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Abstract: In response to the challenges presented by the strong adhesion of tobacco dregs and the difficulties in cleaning, an 
intelligent self-cleaning robot has been devised and developed for the complex environment at the bottom of distribution vehicles. 
By integrating a scraping mechanism, a sweeping system, and a vacuuming device, an efficient and collaborative cleaning 
solution has been established to effectively meet the requirements for cleaning and absorbing tobacco residue. Kinematic and 
rigid body dynamics analyses have been carried out on the key tobacco scraper device to optimize its motion trajectory and 
evaluate its mechanical response, thereby guaranteeing high efficiency and stability during the cleaning process. Test results 
show that this mechanism can precisely scrape and collect the tobacco residue, avoiding excessive friction and cleaning blind 
spots. It can converge scattered tobacco dregs to cover more than 20% of the area. The intelligent self-cleaning robot proposed 
in this study demonstrates outstanding performance in handling tobacco residue cleaning issues, meeting the high demands for 
cleaning efficiency and quality within the tobacco industry, and has significant application value and development prospects. 

Keywords: Tobacco residue; scraper mechanism; kinematic analysis; rigid body dynamics analysis; cleaning efficiency; 
mechanical response. 

 

1. Introduction 
According to statistics from the World Health Organization 

(WHO), approximately one billion people worldwide use 
cigarettes, with an annual production of over 2.5 million tons 
of tobacco in China alone, accounting for about half of global 
production. Due to its large output and high economic 
benefits, effective pest control measures are crucial for 
ensuring both economic viability in the tobacco industry and 
food safety. One primary source of pests arises from tobacco 
dregs that falls throughout production lines during 
transportation and is not cleaned promptly, along with 

residual insect eggs from harvesting processes. Moreover, the 
dimly lit and confined space at the bottom of tobacco 
distribution vehicles complicates cleaning efforts, making it a 
main source of pests. Pest excrement and carcasses are major 
contributors to mold growth on tobacco products, while live 
pests can damage both tobacco leaves and cigarette paper, 
leading to defects in finished products as illustrated in Figure 
1, which will also affect the smoking taste of cigarettes during 
sensory evaluation. According to the survey data, the tobacco 
storage loss caused by tobacco bugs has reached about 250 
million yuan, of which the direct cigarette loss rate caused by 
tobacco bugs is about 0.716%, and there is no effective 
solution to this problem. 

 

 
Figure 1. Overview of breeding of Tobacco Insect and Corrosion in cigarette 

 

Currently, both domestic and international efforts to address the problem of tobacco dust focus primarily on 
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cleanliness and leakage prevention. In terms of leakage 
prevention, Shuhao Zhang. designed a specialized brush 
structure based on the structural characteristics of tobacco 
residue to intercept it at its source [1]. As for cleaning tobacco 
residue, various cleaning robots have played a major role. For 
instance, Donghun Lee et al. combined a seven-axis 
redundant robotic arm with a six-degree-of-freedom RRX 
mobile platform to develop an automated cleaning robot 
system [2]. Maryam Kouzehgar et al. proposed a modular 
cleaning robot named Mantis that employs a convolutional 
neural network (CNN) based deep learning detection system 
[3]. Jonghoek Kim introduced an autonomous sweeping 
system composed of small cleaning robots (CR) and large 
dust storage robots (SR) aimed at overcoming traditional 
robots’ limitations regarding cleaning capacity and their 
inability to access narrow spaces [4]. T. Palleja developed a 
cleaning robot based on a vision measurement system capable 
of real-time recording and analyzing cleaning trajectories and 
coverage areas [5]. 

However, the bottom of distribution vehicles is relatively 
dimly lit and confined, situated approximately four meters 
above ground level as shown in Figure 2. Additionally, 
accumulated tobacco residue on the bottom tray can lead to 
sediment buildup that obstructs material flow, causing moist 
and greasy tobacco residues to adhere extensively to tray 
surfaces. Consequently, existing cleaning solutions are 
challenging to implement in this environment and fail to 
resolve these technical difficulties. Therefore, in view of the 
above technical difficulties and the complexity of the working 
condition, an intelligent self-cleaning robot has been designed 
that effectively removes adhesive tobacco residues. Through 
kinematic analysis and rigid body dynamics analysis of the 
scraper mechanism located at the front side of the robot body, 
its scraping trajectory and performance have been optimized 
while verifying structural stability. Furthermore, fluid 
simulation data from vacuum fans have been utilized to 
evaluate overall cleaning effectiveness. 

 

 
Figure 2. Complex condition of the bottom of distribution vehicles 

 

2. Design and Principle Analysis of the 
Cleaning Robot Mechanism 

The main structure of the cleaning robot is illustrated in 
Figure 3. The use of a Mecanum-wheel mobile robot 
(MWMR), known for its omnidirectional mobility and 
excellent stability and maneuverability, has led to its 
widespread application across various fields [6]. This design 
incorporates a reduction drive structure centered around the 
Mecanum wheel, enabling the robot to perform 
omnidirectional movements. This capability allows it to 
navigate effectively on uneven surfaces while executing 
comprehensive cleaning tasks without leaving any blind spots. 
The design of the Mecanum wheel permits multiple modes of 
motion—including forward, backward, lateral, and diagonal 
movements—without altering the direction of travel, thereby 
facilitating efficient operation even in confined spaces. 
Additionally, the robot is equipped with a high-efficiency 
vacuum fan and a tobacco residue collection box at its base. 
Through negative pressure, this system effectively draws in 
tobacco residue and dust into the collection box, ensuring that 
debris generated during the cleaning process is efficiently 

captured. To further enhance cleaning efficiency, an electric 
sweeping system is installed at the front of the robot. This 
system utilizes rotating bristles to gather tobacco residue and 
debris toward the fan’s inlet, thereby achieving a synergistic 
effect between sweeping and vacuuming. 

Moreover, the robot features a scraper mechanism based on 
a linkage-slider mechanism designed to gather scattered 
tobacco residue from the ground into the sweeping area. The 
linkage-slider mechanism facilitates linear reciprocating 
motion of the gathering rod through efficient mechanical 
transmission. As the gathering rod moves forward, it 
effectively scrapes up tobacco residue and concentrates it in 
the sweeping area before directing it toward the fan inlet. This 
gathering function works in tandem with both the sweeping 
and vacuum systems to ensure that tobacco residue and dust 
are rapidly cleared and effectively drawn into the collection 
box, thus preventing secondary dispersal. The structural 
design of this robot optimizes its movement system, cleaning 
devices, and gathering mechanism to create an efficient 
collaborative cleaning solution that not only achieves 
effective collection and clearance of tobacco residue but also 
ensures high performance and stability throughout the 
cleaning process. 
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Figure 3. Main structure overview of Tobacco residues Self-Cleaning Robots 

 

3. Research Design of Scraping 
Mechanism Based on Tobacco 
Characteristics 

Tobacco contains certain oils and moisture that can cause 
its surface to become slippery under high-temperature or 
humid conditions. During transportation, as tobacco 
accumulates, strong adhesion develops between oil-water 
molecules and conveyor belt surfaces, leading to tobacco 
sticking to belts. Additionally, the fine particles and fibrous 
structure of tobacco increase its contact area with belt 
surfaces, exacerbating adhesion issues. This phenomenon is 
particularly pronounced on conveyor belts with high friction 
coefficients. Based on tobacco characteristics and structure, a 
scraper mechanism has been designed and developed as 
shown in Figure 4. This device aims to effectively scrape off 
tobacco residue adhering to tray surfaces while facilitating 
collection to work in conjunction with sweeping brushes and 

fans for collection, absorption, and storage processing. 
This mechanism primarily relies on reciprocating gathering 

motion. The four-bar linkage mechanism consists of rigid 
links designed for path generation or functional movement [7], 
leading to an overall design optimized based on a crank-
rocker mechanism. Furthermore, since the crank-slider 
mechanism evolved from crank-link mechanisms—
characterized by simplicity in structure, smooth motion, and 
high transmission efficiency—it finds extensive applications 
in equipment such as presses, internal combustion engines, 
conveyors, and reciprocating pumps. Consequently, the 
driving device (electric push rod) can effectively transmit 
power through the crank-slider mechanism to drive end-
effector gathering actions. Thus, building upon a crank-rocker 
foundation while integrating stable transmission 
characteristics from crank-sliders has led to an optimized 
design for the primary driving mechanism of the scraping 
device (i.e., crank-rocker-slider mechanism). 

 

 
Figure 4. Structure overview of scraper device 

 

3.1. Study on the end-effector pose trajectory 
of the folding mechanism based on 
kinematic analysis 

The classic path generation problem in four-bar 

mechanisms involves determining the linkage parameters 
such that a specified point on the coupler follows a 
predetermined trajectory [9-10]. Consequently, kinematic 
equations for the scraper device’s motion are established, and 
a “cloud map” of its end-effector pose trajectory is generated. 
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Through an analysis of its motion states, the optimal scraping 
path is refined to enhance cleaning effectiveness. Precise pose 
design ensures that the scraper covers all cleaning areas, 
thereby avoiding omissions or excessive friction, which 
improves both uniformity and efficiency in cleaning. The 
optimized kinematic model reduces unnecessary redundant 
movements, lowers energy consumption and mechanical 
wear, while ensuring high efficiency and stability during the 
cleaning process, ultimately enhancing the overall 
performance and durability of the robots. 

The Denavit-Hartenberg (D-H) parameter method can be 
employed to model jointed serial structures and to derive 
transformation matrices from the center of mass to the end 
effector [8]. To solve the kinematic equations for the folding 
mechanism, we take the fixed end O0 coordinate system as the 
origin and determine the corresponding position coordinates 
for each joint through positional transformations. This 

coordinate transformation can be described using vectors and 
rotation matrices. In this scraper mechanism, we establish a 
reference coordinate system at O0-X0Y0Z0, where the X-Y 
axes represent translational motion directions and the Z-axis 
serves as the rotational reference axis for each joint. The D-H 
coordinate system is created as illustrated in Figure 5, with 
specific steps for coordinate transformation outlined as 
follows: 

To determine the relative positions of each joint’s 
coordinate system within the D-H coordinate system, we 
proceed as follows: First, translate the O0-X0Y0Z0 coordinate 
system along the X direction by L1 to reach point O1. Next, 
rotate around Z1 by an angle θ1 and then translate by L2 to 
point O2. Subsequently, rotate around Z2 by θ2 and translate 
by L3 to point L3. Finally, rotate around Z3 by θ3 and translate 
by L4 to reach point O4, which represents the end position of 
execution. 

 

 
Figure 5. D-H coordinate system of transmission device 

 
The solving process of above coordinate system is 

represented in expressions (1) - (4). 
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The expression results for solving the kinematic equations 
of the scraper mechanism are provided in expression (5). 
Using MATLAB based on these kinematic equations, we plot 
a “cloud map” of its end effector’s spatial trajectory as shown 
in Figure 6 (unit: mm). As illustrated, the spatial trajectory of 
scraper fixed rod 1 takes on an arc shape with a covered area 
(i.e., cleaning area) of approximately 0.01 m², meeting 
expected cleaning specifications. Furthermore, analysis 
reveals that during the folding process of this mechanism, an 
appropriate distance between the two scrapers is maintained 
to prevent collisions effectively, thereby significantly 
reducing risks associated with jamming or system failures. 
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Figure 6. “Cloud Map” of the Motion Space of the scraper mechanism 

 

3.2. Analysis of the Motion Characteristics and 
Mechanical Response of the Scraper 
Mechanism Based on Rigid Body 
Dynamics 

During high-speed operation, flexible mechanism systems 
exhibit significant elastic vibration deflections, which can 
compromise motion accuracy and reduce the system’s 
lifespan [11]. To evaluate the stability and reliability of the 
scraper mechanism, we conducted a rigid body dynamics 
simulation analysis on its key components. This study focuses 
on analyzing parameters such as displacement, velocity, 
acceleration, and angular displacement under specific motion 
patterns. The goal is to ensure that these parameters remain 
within prescribed fluctuation ranges for stable system 
operation while identifying potential dynamic hazards, such 
as fluctuations in operation and increases in internal friction, 
thereby enhancing system safety and reliability. 

The simulation results for the rigid body kinematics of the 
scraper mechanism, along with the variation curves of key 
dynamic parameters such as displacement, velocity, and 
acceleration, are presented in Figure 7. As illustrated, the 
velocity begins to increase with the initiation of the folding 
action. Between 1.5 seconds and 5 seconds, the acceleration 
trend is relatively gentle, indicating a decrease in acceleration 
during this interval and a stable velocity change consistent 
with the characteristics of crank-rocker motion. Furthermore, 
this characteristic of acceleration variation and its fluctuation 
range effectively mitigate the risk of severe vibrations and 
high-impact loads that could compromise motion stability and 
contact uniformity, ultimately affecting cleaning quality. 
After accelerating for 0.7 seconds, the speed ( V ) reaches a 
peak value of 1.18 m/s. This speed variation characteristic and 
its fluctuation range ensure effective removal of adhering 
tobacco residue while avoiding excessive energy 
consumption and mechanical wear within the system due to 
high-speed operation. 

 

 
Figure 7. Dynamic simulation results and parameter variation curves of rigid body of scraper mechanism 

(a) The results of rigid body dynamics deformation simulation and the variation curves; 
(b) The results of rigid body dynamics velocity simulation and the variation curves; 

(c) The results of rigid body dynamics acceleration simulation and the variation curves. 
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3.3. Functional Testing of the Scraper 
Mechanism 

To further validate the operational effectiveness and 
mechanical response characteristics of the scraper mechanism, 
we assessed its scraping performance using components 
fabricated from 3D printing materials (such as PLA and TPU) 
that possess excellent flexibility, wear resistance, and comply 
with food-grade standards. The customized nature, 
lightweight design, and high precision afforded by 3D 
printing technology ensured that the structure and 
functionality of the scraper mechanism met practical 
application requirements. The testing materials utilized were 
made from steel plates identical to those used in the 
distribution vehicle chassis. The testing results are depicted in 
Figure 8. The scraper mechanism demonstrated efficient 

removal and aggregation of surface tobacco residue while 
operating stably; these findings align closely with both 
kinematic analysis results and rigid body dynamics 
simulation outcomes. The mechanical design of the 
mechanism is rationally conceived; it requires minimal force 
input and can utilize small drive devices suitable for confined 
spaces, significantly enhancing cleaning efficacy. 

Additionally, through multiple tests involving scraping 
actions to assess aggregation effectiveness, we selected nine 
trials for comparative analysis; these results are shown in 
Figure 9. The data represent the area distribution of tobacco 
residue after aggregation compared to its distribution area 
prior to aggregation. The results indicate effective 
aggregation performance with an aggregated area exceeding 
20%, which can even reach over 30% depending on variations 
in tobacco residue distribution. 

 

 
Figure 8. Diagram of scraper mechanism test 

 

 
Figure 9. Results of tobacco residue distribution and gathering area ratio of scraper mechanism 
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4. Evaluation of Dust Collection Device 
Absorption Effect Based on Fluid 
Simulation Analysis 

The dust collection device is a critical component for the 
robot’s ability to perform tobacco residue cleaning, and its 
dust collection performance significantly impacts the overall 
cleaning efficacy of the robot. The main structure of this 
device is composed of essential components such as a fan and 
a filter element, all integrated within the collection box. Its 
operational principle primarily relies on the negative pressure 
effect generated by a centrifugal fan, which quickly draws 
airborne particulates into the dust collection box through 
airflow. Inside the dust collection box, an increase in cross-

sectional area leads to a reduction in airflow velocity, 
resulting in the conversion of dynamic pressure into static 
pressure. This process decreases the force acting on dust 
particles in the horizontal direction, allowing them to 
gradually settle at the bottom of the collection box under the 
influence of gravity. However, smaller particles may not 
settle promptly; instead, they can be carried into the filter area 
by the airflow, where they are effectively filtered out by the 
filter element, thereby achieving efficient dust collection [12-
13]. To verify whether its absorption effect meets expected 
cleaning requirements, fluid simulation of the airflow field 
around this dust collection fan was conducted. This was 
complemented by numerical analysis to assess static pressure 
fluctuations and evaluate cleaning performance, with relevant 
parameters presented in Table 1. 

 

Table 1. Related parameters of dust collection mechanism 

Diameter of Turbine Hight of Turbine 
Angular velocity of 

stable operating 
Distance between inlet 

and fan 
Boundary setting 

88mm 35mm 50rad/S 150mm 170mm 
 

The results of the fluid simulation are illustrated in Figure 
10. The wind speed at the boundary before the fan outlet can 
reach 0.13 m/s. Although this wind speed is relatively low, it 
is sufficient to generate stable negative pressure in this region, 
ensuring that tobacco residue is drawn in without causing 
reverse lifting or suspension phenomena. An appropriate 
wind speed helps maintain airflow stability, preventing 

instability and lifting of tobacco residue that can occur with 
excessively high speeds. At this point, the static pressure 
inside the collection box exceeds 1 MPa, providing ample 
energy to overcome particle inertia, frictional forces, and 
adhesion to surfaces or other objects. This ensures that even 
small or lightweight tobacco residues can be swiftly dislodged 
from surfaces and drawn into the system. 

 

 
Figure 10. Simulation results of wind speed hydrostatic fluid of dust collection mechanism 

(a) and (b)- Static pressure of dust collection mechanism; 
(c) and (d)-Velocity of dust collection mechanism; 

(e) and (f)-Response speed of dust collection mechanism. 
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5. Conclusion 
By establishing kinematic equations for scraper 

mechanism of the cleaning robot and mapping its operational 
trajectory, we conducted finite element analysis using rigid 
body dynamics on this scraper mechanism alongside 
experimental tests for its scraping capabilities. The results 
from these analyses demonstrate that this robot effectively 
addresses issues related to tobacco residue adhesion. 
Additionally, fluid simulation results for the dust collection 
mechanism indicate that its cleaning system performs well in 
removing tobacco residues, showcasing good synergy 
between both components. The design and development of 
this intelligent self-cleaning robot provide an innovative 
solution for cleaning and maintenance during cigarette 
manufacturing processes, offering significant practical value 
by effectively mitigating issues related to tobacco residue 
accumulation that can lead to pest breed and subsequent 
economic losses within the tobacco industry.  
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