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ABSTRACT

Dockless bike-sharing systems in China have enhanced user convenience but
face challenges like vandalism and improper parking. Despite advancements in
bike collection technologies, manual labor remains essential in the redistribution
process, often leading to worker fatigue and safety concerns. This study explores
solutions to reduce work-related fatigue for bike collectors using a human-robot
collaboration (HRC) system. In our proposed system, workers assess bike conditions
and position them for a robotic arm to handle lifting and placement. The system
aims to minimize physical strain and improve worker experience. We conducted
simulations with healthy adults to test the system’s effectiveness. Physical fatigue was
measured through heart rate monitoring, and mental fatigue was assessed using the
Multidimensional Fatigue Inventory. Participants were divided into two groups: one
with nominal technological assistance and one without. Professional bike distributors
evaluated the system’s performance by observing task recordings and completing
structured surveys. Our findings show that the HRC system significantly reduces
physical and mental fatigue among participants. The system’s potential to enhance
bike redistribution efficiency and improve worker safety is promising. Future work will
focus on integrating advanced robotics, intelligent software, and smart scheduling for
real-world deployment and broader logistics applications.
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INTRODUCTION

Dockless bike-sharing systems have become integral to urban transportation
in China, providing a flexible and user-friendly alternative to traditional
docked systems (Chen, Lierop and Ettema, 2020). These systems facilitate
convenient short-distance travel for both residents and visitors by allowing
bikes to be rented and parked virtually anywhere. However, this
convenience has led to challenges, including vandalism and chaotic parking
patterns. Areas such as transportation hubs, residential neighborhoods,
and commercial districts often become oversaturated with parked bikes,
complicating access for other users and necessitating daily redistribution
efforts.
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Redistributing these bikes imposes a significant physical and mental
burden on workers tasked with collecting and redistributing them. This
study addresses the dual challenge of physical and mental fatigue among
bike redistributors and explores the potential of human-robot collaboration
(HRC) systems to alleviate these issues. Our proposed system leverages
human-in-the-loop technology to optimize bike redistribution processes. By
combining human oversight with robotic assistance, we aim to reduce the
physical strain and mental stress on workers, thereby enhancing their overall
work experience.

Moreover, our system’s integration has broader implications for urban
efficiency. By streamlining the bike redistribution process, the system not only
improves worker well-being but also contributes to the operational efficiency
of the entire bike-sharing network. This has the potential to enhance urban
mobility and ensure a more balanced distribution of shared bikes across the
city.

RELATED WORK

Based on our literature review, the research is finding a more efficient mode to
collect free-floating bikes, while human manual gathering is still unavoidable
in the system (He and Wang, 2023). Faulty bikes are another issue within
the current redistribution process, over 63% of respondents always see
the broken or wrongly parked shared bikes on the street (Sun, 2018). It
significantly shows that this occupation will still have its demand and unique
role in the near future, in collecting and identifying normal bikes and faulty
bikes.

Manual material handling tasks expose workers to stresses on their
musculoskeletal and cardiovascular systems (Dempsey, 1998). Muscles will
become fatigued faster for the frequent lifting tasks (Kim and Chung, 1995).
Kim and Chung (1995) also proposed reducing both weight of the load and
frequency of lifting would reduce the problems of low-back disorders. From
the news reports and our interviews, those bike redistributors collect many
heavy bikes every day, which are repetitive, high-frequency heavy lifting tasks.
There is limited research investigating this issue and ways to reduce their
weight load and frequency during their bike redistribution process.

Researchers have focused extensively on the use of human-robot
collaboration (HRC) systems to alleviate human fatigue in the workplace.
For instance, Liu et al. (2023) developed an HRC system based on force
feedback,muscle EMG signals, andmotion intention, which can help heritage
restoration workers perform repetitive, high-precision tasks more easily
and efficiently. Peternel et al. (2017) proposed an HRC framework that
adjusts robot behavior based on human fatigue. Lorenzini et al. (2019) built
an HRC system for the real-world scenario of manual spray painting in
manufacturing.When joint fatigue surpasses a set threshold, the robot guides
the worker into amore ergonomic position to prevent further fatigue buildup.

These studies demonstrate that HRC systems can effectively mitigate
human fatigue in repetitive tasks, providing valuable insights and inspiration
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for our own investigation. This leads us to our research question: Can the
HRC system we design help bike redistributors reduce their fatigue?

UNDERSTANDING BIKE REDISTRIBUTORS

To better understand the work states of bike re-distributors, we have
conducted a questionnaire to 18 male bike re-distributors aged 20–32 from
a traffic management company in Fujian China. The questionnaire contains
8 questions and takes an average of 5 minutes to complete, which probed the
bike re-distributors’ workload, workflow, and work situations where they
feel tired. The results showed 13 out of 18 bike re-distributors find lifting
up the bike is the most exhausting step (see Table 1). According to the 18
bike redistributors’ response, they have to lift 130–200 bikes per day, while
each bike weighs around 20kg, they have to lift 2.6-4 metric tons per day (see
Table 1).

Table 1. Interview data from 18 bike re-distributors.

No. The Number of Bikes Lifted by the
Interviewee Per Day

The Most Exhausting Part of the
Whole Process

1 About 180 The placement of the bike after
loading it onto the truck

2 About 130 Lifting up the bike
3 About 150 None
4 About 150 Lifting up the bike
5 About 180 Lifting up the bike
6 About 200 Pushing the bike in front of or near

the truck
7 About 180 Pushing the bike in front of or near

the truck
8 About 200 Lifting up the bike
9 About 150 Lifting up the bike
10 About 230 Lifting up the bike
11 About 150 Lifting up the bike
12 About 150 Lifting up the bike
13 About 180 None
14 About 180 Lifting up the bike
15 About 150 Lifting up the bike
16 About 130 Lifting up the bike
17 About 180 Lifting up the bike
18 About 180 Lifting up the bike

From the interview, we mapped out the current typical workflow as
follows, and we typically focus on the process of lifting up the bike (see
Figure 1).
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Figure 1:

PROPOSED SYSTEM DESIGN

Based on the results of our investigation, we have realized that the most
exhausting stage in the entire workflow for bike re-distributors is lifting
up the bike. Therefore, we have redesigned a human-machine collaborative
system, where a robotic arm will provide substantial assistance during the
bike lifting process. The system completes the operation and maintenance of
urban shared bicycles through the following 5 steps:

Step 1: Initially, the bicycle redistribution system uses integrated GPS
tracking to monitor the distribution of shared bicycles in real time. The
system employs algorithms to analyze the data, identifying bicycles that need
to be redistributed. It then plans the most efficient routes for the workers
based on geographic location information and real-time traffic conditions.

Step 2: Guided by the system, workers arrive at the designated locations.
They then push the bicycles out from the sidewalks and conduct a preliminary
inspection by observation and handling, carefully checking the brakes, tire
pressure, and the condition of the locks. The experience of the workers is
crucial in this process, as those with more experience can perform these tasks
better. If any issues are found, workers will attach specialized labels with
different colors and patterns to the bicycles, making them easily identifiable
by the robotic arm later (see Figure 2).

Figure 2: Tag the broken bike.

Step 3: Workers push the bicycles in front of the robotic arm, where
cameras mounted on the vehicle scan the bicycles’ labels and structural
features to precisely locate the gripping points. These coordinates are sent
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in real-time to the robotic arm’s control system. The robotic arm uses
custom fixtures to ensure stability during the gripping and lifting process
(see Figure 3).

Figure 3: Worker push the bike in front of the robotic arm.

Step 4: The robotic arm sorts and places the bicycles inside the vehicle
compartment. We have proposed a layout for the interior: the robotic arm is
mounted on tracks on the ceiling of the compartment, allowing it to shuttle
and retrieve any bicycle within. The bicycles are arranged in a crisscross
pattern to maximise space utilisation while preventing entanglement. Inside
the compartment, there are separate areas for normal and broken bicycles.
If the broken bicycle area is full, the robotic arm can remove all the broken
bicycles when heading to the repair point. Conversely, if the normal bicycle
area is full and there is space in the broken bicycle slot, normal bicycles
can be placed there to improve efficiency, and vice versa. Upon reaching
the centralised bicycle placement point, the robotic arm removes the normal
bicycles from the compartment and places them on the ground behind the
vehicle, where workers take them and place them in designated roadside
bicycle spots (see Figure 4).

Figure 4: Bike placement.
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Step 5: The system automatically counts the number of normal and broken
bicycles and updates the data of the bicycles that have been transported. This
data is synchronised in real time with the central management system for
further analysis and decision support. Additionally, the system records the
work efficiency of the workers and the transportation status of the bicycles to
optimize future operations. The system audits and archives completed tasks
for subsequent inquiries and analysis (see Figure 5).

Figure 5: Counts system.

METHODOLOGY

In the previous chapter, we detailed the design of our HRC system for
bike redistribution. This chapter focuses on the experimental design aimed
at evaluating whether our system can significantly reduce the fatigue
experienced by bike redistributors. According to Smets et al. (1995), fatigue
is typically categorized into two distinct types: physical fatigue, which refers
to the bodily sensations of tiredness such as feeling weak, and mental
fatigue, which involves cognitive symptoms like difficulty concentrating. In
the workplace, mental fatigue has been found to predict an increased risk
of errors (McCormick et al., 2012). Therefore, our study also aimed to
investigate whether the HRC system would lead to changes in the mental
fatigue levels experienced by bike redistributors.

Participants

We recruited three male participants aged between 23 and 33 years to
simulate the demographic profile of typical bike redistributors. These
participants, students from the Hong Kong Polytechnic University, were
healthy and well-rested prior to the study.

Experimental Setup

The experiment took place in an outdoor open space equipped with a
platform simulating the height of a bike redistribution truck. This setting
aimed to replicate real-world conditions.
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Procedure

Participants were divided into two conditions: 1)With nominal technological
assistance, where they transported 20 bicycles over a 20-meter distance
without lifting them onto the platform manually. 2) Without nominal
technological assistance, where they manually lifted the bicycles onto the
platform after transporting them over the same distance. Each condition
was separated by adequate rest to ensure participants’ fatigue levels were
not influenced by prior tasks.

Data Analysis

To assess physical fatigue, we monitored participants’ heart rates using
Huawei smart watches. The heart rate data was cleaned and analyzed to
compare the mean and maximum values between the two conditions. We
employed methods from Sani et al. (2020) to analyze the heart rate signals,
which are indicative of physical fatigue levels.

For mental fatigue assessment, we used the Multidimensional Fatigue
Inventory (MFI) developed by Shahid et al. (2011). This version of the MFI
includes 20 items, each rated on a 1–5 Likert scale, assessing five dimensions
of fatigue: General Fatigue, Physical Fatigue, Reduced Activity, Reduced
Motivation, and Mental Fatigue. Each dimension consists of four items,
making a total possible score of 20 for each dimension. Items 1, 3, 4, 7, 8,
11, 12, 13, 15, and 20 are scored positively, meaning higher scores indicate
higher levels of fatigue, while the other items are scored negatively, meaning
higher scores indicate lower levels of fatigue. After completing each task,
participants rated their fatigue levels for each item. We calculated the total
score for each participant on each of the five fatigue dimensions and then
computed the mean scores across the three participants for a comprehensive
analysis of mental fatigue under both conditions (with and without nominal
technological assistance).

Descriptive statistics was applied to evaluate differences in heart rates and
MFI scores between the two conditions.

EVALUATION

This part presents the results of our experiment and evaluates the
effectiveness of the HRC system in reducing fatigue experienced by bike
redistributors.

Physical Fatigue

The heart rate data revealed that participants using the HRC system
maintained a steadier heart rate compared to those without assistance.
Figures 6 and 7 illustrate these trends, with significant differences in heart
rates observed between the two conditions. This supports our hypothesis that
the HRC system effectively reduces physical fatigue. The average mean and
maximum heart rates, summarized in Figure 8, further highlight the lower
physical strain experienced with the system.
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Figure 6: Heart rate profiles of the participants without nominal technological
assistance.

Figure 7: Heart rate profiles of the participants with nominal technological assistance.

Figure 8: Changes in heart rate.

Mental Fatigue

MFI scores indicated a reduction in self-reported fatigue levels across all
dimensions for participants using the HRC system. Tables 2 and 3, along
with Figure 9, show that the most significant decrease was in general
fatigue, suggesting that the system also alleviates mental fatigue. Qualitative
feedback from professional bike redistributors, who reviewed a demo of the
system, corroborated these findings. They expressed that the HRC system
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would substantially decrease their workload and fatigue levels in practical
applications.

Table 2. The average scores of the participants
without nominal technological assistance.

Different Dimensions The Average Score

General fatigue 15.33
Physical fatigue 16.33
Reduced activity 15.67
Reduced motivation 14.67
Reduced motivation 14

Table 3. The average scores of the participants with
nominal technological assistance.

Different Dimensions The Average Score

General fatigue 6.67
Physical fatigue 10.67
Reduced activity 9
Reduced motivation 10.33
Reduced Motivation 8

Figure 9: Changes in MFI.

Implications

The results demonstrate that our HRC system significantly reduces
both physical and mental fatigue, thereby enhancing the well-being and
productivity of bike redistributors. This improvement could lead to better
operational efficiency and job satisfaction within the bike-sharing industry.
The holistic benefits of the HRC system suggest its potential for broader
applications in other labour-intensive tasks.
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DISCUSSION AND LIMITATION

The current study tested the efficacy of the HRC system in reducing worker
fatigue during steps 2–4 of the task. The bike redistributors exhibited a
significant reduction in both mental fatigue and physical fatigue. Overall, the
integration of machinery with human labour shows potential for sustained
refinement and enhanced work experience. Notably, this approach also
simultaneously mitigates visible safety hazards through robotic assistance.
Our research provides the first empirical evidence demonstrating the crucial
role that HRC systems can play in the shared bike redistribution process,
contributing to the health and well-being of workers. This study offers
inspiration for the widespread industrial application of HRC systems in the
future.

However, steps 1 and 5 were only demonstrated to the workers through
video and were not subjected to qualitative or quantitative analysis. Future
research should include these initial and final steps in the experimental
investigation. Additionally, the current study had a relatively small sample
size, and increasing the number of participants in future experiments would
enhance the statistical power and generalizability of the findings.

CONCLUSION AND FUTURE WORK

In our human-robot collaboration system, the cooperation between human
workers and the robotic arm is highly integrated. They collaborate closely,
with each focusing on their respective expertise - the workers discerning the
quality of shared bicycles, while the robotic arm lifts and positions them.
This novel HRC system effectively reduces physical fatigue for workers and
delegates the most hazardous tasks to the robotic arm, ensuring worker
safety. By implementing a HRC system, the integration of the robotic
arm enhances the user experience for bike distributors, reducing physical
fatigue. With better performance, it reduced the time and chance of accidents
happening.

In the future, the system could be optimized by: 1) Advancing automation
in bike collection, utilizing real-time cloud data for smart scheduling.
2) Meticulously designing the truck’s interior layout to accommodate more
bikes efficiently. 3) Engineering the gripper mechanism for stable and
reliable bike transportation. These enhancements wouldmaximize the overall
functionality and effectiveness of the HRC system.
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