solution

4.3.1. Model Establishment

First, conduct a decomposition analysis of the geometric relationship and force. Let
the length of the pull rod be L. Due to the geometric relationship between the
handheld position and the connection position of the suitcase, the horizontal and
vertical force arms are respectively:

x=Lcos@,h=Lsin@ (14>
The suitcase is subjected to the force of gravity. When a force at a fixed Angle is ap-
plied, this force can be decomposed into components in the horizontal and vertical
directions. The height of the force application point will change the torque balance
and thereby affect the frictional force that needs to be overcome. Therefore, a fric-
tion correction term related to the force distribution needs to be introduced. We
proposed an empirical model to represent the force required during pushing and
pulling. Therefore, the specific model formula obtained is as follows:

F,=Fcosd,F, =Fsind.

(15)

F(L)=LAB+C~L+D
+

This model consists of two parts: One part has a linear relationship with the length
of the push-pull rod, reflecting that when the push-pull rod is shorter, due to the
lower force application point, the friction force is greater, and thus a greater
push-pull force is required. Another part increases linearly with the increase in the
length of the push-pull rod, indicating that an overly long rod may bring additional
difficulty due to a decline in the body's output capacity or discomfort in arm exten-
sion. Overall, this model integrates the influences of various parameters in the sys-
tem, such as mass, coefficient of friction, and geometric dimensions, etc.
mg, =mgsiny,mg, =mgcosy.
A (16>

F(L)= -+C -L+D
L+B

Among them, parameters A',B',C', and D' are related to Y and other system pa-

rameters. Next, we will conduct an analysis of force balance and the influence of
friction. Taking the vertical ground as an example, the force analysis of the suitcase
can list the balance conditions:
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N=mg—-Fsino+AN(L),
f.=uN (17)
Fcosd > umg—Fsino+AN(L)]

Among them, A N(L) takes into account the correction of the normal force distribu-
tion due to the change in the height of the application point. By using this inequality,
the relationship between F and L can be inversely deduced. Similarly, the corre-
sponding relationship can also be derived for inclined ground (note that at this time,
the relationship between the gravitational component and the normal force will in-
troduce the influence of Y ). Next, parameter fitting is carried out using the nonlin-
ear least square method. Since the constants in the above formula are difficult to be
directly analyzed and determined, a set of {Li,Fi} data can be obtained through ex-
perimental data, and then the model parameters are fitted using the nonlinear least
square method. Taking the vertical ground as an example, the objective function is
constructed as follows:

n
min >[F,—(
A4,B8,C,D pury L +B

1

+C-L + D) (18)

To further solve the optimization problem, after obtaining the model expression, it
is further necessary to determine the "least laborious" optimal pull rod length Lopt
and the corresponding minimum push-pull force Fmin.

L, =arg mLin F(L) (19
dF (L) o d’*F(L) >0
v |, dr |, ’
(20
F..=F(L,) -4 e \/%—B +D.

i

4.3.2. Model Solution and Result Analysis

Since the model function may be a non-convex function, in order to obtain the global
optimal solution, this paper adopts the simulated annealing algorithm (SA) com-
bined with the local search strategy.

Through numerical simulation experiments, it can be known that a series of
push-pull force F data under different pull rod lengths L. were measured in the ex-
periment. Suppose that for the horizontal ground situation, the parameters are ob-
tained through nonlinear least squares fitting

Both experiments and theories show that within a certain range, increasing the
length L of the pull rod can significantly reduce the force F required for pushing and
pulling (the reason is that after the force application point is raised, the compressive
force on the wheel is partially reduced, thereby reducing the friction force). Howev-

er, when L exceeds a certain critical value, due to the inconvenience of human force
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application or mechanical structure limitations, F will instead rise, presenting a
U-shaped characteristic.

Among them, parameter A (related to friction force) and C have a greater influence
on L. Sensitivity analysis shows that if the static friction coefficient or m increases,
the mechanical advantage needs to be compensated by a longer pull rod. However, if
C is relatively large (indicating a sharp decline in the efficiency of human force ap-
plication), the optimal length of the pull rod will be correspondingly shortened.

4.4. Question 4: Model Establishment and Solution

4.4.1. Model Establishment

First, mechanical analysis and force balance analysis should also be conducted. To
ensure that the suitcase can overcome gravity and friction on an inclined road sur-
face, it is necessary to analyze the relationship between the applied force and the
direction of the pull rod. The Angle between the applied force and the horizontal di-
rection is a certain degree, and the relative relationship between this force and the
inclined plane is also taken into consideration. The components of this force can be
decomposed into the components along the inclined plane and the components
perpendicular to the inclined plane. The component along the inclined plane can be
expressed as the difference between the force applied and the Angle of the pull rod,
while the component perpendicular to the inclined plane is related to the sine value
of the Angle. The following mechanical decomposition model is obtained, with spe-
cific formulas:

F =Fcos(—a),F, =Fsin(0-a)
Fcos(@—a)>mgsina + u(mgcosa —Fsin(@—a)) 21

mg sin o + umg cos

F2> , ;
cos(@—a )+ usin(@—a )

To overcome the gravitational component and frictional force on the inclined plane,
and to take into account the influence of the applied force on the normal pressure, it
is required that the force component along the inclined plane direction be greater
than or equal to the sum of the gravitational component and the frictional force
component. After sorting, the expression of the minimum applied force obtained is
related to the Angle of the inclined plane, the coefficient of friction and the applied
Angle. Among them, the Angle at which the force is applied and the geometric rela-
tionship between the pull rod and the inclined plane are closely related. For instance,
if there is a certain height difference between the handle and the center of gravity of
the suitcase, the normal force can be reduced by adjusting the Angle, thereby low-
ering the friction. This indicates that in practical applications, by rationally design-
ing the Angle of the pull rod and the direction of force application, the force required
to push and pull the suitcase can be effectively reduced.
The minimum force and direction applied when the length of the pull rod remains
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unchanged can be expressed by the following formulas respectively:
mgsina + umg cos o

F.(0)= , ; ,
cos(f—a )+ usin(f-a) (22)
min  F_. (6)
0€[0,in Omax 1

min >

When the length of the pull rod is variable, the change in the length L of the pull rod
will affect the position of the force application point, thereby influencing the balance
of the normal pressure and moment on the suitcase. After considering the positional
change, the new positive pressure expression is:
N =mgcosa —Fsin(@—a )+ AN(L) (23)

Among them, A N(L) reflects the leverage effect caused by the change in the length
of the pull rod (for example, by changing the height of the force application point,
part of the gravity is decomposed and compensated). Therefore, the objective func-
tion can be written as:

mgsina + umgcosa — Fsin(@—a ) +AN(L)]

F..(0,L)= (24)

cos(f—a')+ usin(f—a)
The problem is transformed into solving it under the given A N(L) model:

mn F.(6,L
Ol iy O] n (0 1) (25)

AN(L)=k(L-L,)
The specific A N(L) form should be established based on the actual geometric pa-
rameters. For instance, if the height difference between the front edge of the suit-
case and the center of gravity is set to h, the normal pressure can be reduced when
the pull rod is extended.

4.4.2. Model Solution and Result Analysis

Due to the nonlinear and continuous characteristics of the objective function, in or-
der to improve the solution efficiency and global search ability, the following col-
laborative optimization process is introduced in this paper:

The first step is Latin hypercube sampling, which involves uniform sampling within
the design space to obtain sufficient discrete sample points, providing data support
for the subsequent construction of the response surface. Secondly, a response sur-
face regression analysis is conducted. An approximate response surface model of the
objective function (such as a polynomial regression model) is established using the
sampled data to reduce the computational load in the subsequent solution process.
Finally, the genetic algorithm is selected for optimization and solution. A global
search is conducted on the response surface model to find the optimal combination
of design variables that minimizes F.

The final result visualization diagram and specific result table can be obtained

through simulation experiments, as shown below
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100 4

Figure 3. The optimization result of the minimum push-pull force under a fixed pull rod

length can be viewed

1.20 160
1.15 148
1.10
136
1.06
124
CRR g
- e
12
0.95
100
050
0.85 e
080 T

Figure 4. Minimum tension heat map under variable pull rod length

For the case where the length of the pull rod is fixed, only the force application An-
gle needs to be adjusted. For the variable pull rod length, there is greater room for
optimization, which can further reduce the push-pull force. This multi-parameter
optimization model utilizes the method of LHS sampling, response surface construc-
tion and genetic algorithm collaborative optimization, which not only takes into ac-
count the ability of global search, but also ensures the computational efficiency. In
the simulation experiment, the influence of different parameter combinations on
push-pull force was visually demonstrated through three-dimensional surface dia-
grams and heat maps, providing strong decision support for actual engineering de-

sign.
5. Evaluation, Improvement and Promotion of the Model

5.1. Advantages of the Model

High accuracy: By constructing a two-dimensional force analysis model and intro-
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ducing the vector decomposition method based on Newtonian mechanics principles,
the force conditions of the suitcase under different operation modes can be accu-
rately analyzed, providing a solid theoretical foundation for the optimization of
pushing and pulling forces. Meanwhile, the total force is expressed by a nonlinear
function and fitted in combination with experimental data, ensuring the high preci-
sion of the model under complex working conditions. In addition, the introduction of
sensitivity analysis further quantifies the impact of parameter changes on push-pull
force, enabling the model to precisely capture key factors and provide accurate
guidance for optimization strategies.

Strong adaptability: This model can flexibly handle various complex scenarios. Un-
der different working conditions such as horizontal roads, inclined roads, ground
with different friction coefficients, and variations in the length of the pull rods, the
optimal push-pull strategy can be found through corresponding optimization mod-
els and algorithms. For instance, in Problem Four, by constructing a mul-
ti-dimensional optimization model that includes three variables: ground tilt Angle,
tie rod Angle, and tie rod length, it is possible to effectively address multi-parameter
optimization problems under inclined road surfaces. This powerful adaptability en-
ables the model to play a significant role in various practical application scenarios.
Wide universality: The core optimization algorithms of this model (such as the im-
proved particle swarm optimization algorithm, multi-objective optimization
framework, simulated annealing algorithm, etc.) have wide universality. These algo-
rithms are not only applicable to the optimization problem of the pushing and pull-
ing force of suitcases, but can also be appropriately modified and applied to other
scenarios that require optimization. For instance, in the design of portable devices,
optimize the structural parameters of the equipment to reduce operational force; in
the logistics and warehousing field, optimize the layout of shelves and the design of
handling equipment; in industrial automation, optimize the path planning of robots
and the operation of mechanical arms, etc. By adjusting the input parameters and
optimization objectives of the model, it can quickly adapt to different optimization
requirements and provide efficient solutions for various engineering problems.

5.2. Disadvantages of the Model

The model assumes that the shape of the suitcase is regular, the center of gravity
distribution is uniform, and the friction coefficient of the ground is uniform within a
certain range, which may lead to errors in the practical application of the model.
Complex models enhance the accuracy and adaptability of the results, but they also
lead to longer solution times, higher computational costs, and may not be suitable
for some application scenarios with high real-time requirements. At the same time,
they increase the difficulty of model debugging and verification.

5.3. Model Promotion
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The vector decomposition model, nonlinear optimization model and mul-
ti-dimensional optimization model established in this research can be further ex-
tended to a wider range of application scenarios. For instance, in the field of indus-
trial logistics, this model can be used to reduce energy consumption and enhance
handling efficiency. In the field of warehousing, it can be used to optimize the struc-
ture and layout of shelves, improve the utilization rate of warehousing space and the
efficiency of goods entry and exit. In the field of robotics, it can be used to analyze
the movement trajectory, joint angles and forces of robots. In addition, the algorith-
mic foundation of the model - nonlinear programming, due to its ability to handle
complex working conditions, can also be applied to other types of optimization
problems, such as aircraft structure optimization and energy system optimization.
By adjusting the algorithm parameters and objective function, the model can adapt
to different problem scenarios and data characteristics, achieving a wider range of

applications.
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