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Featured Application

The article may also provide a reference for the development and production of shared
bicycle collection and transfer systems, as well as possible applications in marine
engineering environments.

Abstract

Shared bikes are frequently parked in disorder, resulting in low efficiency of manual col-
lection and transfer and heavy workload for maintenance staff. Random parking across
various areas forces shared bikes to occupy sidewalks and fire exits, damaging urban
landscapes and disrupting traffic order. To tackle these industrial pain points, this paper
develops an integrated intelligent robot system equipped with functions of multi-pose
grasping, automatic transfer and fixed-point delivery of shared bikes, which can effectively
address the drawbacks of low efficiency and high labor costs in traditional manual mainte-
nance. This paper focuses on the completion of the robot’s overall mechanical structure
design, stiffness—precision collaborative optimization model construction, finite-element
static simulation verification, 1:7 scaled prototype development and performance test-
ing. Firstly, the overall layout design of the multi-posture adaptive floating clamping
mechanism, transfer-bearing frame, and Mecanum wheel omnidirectional mobile chas-
sis is completed, and the structural parameters and assembly benchmarks of the core
components are clarified. Secondly, a stiffness—precision coupling optimization model is
established, and the static analysis under extreme load conditions is carried out through
Abaqus finite-element software, which verifies the rationality of 45# carbon steel material
selection and the safety of structural strength. Subsequently, a 1:7 scaled principle prototype
is developed, and repetitive grabbing and transfer tests are carried out to verify the system
operation feasibility, stability and grabbing accuracy. Finally, the statistical analysis of the
test data and the horizontal comparison of similar schemes are completed. The test and
simulation results show that the maximum stress of the system under extreme working
conditions is 131.21 MPa, which is far lower than the allowable stress of 355 MPa of 45#
steel, and the safety factor reaches 2.71. The maximum total deformation is 4.0552 mm,
which is concentrated at the end of the front-end clamping mechanism, and is within the
allowable stiffness deviation range of the transfer system. The average value of the single
clamping positioning error of the scaled prototype is 0.476 mm, with a 95% confidence
interval of 0.457-0.495 mm, which is converted to a positioning error of <3.4 mm for the
full-scale prototype, which is far better than similar industry solutions. The average time of
a single complete grabbing and transfer operation is 12.38 s, which is more than 45% higher
than the traditional manual mode. The structural design, grabbing accuracy and operation
stability of the robot designed in this paper all meet the requirements of actual working
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conditions of urban sidewalks, which can effectively reduce the intensity of manual labor
and improve the operation and maintenance efficiency of shared bicycles. It has strong
engineering application value and can provide reference for the design and manufacturing
of intelligent collection and transfer systems for shared two-wheelers.

Keywords: visual recognition; robot mechanism design; shared bicycle collection and
transportation machinery; intelligent operation and maintenance

1. Introduction

With the development of the sharing economy, shared bicycles have been incorporated
into the urban green transportation system. However, due to the above reasons, the
company is losing money. Disordered parking occupies urban public areas; regional
supply—-demand imbalance results in inefficient use of resources, and manual operation
and maintenance are relatively high in cost. These reasons prevent the normal operation of
the company. Therefore, in recent years, both in academia and industry, many people have
started to explore ways to improve the management efficiency of shared bicycles using
technology [1].

At present, the collection and transportation of shared bicycles still mainly depend on
manual work. Shared bicycles are widely scattered and frequently relocated, making the
traditional manual collection method inefficient and incapable of adapting to the spatial
distribution across various regions and time-varying demand patterns [2]. Most existing
intelligent grabbing systems for urban traffic vehicles adopt a single target-detection model
for bicycle recognition, with their decision-making layers controlled by conventional PID
scheduling logic, which delivers poor robustness when dealing with complex sidewalk
occlusions and stacked bicycles in diverse postures. Hybrid neural network—Transformer
architectures integrate multi-scale image features and environmental time-series data
to realize multi-objective classification and scene-adaptive decision-making. Chechkin
et al. [3] proposed a hybrid neural network-Transformer framework that achieves accurate
target classification in complex scenes through hierarchical feature extraction. Its multi-
modal feature fusion concept can be transferred to the recognition of shared bicycles from
multiple viewing angles and stacked poses, effectively improving the stability of bicycle
grabbing and identification on complicated urban roadways [3]. This hybrid Al architecture
boasts prominent advantages in dynamic visual inspection and target classification under
multi-interference environments, and can provide theoretical support for the integrated
design of the YOLOVS vision module and autonomous scheduling decision module in this
system. In addition, long-term outdoor exposure increases the risk of bicycle failures, which
further raises operation and maintenance costs. To solve the above problems, this paper
proposes an intelligent collection and transportation system for shared bicycles equipped
with a supporting multi-modal intelligent visual decision system, filling the application
gap of existing research in scenarios with coordinated operation of multiple devices. The
technical objectives are set as follows:

i.  Accurate Positioning and Fast Dispatch: Based on vision recognition and positioning
technology, quickly locate bicycles and flexibly redistribute them to relieve regional
supply—demand imbalances.

ii.  Cost Reduction and Efficiency Improvement by Automation: Replace manual opera-
tions with multi-agent collaborative tasks [3]. Working with the above two measures,
reduce maintenance costs and extend the life cycle of the bicycles.
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iii. Improve User Experience (UX) by adding features such as car cleaning and fault
detection, increasing the convenience and leisure factor of the shared-bike service for
users.

In summary, the construction of the system framework is the starting point of this
research. At present, the collection and transportation of shared bicycles rely heavily on
manual labor. The scattered and mobile distribution of vehicles and harsh outdoor working
conditions increase operation and maintenance costs. Moreover, existing hybrid Al multi-
modal visual detection schemes can hardly realize linkage and coordination with grabbing,
horizontal shifting and transporting mechanisms, resulting in defects such as separation
between perception and execution information and delayed decision-making in dynamic
scenarios, as shown in Table 1.

Table 1. Qualitative comparison between common bicycle redistribution approaches and the proposed
integrated collection—transfer system.

Bicycle Grasping and . . . Contribution
o Cleaning/Inspection Automation C v e . . .
Approach Recognition Transfer Capabilit Degree Main Limitation = Boundary in This
Method Capability P y 8 Paper
. . Reference
Manual Human visual Flex1b.l N bUt. Manual inspection High labor cost baseline for
. . labor-intensive Low and unstable
collection judgment . only . workflow
loading response time
demand
Conventional Batch transport Cannot solve Shows. why a
- Operator search . . ) . collection
dispatch after manual Usually unavailable ~ Low to medium irregular parking o
. or platform order . . mechanism is
vehicle loading without workers ;
required
. Limited by arm Difficult wheel Cqmparlson
. . General object . object for
Generic mobile . payload and Usually separate . adaptation and .
) detection or - Medium integrated
manipulator . bicycle posture module low storage )
teleoperation - . mechanism
variation density .
design
Integrated water—jet Outdoor E;i%gar:iecil
Camera-based Adaptive wheel & ) full-scale driving .
. o o  cleaning and collection—
Proposed bicycle, wheel, clamp, lifting, 90 . Prototype-level and long-term .
. infrared R transfer—cleaning
system and posture correction, and . autonomy reliability still
- . preliminary . system for
detection transfer fixing : . require field .
inspection validation multi-posture
shared bicycles

To address the core problems arising during the operation of shared bicycles, including
low manual collection efficiency, high failure rates of vehicles exposed outdoors, and
poor compatibility between traditional visual inspection and automated equipment, this
paper develops a prototype-integrated intelligent collection and distribution system for
shared bicycles. The system consists of a vehicle collection system made up of clamping
devices, adaptive devices, all-directional transverse moving devices and mobile base
devices, as well as a transfer system integrating fixed storage devices, cleaning and detection
devices and a mobile base. A supporting multi-modal intelligent visual decision module is
developed, which combines depth vision and multi-modal algorithms to realize bicycle
identification, positioning and fault detection, and realizes linked scheduling with all
executive mechanisms of the equipment. Subsequently, simulation analysis and physical
prototype experiments will be carried out to fully verify the operational feasibility of the
complete equipment and the visual decision-making system, providing comprehensive
theoretical support and engineering technical references for the full-process intelligent
operation and maintenance of shared bicycles. This integrated automatic collection and
transportation scheme can drastically cut manual maintenance costs and effectively tackle
the difficulties in bicycle recycling and sorting under outdoor environments, contributing to
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the overall improvement of digital organization and refined management of the urban slow-
traffic system. The remainder of this paper is structured as follows. Section 2 presents the
overall design of the shared bicycle collection and transfer system. Starting from the actual
operation demands of urban shared bicycle maintenance, the overall mechanical layout,
multi-posture grabbing mechanism, automatic transfer unit and fixed-point placement
module of the robot are elaborated on in detail. The system workflow, drive scheme
and control logic are also illustrated to lay a complete hardware design foundation for
subsequent structural verification and prototype development. Section 3 conducts finite-
element analysis on the key load-bearing and grabbing components of the collection and
transfer system. Static mechanical simulation is carried out to obtain the stress, strain
and deformation distribution of core parts under typical working conditions. Structural
weak points are identified, and corresponding structural optimization suggestions are
proposed to guarantee the mechanical safety and structural stability of the robot during
long-term continuous operation. Section 4 describes the prototype fabrication, assembly
and comprehensive experimental tests of the collection and transfer robot. A physical
prototype and a simulated urban road test platform are constructed. Multiple groups of
functional tests, efficiency comparison tests and extreme working condition verification
experiments are implemented. Test data are quantitatively analyzed to verify the actual
operation efficiency, grabbing adaptability and environmental adaptability of the integrated
robot system. Section 5 summarizes the full research work. The core innovations and
engineering advantages of the intelligent shared bicycle collection robot are concluded.
The inherent technical limitations of the current prototype are objectively discussed, and
targeted improvement strategies and future research directions for engineering promotion
and multi-scenario application are put forward.

2. Overall Design of the Collection and Redistribution System

The complete collection and redistribution workflow is defined as follows: visual
perception, bicycle localization and posture recognition, adaptive gripper-spacing adjust-
ment, wheel clamping, lifting and 90° posture correction, transfer-robot positioning, fixing
and storage, cleaning and inspection, and redistribution to a designated parking area.
This workflow links the perception output directly to the mechanical gripping, lifting,
transfer, and maintenance modules, so that the system can be reproduced as an integrated
collection—transfer process rather than as isolated mechanisms.

The originality of this design is not the independent use of YOLOvV8, Mecanum wheels,
or a conventional gripper. The contribution is the integrated mechanical layout for multi-
posture shared bicycles: an adaptive wheel-clamping mechanism, a coordinated lifting and
posture-adjustment mechanism, a transfer fixing-storage mechanism, a cleaning-inspection
module, and a vision-guided localization flow that provides the geometric inputs required
by these mechanisms.

Robots need to move in an urban area, randomly find a parked shared bicycle, pick
it up, and deliver it to an area with a higher demand for bicycles. The above system
can increase the use of bicycles, support enterprise operations, and promote low-carbon
travel. However, in practice, shared bicycles are often parked in an irregular manner and
may be mixed with bicycles from different brands. The above conditions have relatively
high demands for the collection and redistribution mechanism [4]. Based on the above,
the shared bicycle collection and redistribution system in this paper should have the
following features:

i.  Grasping Ability: The system needs to be able to stably hold bicycles in all directions
and even when they are overturned.
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ii. Mobility: The system should have all-wheel drive to be able to drive on uneven
ground and irregular bicycle locations.

iii. Perception and recognition: Locate and identify the shared bicycles in the system, and
be able to recognize various kinds of bicycles.

iv.  Autonomous Operation: In difficult conditions, the system is to operate alone for both
collection and transfer.

v.  Transport capacity: The system should be able to transport bicycles collected from
various places and in different numbers.

This paper proposes a design scheme for a shared bicycle collection and transportation
system, as shown in Figures 1 and 2. A mechanical gripper can be used to perform a
90-degree vertical bend and maintain the position of a bicycle by means of thrust from
an air pump and a rack mechanism. The four mechanical grippers in the adaptive device
are for four sizes of bicycle wheels. Research has been carried out on the impact of the
grasping process on the mechanical structure and the strength of relevant mechanisms to
assess whether the robot can be built. The main parameters of the robot are as shown in
Table 2.

Figure 1. Overall structure of the collection robot, including the Mecanum-wheel base, adaptive
gripping mechanism, and transverse adjustment modules for multi-posture shared-bicycle pickup.
1. Mecanum wheel. 2. Gripping mechanism. 3. Adaptive device. 4. Omni-directional traversal
mechanism. 5. Vertical and horizontal shifting device.

Figure 2. Transfer robot architecture with fixing-storage, cleaning, infrared inspection, water tank,
and Mecanum-wheel mobility modules. 1. Mecanum wheel. 2. Fixing and storage device. 3. Water
tank. 4. Rotary gate valve. 5. Cleaning and inspection device.

Table 2. Main technical specifications of the prototype collection robot.

Technical Parameters of the Robot Technical Specifications
Degrees of Freedom 6

Supply Voltage (V) 50

Payload Capacity (kg) 10

Gripper Rotation Angle (°) 90
Longitudinal Travel Distance (cm) 90

Lateral Travel Distance (cm) 20

Maximum Lateral Travel Speed (r/min) 200
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The two types of robots in the system are a cluster robot and a mobile platform. The
two mechanical grippers are arranged symmetrically on the left and right sides (two on
each side) and the robot utilizes an adjustment device that can adapt to the size of the
bicycle to be held, a multi-mechanism coordinated motion device for omnidirectional
movement adjustment, and a mobile base that uses Mecanum wheels. The four units of
the transfer robot are a common bicycle-fixing device, a cleaning device, an inspection
device and a mobile base. The Robot system is able to collect, transport, organize and clean
shared bicycles.

The two parts of the shared bicycle collection and transfer system are a collection robot
and a transfer robot. The particular structure is as follows:

The collection robot is a Mecanum-wheel mobile platform. It is a fully adjustable
structure that has longitudinal, vertical and horizontal movement mechanisms [5]. In addi-
tion, a counter-traversal mechanism for the gripping device, rotary joints, and mechanical
grippers can all be used by the robot for different collection tasks.

The transfer robot is also a Mecanum-wheel-driven base. Add a gripper and a transla-
tional device to hold and move bicycles inwards. It is a four-spray-hole cleaning device
that also has an infrared-detector damage-detection function.

2.1. Gripping Device

The structure of the gripping device on the collection robot is shown in Figure 3. A
motor drives a mechanical gripper to clamp and release.

\/

4

Figure 3. Motor-driven gripping device with telescopic rod, rack slider, and pneumatic rack-slider

é

mechanism for wheel/frame clamping and posture adjustment. 1. Gripper. 2. Gripper open-
ing/closing motor. 3. Telescopic rod. 4. Adaptive-device connecting rod. 5. Rack slider. 6. Pneumatic
rack-slider mechanism.

A rotary joint structure is used in the grip device to adjust the position of the collection
robot for different orientations of shared bicycles. A steering gear that drives the joint is
employed here. A telescopic motion of the geared rod is used to achieve a 90-degree joint
rotation in the mechanism.

A dropped shared bicycle is detected, and then a rotary joint rotates the gripper by
90 degrees to grasp the bicycle in a suitable position. A vertical-lifting device will raise
the bicycle. After raising it, a 90-degree rotation occurs again, and at the same time, the
collection device rotates to secure the bicycle stably.

To avoid slipping of the bicycle during lifting, the friction force provided by the gripper
must be larger than the weight of the bicycle (plus acceleration).

F_grip >=m (g + a) SF/(2p) (1)

where F_grip is the minimum clamping force supplied by each gripper (N), m is the bicycle
mass (kg), g is gravitational acceleration (9.81 m/s?), a is the vertical lifting acceleration
(m/s?), SF is the safety factor (-), and w is the friction coefficient between the rubber pad
and the wheel/frame contact surface (-).
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https://doi.org/10.3390/app16136735

Appl. Sci. 2026, 16, 6735

7 of 21

2.2. Adaptive Device

The adaptive mode of the robot collector is shown in Figure 4. It consists of two sets
of different reverse transverse mechanisms, and each set has two rack blocks and one gear;
it is driven by a servo motor to move the rack blocks and thus adjust the distance between
the grippers. A servo is used to adjust the distance of the two grippers according to the
different sizes of the bicycles and thus fit many different bicycle sizes. The robot can hold
various bicycles; for example, it will move other bicycles that are obstructing the path to
put the target bicycle in a good place and organize them neatly. It can also pick up and
move the target bicycle autonomously, and there will be no harm to any other bicycles
during this process.

(b)

Figure 4. Adaptive wheel-spacing device: (a) initial spacing state and (b) adjusted rack-slider state
driven by the gear mechanism. 1. Outer frame. 2. Gear. 3. Rack slider. 4. Gripper fixing device. 5.
Pinion drive motor. 6. Gear drive motor.

The torque supplied by the motor needs to overcome the resistance of the rack and
move it:
T_motor >= F_total D_gear/(2n) (2)

where T_motor is the required motor torque (N-m), F_total is the total rack resistance
including sliding friction and bicycle-contact resistance (N), D_gear is the pitch diameter of
the drive gear (m), and 1 is the transmission efficiency (-).

2.3. Ommnidirectional Transverse Mechanism

The structure of the omnidirectional transverse mechanism for the collection robot
is shown in Figure 5. The left-right transverse mechanism consists of a lead screw and a
slide rod, and forward and reverse rotation of the motor can be used to achieve left-right
transverse movement. A lead screw and a slide rail are used to construct the up—down
transverse mechanism [6], and it can be driven by a motor to move vertically. The rack
and pinion mechanism of the forward-backward drive consists of a rack, a sliding rail and
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a slider [7]. Together, these three ways form the all-directional transverse structure of a
mechanical gripper and can move in any direction for the collection robot.

-
==
Jo—r IS

A

\‘ ;——Jf . /1

Figure 5. Omnidirectional transverse mechanism combining front-back, left-right, and up—down
translation units for gripper positioning. 1. Front-back translation device. 2. Left-right translation
device. 3. Up-down translation device.

Primarily to counteract gravity, the required lifting torque for the lead screw should
be determined.
T_lift = Fp/(27m) 3)

where T_lift is the required lifting motor torque (N-m), F is the total vertical load applied to
the lead screw (N), p is the screw lead (m/rev), and 1 is the screw-drive efficiency (-).

2.4. Mobile Base

The mobile bases of the collection robot and the transfer robot are shown in Figure 6,
and Mecanum wheels are used to achieve omnidirectional movement; both robots are thus
more maneuverable [8].

Figure 6. Mecanum-wheel mobile base used by both collection and transfer robots to support
low-speed omnidirectional positioning. 1. Mecanum wheel. 2. Mobile base. 3. Drive motor.

After obtaining the wheel linear velocity Vi, it needs to be converted into the motor
rotational speed ni:
n_i =60V_i/(2nR) (4)

where n_i is the rotational speed of the i-th drive motor (r/min), V_i is the linear velocity
command of the corresponding wheel (m/s), and R is the wheel radius (m).

2.5. Fixed Storage Device

The structure of the fixed storage device in the transfer robot is shown in Figure 7.
This device has a mechanical gripper and several sets of translation devices.

When the collection robot places the bicycle above the fixed device, photoelectric
sensors [9] inside the transfer robot sense that there is a bicycle. When the bicycle reaches a
certain position, a signal is emitted by the sensor to stop the collection robots. Then, the
robotic arm lowers the bicycle to the preset height of the wheels, and at that moment, the
photoelectric sensor also sends out a signal.

This signal stops the lower part of the collection robot. At the same time, the motor of
the mechanical gripper in the fixing device of the transfer robot is turned on to clamp and
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fix the bicycle. Each fixing device is attached to a translation device. After the first gripper
takes a bicycle, the corresponding translation unit moves into the storage position. Then
the next fixing device will move to the working position for the following collection cycle.
Thus, the storage space for the transfer robot will be more space-efficiently used.

Figure 7. Fixed storage device with a motor-driven gripper and slider base for receiving and securing
collected bicycles on the transfer robot. 1. Drive motor. 2. Gripper. 3. Slider base.

The sensor response speed needs to be in line with the motion. The time condition is
as follows:
T_response < S_safe/V_down (5)

where T_response is the sensor response time (s), S_safe is the reserved safety margin
distance along the descending direction (mm), and V_down is the end-effector descent
speed (mm/s). The units are converted consistently when the response time is specified
in milliseconds.

2.6. Cleaning and Inspection Device

The cleaning device is shown in Figure 8. It contains four micro high-pressure water
jets and two servo motors [10]. The two motors adjust the nozzle pitch and yaw so
that the water jet can cover the frame, wheels, saddle, and handlebar regions during
the transfer process.

SNe——/—
e ———
%%‘3/ T

Figure 8. Cleaning and inspection device with four water-jet nozzles and infrared sensors for

preliminary washing and fault screening. 1. Water tank. 2. Nozzle. 3. Infrared detection device.

The inspection device is also shown in Figure 8. Infrared scanners are installed on
both sides to conduct preliminary inspection of key components, including the chain,
handlebars, and saddle. When an abnormal component is detected, a signal is sent to the
collection robot and the damaged bicycle is placed in the designated fault-storage cart for
later maintenance [11].

This integrated cleaning and inspection arrangement improves maintenance conve-
nience, reduces the frequency of manual preliminary checks, and helps extend the service
life of shared bicycles.

https:/ /doi.org/10.3390/app16136735
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The two servo motors are used for pitch and yaw adjustment of the nozzle so that the
water jet scans the target surface around the bicycle.

x =1cosB cose, y =1cosO sinp, z=H_b +1sind (6)

where X, y, and z are the coordinates of the nozzle target point (mm), 1 is the distance from
the nozzle outlet to the rotation center (mm), 0 is the pitch servo angle (°), ¢ is the yaw
servo angle (°), and H_b is the mounting height of the nozzle base (mm).

Control Logic: Through the coordinated interpolation of 0 and ¢, the water jet achieves
a “scanning” rinse of the bicycle frame and wheels, effectively eliminating blind spots.

F_j=pQV (7)

where F_j is the water-jet impact force (N), p is water density (kg/m?), Q is the volumetric
flow rate (m3/s), and V is the jet velocity at the nozzle outlet (m/s).

Q=ADbh/(t_cn_c) (8)

where Q is the required cleaning flow rate (m3/s), A_b is the estimated washable bicycle
surface area (m?), h is the target average water-film thickness (m), t_c is the effective
cleaning time (s), and n_c is the cleaning coverage efficiency (-).

2.7. Visual Perception and Real-Time Computing
2.7.1. Dataset Construction and Annotation

To support bicycle localization in the prototype collection workflow, an implemen-
tation dataset of 6200 images was constructed from campus roadsides, parking areas,
laboratory scale-model tests, and extracted video frames. The scenes include upright,
side-fallen, inclined, partially occluded, mixed-brand, overlapping, and low-light parking
conditions. The training, validation, and test sets were divided at 70%, 20%, and 10%, re-
spectively. The annotated categories were bicycle body, front wheel, rear wheel, handlebar,
saddle, and damaged or abnormal component. The dataset was used to provide repro-
ducible perception input for the mechanical system rather than to claim a new detection
theory. The basic dataset parameters are summarized in Table 3.

Table 3. Basic parameters of the self-built multi-posture shared-bicycle dataset.

Item

Setting or Description

Total images

6200 images, including on-site photographs, laboratory scale-model images, and extracted
video frames.

Data split

Training/validation/test = 70%/20%/10%, corresponding to 4340/1240/620 images.

Typical scenes

Upright, side-fallen, inclined, partially occluded, mixed-brand, overlapping, and low-light
parking conditions.

Annotated objects

Bicycle body, front wheel, rear wheel, handlebar, saddle, and damaged or abnormal component.

Annotation format

Manual bounding-box annotation converted to YOLO format after label consistency checking.

Use in this paper

Provides reproducible perception input for localization, posture recognition, and
gripper-spacing selection; it is not presented as a new public benchmark.

2.7.2. YOLOVS8 Training and Deployment Settings

The detector adopted a YOLOVS8s configuration with 640 x 640 input resolution,
batch size of 16, 150 training epochs, AdamW optimizer, an initial learning rate of 0.001,
cosine learning-rate decay, and early stopping when validation mAP did not improve for
25 epochs. Data augmentation included random scaling, HSV perturbation, horizontal
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flipping, Mosaic augmentation in the early training stage, and random local occlusion.
Training was performed on a workstation equipped with an RTX 3060-class GPU, while
deployment tests used an edge computer with a GPU computing capability comparable to
Jetson Orin NX or an x86 industrial computer with a compact CUDA GPU. The training
and deployment settings are listed in Table 4.

Table 4. YOLOv8 model training and deployment hyperparameters.

Parameter Value Used for the Engineering Prototype
YOLOVSs, selected as the accuracy-speed balance model for the
Detector .
collection robot.
Input size 640 x 640 pixels.
Batch size and epochs Batch size 16; 150 epochs; early stopping patience of 25 epochs.
Optimizer and learning rate AdamW optimizer; initial learning rate 0.001; cosine learning-rate decay.

Data augmentation

Random scaling, HSV perturbation, horizontal flipping, Mosaic in the early stage,
and random local occlusion.

Training hardware RTX 3060-class GPU workstation.

Deployment hardware

Edge computer comparable to Jetson Orin NX or compact x86 CUDA industrial
computer.

Output to controller Bicycle center, wheel centers, posture category, and abnormal-part flag.

2.7.3. Detection Accuracy and Scope Boundary

On the 620-image held-out test set, the trained detector achieved a precision of 96.3%,
recall of 94.7%, mAP@0.5 of 97.1%, and mAP@0.5:0.95 of 82.3%. Under approximately
30% partial occlusion, the bicycle-body AP@0.5 decreased to about 92%, but the wheel-
region output still provided sufficient position input for adaptive gripper-spacing selection.
Detailed YOLOvV8 improvement, self-built dataset optimization, ablation tests, sensor-
fusion experiments, and multi-model horizontal comparison have been completed as a
separate visual-algorithm study; they are not repeated here to avoid departing from the
mechanical-structure and mechanics-verification focus of this article. A compact engineer-
ing comparison is provided in Table 5 to show why YOLOv8s was used in the prototype.

Table 5. Compact engineering comparison of detection accuracy and inference speed.

Model Precision (%) Recall (%) mAE’@O.S mAP@00.5:0.95 FPS Latency Engineering Note
(%) (%) (ms)
YOLOvSn  94.1 92.38 95.4 78.6 07 23.4 Fastest option but lower
small-part robustness.
YOLOvSs 963 94.7 97.1 82.3 31.2 321 Selected balance for
real-time collection control.
SSD- Lower robustness under
MobileNetV2 91.6 89.5 92.8 72.4 25.8 38.8 occlgsmn and mixed
parking.
Faster Accurate but too slow for
R-CNN 7.0 92 7.8 8.1 74 135.0 the prototype control cycle.

2.7.4. Real-Time Computing Cycle

The real-time processing sequence includes image acquisition, preprocessing, model
inference, post-processing, coordinate transformation, control decision, and actuator
command transmission. In the prototype test environment, image acquisition required
25-35 ms, preprocessing 5-8 ms, inference 28-35 ms, post-processing and coordinate trans-
formation 8-12 ms, control decision 610 ms, and command transmission less than 5 ms.
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The end-to-end perception-control cycle was therefore approximately 80-105 ms, which is
shorter than the 0.3 s recognition-response requirement and much shorter than the mechan-
ical gripping and lifting cycle. The visual module outputs bicycle center, wheel centers,
posture category, and abnormal-part flags to the collection controller.

2.8. Autonomous Operation Framework and Implementation Boundary

The autonomous operation framework is defined at the system-integration level.
Outdoor localization can be implemented by GNSS/RTK, wheel odometry, and IMU fusion
in open areas, while short-range visual markers or local SLAM can assist positioning in
dense parking zones [12-14]. Global routing is generated from bicycle-demand regions and
service-road constraints, and local motion is executed at low speed by the Mecanum-wheel
base using obstacle distance and camera perception as safety inputs.

Obstacle avoidance follows a conservative stop-yield strategy. Static obstacles are
bypassed only when the local free space is sufficient; for pedestrians, vehicles, and other
dynamic objects, the robot slows down or stops and waits for clearance. Multi-robot
scheduling is treated as a task-assignment boundary condition: a central platform can
allocate collection robots and transfer robots according to distance, bicycle density, battery
level, and remaining storage capacity, but detailed fleet-optimization algorithms are outside
the present mechanical-design study.

Therefore, the current work verifies the integrated mechanism and prototype-level
collection—transfer process. Full outdoor autonomous driving, dense mixed-traffic interac-
tion, and long-duration fleet scheduling require subsequent full-scale field tests and are
regarded as future work.

3. Finite-Element Analysis of the Collection and Transfer System

Under automatic clamping, lifting and continuous transfer, the shared bicycle collec-
tion and transfer system are subjected to many types of coupled loads in various directions.
Therefore, the structural strength and rigidity of the components need to ensure high preci-
sion and stability during use. If there is a stress concentration or large-scale deformation,
then clamping failure, mechanism jamming, or position error will occur in the system, and
it will not be reliable. Therefore, finite-element static analysis will be used to determine if
the stiffness and load-bearing capacity of the structure meet the design requirements under
the actual load. The analysis can also identify weak links in the prototype earlier.

Therefore, a baseline static finite-element simulation and a preliminary quasi-dynamic
load-case assessment were carried out for the overall system. A three-dimensional model
was built, the material properties and boundary conditions were defined, and stress and
deformation responses were obtained under representative operating loads. The von
Mises equivalent stress criterion and total displacement results were used to evaluate
whether the structural feasibility of the proposed design was satisfied at the prototype
engineering stage.

The analysis in this section should be understood as a prototype-level engineering
assessment. It retains the original static finite-element result as the baseline and adds accel-
eration, braking, lateral eccentric-load, and equivalent vibration load cases for preliminary
strength screening. Full-size transient dynamic simulation and long-term fatigue testing
remain necessary before outdoor deployment.

3.1. Stress Analysis
3.1.1. Stress Calculation Theory

The fourth strength theory, also known as the von Mises yield criterion, will be used
in this section for stress analysis of the structure. The above standards can be employed
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to assess all kinds of stress at different times in a ductile material, for instance, 45 steel.
Determine the equivalent stress using the components of normal and shear stress:

1 2 2
0y = \/2 [(Ux —0y)" + (0y — 02)" + (07 — 0x)*+6(T3, + & + Tz2x):| )
where 0y, 0y, 0;—Normal Stress Components in 3D;

Ty, Tyz, Tzx Shear Stress Components in 3D;

o, von Mises equivalent stress, for evaluating plastic yielding.

3.1.2. Deformation Calculation Theory

A total displacement contour plot can be drawn to show the whole shape of displace-
ment at different locations. The total displacement of a node is obtained by adding up the
linear displacement components in the three directions:

Utotal = 4/ u% + u% + u% (10)

wherein uy, uy, u, the linear displacement components of the node in the X, Y, and
Z directions;

Upora; the total displacement of the node reflects the local and overall deformation
degree of the structure.

3.2. System Overall Model Parameter Settings
3.2.1. Material Properties

The overall structure of the transfer system will be No. 45 high-quality carbon
structural steel, and the mechanical property parameters of this material will be uni-
formly set as follows: Young’s modulus E = 206 GPa, Poisson’s ratio u = 0.3, and density
p =7.85 x 10% kg/m3 to ensure consistency between the simulation analysis and the actual
material properties.

3.2.2. Boundary Conditions and Load Application

Boundary Conditions: A full fixed constraint is applied to the bottom supporting
surface of the transfer system, and the translational and rotational degrees of freedom
(DOFs) in the X, Y, and Z directions are restricted to simulate the actual base support
conditions during operation.

Loading Conditions: Based on the actual working load of the system, the model evenly
distributes all the loads across the load-bearing areas and clamping components, such as
the self-weight of the shared bicycle (20 kg), clamping force of the gripping mechanism,
dynamic impact loads during transfer, and lateral overturning forces.

To ensure repeatability, the CAD model was simplified before meshing, as shown in
Table 6 suppressing bolt threads, cosmetic chamfers smaller than 2 mm, small holes not
located in load-transfer paths, and non-load-bearing covers. The load-bearing frame, grip-
per arms, rack-slider components, screw-lifting parts, and transfer fixtures were retained.
Welded and bolted frame interfaces were treated as bonded contacts, while the gripper-pad
contact was represented by frictional contact with p = 0.30 in the preliminary model.

3.3. Finite-Element Solution and Result Analysis

The finite element model is constructed and boundary conditions are set out in Table 7,
the global stiffness equilibrium equation K u = F was solved to obtain the nodal dis-
placement field. Element stresses were then calculated from the geometric equations and
linear-elastic constitutive relationship. Finally, nodal extrapolation and smoothing were
used to generate the whole-field stress and deformation contour plots.
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Table 6. Finite-element model settings and load definitions.

Item Setting Used in the Prototype-Level Finite-Element Model

Linear elastic isotropic No. 45 steel; E = 206 GPa, v = 0.30, p = 7850 kg/ mS, yield strength
o_y = 355 MPa.

Material model

Ten-node tetrahedral solid elements; 4 mm global mesh size and 2 mm local refinement at

Element and mesh gripper-frame joints and rack-slider transitions.

Model size Approximately 218,000 nodes and 126,000 elements after local refinement.

Bonded contact for welded /bolted structural joints; frictional contact with p = 0.30 at
Contact definition rubber gripper-pad contact; sliding guides simplified as bonded supports for
strength screening.

Full fixed constraint applied to the bottom supporting surfaces and base mounting pads;

Constraints . . .
no symmetry constraint was used because the bicycle load can be eccentric.

Gravity, 20 kg bicycle weight, clamping reaction, vertical acceleration, longitudinal
Load application braking inertia, lateral eccentric load, and equivalent 2 Hz vertical vibration were applied
to corresponding load-bearing surfaces.

Refining the local mesh from 3 mm to 2 mm changed maximum von Mises stress by less

Mesh convergence than 4.8% and maximum displacement by less than 2.5%.

Table 7. Preliminary finite-element results under static and quasi-dynamic load cases.

Equivalent Operating Maximum von Mises Maximum .
Load Case Condition Stress (MPa) Deformation (mm) Yield Safety Factor
LC1 Static lifting of a 20 kg bicycle 131.21 4.0552 271
LC2 0.5 g vertical lifting acceleration ~ 165.8 4.84 2.14
LC3 0.4 g emergency braking 176.3 5.12 2.01
during transfer

LC4 Lateral eccentric bicycle load 152.6 4.47 2.33
LC5 Equivalent 2 Hz vertical 158.9 461 223

vibration load

The equivalent stress contour of the whole system structure under LC1 static lifting is
shown in Figure 9. The maximum von Mises stress is retained as 131.21 MPa, and it occurs
at the loaded connection between the clamping device and the frame. The remaining frame
regions show lower and more uniform stress. Because the yield strength of No. 45 steel is
355 MPa, the calculated static safety factor is 2.71, indicating that the structure satisfies the
baseline strength requirement.

Equi
Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1
2026/4/3 18:49

131.21 Max
116,63
102,05
87.474
72.895
58316
43737
29.158
14579
5.9231x10°° Min

Figure 9. Von Mises stress contour for LC1 static lifting of a 20 kg bicycle; the maximum stress of
131.21 MPa occurs at the clamping-frame connection and remains below the 355 MPa yield strength.
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The total deformation contour of the whole system under LC1 static lifting is shown
in Figure 10. The maximum deformation is retained as 4.0552 mm and occurs near the
front-end clamping actuator, while the upper frame and base show relatively small dis-
placement. This deformation level is acceptable for prototype-level transfer positioning and
is unlikely to affect the adaptive clamping process under the baseline load. The local stress
concentration at the clamping-device joint should still be considered in the next structural
reinforcement stage.

B: Static Structural
Total Deformation
Type: Total Deformation
Unit: mm
Time: 1
2026/4/3 18:50

4.9552 Max
3.8046
3.154
27035
22529
1.8023
1.3517
0.90115
0.45058
0 Min

Figure 10. Total deformation contour for LC1 static lifting; the maximum displacement of 4.0552 mm
appears near the front-end clamping actuator and indicates acceptable prototype-level stiffness for
transfer positioning.

3.4. Preliminary Dynamic, Vibration, and Fatigue Assessment

The quasi-dynamic cases were estimated by converting acceleration and braking
effects into equivalent inertial loads. LC2 corresponds to a vertical dynamic amplification
of 1.5 times the bicycle weight during lifting, LC3 applies a 0.4 g longitudinal inertial
component during emergency braking, and LC4 represents lateral eccentric loading caused
by an off-center bicycle posture. LC5 uses a 2 Hz equivalent vertical excitation to represent
low-speed transfer vibration and actuator-induced fluctuation.

Among the preliminary cases, LC3 gives the highest stress of 176.3 MPa and the largest
deformation of 5.12 mm. This maximum stress remains below the 355 MPa yield strength
of No. 45 steel, with a yield safety factor of approximately 2.01. Therefore, no immediate
yielding risk is predicted under the selected quasi-dynamic load screening cases, although
the clamping—frame connection remains the critical location for reinforcement.

For the initial vibration check, the 2 Hz equivalent vertical load did not produce a stress
level higher than the emergency-braking case. A beam-stiffness estimate of the main frame
indicates that the first global bending mode is expected to be much higher than the 2 Hz
low-speed transfer excitation, so resonance is not expected in the prototype operating range.
This conclusion should be verified by a full modal test or transient dynamic simulation
before field deployment.

A simplified fatigue screening was also conducted using the mean stress from the
lifting condition and an estimated alternating stress caused by repeated lifting, braking,
and transfer vibration. With a conservative corrected endurance limit of approximately 160
MPa for the structural steel assembly, a Goodman-type estimate gives a preliminary fatigue
safety factor of about 1.6 at the critical clamping—frame joint. This result is suitable only for
early engineering screening; welded details, bolt preload, surface treatment, impact events,
and long-term corrosion should be included in future full-scale fatigue tests.

Overall, the original static result of 131.21 MPa maximum stress and 4.0552 mm
maximum deformation is retained, and the additional quasi-dynamic screening indicates
that the prototype structure has an acceptable preliminary safety margin. Complete full-
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scale transient dynamics, road-vibration testing, and long-duration fatigue validation
remain future work.

4. Experimental Testing and Analysis of the Collection and Transfer
System Prototype

To complement the static finite-element analysis, prototype experiments were con-
ducted to evaluate the adaptive spacing accuracy, multi-posture grasping reliability, transfer
positioning accuracy, vibration stability, motor load response, and scale-model limitations
of the proposed collection—transfer mechanism. All tests were performed under con-
trolled 1:7 scale-model laboratory conditions. Therefore, the experiments were used for
prototype-level feasibility and statistical repeatability assessment rather than as full-scale
engineering validation.

4.1. Experimental Platform and Scale-Model Design

The experimental platform was constructed according to a 1:7 geometric scale ratio
and consisted of scaled bicycle models, an adaptive gripping mechanism, a transfer base,
a conveyor chain group, a photoelectric positioning array, and a data-acquisition system.
The scaled wheel diameters were 73 mm, 80 mm, 86 mm, and 94 mm, corresponding
to common shared-bicycle wheel sizes after geometric reduction. The adjustable-angle
base provided tilt angles from 0° to 45° for fallen or leaning bicycle conditions, and the
rectangular transfer base was 600 mm long and 400 mm wide. Force sensing, motor-current
acquisition, photoelectric positioning, and optical displacement measurement were used
to record the collection and transfer process; the vibration and displacement signals were
sampled at 100 Hz.

The 1:7 scale model was used to verify the feasibility and relative performance trends
of the collection—transfer mechanism, including adaptive gripping, positioning repeatability,
and transfer stability. It was not intended to fully reproduce the dynamic similarity of a
full-scale system, because mass, inertia, contact force, tire-ground friction, and vibration
response do not scale linearly with geometric size.

4.2. Test Protocol, Evaluation Metrics, and Data Processing

Four groups of experiments were carried out. First, in the adaptive spacing test, each
wheel-diameter group was tested 10 times. The target gripper spacing was set according to
the corresponding scaled wheel diameter, and the measured spacing was recorded after
the rack-and-pinion mechanism stopped. A trial was regarded as valid when the absolute
spacing error was within +1.5 mm and the adjustment cycle was completed within 3 s.

Second, in the multi-posture grasping test, upright, side-fallen, and obstacle-leaning
postures were evaluated at 0°, 30°, and 45°, respectively. The gripper closing speed and
lifting speed were kept constant at 15 mm/s and 20 mm/s in the scale-model test. The
minimum acceptable clamping force was set to 7.5 N. A successful grasp required the wheel
to be clamped, lifted, and lowered without visible slip, detachment, or interference with
the transfer fixture.

Third, in the transfer stability test, a 94 mm wheel-diameter model was lowered until
the photoelectric array detected the tire position. The conveyor chain then transported the
model horizontally at 0.1 m/s. Vertical sinusoidal excitation with an amplitude of £5 mm,
a frequency of 2 Hz, and a duration of 10 s was applied to the transfer base. Positioning
error, maximum vibration displacement, motor current, clamping-force fluctuation, and
pose displacement were recorded.

Fourth, in the dynamic grasping stability test, tilt-angle groups of 0°, 15°, 30°, 45°,
and 60° were evaluated to quantify the degradation of grasping performance as posture

https:/ /doi.org/10.3390/app16136735


https://doi.org/10.3390/app16136735

Appl. Sci. 2026, 16, 6735

17 of 21

deviation increased. Each tilt-angle group was treated as a binomial success-rate test, and
the positioning error, gripper response time, and maximum vibration displacement were
summarized for comparison.

The main indicators are calculated as follows: spacing error es = |dm—dt|, where
dm is the measured spacing and dt is the target spacing; success rate Ps = Ns/N x 100%,
where Ns is the number of successful trials and N is the total number of trials; coefficient
of variation CV = s/mean x 100%; and the 95% confidence interval for a mean value was
calculated as CI95% = xbar + t0.975,n — 1 x s/sqrt (n). For success rates, Wilson binomial
confidence intervals were used because the outcomes were pass/fail trials.

4.3. Experimental Results and Statistical Analysis

The adaptive spacing results are summarized in Table 8. The first numerical column
in the original statistics represented spacing error rather than spacing time; therefore, the
column heading was corrected to mean spacing error. For the 73-94 mm wheel groups,
the mean spacing error increased from 0.42 mm to 0.68 mm, and all 95% confidence
intervals remained below the £1.5 mm tolerance. The mean adjustment time increased
from 2.25 s to 2.56 s but remained below the 3 s design threshold. The gradual increase is
mechanically consistent with the larger travel distance and friction accumulation in the
rack-and-pinion transmission.

Table 8. Adaptive spacing accuracy and adjustment time for four scaled wheel-diameter groups
(n =10 per group).

Wheel Diameter . Mean Spacing Error 95% CI of Error Mean {\d}ustment 95% CI of Time (s)
(mm) (mm) (mm) Time (s)
73 10 0.42 +0.18 0.29-0.55 2.25 +0.28 2.05-2.45
80 10 0.51 +0.22 0.35-0.67 2.38 + 0.31 2.16-2.60
86 10 0.59 £+ 0.19 0.45-0.73 247 +0.29 2.26-2.68
94 10 0.68 +0.24 0.51-0.85 2.56 £ 0.33 2.32-2.80
The multi-posture grasping results are shown in Table 9. The success rates were
corrected to integer success counts so that each percentage corresponds to a physically
possible number of trials. The upright posture achieved 98.0% success, while the side-fallen
and obstacle-leaning postures achieved 96.0% and 95.0%, respectively. The clamping-force
CV increased from 2.5% to 4.7% as tilt angle increased, indicating that posture compensation
increased force fluctuation. Nevertheless, the mean clamping force remained within the
scaled acceptance range, and the Wilson confidence intervals stayed above the preliminary
90% reliability threshold.
Table 9. Multi-posture grasping reliability with Wilson 95% confidence intervals for success rate
(n =100 per posture).
Success Rate ~ Wilson 95% Force Range Mean
Posture Type Tilt Angle (°)  Successes/N o o ? & Clamping CV (%)
(%) CI (%) N)
Force (N)
Upright 0 98,/100 98.0 93.0-99.4 7.6-8.4 8.0+ 02 2.5
Side-fallen 30 96/100 96.0 90.2-98.4 7.8-8.7 8.3+£0.3 3.6
Obstacle-leaning 45 95/100 95.0 88.8-97.8 8.1-9.0 85+04 4.7

The transfer stability results are given in Table 10. Across five transfer groups, the
average group mean of the photoelectric positioning error was 1.38 mm, and the maximum
positioning error was 1.98 mm. The maximum vibration displacement did not exceed
1.96 mm under the 2 Hz excitation, while the motor current remained around 2.45 =+ 0.15 A.
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The motor-current CV was 6.1%, indicating that the transfer load did not produce a sud-
den current increase under the laboratory test condition. The clamping-force fluctuation
standard deviation was 0.16-0.19 N, which suggests that the self-locking gripper limited
vibration transmission during transfer.

Table 10. Transfer positioning, vibration, motor-current, and clamping-force stability under 2 Hz
vertical excitation.

Max.

Positioning Max. . . Motor SD of Max. Pose
e s Vibration Force Range . .
Group Error (mm), Positioning Displacement Current (A), (N) Clamping Displacement
Mean £ SD Error (mm) P(mm) Mean £ SD Force (N) (mm)
1 1.38 + 0.51 1.96 1.74 244 £0.15 11.7-12.2 0.17 1.72
2 1.42 + 0.49 1.91 1.82 247 £0.14 11.8-12.3 0.18 1.80
3 1.35+0.53 1.98 1.96 2.45 £ 0.16 11.7-12.3 0.19 1.68
4 1.40 + 0.47 1.89 1.77 243 +0.13 11.9-12.3 0.16 1.75
5 1.33 £ 0.50 1.94 1.71 246 £0.15 11.8-12.2 0.18 1.70
Table 11 summarizes the dynamic grasping results for different tilt angles. When the
bicycle tilt angle was 30° or lower, the success rate remained at or above 94.0%, the mean
positioning error was no more than 2.5 mm, and the maximum vibration displacement
was no more than 2.3 mm. At 45° and 60°, the success rate decreased to 90.0% and 83.0%,
while the positioning error and response time increased. This result indicates that large
posture deviation increases the vision-guided approach error and the required gripper
compensation, so the current mechanism is more reliable for upright, side-fallen, and
moderate-leaning bicycles than for severe tilting conditions.
Table 11. Dynamic grasping stability by tilt angle (n = 100; Wilson 95% CI for success rate).
. o Success Rate Wilson 95% CI Mean Pos. Response Time .Max. Vib.
Tilt Angle (°) Successes/N o o Displacement
(%) (%) Error (mm) (s)
(mm)
0 98/100 98.0 93.0-99.4 1.2 0.35 0.8
15 96/100 96.0 90.2-98.4 1.8 0.42 1.5
30 94/100 94.0 87.5-97.2 25 0.51 2.3
45 90/100 90.0 82.6-94.5 3.7 0.68 3.9
60 83/100 83.0 74.5-89.1 52 0.95 5.6

4.4. Scalability, Comparative Discussion, and Limitations

The scale-model tests validated the basic mechanical sequence of adaptive spacing,
wheel clamping, photoelectric positioning, transfer, and vibration resistance under con-
trolled laboratory conditions. However, scalability remains a key limitation. Full-scale
dynamic loads will be affected by mass and inertia scaling, contact stiffness, tire—ground
friction, impact during lifting, and vibration transmitted through the mobile chassis. These
effects cannot be fully inferred from a 1:7 geometric model. Therefore, dynamic finite-
element analysis, fatigue analysis, full-scale vibration tests, and outdoor field trials are
required before engineering deployment.

A qualitative comparison with common collection and transfer approaches is provided
in Table 12. The proposed system integrates bicycle identification, adaptive grasping, trans-
fer fixation, cleaning, and preliminary inspection in one robotic platform. The comparison is
qualitative because the available experiments do not provide directly comparable full-scale
operating time, cost, or failure-rate data for all alternative approaches.
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Table 12. Qualitative comparison between the proposed system and existing bicycle collection and

transfer approaches.

. Grasping and . .
Approach BI.C}.’CIe. Transfer Cleamng/lyspectlon Automation Level =~ Main Limitation
Identification o Function
Capability
. Human visual Flexible but Manual inspection High labor cost
Manual collection . . . Low and low
judgment labor-intensive only .
repeatability
Conventional Manual or Bulk loading and Usually separated . Limited response
. . . . . . Low to medium to scattered and
dispatch vehicle dispatch-list-based  unloading from collection -
fallen bicycles
. . Requires
Generic mobile Camera. or LIDAR Genera} rasprie, Usually not . task-specific
- perception may be  not optimized for . Medium .
manipulator . integrated gripper and
added bicycle wheels .
transfer fixture
YOLOvS8-based Adaptlve wheel Prototype-level . . Full scaﬂe
Proposed . o spacing, . Medium to high dynamics and
. bicycle recognition . cleaning and
collection—transfer . multi-posture . . . under laboratory outdoor autonomy
and photoelectric . infrared inspection . )
system grasping, and conditions require further

positioning

integrated

conveyor transfer validation

Operational autonomy is also not fully validated in this study. The current experi-
ments focus on mechanism-level collection and transfer rather than complete operation
in dense urban environments. Localization, route planning, obstacle avoidance, interac-
tion with pedestrians and vehicles, multi-robot coordination, dispatch scheduling, and
decision-making under dynamic demand must be further developed and tested. The visual
recognition module reported in Section 2.7 provides preliminary perception support, but
hardware requirements, image-processing latency, control decision time, actuator response
time, and end-to-end cycle time should be measured with the final embedded comput-
ing platform. The cleaning and damage-inspection modules should also be regarded as
prototype-level functional integrations until their detection accuracy and maintenance
effect are validated independently.

5. Conclusions

This study proposes an integrated robotic system for shared bicycle collection, transfer,
fixation, cleaning, and preliminary inspection. A laboratory-scale prototype was developed
to evaluate the feasibility of the adaptive spacing mechanism, multi-posture gripping
process, photoelectric positioning, and transfer-stability sequence. The results provide
prototype-level evidence for the proposed collection—transfer concept, while full urban
autonomous operation remains outside the direct validation scope of this study.

Static finite-element analysis of the collection and transfer structure showed that the
maximum von Mises stress was 131.21 MPa under the simulated loading condition, which
is lower than the 355 MPa yield strength of 45 steel. The maximum deformation was
4.0552 mm and occurred near the end of the clamping actuator. These results indicate
that the static strength and stiffness satisfy the preliminary design requirements under the
specified simulation assumptions, but they do not verify fatigue strength, impact behavior,
or vibration response during mobile operation.

Under controlled 1:7 scale-model laboratory conditions, the adaptive spacing error
ranged from 0.42 £ 0.18 mm to 0.68 £ 0.24 mm, and the adjustment time ranged from
2.25 £ 0.28 s to 2.56 £ 0.33 s. Multi-posture grasping success rates were 95.0-98.0%, and
the clamping-force CV remained below 5%. In the transfer test, the average photoelectric
positioning error was about 1.38 mm, the maximum vibration displacement was 1.96 mm,
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and the motor current remained around 2.45 £ 0.15 A. In the dynamic grasping test, the
success rate decreased from 98.0% at 0° to 83.0% at 60°, indicating that large tilt angles
significantly increase positioning error, response time, and vibration displacement.

The main limitations are that the current validation is based on a 1:7 scale prototype
and does not fully verify full-scale dynamic loads, fatigue strength, vibration during mobile
operation, long-term reliability, outdoor adaptability, or operation in different regional
deployment conditions. Autonomous navigation, path planning, obstacle avoidance,
multi-robot coordination, and real-time computational performance also require further
verification. Future work will include full-scale prototype testing, dynamic finite-element
analysis, fatigue and vibration tests, outdoor road tests, embedded-system timing tests,
and multi-region deployment assessment.
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