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1 Faculty of Organization and Management, Silesian University of Technology, 44-100 Gliwice, Poland
2 Department of Road Transport, Faculty of Transport and Aviation Engineering, Silesian University of

Technology, 40-019 Katowice, Poland
* Correspondence: radoslaw.wolniak@polsl.pl (R.W.); katarzyna.turon@polsl.pl (K.T.)

Abstract: Bike-sharing initiatives play a crucial role in sustainable urban transportation,
addressing vehicular congestion, air quality issues, and sedentary lifestyles. However, the
connection between bike-sharing facilities and the advantages perceived by users remains
insufficiently explored particular in post-industrial regions, such as Silesia, Poland. This
study develops a multidimensional framework linking infrastructure elements—such as sta-
tion density, bicycle accessibility, maintenance standards, and technological integration—to
perceived benefits. Using a mixed-methods approach, a survey conducted in key Silesian
cities combines quantitative analysis (descriptive statistics, factor analysis, and regression
modelling) with qualitative insights from user feedback. The results indicate that the most
valuable benefits are health improvements (e.g., improved physical fitness and mobility)
and environmental sustainability. However, infrastructural deficiencies—disjointed bike
path systems, uneven station placements, and irregular maintenance—substantially hin-
der system efficiency and accessibility. Inadequate bike maintenance adversely affects
efficiency, safety, and sustainability, highlighting the necessity for predictive upkeep and
optimised services. This research underscores innovation as a crucial factor for enhancing
systems, promoting seamless integration across multiple modes, diversification of fleets
(including e-bikes and cargo bikes), and the use of sophisticated digital solutions like
real-time tracking, contactless payment systems, and IoT-based monitoring. Furthermore,
the transformation of post-industrial areas into cycling-supportive environments presents
strategic opportunities for sustainable regional revitalisation. These findings extend be-
yond the context of Silesia, offering actionable insights for policymakers, urban mobility
planners, and Smart City stakeholders worldwide, aiming to foster inclusive, efficient, and
technology-enabled bike-sharing systems.

Keywords: bike-sharing systems; urban mobility; innovation; infrastructure management;
sustainable mobility; post-industrial regions

1. Introduction
During the past two decades, urban transportation systems have been reshaped by

the growing emphasis on sustainability, technological advancements, and the challenges
posed by urbanisation and climate change. Among the most notable innovations in urban
mobility is the rise in shared mobility services that allow users to rent a vehicle for a short
period without the need to own it [1].
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Under the umbrella of shared mobility services, bike-sharing systems represent one of
the earliest, most environmentally friendly, health-promoting, cost-effective, and widely
accessible solutions. These systems offer a viable alternative to traditional modes of
transport, particularly in densely populated areas [2]. By reducing dependency on private
vehicles and alleviating congestion, bike-sharing has emerged as a transformative force in
reimagining urban landscapes.

Since the emergence of bike-sharing programmes in the late twentieth century [3],
they have evolved from small-scale, community-driven initiatives into integral components
of urban transportation strategies across the globe. Early efforts, such as Copenhagen’s
Bycyklen [4], laid the groundwork for the development of more advanced systems that
integrate digital technologies and real-time user data.

Contemporary systems are digitally oriented and operate through platform-based
models, offering users 24/7 access to bicycles. Bike-sharing services utilising mobile
applications for rentals now operate in over 50 countries worldwide [5], encompassing
both locally managed initiatives in smaller municipalities and large-scale infrastructures in
metropolitan areas, such as Beijing, New York, and Paris [6–8]. Collectively, these systems
facilitate hundreds of millions of journeys each year, highlighting their significance as a
sustainable and accessible mode of transportation.

The widespread adoption of bike-sharing programmes highlights their ability to ad-
dress important issues that confront contemporary urban areas. These systems aim to
reduce greenhouse gas emissions and traffic congestion by promoting a transition away
from individual motorisation, while also improving public health through active trans-
portation [9]. Furthermore, shared bicycles constitute a cost-efficient and socially inclusive
form of mobility, particularly in areas with limited access to conventional public transit
options [10]. However, the success and efficiency of these systems are highly dependent on
their foundational infrastructure, which includes physical assets, such as docking stations,
bike paths, and maintenance centres, along with digital elements, such as mobile applica-
tions and real-time navigation resources [11]. Comprehending the role of infrastructure in
shaping the user-perceived benefits of bike-sharing systems is critical for optimising their
design and implementation. Although previous research has addressed various dimensions
of bike-sharing, including its ecological impact and economic viability, there remains a
relative paucity of studies focusing on the nuanced interrelations between infrastructural
elements and user perceptions, especially across diverse urban contexts [12,13]. This gap in
the literature is particularly salient in regions undergoing socio-economic transformation
or urban regeneration, where traditional infrastructure models may prove insufficient or
misaligned with evolving urban dynamics.

In this context, Poland, especially the Silesian area, presents an intriguing topic for
further investigation. Silesia, as a post-industrial area that undergoes significant urban
transformation, combines a high population density with a deep industrial heritage [14],
offering unique opportunities and challenges for introducing bike-sharing initiatives.

The region’s history of substantial industry and mining has produced a unique urban
landscape, marked by significant land fragmentation, brownfield locations, and zones
in need of ecological renewal. These post-industrial areas have distinct difficulties in
incorporating contemporary urban mobility options. Bike-sharing programmes called
Gleichzeitig provide a chance to transform neglected spaces, such as old industrial sites and
mining facilities, into creative urban environments that emphasise sustainable transport
and active living.

Poland, overall, has experienced swift growth in the implementation of bike-sharing
systems, with more than 60 cities launching programmes by 2023 [15]. Warsaw’s Veturilo
programme, featuring almost 6000 bikes and more than 300 stations, stands out as the most
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known Polish system [16]. The second largest and most popular bike-sharing programme
is the Metropolitan Bicycle System, called Metrorower. It was introduced on 25 February
2024 in the Upper Silesian and Zagbie metropolitanis (GZM) [16]. Metrorower has quickly
established itself as the most expansive regional system with over 1000 bicycles available at
150 stations throughout the metropolis. This large-scale system replaced earlier indepen-
dent bike-sharing networks in cities like Katowice, Gliwice, and Tychy, creating a unified
transportation solution across 41 municipalities [16]. The other bike-sharing systems that
operate in Wrocaw (Nextbike) and Pozna (Pozna City Bike) have also played a role in
enhancing the cycling culture of the country [17].

Nonetheless, the quality of bike-sharing facilities varies significantly across regions,
as some areas experience shortcomings in the integration of cycling infrastructure with
public transit and suffer from limited bike path networks, particularly in suburban and
rural settings.

The Silesian Voivodeship, home to over 4.5 million inhabitants, reflects national trends
on a smaller scale while simultaneously exhibiting distinct regional characteristics [18].
As one of the most urbanised and industrialised regions in Poland, Silesia encompasses
densely populated cities, such as Katowice, Gliwice, and Bytom, alongside extensive former
industrial zones [18]. Municipalities in the region continue to grapple with persistent chal-
lenges related to air pollution, traffic congestion, and infrastructure that—while effective in
certain areas—remain inconsistent or insufficiently integrated in others. Although bike-
sharing has become a widely adopted service in Poland, research examining the influence
of regional infrastructure on user perceptions and system outcomes remains limited. This
study seeks to address this gap by investing the relationship between bike-sharing services
and perceived benefits within the Silesian region, offering insights that are both locally
grounded and globally applicable.

The originality of this study is rooted in its comprehensive framework, which sys-
tematically links infrastructure characteristics to the perceived advantages of bike-sharing
systems, especially within post-industrial urban contexts, such as Poland’s Silesian region.
While prior research typically explores bike-sharing primarily through general environ-
mental or economic lenses, this investigation offers a deeper examination into the influence
of specific infrastructure factors—including station density, maintenance standards, and
technological advancements—on user experience and the overall efficiency of the system.
Additionally, this study employs a mixed-methods strategy, integrating quantitative meth-
ods like factor analysis and regression modelling with qualitative user feedback. This
methodological combination ensures a richer understanding of both quantifiable outcomes
and subjective user experiences.

Another unique contribution is this study’s emphasis on post-industrial regions,
where implementing sustainable mobility solutions presents additional complexity due
to historical urban structures, fragmented land-use patterns, and legacy infrastructure.
This research not only pinpoints these particular challenges but also provides policy-
oriented recommendations aimed at improving bike-sharing network performance in these
challenging contexts.

This research offers an innovative perspective on the integration of Smart City concepts
by examining how real-time monitoring, contactless payment systems, and IoT-driven
technologies can substantially enhance the operational efficiency of bike-sharing services.
As a result, the findings provide practical guidance and strategic insights that are valuable
for urban planners, policymakers, and other stakeholders involved in the development of
sustainable urban mobility solutions.

The findings emphasise that regions, such as Silesia, that face the dual challenge
of urban transformation and environmental remediation, have the potential to lead in
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adopting innovative mobility solutions that address local and global priorities. Using
its industrial heritage and dense urban environment, Silesia can emerge as a model for
integrating bike-sharing systems into post-industrial landscapes, creating sustainable and
user-centred cities that align with the broader objectives of Poland’s green transition. Such
emerging technological innovations and modern applications, including integration into
public transportation, increasingly play a decisive role in bike-sharing systems but have
remained partially unexamined in the prior literature on smart cities [19–28]. This study
identifies a gap within research on the level of influence created through infrastructure
towards the so-called health benefits, environmental benefits, and social benefits, comple-
menting those related to mere comfort and low expense. Since it adopts a multidimensional
regression model. Long-term infrastructure changes, the role of user demographics in
shaping their perceptions, and policy interventions are just some of the areas calling for
further investigation. These unexplored areas open up new paths that could form the
basis for possible research to further refine and expand knowledge regarding bike-sharing
systems in smart cities.

This article addresses the following research questions:

• Q1—What are the main benefits of bike-sharing within Smart Cities, particularly in
the Silesian region of Poland?

• Q2—What is the assessment of an infrastructure offering by bike-sharing systems?
• Q3—What are the key relationships between bike-sharing infrastructure elements and

the perceived benefits of bike-sharing systems?
• Q4—How well do multidimensional regression models explain the variance in per-

ceived benefits based on infrastructure attributes?

The results of this research have important implications for the advancement of mod-
ern smart cities. This research explores the intricate connections between bike-sharing
systems and the advantages perceived by users, offering practical insights to assist ur-
ban planners, policymakers, and mobility service providers in creating sustainable and
user-focused transportation options. As smart cities focus more on data-driven strategies
to enhance urban mobility, it is essential to comprehend how infrastructure components
affect user experiences and the acceptance of systems. Additionally, the multidimensional
framework used in this research presents a reproducible methodological strategy that can
be tailored to different urban environments, facilitating a more efficient incorporation of
bike-sharing systems into larger smart city projects. This article enhances the ongoing
conversation about sustainable urban development and the impact of innovative trans-
portation systems on creating resilient, fair, and ecologically sound cities by filling gaps in
the literature and offering specific contextual recommendations.

This paper is organised into six sections for a thorough examination of the subject. The
introduction establishes the background by highlighting the importance of bike-sharing
systems and their contribution to urban transportation. The second part provides a compre-
hensive analysis of the current literature, concentrating on smart cities and the incorporation
of bike-sharing into their systems. The third section details the methodology, explaining the
research design, data gathering, and analytical methods used. The fourth section presents
the results, offering empirical insights into the connections between infrastructure elements
and user-perceived advantages. In the fifth section, the discussion analyses these results
within the larger academic and practical framework, emphasising their significance for
smart city development. Ultimately, the sixth section concludes this research by highlight-
ing major findings, discussing limitations, and providing practical suggestions for future
investigations and policy formulation.
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2. Theoretical Background of Bike-Sharing Systems
2.1. Bike-Sharing—History

Bike-sharing, commonly referred to as public bicycle systems (PBS), has become an
essential component of sustainable urban transportation strategies. Historically, the evolu-
tion of bike-sharing presents a fascinating path from grassroots initiatives to sophisticated
technological frameworks, reflecting the broader trend of urban mobility progress. This
progression can be divided into four unique generations, each marked by technological
advancements and operational improvements that have gradually influenced the contem-
porary systems we observe today.

The idea of bike-sharing began in the 1960s with the White Bicycle Plan in Amster-
dam, the initial system that offered bicycles for public and communal access [29]. This
innovative project sought to promote sustainable transportation and decrease dependence
on automobiles in the city. However, the lack of systems to monitor or control bicycle
usage caused significant problems, including widespread theft, misuse, and operational
failures. Although the programme eventually did not succeed, it established the con-
ceptual groundwork for future advancements by presenting the notion of shared urban
mobility [3,29].

The second wave of bike-sharing systems appeared in the 1990s, featuring notable
enhancements to overcome the shortcomings of earlier versions. Copenhagen’s Bycyklen
initiative, introduced in 1995, served as a remarkable case. This system implemented
coin-operated docking stations and specially designed bicycles to reduce theft and improve
operational efficiency. The systematic, station-oriented model of Bycyklen represented
a significant progress by offering a dependable and orderly means of access. Although
these systems were devoid of digital technology and user tracking, they demonstrated the
viability of bike sharing as a scalable service and laid the groundwork for future, more
sophisticated systems [7].

A significant shift took place with the launch of the third generation of bike-sharing
programmes in the late 1990s and early 2000s, fuelled by advancements in information
and communication technologies (ICT). These systems incorporated innovations, such
as GPS tracking, mobile apps, and electronic payment methods, turning bike sharing
into a completely digital and user-friendly solution. Notable instances are Lyon’s Vélo’v
system and Paris’s Vélib’, both initiated in 2007. Vélib’ emerged as one of the initial large-
scale systems to integrate real-time information on bike availability, available kiosks, and
effortless payment methods. These characteristics not only enhanced the user experience
but also allowed cities to track system performance and refine operations using data-
informed decision making. The success of Vélib’ showcased the possibility for bike-sharing
to grow quickly and function effectively in crowded urban environments, facilitating its
worldwide acceptance [30].

The fourth wave of bike-sharing systems appeared in the mid-2010s, featuring dockless
designs and cutting-edge technologies like electric-assist bicycles (e-bikes) and AI-enabled
fleet management. Dockless systems removed the necessity for fixed docking stations,
utilising GPS-enabled smart locks and mobile apps for users to find and unlock bikes. In
China, companies, such as Mobike and Ofo, popularised this model, providing unparalleled
flexibility and considerably reducing infrastructure costs for urban regions. Users were able
to collect and leave bicycles almost anywhere inside a specified service zone. Nonetheless,
the swift expansion of dockless systems has also brought about new difficulties, such as
improper parking, urban congestion, and excessive fleet presence in specific metropolitan
areas [31,32].

To address these challenges, hybrid systems have developed as a progression of fourth-
generation models, merging the adaptability of dockless systems with the organisation
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of station-based models. Hybrid systems frequently employ geofencing technology to
establish virtual docking zones, directing users to park bikes in assigned locations while
maintaining the advantages of dockless models. The addition of e-bikes has broadened
the range of fourth-generation systems, enabling bike-sharing to reach a larger audience,
including individuals with reduced physical abilities and those commuting over greater
distances. These developments have established fourth-generation systems as flexible and
responsive options in urban transport networks [33,34].

In the US, bike-sharing programmes like Citi Bike in New York City and Divvy in
Chicago have shown that these systems can succeed even in cities focused on cars. Backed
by public–private partnerships, these initiatives merge top-notch service with data-driven
decision making to improve operational effectiveness and boost user satisfaction. In China,
key cities like Beijing and Shanghai continue to lead bike sharing, featuring some of the
world’s largest fleets.

Worldwide, bike-sharing has evolved into a crucial component of urban transportation
networks, featuring more than 2000 systems across six continents and a combined fleet
exceeding 20 million bicycles [35]. European cities like Amsterdam, Copenhagen, and Paris
have established standards for sustainable and unified bike-sharing systems, frequently
backed by strong infrastructure, such as dedicated bike paths and smooth integration with
public transport.

The future of bike-sharing systems is anticipated to be influenced by additional tech-
nological progress, such as artificial intelligence (AI) and digital development [36] for
forecasting demand and managing fleets dynamically, blockchain technology for secure
and transparent transactions, and autonomous mobility solutions for reallocating bicycles.
Moreover, city regions are progressively investigating the combination of bike-sharing with
environmentally friendly infrastructure, including solar-powered docking stations and
sustainable urban planning, to enhance their ecological advantages. These trends indicate
an upcoming generation of bike-sharing systems that will remain crucial in tackling urban
mobility issues and aiding the shift towards smarter, more sustainable cities [37–40].

2.2. Definition and Classification of Bike-Sharing Systems

Bike-sharing systems can be categorised based on their operational models, which
determine how bicycles are accessed, utilised, and returned. This categorization represents
the variety of design methods and the flexibility of bike-sharing in different urban context.
The primary models include station-based systems, dockless systems, and hybrid systems.

Station-based systems, often referred to as docking station systems, operate through
fixed infrastructure where bicycles are both rented and returned. require users to collect
and return bicycles at designated docking stations, strategically located in high-demand
areas, such as transit hubs, commercial districts, and residential neighbourhoods. The
permanent docking infrastructure ensures secure bicycle storage when not in use, thereby
reducing the risk of theft and vandalism. This structure also facilitates efficient fleet
management, as centralised docking points allow operators to monitor and reallocate
bicycles effectively. While station-based systems offer reliability and operational control,
they are less flexible, as users must find a docking station neat their point od departure
or destination. Additionally, the installation and maintenance of docking stations can be
financially demanding particularly in large metropolitan areas or cities with constrained
public resources [3].

In contrast, dockless systems eliminate the need for fixed docking stations, relying on
GPS-enabled smart locks and mobile applications. These systems allow users to locate and
access bicycles via smartphone apps and to park them anywhere within a designated service
area. The flexibility of dockless systems enhances user convenience, enabling bicycles
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to be picked up near the point of origin and dropped off close to the final destination.
Additionally, dockless systems significantly reduce infrastructure costs, as they do not
require the construction and maintenance of physical docking stations. However, this
flexibility introduces several challenges, including improper parking, which can contribute
to urban clutter, as well as increased risks of theft and vandalism due to the dispersed nature
of the fleet. Operational inefficiencies may also arise when bicycles become concentrated in
specific locations, necessitating active redistribution efforts by system operators [41].

Hybrid systems combine elements of both station-based and dockless models, offering
a balance between operational structure and user flexibility. These systems typically employ
geofencing technology to create virtual parking zones, guiding users to park bicycles
in predefined locations without the need for physical docking infrastructure. Hybrid
models address certain limitations inherent in the other two systems by integrating the of
predictability and order of station-based frameworks with the convenience and accessibility
of dockless operations. They help reduce urban clutter by encouraging users to park in
designated areas, while still allowing for pick-ups and drop-offs closer to users’ desired
locations. However, the implementing of virtual parking zones can be challenging, often
requiring advanced technological solutions as well as effective strategies to ensure user
compliance [2,42].

2.3. Bike-Sharing System in the Light of Scientific Research

Bike-sharing schemes have been the focus of extensive scholarly research, reflecting
their growing importance within urban transportation systems. Researchers have explored
a wide range of topics, including economic impacts, environmental contributions, social
dimensions, technological innovations, and health-related outcomes. These diverse per-
spectives highlight the multifaceted nature of bike-sharing systems and point to areas
requiring further investigation—particularly the role of infrastructure and its influence on
user perceptions and system performance.

From the economic perspective bike-sharing systems have been extensively analysed,
with research highlighting their potential to generate cost savings for users, stimulate
local economies, and address challenges related to financial sustainability. Scholars have
examined various aspects, including cost structures, funding models, and the broader
economic impacts of bike-sharing on urban mobility and development.

A significant area of research concerns the financial viability of bike-sharing systems,
which often depend on combination of user fees, public funding, and private sponsorship.
Fishman emphasised the importance of public–private partnerships (PPPs) in ensuring the
long-term sustainability of these initiatives, noting that municipal subsidies or corporate
sponsorships are frequently required to offset high operational costs. For instance, New
York City’s Citi Bike programme is supported by a sponsorship from Citibank, which
covering maintenance and expansion expenses [43]. Similarly, research by Shaheen et al.
highlighted that many bike-sharing programmes are unable to rely solely on user-generated
revenue, particularly during the initial years of operation [44].

Adaptive pricing strategies have also been examined as a means of balancing af-
fordability with profitability. Dong et al. found that platforms offering a combination of
subscription models and pay-per-use charges tend to attract a more diverse user base [45,46].
Striking the right pricing balance is inherently challenging: excessively high fees may deter
potential users, while heavily subsidised schemes can lead to financial instability. Jin and
Sui noted that, although subsidies can improve system accessibility and equity, they may
unintentionally foster dependency, thereby reducing operators’ incentives to innovate or
lower operational costs [47].
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Beyond their financial frameworks, bike-sharing systems have demonstrated notable
economic benefits for users. They provide a cost-effective solution for short-distance travel
and last-mile connectivity, helping to reduce transport expenses—particularly in urban
areas characterised by high living costs or limited access to public transport. Wieliński et al.
highlighted that bike-sharing is particularly advantageous for individuals who rely on
multimodal transport, offering a flexible and affordable means to address urban mobility
gaps [48].

Bike-sharing programmes also contribute to broader urban economic activity. Hos-
ford et al. found that bike-sharing systems in Canadian cities improved access to local
businesses, especially those located in commercial areas near docking stations [49]. Sim-
ilarly, Chen et al. observed that bike-sharing fosters tourism by offering an economical
and convenient way to navigate urban spaces, thereby increasing revenue for restaurants,
shops, and cultural institutions [50]. Moreover, these systems stimulate job creation in
areas such as fleet maintenance, software development, and customer support, thereby
amplifying their economic impact. Qian and Niemeier demonstrated that investments in
bike-sharing frequently generate a multiplier effect, supporting growth in related sectors
while enhancing overall urban liveability [51].

From an ecological standpoint, bike-sharing programmes are widely recognised for
their environmental benefits, positioning them as a key component of sustainable urban
mobility strategies. Numerous studies have demonstrated their capacity to reduce green-
house gas emissions, improve air quality, and alleviate traffic congestion by encouraging a
modal shift from private motor vehicles to bicycles. This transition supports broader urban
sustainability goals and contributes to the development of cleaner, more liveable cities.

Zhang et al. conducted an in-depth study of bike-sharing systems in Chinese cities,
quantifying their effects on CO2 emission reduction. Their research revealed that bike-
sharing not only replaced short car trips but also reduced dependence on motorised
transport for last-mile connectivity, substantially contributing to urban air pollution mit-
igation [52]. Likewise, Ma et al. examined the impact of bike-sharing on modal shift in
various global cities, highlighting that a considerable share of bike-sharing trips substi-
tuted car travel [53]. This shift was especially pronounced in areas where bike-sharing
systems were effectively integrated with public transportation, offering users a seamless
and environmentally friendly multimodal travel option.

In addition to replacing car journeys, bike-sharing has been shown to reduce urban
traffic congestion. Li et al. found that these systems provide a low-impact alternative
to private vehicle use, particularly during peak hours [54]. This reduction in congestion
yields further environmental benefits, including lower emissions from idling vehicles and
improved fuel efficiency for other road users.

The social dimensions of bike-sharing initiatives have been extensively studied, with
particular emphasis on issues of equity, accessibility, and inclusiveness. These systems
presents unique opportunities to address mobility challenges for underrepresented popula-
tions by providing affordable transportation options in areas where public transit may be
limited or unreliable. However, despite their potential social benefits, significant barriers to
equitable access still exist, raising critical questions about how bike-sharing programmes
can be designed and implemented to maximise their social impact.

A notable advantage of bike-sharing initiatives is their potential to enhance trans-
portation access for low-income and marginalised communities. Tuli and Mitra examined
equity-focused policies in bike-sharing programmes across the United States, finding that
subsidies and targeted outreach efforts can significantly increase participation among
low-income and minority groups [55].



Appl. Syst. Innov. 2025, 8, 54 9 of 30

In addition to improving mobility, bike-sharing programmes can foster community
engagement and social cohesion. Research conducted by Cheng et al. found that bike-
sharing enhances the liveliness of urban communities by promoting interaction among
residents and diminishing social isolation [56]. Moreover, encouraging active living through
cycling has been recognised as an important social advantage, with studies showing
that frequent use of bike-sharing can improve both physical and mental health. These
advantages are particularly important in urban environments, where sedentary lifestyles
and long-term health conditions are increasingly prevalent.

Technological and operational innovations have played a pivotal role in transforming
bike-sharing systems from basic community services into sophisticated urban mobility so-
lutions. The integration of digital tools and innovative operational models has significantly
enhanced user experience, increased operational efficiency, and enabled scalability, while
also facilitating integration into broader urban transportation ecosystems.

A key technological advancement in the evolution of bike-sharing systems has been
the adoption of information and communication technologies (ICT). These include GPS
tracking, mobile applications, and digital payment systems, all of which have reshaped
how users interact with bike-sharing services. ICT innovations support real-time bicycle
availability tracking, seamless payment processing, and route optimisation [57,58].

Mobile applications have become the primary interface for users, offering comprehen-
sive platforms for registration, bicycle location, trip monitoring, and payment. Many apps
now include user-friendly features, such as gamification, loyalty incentives, and integration
with navigation tools. GPS technology, in particular, has been instrumental in improv-
ing operational efficiency—especially within dockless and hybrid systems. GPS-enabled
smart locks allow operators to manage fleets in real time, ensuring bike availability in
high-demand areas and enabling the retrieval of lost or improperly parked bicycles. Li et al.
underscored the importance of GPS in improving fleet distribution and reducing theft, a
persistent issue in earlier generations of bike-sharing systems [59–61].

The integration of bike-sharing into Smart City frameworks has further amplified
system efficiency and reach. By linking bike-sharing data with broader urban transport
systems, municipalities can leverage real-time analytics to improve traffic flow, reduce con-
gestion, and strengthen multimodal connectivity. Mobility-as-a-Service (MaaS) platforms
increasingly incorporate bike-sharing as a core component, allowing users to plan and pay
for multimodal journeys through a single digital interface.

Bike-sharing programmes have emerged as a key tool for promoting public health by
encouraging physical activity through active transportation. By facilitating short cycling
trips, they offer a convenient and affordable way for individuals to integrate exercise into
daily routines, addressing health risks linked to sedentary lifestyles. Numerous studies
confirm the health benefits of bike-sharing use, including reduced risks of cardiovascu-
lar disease, obesity, and other inactivity-related conditions [62]. Cycling has also been
associated with improved mental well-being, offering stress relief, outdoor exposure, and
enhanced social interaction. Ricci found that bike-sharing schemes in European cities
improved users’ health while also contributing to better air quality and urban liability [63].
However, the long-term, population-level public health effects of bike-sharing remain
underexplored. While individual benefits are well-documented, few studies have assessed
how large-scale adoption impacts broader health indicators, such as healthcare costs or
rates of lifestyle-related illnesses. Further research is needed to evaluate these long-term
outcomes and assess the economic value of associated health gains. Despite advances in ex-
ploring economic, environmental, social, health, and technological aspects of bike-sharing,
infrastructure remains comparatively underexamined. In much of the literature, infrastruc-
ture is treated as a secondary factor, resulting in limited understanding of its influence on
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user perceptions, adoption rates, and system performance. Yet, infrastructure is fundamen-
tal to operational efficiency and user satisfaction. Key infrastructure components include
docking stations, virtual parking zones, bike lane networks, and cyclist-friendly crossings.
While some studies (e.g., [64–67]) stress the importance of locating docking stations in
high-demand areas, research has often focused on operational logistics, overlooking how
infrastructure quality shapes user experience.

The presence and quality of bike lanes are widely acknowledged as essential for safety
and accessibility, yet their effects remain insufficiently assessed. For instance, Knight and
Charlton found that separated lanes reduce accidents and encourage cycling, especially
among novice users, while Ye demonstrated a positive relationship between cycling in-
frastructure and bike-sharing adoption globally [68]. However, little is known about how
specific components—such as connectivity between bike lanes and docking stations or
integration with public transit—affect perceived benefits and user satisfaction.

Dockless and hybrid systems introduce further challenges, relying on virtual parking
and geofencing rather than fixed infrastructure. While praised for flexibility and lower
investment costs, they often contribute to urban clutter and parking issues. Ferrari et al. [69]
documented such problems in Chinese cities, where a lack of designated parking led to
oversupply and disorganisation. Although solutions like geofencing and designated virtual
parking areas exist, evidence of their effectiveness remains limited. Moreover, the impact
of infrastructure design and accessibility on user behaviour and parking compliance is still
poorly understood.

Equity in infrastructure distribution is another critical but underexplored issue. In-
vestments often favour affluent central areas, leaving marginalised neighbourhoods un-
derserved. Research by Cunha and Silva [70] shows that such disparities deepen existing
mobility inequalities, particularly for low-income and minority groups who depend on
bike-sharing as an affordable transport option. While targeted investments—such as ex-
tending bike lanes to underserved areas or installing docking stations in disadvantaged
neighbourhoods—have been attempted, they are often insufficient or poorly executed.

In parallel, technological infrastructure is gaining importance, especially with the rise
in e-bikes. Studies [37] highlight their growing popularity in urban settings, while pointing
to ongoing challenges related to charging infrastructure and the integration of renewable
energy sources.

Poland, particularly the Silesian region, presents a compelling case for further inves-
tigation. As a densely populated area with a strong industrial legacy, Silesia offers both
unique opportunities and challenges for the implementation of urban bike-sharing sys-
tems. The region’s ongoing urban transportation, combined with its distinctive historical
context, underscores the importance in shaping the effectiveness of and public attitudes
towards bike-sharing programmes. Despite the growing popularity of bike-sharing in
Poland, there remains a lack of comprehensive research on how the presence and quality of
infrastructural elements—such as bike lanes, docking stations, parking zones, and inter-
modal connections—influence user behaviour and perceived benefits. Moreover, little is
known about how infrastructure interacts with other factors, including user demograph-
ics or policy interventions, to affect the long-term sustainability of bike-sharing systems.
Accordingly, this paper aims to address the unexplored issue, contributing to a better
understanding of the role of infrastructure in Poland and in post-industrial urban contexts
more broadly.

3. Materials and Methods
This study employed a structured survey method to collect detailed information re-

garding the perceived benefits of bike-sharing services and the evaluation of their support-
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ing infrastructure. The approach was designed to provide insight into users’ perceptions
of bike-sharing systems, as well as the physical and technological components of the in-
frastructure that enables their operation. Figure 1. presents an overview of the research
process, spanning from the data collection to the analysis phase. Accordingly, the survey
was structured into two main sections. The first, it attempted to identify and understand the
advantages which the users perceived in using the bike-sharing systems: from very practi-
cal advantages, like saving time or being cost-effective, to more subjective ones, like health
promotion and environmental protection. The second section addressed infrastructure-
related elements considered to the bike-sharing systems, including bike condition, station
density, information availability, and integration with other modes of transportation.
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Following the initial research, a pilot study was carried out, designed to closely mirror
the eventual full-scale survey. The main aim of the pilot phase was to identify and rectify
potential issues with the questionnaire. These problems primarily concerned whether
respondents clearly understood the questions and found them straightforward to answer.
Valuable feedback from this stage led to revisions, notably in rephrasing questions to
improve clarity and comprehension.

Furthermore, the pilot study offered a chance to evaluate the overall structure and
logical progression of the questionnaire. Particular attention was given to the sequence
of questions and determining the appropriate length for respondents. This stage also
identified redundancies within the questions and indicated areas that required additional
items to better address key dimensions of e-learning quality.

Cronbach’s Alpha (α) was employed in this research as a measure of the questionnaire’s
reliability. The results—Cronbach’s alpha values of 0.902 for the first part and 0.879 for the
second—showed a high correlation among questionnaire items. These findings suggest that
the questions effectively measure the same underlying concept, specifically the perceived
quality of e-learning. Typically, reliability coefficients ranging from 0.8 to 0.9 indicate strong
reliability, highlighting a suitable balance between consistency and diversity, thus enabling
precise differentiation among responses.

To determine the sample size, the following formula was used:

Nmin =
Np

(
α2 ∗ f (1 − f )

)
Np*e2 + α2 ∗ f (1 − f )

(1)

where
Nmin—the smallest acceptable sample size
NP—total size of the population from which the sample is selected
α—significance level, represented by Z-value derived from the normal distribution

corresponding to the desired confidence,
f —fraction or proportion size
e—permissible maximum error margin,
For this research, the parameters below were selected:
α—significance level set at 0.05
NP—population size unknown
f —0.5
e—0.1.
The formula allowed for the estimation of the minimum sample size required to

ensure that the findings would be representative and applicable to a wider population,
despite the total number of bike-sharing users being unknown in the Silesian region.
With a confidence level set at 95%, the researcher aimed to achieve a high degree of
representation and precision in the findings regarding the user population. As a result, the
final sample size reached 196 completed responses through online questionnaires, which
were distributed through social media platforms targeting residents and potential bike-
sharing users. This sample size exceeds the minimum calculated by the formula, thereby
enhancing the reliability of this research. Additionally, through response filtering criteria,
only feedback from active bike-sharing users was considered, ensuring that the collected
data reflected direct experiences with these systems.

It has been based on a questionnaire administered to users of bike-sharing services in
urban areas of the Silesian region. This online survey has targeted an audience that was
familiar with and likely to use the local bike-sharing services that are offered through the
Facebook platforms of various Silesian cities. This form of distribution, in fact, allowed
for an effective collection of as many as 196 filled-out questionnaires. The questionnaire
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contained one question describing the extent of the user’s use of bike-sharing services. Con-
sequently, it filtered out responses from those participants who had to identify themselves
as active users of the bike-sharing [71,72].

A survey about bike-sharing obstacles was divided into two parts.
The first part concerned the main benefits to moving around by bike from bike-sharing

systems. In this case, the following variables were considered:

• B1—Eco-friendly;
• B2—Avoids traffic jams;
• B3—Economical–low usage cost;
• B4—Speed–timesaving;
• B5—Opportunity for physical exercise;
• B6—Promotes health;
• B7—Improves physical fitness;
• B8—Personal image enhancement;
• B9—High availability;
• B10—No need to own a personal bicycle;
• B11—Possibility to combine with other public transport modes;
• B12—No worry about bicycle theft;
• B13—Possibility to transport shopping items.

The second part concentrate on the assessment of bike infrastructure to using bikes
from bike-sharing systems. We have differentiated the following variables:

• I1—Application–ease of use;
• I2—Application–no errors hindering the rental process;
• I3—Application–no errors hindering payment for the ride;
• I4—Application–ability to check available bikes at stations;
• I5—Availability of bikes at stations;
• I6—Network of bike paths;
• I7—Density of bike rental locations;
• I8—Quality of bike path surfaces;
• I9—Technical condition of city bikes;
• I10—Visual condition of bikes;
• I11—Integration of bike transport with public transport;
• I12—Cost of using city bikes;
• I13—Bike racks;
• I14—Baskets for carrying shopping items;
• I15—Different types of bikes available for rent.

4. The Results
4.1. The Benefits of Bike-Sharing Systems

Table 1 presents a preliminary overview of the basic statistical characteristics of the
main obstacles to using bike-sharing systems. In fact, the measures of central tendency,
dispersion, and distribution shape referring to each variable give an outline that represents
important insights into user perceptions and experiences.
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Table 1. Basic statistics for benefits to moving abound by bike from bike-sharing system.

Variable Mean Median Min Max Standard
Deviation Skewness Kurtosis

B1—Eco-friendly 3.82 4.00 1.00 5.00 1.29 −0.85 −0.31

B2—Avoids traffic jams 3.74 4.00 1.00 5.00 1.03 −0.54 −0.20

B3—Economical–low usage cost 3.53 4.00 1.00 5.00 1.12 −0.29 −0.75

B4—Speed–timesaving 3.25 3.00 1.00 5.00 1.08 −0.15 −0.66

B5—Opportunity for physical exercise 3.80 4.00 1.00 5.00 1.17 −0.78 −0.17

B6—Promotes health 3.84 4.00 1.00 5.00 1.19 −0.79 −0.32

B7—Improves physical fitness 3.86 4.00 1.00 5.00 1.16 −0.81 −0.12

B8—Personal image enhancement 2.73 3.00 1.00 5.00 1.29 0.18 −0.96

B9—High availability 3.25 3.00 1.00 5.00 0.99 0.27 −0.58

B10—No need to own a personal bicycle 3.37 3.00 1.00 5.00 1.40 −0.31 −1.13

B11—Possibility to combine with other public
transport modes 3.43 3.00 1.00 5.00 1.19 −0.14 −0.93

B12—No worry about bicycle theft 3.75 4.00 1.00 5.00 1.23 −0.71 −0.46

B13—Possibility to transport shopping items 3.15 3.00 1.00 5.00 1.17 0.09 −0.88

Improvement in physical fitness has a mean score of 3.86, while promotion of health
shows a mean of 3.84. This indicates that bike-sharing systems bear very strong value for
keeping people fit and healthy. Opportunities for physical exercise receive the score of
3.80 and feature the idea of being able to fit a cycle ride into the daily schedule. Finally,
eco-friendliness also scores among the highest results, 3.82, which really means that there
are strong environmental benefits perceived; it could signal that indeed, sustainability has
become one of the major attitudinal factors that speak about bike-sharing systems. Practical
problems-for instance not being jammed in the queue ranked high at 3.74, reduction
in problems linked with bicycle theft at 3.75 probably point to timesaving and security
provided with those systems. The low usage cost was evaluated at moderate plus class-3.53,
and therefore the overall recognition of the economic feasibility of bike-sharing systems
was reflected.

The mean scores indicate that health, environmental, and practical implications are
the major uses for bike-sharing systems. On the other hand, results from some instances
in which it has shortcomings are noted to lie at personal image enhancement and the
capacity-carrying ability of users as it lacks; an improvement of which one can undertake
in future times.

Most of the median values are at consistently middle values; this is considering most
benefits standing at 4.00 scores. This would also imply that about most aspects in bike
sharing, the typical user’s median will stand very close to a positive perception.

The least value of standard deviation characterises this small dispersion, which equals
0.99 and can indicate high consent among the users in this respect. The option ‘avoiding
traffic jams’ is characterised by relatively small dispersion, too; 1.03 testifies to this benefit
being constantly perceived by most respondents. Results allow supposing that one aspect of
the hypothesis is maintained, namely, a shared perception for users in terms of practicality
and convenience given by bike-sharing systems not to feel congested and be assured that
there would be bikes available.

Health-related features: promoting health 1.19 and improving physical fitness 1.16,
received medium dispersion. These features, in general, received quite positive ratings;
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however, dispersion does allow for a thought that perceptions might vary depending on
health goals or preferences of the individual.

The standard deviation values indicate that users show greater consensus regarding
the system’s practical and time-saving benefits, while responses concerning aspects such
as image enhancement and the ability to carry shopping items exhibit higher variability.
These differences suggest areas where user needs and expectations are more heterogeneous,
highlighting opportunities for service customisation and targeted improvements.

Most variables display a negative skew, suggesting a slight overall tendency for
responses to cluster toward the higher end of the rating scale. Additionally, the kurtosis
values for most variables are negative, indicating relatively flat and dispersed distributions
compared to a normal distribution.

From an innovativeness perspective, the benefits of bike-sharing systems reflect how
well the system meets the evolution of transportation needs, introduces novelty in solutions,
and corresponds to general trends in sustainability, health, and convenience. It will be
appropriate to break down this analysis of the results from the perspective of several
important factors: (i) health and physical fitness-related, or improvement in physical fitness
3.86; health promotion, 3.84; physical exercising 3.80—all these signs answer the call for
growing societal concern about sedentary lifestyles and health-related problems. These
aspects reflect the fact that bike-sharing systems take advantage of growing demands for
active transportation, amalgamating convenience with physical activity. The high median
scores—4.00 and mean scores—3.80, 3.84, and 3.86 suggest that users of this system really
look at these systems as an innovative way to help bring about an improvement in public
health in keeping with global changes toward more sustainable and health-conscious
urban lifestyles.

The emphasis on eco-friendliness, with a rating of 3.82, reflects the innovation of
bike-sharing systems in promoting environmental sustainability. As people become more
aware of climate change and urban pollution, bike-sharing provides a practical, low-carbon
alternative to car usage. With a mean score of 3.82 and a consistent median of 4.00, both
scores are moderately high, which shows strong appreciation for the environmental benefits
of bike-sharing, with users valuing it as part of the transition toward greener and more
sustainable transportation solutions. This positions bike-sharing, from an innovation per-
spective, as an effective tool within the greater movement of environmental responsibility
and climate action. Bike-sharing systems also represent an innovative solution to the urban
mobility problem. The reasons that prove how these systems could reduce some of the
long-standing pains in traditional urban transportation include avoiding traffic jams, high
availability, and no concern about bicycle theft, represented, respectively, by the factors 3.74,
3.25, and 3.75. For instance, the motivation of not getting stuck in traffic jams addresses a
growing demand for more time- and stress-efficient ways of moving around in crowded
cities. Although not rated highest, with a median of 3.00 for high availability, pragmatic
innovations ensure clear, concrete added benefits in terms of convenience and accessibility
of the system.

The innovation lies in offering an alternative mode of transportation that is both flexi-
ble and aligned with the needs of urban commuters Bike-sharing systems were perceived
as a novel solution to the financial and logistical challenges associated with private bicycle
ownership—namely, a convenient and low-cost alternative to owning a personal bike. This
perception is reflected in a median rating of 3.00 and a mean score of 3.37, indicating a
general recognition of the appeal of on-demand access to bicycles without the need for
ownership. This also aligns with the rising sharing economies and user-centred innovations
where people access products and services on an as-needed basis rather than owning them
outright. This model reflects a shift toward more flexible, cost-effective transportation
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options in urban settings. Innovations for enhancing personal image ranked lower at 2.73,
while the ability to transport shopping items ranked 3.15, indicating that though novel
concepts have been introduced by bike-sharing systems, there is less emphasis on either
image-driven or logistical innovations. The personal image enhancement means are lower,
suggesting that users do not perceive bike-sharing as a significant tool to gain social status,
and the score about the transport of shopping items is relatively modest, showing this func-
tionality is not perceived as a big novelty. These results indicate that, while bike-sharing is
indeed an innovative transportation solution, its impact on more niche, lifestyle-driven or
practical features is less pronounced.

Thus, the application of factor analysis to assess the benefits derived from using bi-
cycles within bike-sharing systems serves as an advanced statistical approach to uncover
underlying dimensions shaping user experiences. Rotational methods, specifically nor-
malised Varimax rotation, facilitate the interpretation of these dimensions by maintaining
orthogonality—ensuring each factor distinctly captures a specific aspect of influence.

Factor analysis was conducted primarily to reduce the number of variables into
meaningful factors, employing normalised Varimax rotation for clarity. The Kaiser-Meyer-
Olkin (KMO) measure of sampling adequacy was calculated at 0.81, indicating that the
correlation matrix is suitable and strongly supports the appropriateness of factor analysis
in this context. According to Kaiser’s criterion, two factors should be retained as their
eigenvalues exceed the threshold value of 1. Conversely, applying Cattell’s scree plot
criterion suggests retaining three factors.

The results of the factor analysis revealed that the benefits of bike-sharing usage clearly
cluster into three distinct factors, which collectively explain 64% of the total variance. Each
factor represents a unique dimension of bike-sharing benefits, illustrated by the respective
factor loadings summarised in Table 2. The Varimax rotation employed in this analysis
maximises the variance explained by each factor individually while ensuring the factors
remain orthogonal, meaning they are not correlated with each other.

Table 2. The loadings of factors—benefits of bike-sharing.

Variables Factor 1 Factor 2 Factor 3

B1—Eco-friendly 0.367 0.226 0.536

B2—Avoids traffic jams 0.315 0.610 0.344

B3—Economical–low usage cost 0.113 0.748 0.240

B4—Speed–time-saving 0.140 0.763 0.055

B5—Opportunity for physical exercise 0.875 0.141 0.291

B6—Promotes health 0.893 0.166 0.258

B7—Improves physical fitness 0.888 0.120 0.311

B8—Personal image enhancement 0.650 0.325 −0.078

B9—High availability 0.222 0.735 0.214

B10—No need to own a personal bicycle 0.175 0.065 0.738

B11—Possibility to combine with other public transport modes 0.006 0.444 0.703

B12—No worry about bicycle theft 0.160 0.143 0.760

B13—Possibility to transport shopping items 0.335 0.214 0.401

Explained value 3.258 2.540 2.542

The first factor represents the health and fitness benefits that bike-sharing systems
offer (Figure 2). It encompasses aspects related to physical exercise, health promotion, and
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overall physical fitness. Users who associate bike-sharing with this factor view it primarily
as a means of improving their physical well-being and maintaining an active lifestyle.
These benefits are perceived as central to the appeal of bike-sharing, reflecting a growing
trend in urban mobility that emphasises health-conscious choices.
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Figure 2. Identified factors of benefits of bike sharing.

The second factor focuses on the practical and economic advantages of bike-sharing.
This includes benefits such as avoiding traffic jams, saving time, reducing costs, and
ensuring high availability of bikes. Users who are drawn to these aspects value the system’s
efficiency and affordability. This factor highlights the practical utility of bike-sharing as
a flexible, time-saving, and cost-effective alternative to other modes of transportation,
especially in congested urban environments.

The third factor revolves around the convenience and security features of bike-sharing
systems. It includes aspects such as eliminating the need for personal bicycle ownership,
facilitating multimodal travel through integration with public transport, and alleviating
concerns about bicycle theft. This factor highlights the ease and reliability of bike-sharing as
a mobility solution that meets users’ transportation needs without the burdens associated
with owning and maintaining a personal bicycle.

4.2. Classification of the Infrastructure Assessment of Bike-Sharing System

Table 3: A summary of the challenges encountered by users of bike-sharing systems,
analysed through fundamental statistical measures. These challenges are interpreted using
indicators, such as the mean, median, minimum, maximum, standard deviation, skewness,
and kurtosis, which collectively illustrate users’ perceptions and experiences.

The analysis of infrastructural variables reveals generally neutral perceptions among
users, with most mean scores clustering around 3.0. Features such as Application—Ease of
Use (M = 3.31), No Errors in Rental/Payment Process (M = 3.05 and 3.18), and Ability to
Check Available Bikes (M = 3.35), are functional but not perceived as particularly innova-
tive. Skewness and kurtosis values are generally low and slightly negative, suggesting a
moderate spread in opinions and a lack of strongly polarised views.

Standard deviations for these variables (approx. 1.0–1.08) indicate moderate variability,
with some users reporting issues—particularly in rental and payment processes—while
others experienced smooth functionality. These findings suggest the system is reliable but
lacks features that would distinguish it as technologically advanced.
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Table 3. Basic statistics for infrastructure to using bikes from bike-sharing systems.

Variable Mean Median Minimum Maximum Standard
Deviation Skewness Kurtosis

I1—Application–ease of use 3.31 3.00 1.00 5.00 1.08 −0.24 −0.39

I2—Application–no errors hindering the
rental process 3.05 3.00 1.00 5.00 1.04 −0.14 −0.26

I3—Application–no errors hindering payment for
the ride 3.18 3.00 1.00 5.00 1.08 −0.16 −0.55

I4—Application–ability to check available bikes
at stations 3.35 3.00 1.00 5.00 1.03 −0.13 −0.46

I5—Availability of bikes at stations 3.35 3.00 1.00 5.00 1.00 −0.07 −0.25

I6—Network of bike paths 2.90 3.00 1.00 5.00 0.97 0.14 −0.12

I7—Density of bike rental locations 2.99 3.00 1.00 5.00 0.94 0.08 −0.12

I8—Quality of bike path surfaces 3.11 3.00 1.00 5.00 1.06 0.01 −0.38

I9—Technical condition of city bikes 2.96 3.00 1.00 5.00 1.03 0.05 −0.18

I10—Visual condition of bikes 3.02 3.00 1.00 5.00 0.97 0.01 −0.14

I11—Integration of bike transport with public
transport 3.07 3.00 1.00 5.00 1.13 −0.04 −0.56

I12—Cost of using city bikes 3.23 3.00 1.00 5.00 1.06 −0.01 −0.56

I13—Bike racks 3.15 3.00 1.00 5.00 1.01 −0.17 −0.28

I14—Baskets for carrying shopping items 3.14 3.00 1.00 5.00 1.15 −0.15 −0.63

I15—Different types of bikes available for rent 3.01 3.00 1.00 5.00 1.25 −0.04 −0.86

Physical infrastructure, including Bike Path Networks (M = 3.00), Docking Station
Density (M = 2.99), and Bike Path Surface Quality (M = 3.11), was similarly rated as
adequate but uninspiring. Skewness near zero reflects balanced perceptions, while slight
leftward skew in variables, such as Bike Condition and Surface Quality, indicates that some
users face notable but non-critical issues. The system performs its core functions but does
not exceed expectations in design, quality, or integration.

The Visual Condition of Bikes (M = 3.02) and Integration with Public Transport
(M = 3.07) were also rated neutrally, suggesting that users find these aspects acceptable
but lacking in novelty or design sophistication. Cost of Using City Bikes (M = 3.23) was
considered fair, though not competitively distinctive. Variability in responses points to
differing price sensitivity, but overall, the pricing model is seen as conventional.

Additional features, such as Bike Racks (M = 3.15), Baskets (M = 3.14), and Bike Type
Variety (M = 3.01; SD = 1.25), are valued as functional, yet not innovative. High standard
deviations here reflect diverging user needs and expectations, particularly regarding variety
and practicality.

Overall, the findings suggest that while the system is perceived as functional and
reasonably well-performing, it does not stand out in terms of innovation. The lack of
standout features in areas, such as app design, bike availability, multimodal integration,
or infrastructure quality, points to significant room for improvement. Enhancements in
technological integration, creative infrastructure solutions, and differentiated bike fleets
could elevate the system beyond basic utility and position it as a leading example of inno-
vative urban mobility. Factor analysis was conducted to consolidate factors into variables,
subsequently applying normalised Varimax rotation. The Kaiser-Meyer-Olkin (KMO) mea-
sure for sampling adequacy reached 0.81, indicating the correlation matrix is suitable and
supports the use of factor analysis in this particular study. According to Kaiser’s criterion,
two factors with eigenvalues exceeding 1 should be retained. Similarly, Cattell’s scree
plot criterion also recommended retaining two factors. The factor analysis examining the
assessment of bike-sharing systems resulted in two distinct factors, collectively accounting
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for 48% of the total variance in the dataset. Each factor corresponds to a unique dimension
related to infrastructure evaluation, as confirmed by the factor loadings presented in Table 4.
By employing normalised Varimax rotation, the analysis extracted factors that individually
maximise explained variance while preserving orthogonality—meaning the factors remain
statistically independent of each other.

Table 4. The loadings of factors—infrastructure assessment.

Variables Factor 1 Factor 2

I1—Application–ease of use −0.031 0.768

I2—Application–no errors hindering the rental process 0.373 0.671

I3—Application–no errors hindering payment for the ride 0.232 0.740

I4—Application–ability to check available bikes at stations 0.151 0.720

I5—Availability of bikes at stations 0.502 0.281

I6—Network of bike paths 0.689 0.171

I7—Density of bike rental locations 0.527 0.355

I8—Quality of bike path surfaces 0.577 0.250

I9—Technical condition of city bikes 0.859 0.060

I10—Visual condition of bikes 0.769 0.022

I11—Integration of bike transport with public transport 0.439 0.489

I12—Cost of using city bikes 0.376 0.560

I13—Bike racks 0.513 0.365

I14—Baskets for carrying shopping items 0.450 0.404

I15—Different types of bikes available for rent 0.443 0.334

Explained value 3.878 3.367

The first factor, which can be identified as the “Technical and Operational Quality
of the System”, encompasses variables that relate to the functionality and condition of
the system (Figure 3). This factor includes items like the technical condition of city bikes,
visual condition of bikes, and application ease of use. It also captures aspects related to
the network of bike paths, availability of bikes at stations, and bike racks. The significant
loadings for these variables suggest that users primarily associate the quality and condition
of the bikes, infrastructure maintenance, and the overall technical performance of the
system as key factors influencing their satisfaction. This factor represents the physical and
operational reliability of the bike-sharing system, indicating how well the bikes’ function
and how effectively the system is maintained.

The second factor, which can be identified as the “Service Availability and User
Convenience”, focuses more on the accessibility and user-friendliness of the bike-sharing
system. Variables, such as application error-free rental process, availability of bikes at
stations, integration of bike transport with public transport, and cost of using city bikes,
weigh heavily on this factor. It reflects the users’ perception of how convenient and
accessible the system is in terms of finding bikes, navigating the rental process, and
integrating with other modes of transport. This factor emphasises the ease of use, cost
efficiency, and the broader accessibility of the system, indicating how well the system is
designed to meet users’ everyday transportation needs.
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4.3. The Multidimensional Model of Relationships Between Benefits of Bike-Sharing and
Infrastructure Assessment

In the subsequent analytical phase, multiple regression analysis was applied to the
available variables. It is crucial for regression models to incorporate variables that exhibit
strong correlations with the dependent variable while maintaining minimal or insignificant
correlations among the independent variables themselves. To develop these regression
models, the backward stepwise multiple regression approach was utilised. This method
facilitates the examination of how one dependent variable relies simultaneously on several
explanatory (independent) variables. Consequently, multiple regression enables predicting
values of the dependent variable based on information derived from independent variables.

Table 5 illustrates a Multidimensional Model of Relationships Between Infrastructure
and Benefits in the context of bike-sharing systems. It integrates statistical relationships
between the infrastructure elements (I1 to I15) and perceived benefits (B1 to B13) using
regression coefficients, model fit statistics, and related metrics.

Table 5. The multidimensional model of relationships.

Infrastructure
Benefits

B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12 B13

I1 0.151 0.185 0.166 0.206 0.237

I2 0.264 0.346 0.161

I3 0.252

I4 0.279 0.226 0.255 0.173 0.175 0.186 0.218 0.217

I5 0.167 0.149 0.144 0.174

I6 0.179 −0.144 0.162 −0.173

I7 −0.201 −0.153

I8 0.142 0.203 0.146

I9 −0.179 −0266 −0.297 0.311 0.207

I10 0.174 −0.191 −0.185

I11 0.284 0.391

I12 0.258 0.256

I13 0.198 −0.156 0.138

I14 0.166 0.186

I15 0.188 0.204 0.205 0.66 0.251

Intercept 2.144 1.851 1.586 1.238 2.217 1.859 1.937 0.867 0.998 1.712 1.559 1.659 1.406

R 0.432 0.531 0.588 0.524 0.393 0.399 0.418 0.424 0.585 0.380 0.548 0.535 0.515

R2 0.186 0.282 0.346 0.275 0.155 0.159 0.175 0.179 0.343 0.144 0.301 0.286 0.265

Adjusted R2 0.080 0.187 0.261 0.179 0.049 0.049 0.067 0.073 0.257 0.032 0.209 0.193 0.168

Standard error of estimation 1.235 0.936 0.979 0.985 1.171 1.167 1.120 1.234 0.866 1.356 1.058 1.114 1.080
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4.3.1. Key Positive Relationships

One of the most notable findings is the positive spillover effect of application ease-of-
use (I1) on several perceived benefits. Efficient app usability significantly correlates with
time savings (B4 = 0.185), physical activity (B5 = 0.166), health promotion (B6 = 0.206), and
availability of bicycles (B9 = 0.237). These results highlight the critical role of a user-friendly
mobile application—not only in facilitating rentals, but also in integrating bike-sharing into
users’ daily routines for health and mobility.

Similarly, the absence of technical errors during the rental process (I2) is strongly linked
to perceptions of economic efficiency (B3 = 0.264) and bicycle availability (B9 = 0.346). These
relationships underscore the importance of seamless digital processes in reducing user
frustration, enhancing trust, and promoting the view of bike-sharing as an accessible,
affordable public transport alternative.

Another key variable, access to real-time information on bike availability (I4), is
positively associated with a range of benefits: avoiding traffic congestion (B2 = 0.279), low
usage costs (B3 = 0.226), time savings (B4 = 0.255), health promotion (B6 = 0.173), and
multimodal integration (B11 = 0.218). These results suggest that reliable, real-time data
enhances system efficiency and user confidence, encouraging regular use and positioning
bike-sharing as a dependable component of daily mobility.

Integration with public transportation (I11) also demonstrates strong associations with
intermodal connectivity (B11 = 0.284) and reduced concerns about theft (B12 = 0.391). These
findings reflect the added value of a well-connected transport network, which offers safer,
more convenient transitions between cycling and other modes of transit.

Finally, the availability of diverse bike types (I15) is significantly related to health
promotion (B6 = 0.660) and the practical ability to carry shopping items (B13 = 0.251). This
diversity—from cargo bikes to e-bikes—broadens the appeal and functional scope of the
system, supporting both fitness-related and utilitarian use cases.

4.3.2. Key Negative Relationships

While most infrastructure elements are positively associated with perceived benefits,
some show negative correlations, indicating areas of user dissatisfaction. The technical
condition of city bikes (I9) is negatively related to perceived eco-friendliness (B1 = −0.179),
traffic avoidance (B2 = −0.266), and affordability (B3 = −0.297). Poor maintenance under-
mines perceptions of reliability, cost-efficiency, and environmental value, emphasising the
need for consistent upkeep.

Similarly, the visual condition of bikes (I10) negatively correlates with time savings
(B4 = −0.191) and integration with public transport (B11 = −0.185), suggesting that un-
appealing or poorly maintained bicycles discourage use, particularly in multimodal or
time-sensitive contexts.

The density of rental stations (I7) is also inversely associated with multimodal inte-
gration (B11 = −0.201) and theft concerns (B12 = −0.153). While high station density may
seem beneficial, excessive clustering without spatial optimisation can reduce efficiency
and compromise security. Strategic placement is therefore essential to improving system
performance and user trust.

4.3.3. Model Fit and Reliability

Model fit statistics confirm moderate to strong relationships between infrastructure
and perceived benefits. Correlation coefficients (R) range from 0.380 to 0.588, with R2

values between 0.144 and 0.346—indicating that up to 34.6% of the variance in perceived
benefits can be explained by infrastructure-related variables. Adjusted R2 values remain
high for economic benefits (B3 = 0.261) and integration with public transport (B11 = 0.209),
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affirming the robustness of the model. Standard errors (0.866–1.356) reflect moderate
variability, leaving room for improvement while supporting the model’s reliability in
guiding infrastructure enhancements.

The findings underscore infrastructure’s pivotal role in shaping perceptions of bike-sharing.
Technological aspects—such as mobile app usability and real-time information—strongly influ-
ence user views on affordability, efficiency, and integration. Conversely, weak points in bike
maintenance and appearance highlight areas for improvement. Diverse bike types and seam-
less integration with public transport emerge as critical levers for increasing system flexibility
and adoption.

From an innovation perspective, the results emphasise the transformative impact of
system design, digital integration, and infrastructure improvements on user satisfaction.
Reliable, intuitive applications—free of errors—are key to presenting bike-sharing as a
modern, user-friendly transport solution. For the first time, full integration with public
transport positions bike-sharing as part of a comprehensive, multimodal transit network,
offering seamless first- and last-mile connectivity.

Opportunities for further innovation include predictive maintenance through IoT-enabled
sensors, improved frame design (e.g., ergonomic, lightweight, or customizable bikes), and
flexible docking strategies such as geofenced zones or virtual stations. These enhancements
would improve convenience, reduce clutter, and adapt better to urban conditions.

Cost-related innovations could involve dynamic pricing, subscriptions, or incentive-
based models that promote regular use while increasing system equity—particularly among
low-income users. Environmentally focused developments, such as renewable-powered
charging stations and recycled bike materials, could strengthen the sustainability narrative.

Finally, integrating health-oriented features into mobile apps—such as fitness tracking
or gamification—could attract wellness-conscious users and reinforce cycling as a long-term
lifestyle habit. Together, these innovations would not only address current limitations but
also position bike-sharing systems as adaptive, inclusive, and future-ready urban mobility
solutions. Figure 4 presents the Hierarchical Model of the Bike-Sharing System in Poland,
illustrating the interdependencies between various infrastructural and operational com-
ponents affecting the effectiveness and efficiency of bike-sharing networks. The model
highlights significant factors like physical infrastructure, technological integration, and
policy support, all of which play critical roles in defining the usability and user experience
of bike-sharing services. Specifically, the diagram represents the interface between docking
stations, bike lanes, and multimodal transport integration, emphasising the need for total
connectivity among them. Based on the analysis of the hierarchical structure, the model
helps to determine the loopholes in the existing system and provides a template for im-
provements to be implemented in the future, which could potentially enhance accessibility,
sustainability, and general users’ experience.

One of the significant focuses of the hierarchical model is on the relevance of in-
frastructure quality in promoting the success of bike-sharing schemes, particularly in
post-industrial zones, such as Silesia in Poland. Proper maintenance of cycle lanes, selective
positioning of docking stations, and technological advancements, such as real-time tracking
and IoT-based monitoring, are the focuses identified by the model. In addition, it specifies
policy interventions that affect adoption of bike-sharing, including urban planning initia-
tives, cycling infrastructure investment and social equity values. Incorporation of these
aspects in the hierarchical model provides useful insights to planners and policymakers
seeking to establish an inclusive and more effective bike-sharing system. By alleviating in-
frastructural deficits and leveraging technological progress, the model serves as a harbinger
for optimising bike-sharing services in Poland and similar cityscapes worldwide.
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5. Discussion
5.1. Key Benefit of Bike-Sharing System

The findings of this study provide valuable insights into the relationship between bike-
sharing services and the perceived benefits for users in the Silesian region of Poland. They
contribute to the expanding body of research on smart cities and shared mobility, aligning
with ongoing discourse on sustainable urban development and the application of technol-
ogy in transport systems [31–38]. This research presents a comprehensive, multifaceted
analysis of bike-sharing systems in Silesia, employing descriptive statistics, factor analyses,
and regression models to examine both user-perceived benefits and infrastructural-related
challenges. The results provide a detailed understanding of how technological perfor-
mance, operational reliability, and service integration collectively influence user satisfaction
and broader urban mobility outcomes. By situating these findings within the context of
active transportation studies [44,63] and sustainable urban development, this study un-
derscores the transformative potential of bike-sharing systems when supported advanced
technological and infrastructural solutions.

This study shows that health-related benefits are among the most valued features of
bike-sharing systems. Users report notable improvements in physical fitness (mean = 3.86)
and overall health promotion (mean = 3.84), supporting the view that active transportation
helps mitigate the negative effects of sedentary lifestyles—an area of growing concern in
public health research [63]. Eco-friendliness stands out as an important advantage, with an
average score of 3.82, showing that users acknowledge bike-sharing’s role in decreasing
urban carbon emissions and easing traffic congestion. These findings are consistent with
previous studies on the environmental benefits of shared mobility [52,73] and highlight the
contribution of bike-sharing systems to broader climate action goals.

Simultaneously, the assessment of infrastructural aspects shows that numerous es-
sential elements—spanning from the usability of mobile applications (mean = 3.31) to the
bicycles’ technical and visual states (both approximately averaging 3.00)—are evaluated at
moderate levels. While these ratings indicate that the bike-sharing system fulfils basic func-
tional needs, they also reveal significant potential for innovation. For instance, although
the performance of elements like bike availability and bike path networks is satisfactory
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(averages close to 3.00), the considerable variability in responses (indicated by standard
deviations frequently over 1.00) implies that user experiences differ significantly. This diver-
sity could be linked to variations in user demographics, the geographic spread of services,
or differing anticipations about the quality and dependability of shared mobility services.

5.2. Infrastructure Assessment and User Experience

The factor analysis of the infrastructure evaluation enhances our comprehension by
pinpointing two main dimensions. The primary dimension, referred to as “Technical and
Operational Quality”, includes factors concerning the state and upkeep of bicycles, the
quality of bike lane surfaces, and the overall reliability of the system. The second dimension,
“Service Availability and User Convenience”, encompasses factors related to the usability
of mobile apps, immediate data on bike availability, affordability, and the connection of
bike-sharing with larger public transport systems. These dimensions reflect the current
performance of the service and highlight possible areas for enhancement. Consistent with
the insights of Papadakis et al. [74] and Sun et al. [75], improving these infrastructural
components may greatly increase the perceived advantages and total usefulness of bike-
sharing systems.

The regression analyses provide a detailed assessment of the relationships between
infrastructural features and perceived benefits. Notably, the usability of the mobile ap-
plication (I1) shows positive associations with key outcomes, such as time savings (B4,
coefficient = 0.185) and increased physical activity (B5, coefficient = 0.166), underscoring
the role of user-friendly digital interfaces in enhancing service efficiency. Similarly, ac-
cess to real-time information on bike availability (I4) correlates positively with practical
benefits, including reduced traffic congestion (B2, coefficient = 0.279) and improved cost-
effectiveness (B3, coefficient = 0.226). These findings align with current smart mobility
research, which emphasises the value of real-time data and accessible technologies in
overcoming operational barriers [76,77]. On the other hand, adverse connections are noted
for specific infrastructural shortcomings. The technical state of the bicycles (I9) exhibits an
inverse relationship with advantages tied to environmental friendliness, traffic evasion, and
cost-effectiveness, whereas the visual state of the bicycles (I10) negatively impacts views on
time efficiency and compatibility with public transportation. These findings indicate that
neglecting maintenance not only diminishes the visual attractiveness of the bikes but also
detracts from their functionality, potentially diminishing user confidence—a conclusion
aligned with previous research emphasising the vital role of maintenance and operational
dependability in shared mobility systems [78,79].

5.3. Integration with Public Transport and Multimodal Mobility

The regression models highlight the significance of integrating multiple modalities.
Enhanced integration with public transport (I11) is strongly linked to better multimodal
connectivity (B11) and decreased worries about bicycle theft (B12). The integration of
bike-sharing with public transit is crucial for promoting a shift away from private car
dependence—an objective widely supported in the literature on sustainable urban mo-
bility [80,81].Furthermore, the variety of bike types on offer (I15) demonstrates strong
positive links to advantages associated with health promotion and practical applications,
like carrying shopping goods (B13), indicating that the incorporation of specialised bike
categories—such as e-bikes and cargo bikes—may enhance the attractiveness of bike-
sharing systems and address a broader spectrum of urban mobility requirements [82,83].
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5.4. Innovation and Future Directions

A notably original aspect of this research is its thorough analysis of innovative practises
and their effects on infrastructure performance. Recent innovations in digital technology—like
AI-based demand forecasting and IoT-supported predictive maintenance—exemplify modern
strategies that can be incorporated into bike-sharing systems to improve performance and
increase user satisfaction. For example, the use of smart sensors for real-time monitoring of
bike conditions enables a proactive maintenance approach, significantly reducing downtime
and improving the technical reliability of the fleet [84,85]. Additionally, mobile applications
that provide dynamic updates and seamless real-time communication enhance both opera-
tional efficiency and user experience by reducing confusion and frustration caused by system
errors. These advancements, leading in today’s technological progress, showcase the promise
for bike-sharing systems to transform into comprehensive, intelligent mobility solutions.

An additional innovative aspect identified in this research is the potential for dynamic
pricing and incentive-driven initiatives. The data indicates that economic advantages—like
reduced usage costs (B3) and cost-effectiveness—can be improved by utilising adaptive
pricing models that react in real-time to changes in demand. These models can enhance
resource use while maintaining affordability for various users, thus facilitating fair access
to shared mobility services. Furthermore, integrating gamification features into the user
interface could serve as an innovative strategy to engage users and encourage healthier,
more active lifestyles, thereby amplifying the health promotion benefits highlighted in
our research.

5.5. Policy Implications and Recommendations

From a policy and strategic innovation perspective, these findings offer clear guidance
for future development. Enhancing digital platforms through advanced analytics and user-
centred design is crucial for optimising system performance and improving user satisfaction.
Enhancing the spatial arrangement of bike stations through geo-spatial analytics and inves-
tigating innovative docking solutions like virtual docking or dockless systems, may tackle
inconsistencies in station accessibility and boost overall system efficiency. Additionally,
dynamic pricing strategies and incentive initiatives, aimed at responding to real-time de-
mand and encouraging regular usage, could further improve the economic viability and
accessibility of bike-sharing services, particularly within underserved communities.

5.6. Conclusions and Future Research

In conclusion, while the bike-sharing system in the Silesian region provides notable
health, environmental, and practical benefits, there remains significant potential for in-
novation in both technological and infrastructural domains. Addressing issues, such as
maintenance and multimodal integration, alongside adopting advanced digital solutions,
can substantially enhance system efficiency. These improvements will help solidify bike-
sharing’s role in sustainable urban mobility—promoting public health, environmental
outcomes, and integrated transport networks. Future research should employ longitudinal
and qualitative approaches to better understand evolving user expectations and the impact
of technological advancements on satisfaction in an increasingly dynamic urban context.

5.7. Key Findings

To provide a clearer overview of the key findings, Table 6 presents a structured
summary of the results of this study.
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Table 6. Summary of Main Findings.

Key Area Main Findings

Bike-Sharing Benefits

- Health benefits: improved physical fitness, increased mobility.
- Environmental sustainability: reduced CO2 emissions, decreased congestion.
- Economic advantages: affordable transportation, increased tourism, local

business support.

Infrastructure Assessment
- Station density and bike availability are critical factors affecting user satisfaction.
- Gaps in bike path networks and uneven station placement limit accessibility.
- Poor maintenance negatively impacts safety and efficiency.

Technological Integration
- Users value real-time tracking, mobile apps, and contactless payment systems.
- Integration with public transportation increases system efficiency and adoption.
- IoT and predictive maintenance could enhance long-term sustainability.

Challenges Identified
- Inconsistent infrastructure across different city zones.
- Need for better policy support and urban planning for sustainable mobility.
- Social perception and user engagement still require improvement.

Policy and Smart City
Integration

- Post-industrial regions like Silesia can become models for sustainable
bike-sharing.

- Strategic urban revitalization can improve bike-friendly infrastructure.
- Data-driven approaches can optimise system operations and accessibility.

Research Implications

- Multidimensional regression models explain variations in perceived benefits.
- Future research should explore long-term infrastructure development and user

demographics.
- Policy interventions are crucial for ensuring equitable bike-sharing accessibility.

6. Conclusions
This study examined the relationship between bike-sharing infrastructure and user-

perceived benefits in the context of Smart Cities, focusing on the Silesian region of Poland.
Through a combination of statistical and regression analyses, this research provides evi-
dence for how infrastructure influences system effectiveness, user satisfaction, and sustain-
able mobility outcomes.

Addressing Q1, the most valued benefits identified by users were health-related im-
provements (e.g., physical fitness) and environmental advantages, such as reduced emissions
and congestion. These findings align with broader urban sustainability goals [44,63]. In
response to Q2, users highlighted infrastructure shortcomings, including fragmented cy-
cling networks, uneven station distribution, and inconsistent bike maintenance. These
issues were particularly limiting in peripheral areas, reducing access and frequency of
use. Regarding Q3, the analysis confirmed that infrastructure quality directly affects user
satisfaction. Key factors include bike condition, station density, and integration with public
transport. Features like real-time availability, booking via mobile apps, and cashless pay-
ments significantly enhance user experience and operational appeal [31–38,74,75]. For Q4,
the regression models demonstrated moderate to high explanatory power, especially for
benefits linked to maintenance, station placement, and multimodal integration. However,
external factors, such as weather, seasonal variation, and individual preferences, may also
influence outcomes and warrant further study.

Policy implications include expanding bike lane networks, optimising station place-
ment, integrating bike-sharing with public transit through unified payment systems, and
leveraging technologies like real-time tracking and AI-based fleet management. While
this study provides robust insights, its regional focus limits its generalisability. Future
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research should include comparative analyses across diverse urban settings and examine
behavioural and cultural factors shaping system adoption.

In summary, the findings reinforce the critical role of infrastructure quality in maximis-
ing the benefits of bike-sharing systems. They offer valuable guidance for policymakers
and urban planners seeking to modernise mobility systems and promote sustainable urban
development—especially in post-industrial contexts.
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37. Czech, P.; Turoń, K.; Urbańczyk, R. Bike-Sharing as an Element of Integrated Urban Transport System. In Advanced Solutions of
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