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Abstract

:

Micromobility is an increasingly attractive option, particularly over short distances. Walking, biking, and other modes of transport, such as e-scooters, are gaining popularity. Furthermore, a trend is emerging to introduce appealing items onto the market that incorporate new/more sustainable materials to improve wellbeing. Significant research questions concern the understanding of emerging research needs and the environmental, social, and economic effects of sustainability in the micromobility transport system, specifically because of developing and implementing new products, boosting the safety and comfort of ergonomic personal mobility devices (PMDs), and assuring security and privacy while digitalization arises. Such research topics can raise policymakers’ and the public’s awareness while providing impactful information for decision-makers. This paper provides a literature review of the most recent research on micromobility-related topics. It uses scientific databases, a keywords list, and defined inclusion criteria to select data, analyze content, and perform a bibliometric analysis. The findings highlight the significance of using Life Cycle Assessment (LCA) tools together with other methodologies to aid in the evaluation of urban complexity. Finally, using a life cycle thinking (LCT) approach, we propose a framework for comprehensively integrating identified research needs.
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1. Introduction


Many cities worldwide have been dealing with the adverse externalities of car travel. Furthermore, society understands that driving a private car negatively impacts one’s quality of life in terms of air quality, emissions, traffic, and psychological wellbeing [1]. As a result, the proliferation of micromobility modes of personal transport and greater electrical and digital connectivity promotes behavioral changes. The way people travel in urban areas is rapidly changing as this concept is quickly adopted and promoted as a means of achieving a more sustainable transport system [2,3,4]. Micromobility has emerged in the urban context as a potential answer to the first/last mile problem, and active modes (e-scooters, cycling, or any mode requiring physical effort) have taken over their space in the urban transport sector, mostly due to new mobility options, systems/services, and patterns provided by associated suppliers [5].



Chiefly for bicycles, until the late 1990s, fewer than ten cities worldwide had shared mobility systems. In 2019, there were over 2900, a number that stabilized around that value until August 2021 [6,7,8]. At a significantly faster pace, e-scooters have entered circulation in over 100 cities since 2017 [9], particularly through shared mobility services or adoption as a personal mobility device (PMD). Both support traffic volume and congestion reduction, as these can help cities ease harmful emissions [3,4,5].



Hence, such new urban mobility solutions have been often labeled as sustainable following the EU’s policy focus in supporting Research and Development (R&D) to reduce CO2 emissions and transport’s negative externalities [10]. Furthermore, three goals are identified as crucial for micromobility to achieve macro impacts on sustainability. Firstly, to reduce greenhouse gases emissions (GHG) by mode shifting from automobiles. Secondly, to achieve reliability, equity, and affordability through sustainable business models. Lastly, to reduce existing mobility barriers and enhance the travel experience. Research further advocates that the full potential of sustainable micromobility is achievable if a flexible and iterative life cycle approach is considered [11].



However, the modal shift must account for the reduction of traveled distances by other vehicles such as buses and streetcars. If it only results in empty pollutant vehicles dwelling in a city, then the impacts of micromobility could reflect on more offer than demand and potentially harm its environmental benefits [12]. At once, reducing polluting particles by replacing motor vehicles is not the only crucial metric. From an environmental and health angle, users’ exposure when traveling through highly polluted and noisy cities should be equally considered [13]. A user can opt for an e-bicycle or a traditional, more intense, and healthier one. Both are viable, healthy alternatives, however, the rates of required physical effort differ depending on the chosen PMD. Such choice and the coexistence with polluting modes will shape the users’ patterns and traveled distances. As a result, the health benefits, users’ exposure, and sustainability advances are yet to be measured. For instance, whether and over what distances should PMDs replace motorized vehicles [14,15].



Moreover, the actual impacts on energy demand and GHG emissions over the entire life cycle are frequently insufficient for the first goal [16]. Life Cycle Assessment (LCA) studies on micromobility modes do not include the impacts related to pavements and infrastructure [17]. Furthermore, safety and health effects, including pedestrian and cyclist deaths or injuries, as well as equity, are regarded as critical issues in transport.



Such critical issues raise important socioeconomic challenges and research questions with impact on the second and third goals. The interaction of last/first mile modes with urban transport systems, for instance, requires policy and infrastructural changes. Additionally, there are unforeseen outcomes such as careless riding, cluttering, and vandalism, while vehicles, service providers, and users coexist in the mobility sector, all being vulnerable to attacks to their security from malicious or dishonest outsiders. This stresses the need for a holistic approach that embraces safety, security, injury, or crash prediction-related studies that enhance the collaborative interoperability between business/economic, engineering, political, and social sectors [18,19].



Likewise, bike-sharing systems illustrate a modern travel mode adapted in many countries and can be tailored to individual needs. The concept of Mobility as a Service (MaaS) might help to implement such systems through techniques such as mobile data mining [20,21]. Thus, more and more data will be generated, contributing to reducing the data scarcity, which will require new tools and training [22]. Such collaborative technological disruption and digitalization is a challenge, which will demand supportive legislation for multimodal shared mobility—for instance, by enabling data sharing about infrastructure provision and innovative technological applications between service providers and governments [23]. It will also be crucial to regulate the vehicles’ classes and use, and primarily to enforce the regulations. Specifically, to create a more uniform legislation pack that can serve urban planning globally [24,25]. Thus, developing a smart and active context for micromobility through sustainable businesses and enhancing travel experience is dependent on embracing new challenges under an aggregating perspective.



To the best of the authors’ knowledge, papers aiming for a literature review on recent progress in micromobility with a critical view on its potential, applicability, and future research needs are unknown. O’Hern et al. [25] conducted a scientometric review, emphasizing that powered micromobility is growing. Their findings highlight the importance of road safety, use, and legislation and the potential benefits of micromobility. However, they recognize many unknowns that require academic research [25]. Similarly, Abduljabbar et al. [26] investigate micromobility in the context of improving cities’ sustainability. Their literature review categorizes the topic into four themes: benefits, policy, technology, and determinants of micromobility usage. It highlights micromobility’s potential to be a sustainable and effective low-carbon solution [26]. Oeschger et al. [2] conducted a systematic literature review focusing on the integration of micromobility with public transport. They provided a comprehensive collection and critical analysis to highlight the characteristics of related research. It identifies research gaps and suggestions for further bracing such successful mixing. However, none of the three ([2,25,26]) address the integration of multiple topics into the framework of a life cycle perspective. Assessing emerging research areas and aggregating them into a life cycle thinking (LCT) approach is critical for clarifying whether micromobility is a trend or a hype in sustainability [27].



This paper’s aim is to present a critical literature review on recent papers to highlight the current state of knowledge on micromobility-related modes while also evaluating the relationship between its application and other research topics. The goal is to focus on recent trends, so the work focuses on scientific materials recently published [28]. Hence, it provides an overview of multiple research areas to provide appropriate policy recommendations and propose an LCT approach to micromobility. The significant contributions are, first and foremost, the identification of existing gaps and emerging opportunities in R&D. Second, to provide a critical overview that will allow researchers and policymakers to define strategies based on the current state of the art, trends in the micromobility sector, and the need for actions to ensure the sustainability of emerging micromobility solutions and products.



The structure of the paper is the following: Section 2 describes the materials and methods used, followed by the literature review results. Section 3 is divided into two sub-sections: Section 3.1, Environmental Appraisals, and Section 3.2, Parallel Research Areas of Micromobility Sustainability—Socio-Economic Appraisals. In Section 3.1, we review the LCA studies related to micromobility vehicles, focusing on indicators such as energy consumption and GHG emissions, not before highlighting the users’ perspectives on noise and pollution exposure. The second sub-section reveals the reviewed work in inherent areas related to the micromobility transport system and its socioeconomic sustainable integration. As the initial figure of Section 3 shows, it leads to the identification of emerging research areas, which are included in the proposal of an LCT framework. Both are presented in the discussion (Section 4), before concluding in Section 5.




2. Materials and Methods


The major source of materials for this literature review is a collection of scientific papers, books, journals, and technical reports. The first stage of the adopted methodology consisted of performing initial research, deliberately broad. As a search engine and database, this work relies on ScienceDirect, Scopus, and other available online tools—such as Mendeley Desktop [29] and Web of Science [30]—to acquire and select the resources for research while collecting them in a reference manager [31,32]. The software application VOS Viewer [33] was then used to obtain an overall visualization of addressed topics, which configured a first bibliometric analysis of the collected materials. Other tools such as websites were occasionally used to collect, choose, and treat the resources, for instance, to check for co-citation or cross-referencing.



At this initial stage of text material acquisition, we mostly restricted the selection according to their publication date—from January 2014 to October 2021—and at least one of the listed keywords had to be included in any field of each record’s text. Likewise, we only considered English language texts.



List of keywords:




	
Micromobility;



	
Transport(ation);



	
Active modes;



	
Bicycle;



	
Pedestrians;



	
E-scooters;



	
Life cycle thinking (LCT);



	
Life cycle assessment (LCA);



	
Life cycle cost (analysis) (LCC);



	
(GHG) Emissions;



	
Sustainability;



	
Security;



	
Safety;



	
Energy;



	
(Big) data;



	
Crashes;



	
Injuries.








As a result, the initial research yielded 360 records based on the criteria that were initially established. According to Figure 1, these have a distribution of publication dates that demonstrate the growing interest in micromobility. The drop in the number of publications for 2021 is due to the fact that those published in the last third of 2021 were not considered at the time we conducted the research. Therefore, this does not indicate that the scientific community’s interest in the topic will decline in the following years.



The second and third stages of the methodology take care of research refinement. At the second stage, to select a shorter list from the initial research, we used the Mendeley Desktop tool to evaluate which records combined two or more of the above-listed keywords. Additionally, we resorted to the number of citations, the impact factor of the journals, and the authors’ h-index. Then, the work relies on our critical element to analyze the content of each record, verify which research questions are addressed by the authors, identify the relevance of their results or the presence of hints regarding emerging research needs or LCT. Each of the cited records had to include at least an indicator of future work on micromobility, thus contributing to the identification of R&D needs or regarding the application of life cycle methodologies.



Finally, at the fourth stage, we resort to VOS Viewer to perform the final bibliometric analysis and confirm that after restricting the initial 360 resources to the final number of cited ones, we were still covering the whole scope and purpose of this aggregating literature review. Through using that tool, we are able to check the co-citation and co-occurrence of topics between cited references, visualize their distribution across the timeframe, and detect gaps in our research work.



The summary of tasks of the methodology and used materials is seen in Figure 2.



Both at the first and fourth stages of the methodology, the software application VOS Viewer was used to ensure a broad review of related themes, mainly including the sustainability pillars, i.e., social, environmental, and economic sustainability. It investigates the degree of interconnectivity between the whole group of 360 records or the final group of 138 adopted references, mainly to understand the networking effects between topics, keywords, and the co-citation of authors. So, this enables the building of correlation maps, as later seen in the results and discussion sections, making use of the main topics or main keywords chosen by the cited authors. There, one and only one link exists between any two keywords. Such links, which appear as lines in the figures, can reflect the number of publications in which two terms occur together. The numerical value is not shown in the figures. However, it is reflected in the spatial distribution of the terms and helps the reader to understand the connections between topics throughout the network [33].



For the whole research performed, it was not an exclusion criterion if the paper addressed issues related to goods and not passengers’ mobility, or vice-versa. In any case, most of the presented literature review results focus on PMDs for an individual’s mobility. The only exception is referring to operational services when mentioning shared mobility and Mobility as a Service (MaaS) concepts, such as mentioning vans dwelling in cities to pick up dumped e-scooters.




3. Results—Literature Review


In this section, the results of the literature review are presented. The section is divided according to the abovementioned division to enhance the splitting between environmental and socio-economic dimensions of the sustainable integration of a micromobility transport system. It presents the results from the bibliometric analysis performed at stage one, before explaining the results from the detailed literature review. Figure 3 is a schematic representation of how the results are presented to support the discussion chapter.



The initial group of records was scrutinized to obtain the general visualization of researched items with a chronological distribution, which guaranteed the desired broadness of the research to integrate all the recent developments and identified research gaps into a life cycle thinking approach. Figure 4 is the result of an analysis of the titles and abstracts of the documents. There were 192 terms used by the peers that appeared in at least 10 different records from the initial group of 360 materials. The figure shows the 115 more relevant ones based on the calculation performed by VOSviewer.



3.1. Environmental Appraisals


3.1.1. Environmental and Health Indicators—The Users’ Perspective


Micromobility modes such as bicycles, e-scooters, lightweight PMDs, and walking can help to minimize pollution and noise in cities. However, these modes operate in crowded traffic areas, so the users are still exposed to particles and multiple sounds [13]. The health organizations even suggest that people with respiratory and cardiovascular problems should avoid outdoor activity if the concentration of specific pollutants is high [34]. Furthermore, a recent data analysis following a mixed-method campaign has revealed an ambiguous trend in how society assesses the themes of noise and environmental pollution. Most cyclists underestimate their exposure. Nevertheless, users’ answers revealed that if any technological tool advised it, the majority of them would consider adopting alternative paths for reduced exposure [35]. The users’ perspective is, therefore, crucial to the successful and sustainable implementation of micromobility.



As a result, several authors have dedicated their research to evaluating the impact of air pollution and noise on pedestrians and cyclists [36,37,38]. A study focusing on short-term noise and air pollution exposure in Montreal demonstrates that cyclists are currently far more exposed to noise and NO2 inhalation than motorists in vehicles or people combining different mobility modes. The study also confirms that the health benefits of cycling—which involves significantly more physical effort—are far greater than those of other mobility solutions [37]. Similarly, a study found that bikers are considerably more exposed to particles from vehicle exhaust systems than any car driver in three European cities [38]. Hence, the authors suggest that cities should plan infrastructures to promote active modes because the benefits of physical activity outweigh the risks. Such suggestion is consistent with three suggested actions for the city of Curitiba, Brazil: installing cycleways in streets with fewer vehicles, employing ventilation to disperse pollutants, and reducing obstacles such as bus stops and intersections. In addition, traffic light synchronization and vehicle conversion to hybrid or fully electric could help decrease the risks, particularly those related to pollutant inhalation. Regarding traffic speed control, it is unclear whether the creation of wide traffic calming areas will increase or decrease the exposure [39].



However, when establishing integrated indicators of exposure—such as the sustainability indicator developed by Fernandes et al. [40], which incorporates traffic-related externalities while considering the different local contexts—those four studies ([36,37,38,39]) overlook the inclusion of new PMDs. Likewise, researchers often recognize the need for more studies evaluating the levels of noise exposure (also considering the predicted contribution of automated electric vehicles to traffic noise reduction). At once, new research should reflect the fact that when multiple commuting modes are used, the exposure may be greater than if exclusively cycling because of the surrounding high noise levels from subways, trains, buses, and other vehicles [36,41].



Therefore, the emerging research needs can rely on experimental research and physical investment in infrastructures to promote environmental and health sustainability from the users’ point of view. Such investments can be guided by numerical and modeling studies such as the one performed by Santiago et al. [42]. Their estimation of pedestrians’ NOx exposure integrated CFD models with microscale pedestrian mobility models, which can enable the transition from collective to individualized exposure assessment, allowing for a more accurate estimation of total daily exposure. Despite the fact that the study does not provide clear conclusions on collective public health, its key innovation is that it provides valuable information for air quality management [42]. This highlights the possibility of supporting initiatives related to management strategies and urban design. Specifically, where to monitor air quality and where to implement steps, such as those for Curitiba.



Additionally, long-term all-cause mortality, which is strongly related to physical effort and pollution exposure, is a relevant health indicator [43,44]. Through the development of a health effect assessment model, researchers were able to conclude that walking and cycling lower all-cause mortality even when air pollution is high [45]. However, short-term fluctuations in pollutant concentration have an impact on daily mortality and morbidity. As a result, these are predicted to have some impacts on estimates of long-term all-cause mortality risks from active commuting [45]. Despite that, the impacts of wearing protective face masks while moving through active modes have yet to be studied, primarily because their use is usually disregarded and lately because their efficiency depends on personal characteristics as well as the sort of protection chosen [46]. Moreover, acquiring experimental data from users who utilize face masks during physical effort in the current COVID-19 pandemic context is an emerging research opportunity to pursue. So, to clarify how much short-term variations in pollutant concentration impact long-term mortality simulations remains a research need that could benefit from experimental data on how the users protect themselves from pollution by wearing masks.




3.1.2. Life Cycle Assessment Applied to Micromobility


Another viewpoint on the sustainability of micromobility solutions is the one that quantifies their impacts using LCA. This approach is frequently required to demonstrate a balance between the environmental, economic, and social sectors [47]. An LCA typically consists of four stages: defining objectives and scope, the inventory, impact assessment, and interpretation. The studies adopt a functional unit for evaluating impacts regarding energy consumption and greenhouse gas emissions (GHG) [48]. The systems’ boundaries often identify the stages of indicators’ examination from primary production to the end-of-life or recycling stage. According to Hollingsworth et al. [49], these include pillars such as manufacturing, transport, infrastructure, energy, and operational services.



However, LCA is a technique seen as a limited and isolated method of assessing sustainability across all three pillars. As a result, the literature suggests three potential solutions. Firstly, the indicators should be broadened to incorporate social and economic impacts together with environmental ones. Secondly, by expanding the analysis’ scope from the product level to the national and global levels. Thirdly, with the addition of new mechanisms to care for systems’ interoperability, including uncertainty analysis or stakeholders’ involvement [50,51]. Additionally, Petit-Boik et al. [52] conducted a review that presented many life cycle perspective strategies, research gaps, and methodological flaws in multiple sectors. It exposed the need for better assessments, specifically from the standpoint of sustainable urban cities, noting that integrated schemes combining life cycle tools and methodologies can help with urban complexity, particularly for large-scale systems [52]. This proves that a deeper and broader LCT approach is applicable to a range from single products to more complex systems such as cities or to the concept of micromobility.



Nevertheless, LCA studies on micromobility vehicles have produced results that spark debate and highlight the need to seek out the three pillars of sustainability since they mainly focus on environmental appraisals. In the specific case of Hollingsworth et al. [49], they estimate a GHG emissions value of 202 gCO2eq/passenger-mile for e-scooters, owing primarily to materials selection, manufacturing processes, and operational services. Likewise, in Germany, e-scooters have a global warming potential estimated at 165 gCO2eq/km [53]. Furthermore, the Ghisallo tricycle, a novel micromobility vehicle, was estimated to have lifetime indicators of 0.36 MJ/v-km and 15.29 gCO2eq/v-km. For the latter, the production stage is responsible for 42% of GHG emissions and overall, energy consumption and GHG emissions can reduce by 25% and 45%, respectively [54]. Moreover, an LCA conducted by Coelho and Almeida revealed that the production stage of a mountain bike is the most damaging to the environment. Steel and aluminum are extensively used in the wheels, fork, and frames [55]. These could be replaced with bamboo, which has been discovered to be around 50% less toxic and 30% less harmful than aluminum and steel, respectively [56].



Even if the three abovementioned suggestions have yet to be considered for achieving the full potential of LCT approaches, all the authors from the latest five cited works ([49,53,54,55,56]) advise strategies to reduce environmental impacts. That type of sensitivity analysis looks into the effects of changing the input assumptions for the life cycle pillars. Changes in battery production and recycling, the charging of batteries with a greener energy mix, lifespan changes based on mileage, and shorter collecting distances of operational services are just a few cases. Thus, like Hollingsworth et al. [49] found, environmental indicators analysis must include skepticism.



For example, in Paris, free-floating e-scooters might generate an additional 13,000 emitted CO2eq. Therefore, GHG emissions and energy consumption resulting from the micromobility sector must be carefully examined based on the requirements of each city and the type of micromobility mode [12]. Similarly, the rise of e-moped shared scooters has generated concerns about the business model’s long-term sustainability since the worst-case scenario can be 40% more hurtful than the original one. Promisingly, the best-case scenario includes solar-powered e-mopeds and batteries swapped with the assistance of an electric van to achieve 20 gCO2eq/p-km [57]. So, the study by Schelte et al. [57] suggests reducing the impacts of aluminum through recycling processes or using renewable energy sources in the manufacturing stage of micromobility vehicles. Moreover, the typical operational services performed by vans might start to be replaced by electrical cargo bikes. These have the potential to cover up to 10% of the two-kilometers-long trips. It is estimated that a life cycle impact from well-to-wheel can reduce CO2 emissions by 73% [58]. The penetration of renewable sources might also contribute to reducing the impact of powered cargo bikes. For those, more than 20% of the life cycle CO2eq emissions are due to electricity production, based on the European mix of 2021, which may be mitigated if renewables replace fossil fuels [59]. Finally, Schelte et al. [57] advise on the importance of considering other socio-economic sustainability factors such as road safety in further research.





3.2. Parallel Research Areas of Micromobility Sustainability—Socio-Economic Appraisals


The environmental appraisals section of the literature review suggests that the LCT of micromobility includes R&D needs in many areas, from the standpoint of users’ health improvements or from the standpoint of environmental sustainability. From the perspective of the socioeconomic dimension of sustainable integration, micromobility inevitably relates to research on how society engages in new business models, how infrastructures give a sense of safety to the vulnerable road users, how digitalization confers a sense of security to the system, or how renewable energy sources penetrate the system. Hence, in Section 3.2.1, Section 3.2.2, Section 3.2.3, Section 3.2.4 and Section 3.2.5 we reveal studies and identify research gaps related to PMD manufacturing or product development, security, safety, the inclusion of micromobility under the MaaS concept, big data treatment, and energy harvesting.



Regarding life-cycle cost evaluation, there are some papers that apply it to micromobility. A new methodology for a highway project-level life-cycle benefit/cost analysis that addresses certainty, risk, and uncertainty could provide a way for transport agencies to explicitly address uncertainty issues, thereby improving on the currently existing risk-based life-cycle cost analysis approach [60]. Perhaps the crucial concept of risk management in transport could aid in addressing the issue of life-cycle cost evaluations in the road planning and design process, which is particularly challenging owing to a lack of relevant data [61,62]. Moreover, life-cycle cost analysis, including pavement selection, could help to address the previously mentioned gap in the LCT approach to micromobility systems, which does not account for the impacts related to infrastructure and pavements [17,63]. The literature review even shows that, usually, investing more money “up front” reduces the global warming impact and life-cycle cost of pavements, in particular for bridges. It suggests that low traffic-volume pavements can get more expensive in lifespan if frequent maintenance is required [64]. Additionally, an LCC analysis of railway tunnels shows that more cost-effective construction measures and more environmentally friendly materials are required since the building stage contributes to most of the life-cycle costs and CO2 emissions [65]. To estimate costs of micromobility-related infrastructure, it is an emerging research opportunity to use either the LCC approach or the RAMS (reliability, availability, maintainability, and safety) analysis, a method also mentioned by Kaewunruen et al.



Moreover, our literature review revealed that the inclusion of a social perspective when calculating the cost of an electric bicycle is crucial. Most of the studies consider the acquisition costs, battery replacement, charging, and repair and maintenance costs from the perspective of the economic side of the buyer’s point of view. However, the consideration of social and environmental impacts, including traffic-related costs, the processing costs of battery scrap, and pollution costs in the life cycle of an electric bicycle led to the conclusion that motor vehicles still have a better ratio between consumer costs and social costs. As a result, emerging research needs are identified, and they include more effective recycling networks for the batteries, as well as the establishment of a deposit refund system to reduce the costs of waste managing through an increase in the recycling rate, together with strong legislation to prevent pollution at the source, which is cheaper than eliminating pollution [66]. As for the side of the public investment of funds in infrastructure, the life cycle cost-effectiveness is also evaluated. For instance, to the city of Stockholm, investment costs over a 50-year life cycle are offset by healthcare costs and compared with estimated long-term impacts on morbidity, quantified in disability-adjusted life years (DALYs). Investing in urban infrastructure to increase bicycling is cost-effective from a healthcare perspective. Yet, these studies should, in future, account for societal benefits such as obesity reduction and environmental effects such as air pollution concentration decreases due to multiple factors, since the authors believe the cost savings and health benefits are underestimated [67]. Alternatively, a life cycle cost analysis could consider the recent disruptive innovations and research needs in each of the following five themes, with impact on economic sustainability or with social impacts, such as in the form of safety costs.



3.2.1. Personal Mobility Devices (PMDs)—Product Development


Personal mobility devices (PMDs) include, but are not limited to, wheelchairs, scooters, bicycles, and skateboards. The potential of PMDs to explore first/last/only mile options increases their attractiveness [68]. As a result, innovation on products to support walking, cycling, and other micromobility activities raises challenges about the engineering context at the manufacturing stage.



The recent popularity growth of PMDs in cities has placed the focus on their portability. Portable and inflatable mobility devices, which have lately been proposed, address both portability and injury prevention challenges. These use newly discovered materials that enable reversibility via inflation and deflation. Moreover, a scan-based design system allows an interactive and iterative design approach for more efficient and injury-free product development. So, their ability to be customizable and the concept of inflatable frames, wheels, and steering mechanisms anticipate the R&D-related need to carefully select eco-friendly materials based on the properties and mechanisms for developing inflatable products [69]. Such research on manufacturing portable, inflatable PMDs may have an impact on social sustainability indicators such as comfort, safety, and ergonomics.



Any innovative product development might follow general specifications such as those proposed for heavy-duty cargo bikes by Bogdanski et al. [70]. Cargo bikes are identified as useful for urban logistics. However, little research is available yet and due to operational issues, their implementation is not so fast. Currently, these can only transport parcels and not pallets. Moreover, the size and weight of the parcels limit the distance covered. Hence, future studies should address new light and sustainable materials to expand the number of businesses using this logistical tool [58]. In any case, Bogdanski et al. [70] proposed specifications for a registration-free cargo bike that should be safe, easy to ride, and has an easily accessed chassis to repair parts. Similarly, their findings highlight the need for designing standardized and non-proprietary bodies to guarantee a smooth logistic process if the cargo bikes operate like the heavy trucks and their coupled bodies. Moreover, they advise that an emerging change has to be performed since, currently, the street planning of most countries does not consider these eco-friendly vehicles [70].



Aside from outdoor personal mobility vehicles, another field of research is developing new PMDs for indoor use. A suggestion is to employ the AngGo platform, a shared indoor smart mobility device, in situations where walking long distances may be difficult for a portion of the demanding population. The development of this device still lacks the operationalization of autonomous or manual drivability systems [71]. Likewise, an Elderly Personal Mobility Device (EPMD) equipped with sensors and Internet of Things (IoT) technology detects air quality and other critical environmental, health, and social parameters. The EPMD design involves multiple stages of product development, including chassis material selection, electric equipment, and sensors selection. To achieve social sustainability improvements, future research on autonomous driving will rely on ML algorithms to further improve this new PMD [72].



Even though Section 3.2.2 addresses safety-related studies, product development might bring social impacts as it serves the purpose of injury prevention. From the findings of Fernandes and Sousa’s [73] literature review on motorcycle helmets, which focused on the causes of head injuries, head impact protection, and energy absorption, it was stated that rotational acceleration was generally accepted among researchers as the primary mechanism of brain injury. Nonetheless, helmet impact testing was not completely solving the problem [73]. As a result, R&D efforts must study the protection enhancement on other realistic impact parameters, which will lead to new product development. Such could build from the promising results regarding oblique impacts that were obtained by using a WAVECEL cellular structure. It seeks to reduce the shear stiffness of the helmet by introducing a collapsible structure, and the tests aim to mitigate rotational head acceleration in the case of impact [74].



Additionally, from a lifetime cost-effectiveness perspective, little is known when addressing the use of helmets on a mandatory basis. For the Dutch context, through decision tree modeling it was concluded that the inclusion of legal enforcement to increase the use of helmets could be cost-effective, especially for people over 65 years of age, who are more exposed to the risk of a traumatic brain injury. However, to make it cost-effective in all age groups it is suggested that the prices of helmets should decrease by 20%. Such a decrease is mentioned as non-hypothetical due to large-scale production and sales while opening the door for an emerging research need for safer helmets with lower costs and eco-friendly materials. The authors also recommend future research to address the mechanisms behind the cycling risks and the acceptability of the mandatory use of helmets considering that injury risks differ substantially according to the location in the world [75].




3.2.2. Safety


Meanwhile, the number of crashes involving PMDs and motorized vehicles has been quickly and alarmingly growing [76,77], as well as reported injuries [78,79]. Over 61 days of analysis in 2018 only in Indianapolis, there were 92 injuries from electric scooter users [80]. At once, users still perceive safety concerns as barriers to using micromobility modes. From 1256 people enquired, 30–60% were concerned about striking or being hit by someone. Fewer than 10% cited increased safety as a benefit of riding an e-scooter [81]. Perhaps because, as the study of Hashimoto et al. [82] reveals, more data is required to fully evaluate the safety of PMDs’ co-existence with other vehicles.



Unfortunately, unlike motorized vehicles, there is a scarcity of crash-related data regarding e-scooters in the US, making extensive crash characterization difficult. Yang et al. [83] studied the safety of a PMD by compiling media reports from search engines such as Google News. This was due to a lack of open data platforms with more realistic accident data reports. As a result, it underlined the need for a comprehensive and automatic way of reporting crashes for further safety analysis. Zagorskas et al. [84] also identify a research gap linked to the categorization of data from crashes with e-PMDs.



There have also been concerns regarding the safety of e-scooter riders and of those sharing roads and sidewalks with them. A pedestrian injured by an electric scooter may face financial burdens due to time off from work and medical costs, and the differences in local rules make it difficult to normalize policies. So, future studies should characterize the type of pedestrian injuries in multiple places and verify which local laws would work better to finally inform policymakers in regulating micromobility modes [85].



Albeit some scarcity, existing data from surveys helps to evaluate how pedestrians feel about risk variables such as improperly parked dockless e-scooters. From 181 e-scooter riders and non-riders asked about how often they are blocked by e-scooters on sidewalks and how they feel, 38% of non-users feel unsafe and 45% of users and non-users often see blocked sidewalks. Therefore, a more comprehensive look at sidewalk barriers is suggested to assess if micromobility vehicles are really impeding people’s mobility or threatening their safety [86].



Equally, data shows that from 2015 to 2019, the process of battery charging caused 330 fires associated with charging and riding self-balancing scooters [87]. So, as a result of the failure of high-density lithium-ion (Li-ion) battery packs powering the PMDs, there has been a rise in burn injuries from PMD-related fires [88]. Separator shutdown, flame retardants, and cell venting are three viable solutions when considering measures for lowering that number. However, there is still a research vacuum that must be filled so that fire situations can be treated, ensuring quick fire extinguishment without sacrificing battery performance [89].



Therefore, if the datasets grow, finding risk variables will become more important for decision-makers who develop road safety measures, regulations, and plans. Particularly if considering another challenge, which is the rise in the average speed of the vehicles present on the streets. As the number of e-scooters on European streets has surpassed that of traditional bicycles, this has social and planning consequences such as street space management and crash prevention.



Fortunately, risk factors that determine the severity of vulnerable road users can be accurately predicted using a decision tree and logistic regression, two supervised ML classifiers [90]. Additionally, changes in data collection that allow for the grouping of pedestrians’ and cyclists’ exposure by age and gender or with vehicle, road, or driver details should assist in improving the research outcomes. A good example is the multinomial logistic regression for predicting vulnerable road users’ injury risk [91]. Besides, acquiring data regarding the detection, characterization, and prevention of crashes with PMDs is an emerging research area, mostly through ML algorithms that promote road safety modeling since the potential of crash modeling techniques is above that of traditional statistical models [92]. As a result, big-data treatment, analyzed in Section 3.2.4, is a valuable instrument for the future assessment of individual and collective safety issues related to PMDs.




3.2.3. Security


Concerning security issues, all the involved parts of intelligent mobility systems are vulnerable to any breach of security, and a thread of security issues arises. These issues are primarily caused by communication channels between service providers and PMD users’ smartphones. According to a qualitative study, elderly users lack confidence in adopting information and communication technologies applied to mobility networks owing to financial and security issues regarding smartphones and internet usage [93]. Furthermore, several survey respondents in Portland expressed concerns about the data’s potential use, especially, with the misuse of GPS data to track their travels when using smart mobility apps or the misuse of financial information due to cellphone loss or theft [94].



This process typically includes the users or riders, their smartphones, and internet systems through the cloud. The attackers can be the rider/user, any outsider, or the service provider [19]. Nonetheless, research on the security of micromobility modes equally includes the vehicle’s security to cover all bases. Vinayaga-Sureshkanth et al. [19], for example, propose defenses for potential attacks, as well as guidelines for future studies on new technologies. It advises that service providers assign e-scooter chargers with the ability to verify the device’s vitality to avoid physical harm.



Similarly, implementing cryptographic solutions as a countermeasure to eavesdropping is proposed to avoid sensitive information leakages. Countermeasures such as new anti-spoofing and anti-jamming solutions that rely on additional sources and sensors are also offered, obviating the need to evaluate the capabilities of various sensors in smartphones. These are primarily concerned with the tracking of e-scooters via the Global Navigation Satellite System (GNSS) module through GPS [95].



Finally, potential attacks compromising the privacy of users’ data relate to the treatment of such data, which is typically provided by the users to the service providers and is shared with third-party partners such as local governments. Recently, it has been demonstrated that new vulnerabilities severely impair ride-hailing systems and that present solutions are not yet abundant, while data-collecting attacks are clearly feasible [96]. Thus, the findings from the literature review point to emerging research gaps, including the interconnectivity between security issues, mobility service providers, big data, and regulation, policy, and administration sectors.




3.2.4. Big Data and Mobility as a Service (MaaS)


As previously stated, the increasing collection of micromobility-related data may have impacts on the safety and security sectors. Meanwhile, governments and researchers are stepping up to make use of big data tools’ potential to enhance the performance, accuracy, granularity, and quality of smartphone-based mobility data [97,98,99]. Data acquisition for e-scooter use is a good example. Specifically for the topic of spatiotemporal usage patterns, which supports the opinions of users, transport planners, and policy stakeholders, data collection and analysis methods are still based on surveys rather than the suggested method of leveraging real-time vehicle big data. This type of R&D improvement will provide a plethora of data that will aid in understanding how people travel in cities [100].



More in-depth scientific knowledge on e-scooters and other PMDs users’ choices and patterns (spatiotemporal), in particular, is still required [101]. According to the results of a survey with 459 answers, people using e-scooters in Paris rarely own their PMDs. They are mostly replacing trips that were previously made by walking or taking public transport. As a result, the authors advocate for the use of bigger data sets, including behavior observations and users’ attitudes, safety issues, maintenance, and charging habits [102].



However, using big data to infer travel demands has its downsides. It is difficult to assess the human activities that occur during a journey. For instance, it is vital to understand what happens if a PMD is dropped and what activities the user will engage in [103]. A quantitatively obtained estimation of the spatiotemporal bike-sharing impact using a big data technique demonstrates this. Such a study faced issues with big data analysis, which impacted the results of the bike’s environmental benefits. Similarly, privacy concerns led to a database in which trips are chronologically unordered and only provide information related to starting and ending points, hiding the distance and path taken by the users [104].



The use of big data is also related to the concept of MaaS to support the development of micromobility, which emphasizes the socioeconomic sustainability potential. MaaS has been identified as one of the potential solutions to mobility issues, despite the fact that its progress from pilot to large-scale systems and the specification of which mobility modes has been progressing slowly [101]. In any case, several authors found that early adopters of the MaaS concept for micromobility are primarily people under the age of 55, with good socio-economic conditions, who frequently travel on vacation and use planes and trains [105]. Moreover, according to a recent study from Zagorskas et al. [84], the MaaS concept has benefited from the existing network of carsharing services that have offered e-scooters in Europe. Therefore, it appears that understanding and clarifying the potential of MaaS for micromobility and other trip types is an emerging research need.



In addition, shared micromobility services can generate real-time data such as spatiotemporal travel patterns and behaviors [106]. For instance, future work using more refined spatiotemporal data on micromobility trips could help to confirm that these are significantly faster than other vehicles, including the relationship between metro stations and micromobility trip origins and destinations [107]. Moreover, if privacy concerns fade and data sharing becomes open on a secure network, demand models that generalize how people use e-scooters under the shift towards the MaaS paradigm will be better supported [108]. Using this approach, different configurations of e-scooter sharing systems using PMDs under the MaaS concept have revealed that fleet management, energy storage, battery management, and other factors all have different impacts on the trade-offs between users’ satisfaction and the associated costs to the service providers [108]. Even more, a real-time monitoring algorithm deals with big data to understand the spatial and temporal requirements of managing a micromobility fleet. It is suggested that the technology be applied to other modes of transport and that the methodology be improved to promote lower computational costs associated with big-data treatment for MaaS support [109].



The integration of different micromobility vehicles into vehicle fleets to actively promote MaaS also depends on further studies on all sustainability dimensions. An economic study has shown that mobility costs can be significantly reduced when smart multimodal mobility systems integrate different means of transport. Further research should be performed regarding which modal split is desirable for (corporate) MaaS systems and to recommend which means of transport could be used. For this, social life cycle assessment methods and integrated approaches to life cycle sustainability assessments are suggested [110]. Likewise, it is suggested to understand the size of the fleets under different scenarios. For instance, a simulation based on MATSim to assess the economic impacts of shared e-moped scooters showed that the larger the fleet, the more and longer trips that are taken by car in Berlin can be replaced [111]. Likewise, vehicle allocation management can be modeled to identify the best and worst vehicles of a fleet based on their mission, age, fuel type, miles per gallon, and cumulative mileage together with a life-cycle cost analysis for each vehicle. This might finally allow the application of the Logic Scoring of Preference methodology to the asset management of a vehicle fleet, comparing all the vehicles before making decisions [112].



Finally, the context of big data availability relates to transportation asset management (TAM) which fits well in the context of smart cities. Big data and advances in techniques are expected to provide the world with extra capability for optimal TAM over the life cycle and facing major challenges such as natural disasters, climate changes, risk, uncertainty, and sustainability [113].




3.2.5. Energy Harvesting


Finally, the findings of the literature review identify potential research needs in energy harvesting systems or renewable energy sources, which may have impacts on the environmental vector of sustainability indicators. These have ramifications for social and economic vectors as well because such metrics rely on the population.



We indicated in Section 3.1 that, in terms of energy use, the LCT approach, namely through LCA studies, evaluates the environmental impacts of renewable energy sources’ penetration into the micromobility system. However, the review of the literature suggests that big data and MaaS will rely on devices such as smartphones. Additionally, PMDs and intelligent transport systems, including active mobility modes, have been identified as being powered by batteries or using them to aid physical activity. Batteries charge relatively fast, and as a result of technological advances, powered micromobility arises [114]. Therefore, we present results from studies on vehicles powered by renewable sources or energy harvesting techniques from vehicle use.



Some energy generation or energy harvesting devices have been explored for energy recovery or smartphone powering. For instance, an energy harvester based on piezoelectric sensors aimed to produce small quantities of power from walking. Although the produced electric current was insufficient, researchers have pointed out an opportunity for future research to improve piezoelectric energy harvesting devices from a shoe [115]. An energy harvester that manages the foot slip demonstrated that it can generate enough power for wearable electronics [116]. Moreover, researchers recently addressed the design and feasibility of producing energy harvesting floors, highlighting their applicability to wireless sensors and IoT technologies. However, some problems, such as improving energy efficiency in both production and storage stages and adapting the floor displacement, were pointed to as research gaps [117,118]. For cycling, researchers also tested piezoelectric energy harvesting in a stationary exercise bicycle. It produced energy stored in a battery and with power enough to be used on sensors included on the bicycle [119].



Regardless of the source of energy, one of the most important issues is to increase the lifetime and energy efficiency of the batteries used in electrical PMDs. In this context, a new control methodology based on Fuzzy Logic Controllers (FLC) rather than Proportional Integral Derivative controllers (PID) has been proposed. When applied to an e-bike with a battery, this aims to consume the least amount of energy while remaining precise and flexible on error control. Preliminary results showed a 7–12% improvement in the energy management of the e-bike, implying a longer battery life. Future research on hybrid control strategies or the use of a neural network to train a fuzzy system needs evaluation so that more efficient models and longer battery lifetimes can emerge in the future [120].



From an economic point of view, a life cycle assessment of environmental and cost impacts shows that cargo bikes are the less pollutant and cheaper solution. However, these cover, on average, three times less distance than pollutant trucks, for a daily cost that is only 23%. If the autonomy of batteries becomes longer and the purchase price of cargo bikes reduces, cargo bikes might become more cost-effective [59].



Such emerging research needs might be of interest regarding the perspective of the locations of e-scooter recharging stations. Unlike most of the literature studies calculating the optimal location and number of recharging stations, a recent study focused on calculating the energy consumption of e-scooters while seeking the cost-optimal solution for the locations and number of recharging stations given a specific number of trips. Previously, the literature was estimating the locations and number of recharging stations through distance-based energy consumption and therefore overestimating by 6% or underestimating by 30%, which could lead to unnecessary and expensive stations or to micromobility vehicles running out of battery. Here, it depends on the energy management of the micromobility vehicles as well as the need for energy consumption. So, the indicated emerging research need is to consider the same model for larger-scale networks and for different recharging stations in terms of cost and charging speed [121].






4. Discussion


The presented literature review is an up-to-date collection of recent scientific work, highlighting significant contributions and research needs noted by many. First, we developed a meta-analysis using the VOSviewer software application. To detect the co-occurrence of authors or keywords, the software works with all bibliographical entries (inputs). We cite 520 distinct authors on the relevant themes in our review. At the same time, just 13 of them are quoted twice, with five of them being cited three times. Such a range confirms the topic’s widespread interest among researchers all over the world.



Moreover, the intrinsic keywords of each article aid in analyzing the dominance of a few topics, among others. The presented literature review, as shown in Figure 5, focused on works around micromobility related to shared mobility, sustainability, life cycle assessment, safety, air pollution, and noise exposure. However, when applied to the micromobility context, security, the MaaS concept, and IoT are less-mentioned as keywords. The color bar enables us to examine the chronological distribution, which confirms that researchers have become more interested in the topic in recent years. Figure 5 shows the 29 most relevant keywords taken by the cited authors and used at least in two records.



In this section, we present our critical overview. Firstly, we present a glimpse of the bibliometric analysis performed on the 138 cited records (Figure 5). Secondly, we address the emerging R&D areas for micromobility based on the results from the literature review, abovementioned in Section 3. The goal of this section is to emphasize the crucial emerging research needs and discuss a global system of thinking for incorporating them from the perspective of environmental, social, and economic sustainable integration. As a result, we propose a comprehensive integration framework based on an LCT approach applied to micromobility, emphasizing the connectivity between critical sectors, stakeholders, or research items.



4.1. Emerging Research Opportunities


From the previously presented literature review results, some emerging research needs around micromobility stand out. Starting from those that were significantly connected to the environmental appraisals (Section 3.1), the following list highlights the identified emerging opportunities:




	
If any technological tool advised it, the majority of cyclists would consider adopting alternative paths to reduce pollution or noise exposure [35];



	
Cities should plan infrastructures to promote active modes because the benefits of physical activity outweigh the risks [38]. Installing cycleways in streets with fewer vehicles, employing ventilation to disperse pollutants, and reducing obstacles such as bus stops and intersections are examples [39];



	
Traffic-calming areas impact the air quality, and cyclists’ exposure to pollution is yet inconclusive. Further experimental or modeling assessment is needed [39];



	
Further research to re-evaluate the long-term risk-benefit balance of avoiding the use of PMDs in highly polluted periods is required, especially if considering patients with cardiovascular/respiratory diseases [45]; moreover, if modeling and simulation considers experimental data such as the obtained to see if mask usage prevents exposure effectively [46];



	
The effects of cyclists’ ventilation are still poorly considered. If they are not considered, cyclist’s exposure is underestimated, hiding the effects of parameters such as slope, travel speed, wind, and other parameters to the exposure rate to pollutants [13];



	
Modeling pedestrian exposure to comprise urban areas and pollutants with different characteristics while helping to define local strategies requires future research [42];



	
Studies accounting for noise exposure are yet required, while the networks for measurement are still weak. Both might be convenient to any active mode [13];



	
Governments have the onus to fund health and transport research regarding noise exposure affecting mode commuting in noisy urban areas. The disruptive environment should be researchers’ goal, to inform policymakers on rapid changes [41];



	
Estimating sustainability requires analyzing its three dimensions (environment, society, and economy). From the LCT perspective, studies to perform can be life cycle assessment (LCA), life cycle costing (LCC), social LCA, and life cycle sustainability assessment (LSCA) [52]. Integrated programs that combine LCA tools with other methodologies have the potential to assist in the evaluation of the urban complexity, particularly larger-scale systems such as mobility-related ones [50,51,52];



	
Current analysis of environmental indicators results from LCA must include skepticism, while all the proposals available in a sensitivity analysis of references [49,53,54,55,56,57,58,59] result in emerging research opportunities to explore and re-evaluate, such as, for instance:




	○

	
Considering the effects of replacing steel and aluminum with other materials such as bamboo [55,56];




	○

	
Recycling aluminum using renewable energy to power the process [57,59];




	○

	
Replacing trips performed by vans with trips performed by cargo bikes to locally replace the batteries of electrical PMDs [57,58];




	○

	
E-scooter providers and public transport should work on a joint and multimodal concept [53];




	○

	
Quantifying more precisely the lifetime and PMD kilometers traveled to increase the accuracy of the LCA [53];









	
To enable joint mobility systems is a chance for government policies, since merit-based business models, intelligent operation systems, and infrastructures are crucial for multimodal shared mobility [23].








Besides, mostly from records cited in Section 3.2 but also in the Introduction, we identify several other emerging opportunities of research regarding the inherent parallel research areas of micromobility. Table 1 provides an overview of the focus and contributions of the cited authors, as well as their suggestions for further research opportunities.



Furthermore, based on the literature review around product development, one emerging research area is the need to produce more ergonomically friendly PMDs that do not cause orthopedic injuries from long-term usage. The electrification of PMDs, on the other hand, will increase the average speed of micromobility vehicles on the streets. That implies that progress in the crashes’ prevention or detection through digitalization, IoT, or ML application to the vehicle itself is not the only action. Individual safety devices such as helmets are also among the emerging R&D areas in terms of improved ergonomics during their use and guaranteed safety in the event of an accident. Such assessment, sustainable material selection, and manufacturing processes highlight the engineering perspective required for the desirably sustainable integration of micromobility. Moreover, digitalization relates to the possibility of integrating cargo bikes into fleet management systems, so to develop ones able to use communication tools will be a vital emerging need to tackle [70]. Moreover, creating new protective gear that provides the same or greater level of protection while remaining sustainable and cost-effective is an upcoming challenge.



In terms of security issues, research has revealed that users are concerned about the likelihood of attacks on their personal and financial data, emphasizing the importance of avoiding data leakages. In addition, from the standpoint of the vehicles, an emerging research opportunity stands out from the necessity to develop cryptographic solutions, which necessarily rely on programming safer apps for service providers. While such countermeasures to malicious attacks increase the security of micromobility, they also function as accident prevention, which provides chances for safety-related improvements. These may be used in conjunction with ML algorithms and secure data gathering to describe PMD-related crashes in order to better understand the safety issues before addressing them with appropriate solutions. According to the literature review, users will gain trust and feel more secure and safer if data is collected to characterize their paths and potential crashes or injuries, more than they would if merely collecting the start and end points of the micromobility trips, especially if it would not jeopardize crucial players’ security. As a result, examining the usage patterns of micromobility vehicles would be of significant interest [124].



Likewise, while pedestrians are concerned about their safety and with the issue of improperly parked dockless micromobility vehicles, it is vital to penetrate into the general public with laws from local governments which have not been verified yet, according to James et al. [86]. However, their work does not mention the use of operational services that can be used to collect dumped e-scooters. This sets up an emerging area of intervention where geolocation, digitization, data sharing, and legislation and policies will need to be aligned to clear the sidewalks of undue obstacles. Even more so from the life cycle thinking viewpoint if we consider that the sustainability impacts from environmental, social, and economic causes are highly related to this collaboration. If operational services remove dumped micromobility vehicles from sidewalks, this has a social impact through increased safety. However, the life cycle impacts to the environment and to the businesses will depend as well on what type of vehicle will be used to perform the collection. It can be, for instance, a fuel-powered truck or an electric one, which means different long-term impacts in the full range of sustainability.



Additionally, the connectivity between mobility modes in a smart and eco-efficient city should enable a new set of innovative hardware and software tools, such as those from the IoT [122]. Moreover, many countries lack adequate infrastructure to meet micromobility criteria if MaaS is to replace private cars with public transport and active modes [125]. As a result, three activities will be essential to determine whether micromobility is appropriate for the MaaS application: the evaluation of demand patterns (mode substitution or new trips), the classification of injury and accident types, and the elucidation of the socio-economic-ecological cost-benefit ratios. These will assist in clarifying how micromobility interacts with public transport. Moreover, it will be crucial to consider the cost-effectiveness of replacing trips performed by car. For that, the seasonality effects, personal preference/aversion toward new micromobility options, or the effects of specific revenue models should be considered to evaluate which is the optimum number of vehicles in a fleet of shared mobility services [111]. Recently, a floating car data analysis has shown that about 22% of car trips are potentially replaceable by micromobility vehicles, however, this study still lacks in considering the interaction of PMDs with other transport modes and accessibility to public transport. With a more complete data analysis, estimations of the potential demand for micromobility vehicles will be more precise and, therefore, the design of a possible network for these vehicles will be more accurate [126].



From the energy point of view, research recommendations show that energy management, once stored through efficient control, is critical in addressing the anticipated environmental issues hypothetically generated by batteries. So, the predicted trends are upgrades to lithium-ion batteries to lower the 95% of e-bikes in China that use lead-acid ones and to ensure that their lifetime is longer while employing renewable sources of energy such as solar, piezoelectric, and others [127]. Changeable battery packs, as well as more efficient and longer-life batteries, might contribute to solving the problem of collecting e-scooters each night and returning them to the streets around the clock. For instance, Lime scooters had to be collected while Neuron’s—designed with changeable battery packs—do not. This could mean that different city governments should be ready to harness such novelties and rethink how we plan and govern cities [128]. Moreover, LCA studies of the lithium-ion batteries used in vehicles could include more complete material inventories to fill research gaps in environmental LCAs of energy storage systems [129]. Likewise, in a life-cycle cost analysis, the operational services may be less detrimental to the cost/benefit ratio. If they are less needed, together with the electric cargo bikes hopefully covering more trips performed by vans and using smaller and lighter parcels, a more sustainable shared mobility business could be achieved in the future [58]. That improvement would ensure the economic sustainability dimension while the penetration of renewables would ensure the boost in environmental sustainability [59]. As is once again evidenced, the importance of interoperability between emerging research needs for changeable and longer-life batteries without affecting the life-cycle cost analysis and the possible need for more or a smaller number of trips performed by the operational services (potentially expensive and pollutant) provided by the shared-mobility companies to collect the dumped vehicles.



The use of parcels for logistics and last-mile deliveries will inevitably include costs that can be estimated and compared with other vehicles following a methodology that accounts for the external and internal costs to promote a rational response for urban planners. Each city could preliminarily adapt its characteristics to the needs of urban freight systems and select the best PMD for last-mile deliveries if using such methodology [130]. If such a methodology is applied, city planners will need to regulate the traffic of freight micromobility vehicles, ideally in co-operation with freight operators which will require the assessment of social costs. That regulation could be differentiated regarding each type of vehicle and could have multiple economic impacts on the operators if it stands only by the idea of prohibiting instead of no constraints except to apply sanctions [131].



Finally, a particular example of the integration of different emerging research needs through a life cycle thinking approach was found. Regarding the energy harvesting systems, it was found to be an emerging research need to seek more efficient piezoelectric systems to store more electricity, for example in a bicycle battery [117,118]. Likewise, recharging stations with solar panels could be evaluated with new shapes and designs as well as extendable surfaces [132]. Such could mean more expensive lifetime solutions, thus potentially compromising the cost-effectiveness of new micromobility solutions. However, the presented model [121] for the calculation of the number and location of recharging stations can be used to determine if policymakers can decide to use a smaller number for the same space and number of trips of an e-scooter. Such a model has yet to be tested for larger-scale networks. In any case, if an energy harvester becomes more efficient it may result in an e-scooter or bicycle needing less energy from the recharging stations to travel the same distances. The same recharging station might be more effective from the perspective of costs and environmental issues if using solar panels efficiently. Thus, the economic sustainability of micromobility might arrive in the world from the integration with a technological breakthrough as well as with socially and environmentally sustainable impacts. In this way, life cycle sustainable integration could be fulfilled over its three dimensions.




4.2. Comprehensive Integration through an LCT Approach: Connecting the Research Dots


The results revealed that the emerging research areas and technological developments in micromobility will continue to be linked to PMDs, cargo bikes, or inherently related topics. Commonly, the scientific community identified the impacts of (shared) micromobility as increased mobility ratios and health benefits, reduced GHG emissions, and decreased automobile use [133]. However, relying solely on the most recent advances in information technology and ownership desires will not make this integration into cities more sustainable [134].



Also, in LCA studies such as the one developed by Hollingsworth et al., the creation of an indicator capable of integrating the carbon footprint and carbon handprint is not included, and nor is the user’s comfort and safety [49]. Such integration is supported by a number of parallel research areas with socio-economic impacts, such as those regarding the safety perceptions of pedestrians and electrical scooter users [135]. Thus, the long-term integration of micromobility is far denser than just focusing on environmental concerns.



Therefore, in Figure 6, we propose a conceptual framework for how multiple environmental and socioeconomic sectors can work together to meet the mobility needs of the population by resorting to micromobility modes, emphasizing the goal for sustainability, and promoting a comprehensive LCT approach. Its goal is to spark the discussion about how business models can be adapted to include shared (micro)mobility with PMDs and achieve the opportunities identified in Section 4.1.



Figure 6 is a proposal of a conceptual framework of a comprehensive integration between research areas through an LCT approach applied to micromobility modes. It is inspired by one major research opportunity identified in Section 4.1: estimating sustainability requires analyzing its three dimensions (environment, society, and economy). Likewise, it follows the work performed by peer authors who proposed the conceptualization of the environmental effects of carsharing. Their and our proposals both address concerns about integrating the population requiring PMDs manufacturing [136]. Such population demand is unavoidable as they seek not only devices manufactured through environmentally friendly processes but also safe and ergonomic devices. Likewise, the population that uses these modes calls for improvements in health and environmental indicators. According to our literature review, this can be addressed by conducting LCA studies as well as complementary noise and pollution exposure studies. LCA’s GHG emissions and energy consumption indicators require the filling of a research gap with noise and pollution exposure studies. Moreover, our vision of an LCT approach for micromobility includes the topic of possible improvements related to renewable energy sources.



The framework also builds from peer re-evaluation work on the LCA to promote the sustainable re-use of resources, materials, and energy, particularly from the end-of-life of infrastructures for new vehicles [137]. It confirms, for instance, the importance of including pavement and infrastructural developments in LCA studies, given their importance to sustainability improvement. Not only in the environmental dimension but on the business side as well, the costs are more beneficial if paid “up-front” when looking for a cost-effective life-cycle micromobility system. For example, in the transportation sector, LCC will be key to selecting the right combination between pavement types for micromobility vehicles. However, the impacts of using LCC techniques toward this goal are yet to be fully recognized and the benefits of applying LCC are not yet clearly observed in practice. If such a gap between theory and practice is filled, LCC for transportation projects will support the decisions of the public and policymakers in the long run [138].



Moreover, based on our analysis of the literature review findings, we believe that big data analysis is critical. If secure data-sharing methods promote the tracking of paths taken, micromobility users will serve as data producers. Likewise, the development of research on big data will not only support the MaaS concept foundation with micromobility, but it will also assist the maintenance needs, advise on the appropriate policies, and promote the development of sustainable business models including modern, sustainable, and digitalized cargo bikes. As a result, the socioeconomic sectors associated with vehicle and infrastructure maintenance are also included in this LCT approach. Finally, we emphasize the government’s responsibility to fund health and transport research. At the same time, we recognize the need for road traffic management and infrastructure regulations in cities so that micromobility sustainable integration can continue.



Hence, our literature review reveals a shift in government policies to enable joint mobility systems. Additionally, merit-based business models, intelligent operation systems, and infrastructures are critical for multimodal shared mobility. Moreover, it shows that integrated programs that combine LCA tools with other methodologies can aid in assessing urban complexity. Particularly for larger-scale systems such as mobility-related systems. Therefore, our comprehensive integration framework based on an LCT approach applied to PMDs serves as a roadmap for the quest to implement a fully sustainable micromobility system, and it summarizes the interconnectivity between all the researched topics.





5. Conclusions


Our literature review covers an extensive database of scientific work on the topic of micromobility. By restricting the cited texts primarily to documents from the last seven years, our work has managed to provide an up-to-date overview of the recent trends followed by our peers. It provides a solid foundation for understanding the current state of micromobility transport system implementation. Either by highlighting emerging research opportunities or by advising on the aggregated ways of thinking that will underpin future decision-makers’ actions.



In conclusion, based on the literature review, micromobility is headed for a future with increased environmental sustainability and decreased injury risk. It will include portable and inflatable mobility devices made of new materials and better-designed shapes. Furthermore, if the measures identified in the sensitivity analysis of LCA studies are implemented, it will include micromobility vehicles with lower GHG emissions per passenger-kilometer. Additionally, the health benefits of physical activity increase, and the pollution drop is greater than the risks of particle exposure. So, once the noise reduction is established, the efficient use of PMDs will demonstrate the potential to induce environmental improvements during the use phase, particularly if the user switches from a motor vehicle to a PMD. Thus, we conclude that the typical results in terms of environmental indicators coming from LCA can be complemented with the results of studies on user exposure to noise and pollutant emissions. Similarly, we conclude that if the scientific community fills the research gaps identified for the social sector, micromobility users will feel safer and more engaged with related modes. Among these are the precise definition of security challenges that must be addressed, as well as the need for modeling and predicting road safety, users’ behavior, and crashes.



However, our review of the literature confirms that the significant research opportunities associated with micromobility systems depend on the government’s ability to fund health and transport research. Similarly, it demonstrates that providers of micromobility services and public transport should collaborate on a joint concept so that these transport modes can complement one another. Moreover, our research shows that the disruptive environment should be the researchers’ goal, with the goal of integrating LCT techniques and other methodologies as well as sectors such as social and economic sectors.



One of the many examples of the relationship between research breakthroughs on the addressed topics is, for example, that the life-cycle cost analysis of a micromobility vehicle might even include the costs associated with the need for recharging stations in cities. Our work shows that there is an emerging research need to study a model for calculating their location and required number in larger networks and larger cities. Such can guarantee improvements in the economic long-term sustainability of micromobility. However, its full potential will only be achieved if we find ways of introducing energy harvesters to reduce the energy consumption of micromobility vehicles under social cost-effectiveness. Moreover, the clean energy used in recharging stations must guarantee environmental sustainability in the long term. These are the kind of findings that support our perspective that any emerging research needs related to micromobility will be impactful if tackled from the perspective of an aggregating life cycle thinking approach. In other words, for any micromobility project-based life cycle analysis, assessing the impacts of tackling one of the identified emerging research needs is crucial before and after implementation to guarantee sustainability.



As a result, the findings of our literature review support our proposal for a comprehensive integration of research needs from an LCT perspective based on our framework figure. From that, we conclude that the introduction of micromobility into the world will be socially, economically, and environmentally sustainable only if a multi-sectoral perspective and way of thinking are enabled. Further research in micromobility should focus on the interoperability of sectors such as demanding populations, device manufacturing, infrastructures, maintenance, safety, security, ergonomics, renewable energy sources, big data analysis, and MaaS. These should be complementary to the environmental-related indicators, forming the previously mentioned joint concept. Otherwise, sustainability in its entirety cannot be guaranteed, and a micromobility transport system cannot be considered a viable replacement for polluting vehicles. Even if LCA indicators (GHG emissions and energy consumption) suggest it, the business models and social acceptance must be considered for micromobility to be accepted in the long term as sustainable.
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Figure 1. Micromobility-related publications per year. 
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Figure 2. Schematic of methodology and materials. 
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Figure 3. Structural organization of results. 
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Figure 4. Overall visualization analysis of topics addressed in the titles and abstracts of all 360 records. 
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Figure 5. Visualization of the preponderance of each keyword considering co-occurrence and the publications’ year. 
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Figure 6. A framework of comprehensive integration through an LCT approach applied to micromobility modes. 
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Table 1. Overview of the significant contributions of the cited works related to socio-economic dimensions.
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	Topic
	Reference
	Major Findings and Contributions
	Future Work and Emerging Opportunities





	Personal mobility devices

Product development
	[69]
	A new family of portable and inflatable mobility devices with material and design selection based on environmental and injury concerns.
	Devices require long-term and long-distance tests, stability analyses, and newly designed technology to freely control inflatable structure shape.



	Eco-Efficient Personal Mobility Devices

Product development
	[122]
	The proliferation of highly connected personal and electric mobility vehicles will contribute to reducing carbon emissions and improving life quality.
	Micromobility vehicles are not yet among the Cooperative Intelligent Transport Systems. Required connectivity opens a research niche, including extensive data analysis.



	Safety—Injury patterns and Personal Mobility Devices
	[4]
	Significant health and financial costs to the individual and society are born from the prevalence of orthopedic injuries coming from PMD usage. Injury types are different from motorcycle-related ones.
	Suggests future work on injury patterns, new protective gear associated costs, strict regulations on PMD impacts, awareness actions, safety measures, and accident consequences.



	Safety—Road safety and crash prediction
	[92]
	Literature review on road safety modeling finds neural networks as the most used technique of ML. The article explores three different ML approaches to predict crashes and promote safe mobility.
	Models will benefit from more significant amounts of data, especially if using new exploratory variables, different from road-environmental, vehicle-related, or human factors and crash traits.



	Security and Privacy Challenges;
	[19]
	Identifies the potential attacks to security, safety, and privacy of active users: physical damage, eavesdropping, man in the middle and replay attacks, fuzzing and denial of service, spoofing, user data sharing, and inference.
	The article suggests countermeasures: service providers should give non-riders/other users the chance to report issues/errors. Applications/servers should prevent data leakages with updates and by regularly monitoring/filtering real-time traffic.



	Big Data
	[22]
	Ridership mapping, attitude tracking, and safety assessment using crowdsourced data to fill gaps of R&D. Enormous power and data amounts will come from bicycling. Based on prior work, the authors point out the issues of big data.
	Concerns with big data are access and funding, privacy, representativeness and equity, analytics and data uncertainty, open methods, and stakeholder capacity. People’s engagement in sharing data, stories, and experiences may help politicians.



	Big Data
	[3]
	The study presents an estimation method on e-scooter flow. Data care of millions of entries regarding start/finish points of trips using PMDs (e-scooters) supports city planning.
	To develop systems that inform stakeholders/researchers on the paths taken, creating even more extensive data sets free of privacy attacks might enhance the built method for better policy proposals.



	MaaS
	[20]
	Through a first joint simulation of carsharing, bike-sharing, and ride-hailing, MATsim assesses the impacts of shared modes on MaaS. For Zurich, transport-related energy consumption can reduce between 25 and 43%
	The new context of public transport, including innovative shared modes, may solve demand/supply issues. Simulation with shared Mobility and MaaS can be scaled up and avoid minor bias on existing partial models.



	MaaS
	[105]
	Signs related to a mindset of demand for multimodal mobility solutions, including novelty, freedom, and new tools, are judged to find early adopters of MaaS, so that involved parts learn users’ traits.
	Recommends identifying which types of trip suits MaaS the most, including micromobility. To clarify how MaaS can be widely adopted is also suggested.



	Energy Harvesting
	[119]
	The pilot device involves the conversion of a bicycle into a stationary exercise bike with a piezoelectric generator. The energy harvesting system used in bicycles shows the potential to provide low-power equipment with renewable energy sources.
	Further research is needed to improve the energy harvesting system’s efficiency by adding more piezoelectric modules. It identifies a research opportunity to confirm energy harvesting systems’ potential to power IoT-related devices.



	Micromobility and Public Transport integration.
	[123]
	Findings show the potential of shared e-mobility (mainly used for short trips) to enable rising mobility services. Moreover, it concludes that the demand for diverse modes shares many common predictors.
	Opportunity identified on topics earlier reviewed for other transport modes but not yet for shared e-mobility such as the type of service to provide for micromobility regarding the trip type.



	Micromobility and Public Transport integration.
	[18]
	The study of e-scooters mixing in ten big cities proves their attractiveness as urban transport modes. Space, speed, or safety conflicts are due to poor plans and stress the need to boost transport infrastructures or drop other vehicles’ speed.
	Research gap identified regarding the clarification of trip goals. It is currently unclear whether e-scooters create additional transport demand or if they replace trips. Injury types or accident rates require classification.



	Micromobility and Public Transport integration.
	[2]
	Literature review of studies focused on the integration of micromobility and public transport. It assesses the current state of knowledge and provides an overview of recommendations, while e-micro-vehicles are yet to be studied.
	Main gaps relate to the clarification of the benefits and limitations of mixing modes concerning socio-economic and ecological values. Clarification of whether micromobility serves as access/egress to public modes requires data analysis.
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