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ABSTRACT

There are different strategies for urban waste management. At present, solutions are
being sought for example to the noise that the collections cause to the inhabitants
in the cities, as well as the environmental impact. The introduction of technology
and particularly robots in the last time, open an opportunity to develop different ap-
plications for the robots last mile. This paper highlights and discusses properties of
robotic waste collection, based on existing literature of the environmental and eco-
nomic impacts of different waste collection and management systems. It explores
how a robotic system could be introduced into public spaces. For this purpose, a
new deployment protocol for public spaces has been developed, addressing these
interactions. Surveys and personalized interviews with pedestrians in the presence
of the robot in an urban center were conducted. Based on the collected data, a pro-
tocol has been designed, along with a proposed design applicable to urban centers,
small towns, or isolated residential areas. Many challenges remain, including a com-
prehensive environmental analysis of the robotic waste collection system, and cal-
culating the actual costs of implementation, operation, and maintenance over time.
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1. INTRODUCTION

Urban waste management (Muntasir Shovon et al.,
2024) is a practice that has been carried out for a long time
in cities due to the importance of sanitation in preventing
the spread of diseases (Moanaro Ao and Nzanthung Ngul-
lie, 2024). Throughout history, solid waste has been han-
dled in a simple manner, for example, using horse-drawn
carts to collect the waste that accumulated in the streets
and industries, and recycling those residues that could have
value. Examples of this approach can be found in ancient
Rome, where circular economy was valued (Brunner and
Morf, 2024), and recycling was done as much as possible.

The big revolution in waste collection happened in
the late 19th century with the emergence of the first
steam-powered trucks, initially simple open-box carts.
Later, the internal combustion engine, containers, and the
establishment of routes that we are familiar with today ar-
rived, now enhanced by the latest technologies (Di Maria
etal., 2020).

Today, the amount of waste generated in cities remains
a significant problem (Rossit and Nesmachnow, 2022),
both from a public health and environmental perspective.
One way to address this problem is through the implemen-
tation of more efficient and sustainable waste collection
systems.

When comparing different methods of waste collection,
including manual collection, automated waste collection
using robots, and specifically last-mile robots, several ad-
vantages and disadvantages can be identified (Table 1).
Manual waste collection is labor-intensive and time-con-
suming (Sushma et al., 2021), while automated waste col-
lection using robots can significantly increase efficiency
and reduce the need for manual labor (Raihan et al., 2020).

Underground garbage collection containers offer nu-
merous advantages such as preventing the spread of
odors and water, reducing the risk of illnesses from bacte-
ria, saving space, enabling hygienic waste collection, and
facilitating on-site waste separation (Delice et al., 2019).
These systems utilize innovative features like ultraviolet
disinfection to ensure cleanliness and deodorization while
maintaining safety (Morakabatchian at al., 2021). Addi-
tionally, underground containers help in efficient waste
collection and contribute to recycling efforts due to their
compact design (Delice et al., 2019). However, some disad-
vantages include the initial installation costs and potential
maintenance requirements associated with the complex
mechanisms involved in these systems.

Last-mile robots, in particular, offer the advantage of
autonomously navigating to collect waste, reducing human
intervention and potentially lowering operational costs
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TABLE 1: Advantages and disadvantages of integrating robots into urban spaces.

Waste collection methods Advantages

Disadvantages

Manual waste collection (Sush- Flexibility and adaptability

Labour-intensive

ma S C et al. 2021)
Capacity to handle bulky waste

Risk of injury and exposure to hazardous substances

Low initial cost of equipment

Inefficiency in large or densely populated areas.

Direct human interaction and quality control

Variability in the quality of work

Time-consuming

Mechanised Collection (Raihan

High efficiency in the collection of large volumes

Require initial investment and maintenance efforts

N. et al.2020, Badve M. et al

2024) Reduction of manual time and effort.

Requires adequate infrastructure (wide streets, acces-
sibility).

Reduced exposure of staff to hazardous waste.

Emission of gaseous pollutants and noise.

Greater consistency and reliability of service

Difficulty in areas of difficult access or complex geom-
etries

Underground Containers (Delice
E. et al. 2019,Morakabatchian M.
at al. 2021)

Improved urban aesthetics.

the initial installation costs and potential maintenance
requirements associated with the complex mechanisms
involved in these systems

Reduction of odours and pests.

Need for underground infrastructure.

Increased storage capacity.

Difficulty of collection in case of system failures.

Less frequent collection required.

Requires specific technology for harvesting.

Harvesting with Last Mile Ro-

bots(Tomitagawa, K. et al. 2024) : labour.

Autonomous operation, reduces the need for manual

High cost of development and initial implementation

Possibility of operating at non-conventional times

Limitations on carrying capacity and types of waste

vehicles.

Reduced emissions and noise compared to larger

Dependence on advanced technologies and connectivity.

Accuracy in collection and route optimisation.

Need to adapt urban infrastructure

Improved operational efficiency in dense urban areas

Possible technical failures and complex maintenance.

Potentially lowering operational costs

Challenges such as energy consumption efficiency .

Path optimization exist for waste collection robots,
which can impact their overall effectiveness in waste
management tasks.

(Tomitagawa et al., 2024). However, challenges such as
energy consumption efficiency and path optimization exist
for waste collection robots, which can impact their overall
effectiveness in waste management tasks (Tomitagawa et
al., 2024). Therefore, while last-mile robots offer automa-
tion benefits, considerations regarding energy efficiency
and path optimization are crucial for maximizing their ef-
fectiveness in waste collection operations. This is still in
the process of being studied and optimized.

Due to the current door-to-door selective waste collec-
tion (PaP) (Laso et al., 2019; Baltrocchi APD., 2024; Dotsen-
ko et al., 2022) implemented by the Catalan Waste Agency,
which involves delivering waste to the municipal service at
your doorstep, it has complicated and duplicated the work
of waste collection services, as well as their costs. The im-
plementation of a home waste-collecting robot in Catalo-
nia offers numerous advantages, such as cost reduction
through a decrease in the number of collection vehicles
on the streets, as well as a reduction in maintenance and
operational costs. There would also be an improvement
in the efficiency of the collection process and a reduction
in the environmental impact of the activity, enhancing the
residential landscape and reducing unpleasant odors. Cur-
rently, robots can be found in numerous controlled environ-
ments:

« Airports (Hwang et al., 2023): Robots have been used in
airports to perform tasks such as floor cleaning, waste
removal, baggage delivery, and passenger transporta-
tion. For example, Incheon Airport in South Korea utiliz-
es a passenger and baggage transport robot.

+ Restaurants (Molinillo et al., 2023): In some restau-
rants, robots are used to take orders and deliver food
to tables. For instance, the Spyce restaurant in Boston
features a fully automated kitchen that uses robots to
prepare and serve food.

+  Hospitals (Huang et al., 2023): Robots have been em-
ployed in hospitals to transport supplies and food, as
well as perform cleaning and disinfection tasks. For
instance, Texas Children’s Hospital in Houston uses ro-
bots called Tugs to transport medications and supplies
to different areas of the hospital.

« Parking lots (Soori et al., 2023): Robots have been uti-
lized in certain parking lots for autonomous parking
and retrieving of vehicles. For example, at the Volkswa-
gen Autostadt in Wolfsburg, Germany, visitors can leave
their cars in an automated parking structure called Car
Towers, which uses robots to retrieve and deliver vehi-
cles.

The evolution of urban waste management has seen
significant advancements, transitioning from histori-

180

B. Amante et al. / DETRITUS / Volume 29 - 2024 / pages 179-190



cal methods to modern technologies like autonomous
waste-collecting robots (Liang-Bi Chen et al., 2023; Bharan-
ikumar et al., 2022, Sushma et al.,, 2021). These robots offer
a sustainable solution by reducing operational costs, min-
imizing environmental impact, and enhancing efficiency in
waste collection processes. By integrating autonomous
robots into urban environments, particularly in areas like
Catalonia, where door-to-door waste collection systems
are in place, numerous benefits can be realized, including
cost reduction, improved operational efficiency, and a re-
duction in environmental footprint. The implementation of
waste-collecting robots not only addresses the challenges
of waste management but also contributes to job creation
in the technology sector and promotes the adoption of
sustainable technologies, marking a significant step in the
robotics industry’s evolution towards more complex urban
applications.

These robots, equipped with artificial intelligence and
robotic systems, aim to autonomously collect and dispose
of garbage while monitoring waste levels and contents in
smart trash cans. By utilizing technologies such as AloT
(Artificial Intelligence of Things), ROS (Robot Operating
System) (Sunil and Shanavas, 2023), image sensors, and
ultrasonic sensors, these robots can navigate designated
areas, detect trash, and efficiently manage waste disposal
processes, contributing to cleaner environments and im-
proved waste management practices (Gupta et al., 2022).
The ability of a waste-collecting robot to operate in these
challenging environments requires a combination of tech-
nical skills, such as autonomous navigation, obstacle de-
tection, and coordination of multiple simultaneous tasks,
as well as excellent adaptability. The robot must be capa-
ble of planning efficient collection routes, safely maneu-
vering through streets and sidewalks, accurately picking
up the waste, and depositing it in the appropriate location
(Azza et al., 2023). Additionally, it must interact safely and
respectfully with citizens, given its operation in public set-
tings. This article will explore these interactions, focusing
on how the robot engages with the city and its residents.

Research questions:

What environmental and social analyses have been
conducted on garbage collection robots? What challenges
and intersections arise when introducing last-mile garbage
collection robots in cities, particularly in terms of pedestri-
an reactions, public space sharing preferences, and poten-
tial physical conflicts with existing infrastructures? What
protocols should be followed to minimize any inconven-
ience during their integration?

The study aims to address these research questions
by conducting a comprehensive systematic review of last-
mile waste collection robots, including economic, environ-
mental (Life Cycle Assessment), and social analyses, and
proposing a new framework for implementing a robotic
waste collection system in urban areas. The literature
mainly addresses technology and human-robot interaction
(Tuli et al., 2022; Fischer et al., 2022; Hwang et al., 2007),
but research on how these robots interact with urban infra-
structure is lacking. This study aims to design an innovative
robot tailored for urban environments, particularly residen-
tial complexes with shared spaces and waste collection

points. It will also examine the robot’s interaction with city
infrastructure and residents, focusing on potential physical
conflicts with existing structures. Additionally, the study
will compare door-to-door and robotic waste collection
systems to propose a new protocol for integrating these
robots into urban centers, promoting widespread adoption.

2. METHODOLOGIES

This paper offers a comprehensive systematic biblio-
graphic review focusing on three key aspects. Firstly, it ex-
amines the diverse range of robots developed for last-mile
waste collection, incorporating economic, environmental
(LCA), and social analyses. Secondly, it proposes a frame-
work for the implementation process of a last-mile robotic
system within urban areas. Lastly, it presents a novel robot
proposal tailored for urban environments with residential
complexes or blocks featuring shared spaces and waste
collection points.

In the systematic literature review, we explore the var-
ious existing robots that have been developed specifical-
ly for last-mile waste collection. This includes examining
their functionalities, capabilities, and performance in re-
al-world scenarios. We analyze the navigation systems
used by these robots to maneuver through complex urban
environments, their ability to detect and avoid obstacles,
and their collection mechanisms. We also assess their effi-
ciency in terms of time and energy consumption, as well as
their adaptability to different types of waste.

For the purpose of conducting this comprehensive re-
view, we will utilize the extensive resources available within
the Web of Science (WOS) database. This database offers
a vast collection of peer-reviewed literature spanning vari-
ous disciplines, ensuring a thorough and in-depth analysis
of the relevant research findings.

To assess the current state-of-the-art in last-mile
waste-collecting robots, a comprehensive literature review
was conducted using the Web of Science database (2023).
The search utilized the terms “trash collection robots,” “au-
tonomous waste collection,” “robotic waste collection,” and
“waste management robots,” combined with the Boolean
operator “OR” to retrieve relevant articles. As depicted in
Figure 1, although research in this field began in 1992, there
has been a significant increase in published studies over
the past four years.

When we delve deeper into the analysis of the results,
it becomes evident that among the six most productive
countries, China, the United States, and India significantly
outshine the rest. Spain, as the leading European nation in
scientific production within this context, holds the fourth
position.

If we look at the document types, we can see that there
are 211 journal articles, 144 proceeding papers, and 17 re-
views, resulting in a total of 369 documents. When filtering
by these three document types, we reduce the search to
369 results.

If we further refine the search by adding “AND LCA” to
consider the environmental impact through a life cycle as-
sessment, we narrow down our search to 205 documents.
Then, if we select only articles and literature reviews, we
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are left with 141 documents. From these, we can take the
top 5 most cited and the 5 most recent, which are present-
ed in Table 2.

In these articles, we can see that digitization and ar-
tificial intelligence are considered important aspects in
waste management and the involvement of waste-col-
lecting robots. The circular economy is mentioned as a
key approach to waste management and the application
of advanced technology. Environmental sustainability is a
recurring theme, focusing on waste management as well
as other related areas such as recycling and reverse logis-
tics. Challenges and opportunities associated with the
implementation of waste-collecting robots are mentioned,
such as the need to adapt to different contexts and the au-
tomation of tasks. Furthermore, the exploitation of waste
management in specific contexts is discussed, including
the generation of alternative fuels and biogas from waste
materials, among other elements.

If we analyze the 17 articles that are reviews and cover
the entire period up to the present day, we can highlight
that the first article discusses how to digitize the waste
management value chain, always considering the circular
economy. The second article highlights artificial intelli-
gence as a key factor in waste management in cities and
presents a use case in a smart city. The third article, found
in Table 2, focuses on waste classification and discusses
the challenges and opportunities that arise. The fourth ar-
ticle presents a case study in China and explains the char-
acteristics of waste management in a rural area. The sixth
article discusses the informal management of urban waste
in eight Latin American countries. The thirteenth article
discusses motion control and forces of robots, although it
could be applicable to any similar application, it is very spe-
cific about the functioning and autonomous movement of
the robot. Lastly, the seventeenth article presents an anal-
ysis of digitalization driven by urban circular metabolism
and examines circular city initiatives.

We made a proposed implementation protocol for said
last mile robot dedicated to urban waste collection. To de-
fine the protocol, our approach draws upon existing litera-
ture on robot integration and leverages insights from pre-
vious experiences documented by the Institute of Robotics
and Industrial Informatics (IRI) at the Universitat Politecni-
ca de Catalunya (UPC).

To gauge user acceptance, in the last stage of the pro-
tocol, we employed two strategies. Firstly, we conducted a
survey to enable quantitative analysis of the level of user
acceptance regarding the integration of robots into urban
areas for waste collection. This survey, hosted on Goog-
le Forms, was initially distributed through the researchers’
social networks, targeting individuals within their respec-
tive circles. Subsequently, the Esplugues de Llobregat
city council, a participating entity in the project, was ap-
proached to disseminate the survey on the city hall web-
site, thereby reaching the local populace for whom the sys-
tem is intended. The questionnaire comprised six sections
encompassing a total of 26 questions. These sections ad-
dressed various aspects such as users’ perceptions of the
robot’s interaction with citizens, the tasks performed by the
robot, the necessary infrastructures to support last-mile
distribution robots (including connectivity, data manage-
ment, monitoring, and energy recharging), the design and
organization of urban public space, and the sustainability
implications of introducing distribution robots into urban
environments. To enhance respondents’ engagement and
comprehension, the questionnaire incorporated videos and
images. The survey questionnaire is accessible via the fol-
lowing link: https://forms.gle/90jMG6P1rCAYNbodA

Another strategy involved conducting structured inter-
views in two distinct environments:

+ The first set of interviews took place in controlled ar-
eas over several days. During this phase, the robots
were deployed across the university campus, where
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TABLE 2: Most cited and most recent paper about Smart Trash Robot System. Literature reviews on last-mile garbage robots.

Title

Authors

i Journal

Most cited and most recent paper about Smart Trash Robot System

Smart technologies for collection and classification of electronic waste

Ada, E; llter, HK; Kazancoglu, Y

International Journal Of Quality &
Reliability Management (2023)

The impacts of autonomous vehicles on local government budgeting and
finance: case of solid waste collection

clark, by

National Tax Journal(2020)

Smart Trash Can Robot System with Integration of Internet of Things and
Mobile Applications

Chang, BR; Tsai, HF; Yin, TK

Sensors And Materials (2019)

Stb: Child-dependent Sociable Trash Box

Yamaiji, Y; T, Okada, M

International Journal Of Social
Robotics (2011)

Digitalisation and intelligent robotics in value chain of circular economy
oriented waste management - A review

Sarc, R; Curtis, A; Pomberger, R

Waste Management(2019). Cita-
tions 151

Public willingness to pay and participate in domestic waste manage-
ment in rural areas of China

Han, ZY; Zeng, D; Mou, ZS

Resources Conservation And Recy-
cling. Citations 54

Does performance evaluation help public managers? A Balanced Score-
card approach in urban waste services

Guimaraes, B;Simoes, P and
Marques, RC

Journal Of Environmental Manage-
ment(2010). Citations 54

A mobile robot based system for fully automated thermal 3D mapping

Borrmann, D; Nuchter, A;; Velagic, J

| Advanced Engineering Informatics
(2014). Citations 53

Optimal Route Recommendation for Waste Carrier Vehicles for Effi-
cient Waste Collection: A Step Forward Towards Sustainable Cities

Ahmad, S; Imran; Kim, D

leee Access (2020)
Citations 30

Literature reviews on last-mile garbage robots

1.-Digitalisation and intelligent robotics in value chain of circular economy
oriented waste management- A review

Sarc, R; Curtis, A; Pomberger, R

Waste Management (2019)

2-Artificial intelligence for waste management in smart cities: a review

Fang, BB; Yu, JC; Yap, PS

Environmental Chemistry Let-
ters(2023)

3.-A state-of-the-art review on robotics in waste sorting: scope and chal-
lenges

Satav, AG; Kubade, S; Pawar, A

International Journal Of Interactive
Design And Manufacturing - ljidem
(2023)

4.-Characteristics and management modes of domestic waste in rural
areas of developing countries: a case study of China

Han, ZY;Ye, CW; Shi, GZ

Environmental Science And Pollu-
tion Research (2019)

6.-The Role of Informal Waste Management in Urban Metabolism: A Review
of Eight Latin American Countries

Espinosa-Aquino, B; Durany, XG and
Vargas, RQ

Sustainability (2023)

13.-Hybrid motion/force control: a review

Ortenzi, V; Stolkin, R; Mistry, M

Advanced Robotics (2017)

17 .-Digitalisation driven urban metabolism circularity: A review and analy-
sis of circular city initiatives

D’Amico, G; Arbolino, R; loppolo, G

Land Use Policy (2022)

students, professors, administrative staff, maintenance
workers, security personnel, and cleaning staff were ap-
proached for interviews. Although this initial approach
resulted in a somewhat biased sample, with the majori-
ty comprising students from a technological university,
it provided valuable insights into the perspectives of
the younger generation.

The second approach to assess robot acceptance
involved traveling to Esplugues de Llobregat, a city
chosen for its diverse urban environment. Here, the re-
search team transported the robot to various locations
within the city and conducted interviews with pedes-
trians encountered along the way. The interview ques-
tions mirrored those used in the survey, facilitating data
extraction and comparison with quantitative analysis.
Despite maintaining a structured format, participants
were encouraged to openly express any concerns, en-
suring comprehensive feedback.

Finally, based on the findings from the literature review
and the feedback of the users, we propose a specific
robot design tailored for urban developments with com-
munal areas and waste collection points (Saragih et al.,
2023). This robot is designed to operate within the con-

fines of the urbanization, collecting waste from desig-
nated collection points. We outline the key features of
our proposed robot, including its size, maneuverability,
collection mechanism, and navigation system. We also
discuss the potential benefits of implementing such a
robot in terms of cost reduction, improved efficiency,
and enhanced cleanliness in communal areas.

3. RESULTS AND DISCUSSION

When analyzed together all the papers (Table 2), we see
the importance given to digitalization, artificial intelligence,
and other advanced technologies in waste management
and the development of more efficient waste-collecting
robots. Most of the articles mention the circular econo-
my as a key approach to waste management and how
waste-collecting robots can play a role in transitioning to
a circular economy model. The importance of environmen-
tal sustainability in waste management and the develop-
ment of environmentally friendly technologies and robots
is addressed. Waste-collecting robots (Chen et al., 2023).
are considered efficient and automated tools for waste
collection and sorting, which can increase efficiency and
reduce costs associated with waste management. Chal-
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lenges and opportunities associated with the implemen-
tation of waste-collecting robots are highlighted, such as
autonomous navigation in complex urban environments,
safe interaction with citizens, and coordination of multiple
simultaneous tasks. We have also seen examples of waste
management in specific contexts, such as rural areas in de-
veloping countries or in smart cities, emphasizing the need
to adapt waste-collecting robots to different environments
and requirements.

Andreasi Bassi et al. (2017) compare the environmen-
tal impacts of household waste management in seven
European countries (Germany, Denmark, France, the UK,
Italy, Poland, and Greece), highlighting the benefits and
challenges of different waste management strategies (as
we previously present in table 1). Notably, Germany shows
the best environmental performance, with high recycling
rates and minimal landfilling. Recycling generally yields
the largest environmental benefits, particularly for paper,
metals, and glass, while waste-to-energy (WtE) plants can
either contribute to environmental savings or loads, de-
pending on their efficiency and the energy they replace.
Denmark stands out for achieving significant environmen-
tal savings through energy recovery due to its extensive
district heating network. However, France’s high recycling
rates are offset by the environmental burden from WtE
plants, and Greece and Poland show high environmental
impacts due to heavy reliance on landfilling. The study
emphasizes that as Europe moves away from landfilling,
a shift in focus is needed from managing waste inputs to
maximizing the value of recovered materials and energy
outputs. It also notes that increasing recycling rates does
not always correlate with better environmental perfor-
mance, depending on national contexts and technological
factors.

In parallel with the information search for the design of
the waste collection robot, a protocol for the deployment of
these robots in public spaces has been developed. There
are numerous studies examining the logistical integration
of last-mile robots, primarily for parcel delivery (Demir et
al., 2022; Hyeong et al., 2021; Deloite, 2023). Conversely,
some studies focus exclusively on robot design (Boysen
et al.,, 2021; Park et al., 2023; Burde et al., 2023). Other re-
searchers focus on making deliveries more sustainable
and optimizing resources to the maximum (Aljohani and
Thompson, 2019; Ranieri et al., 2018), including authors
who analyze the interactions between robots, people, and
public space (Puig-Pey et al., 2023). However, there is still
a need for subsequent adaptation of the robot or public
space to ensure the seamless integration of the robot.
Therefore, we propose in this paper a new protocol with
different phases for its proper implementation, taking into
account not only the interaction with public space but also
with people and current mobility systems.

Before proceeding to analyze the integration of a robot
within the urban space and recognizing its technical via-
bility with necessary adaptations yet to be made, we have
assessed its environmental sustainability as a waste col-
lection system. This assessment is part of a broader explo-
ration into waste management strategies, which have been
subject to various studies evaluating their environmental

impact and efficiency. For instance, Mora et al. (2014)
conducted a Life Cycle Analysis (LCA) to assess the en-
vironmental implications of different waste management
methods, including street-side containers, subterranean
containers, doorstep collection, and pneumatic collection
systems. Conversely, Gilardino et al. (2017), integrated op-
erational research methods and LCA to devise an efficient
collection-route system for garbage compactor trucks,
aiming to reduce environmental impacts in Lima. Pérez et
al. (2017) outlined a methodology for assessing the envi-
ronmental impact of urban containerization systems using
LCA, while Pires et al. (2017) examined the economic as-
pects alongside the environmental impact of curbside and
exclusive bring systems. Social perspectives on common
collection systems were also considered (Yildiz-Geyhan
et al., 2017). Introduction of new technologies facilitated
comparisons between conventional and novel systems
such as vacuum collection.

Teerioja et al. (2012) compared a stationary pneumatic
waste collection system with a traditional vehicle-operat-
ed door-to-door collection system in a densely populated
urban area, focusing on economic aspects. Punkkinen et
al. (2012) and Aranda-Usén et al. (2013) utilized LCA to
evaluate the environmental sustainability of both collec-
tion methods. Iriarte et al. (2009) employed LCA to quantify
and compare the potential environmental impacts of three
selective collection systems: mobile pneumatic, multi-con-
tainer, and door-to-door. Previous findings suggest that
pneumatic systems tend to generate more air emissions
due to electricity consumption and installation materials.
However, when loads approach full capacity, the vacuum
system exhibits superior environmental performance com-
pared to conventional methods. Additionally, from an eco-
nomic standpoint, pneumatic collection is estimated to be
six times costlier than traditional systems (Teerioja et al.,
2012).

As observed, studies conducted thus far have primar-
ily focused on comparing pneumatic or door-to-door ur-
ban garbage collection systems (Iriarte et al., 2009; Laso
et al.,, 2019; Baltrocchi APD., 2024; Dotsenko et al., 2022),
predominantly using traditional traction vehicles rather
than electric or green energy vehicles (Canals Casals et
al., 2016; Canals Casals et al., 2017; Aryan et al., 2023) but
according to Laso et al. (2019), pneumatic collection could
be an environmentally friendly option for MSW manage-
ment under a circular economy approach in urban centers,
taking into account waste as an opportunity for a material
or energy source. If the proposed waste collection robot
functions as an electric vehicle, particularly one designated
for door-to-door collection, as demonstrated by Yang et al.
(2022), it is reasonable to anticipate a substantial reduc-
tion in emissions. This shift would make it a more viable
option for waste management.

When assessing the collection systems from an eco-
nomic perspective, Laso et al. (2019) and Yang et al. (2022)
underscore the cost-effectiveness of the door-to-door
system. However, a comprehensive comparison must be
made between the initial installation costs and potential
maintenance requirements of the complex mechanisms
involved in pneumatic systems and the robots’ operational
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TABLE 3: Protocol for the Introduction of Robots.

Project Definition Initial Studies

* Public Space * Studies on robot typology

° Stakeholders (Human Robot In- i * Studies on public space
teraction Roles: robot supervisor, i * Study of interactions between
robot operator, peer teammate, “City” and “Robot”
peer enduser, bystander, robotic : ° Study and analysis of regulations
urban set designer, researchers) and applicable legislation in the

* Need or Activity to be Developed project, as well as the necessary
by the Robot licenses for it.

Technological Development of the
Robot

Design and implementation of the
robot
Testing of it in the laboratory

Design of the public space that will
host the robot

Implementation of the zones
Design of the communication
equipment necessary for orien-

Prototype Implementation

* Analysis of proper integration

* User Acceptance Analysis (sur-
veys/interviews/real  experien-
ces with prototypes)

° Analysis of suitable schedules
and spaces

* Implementation in a controlled
environment

° Implementation in the city, con-

tation/communication with the trolled part.
robot * Implementation in a real envi-
* Design of specific recharging/ ronment.

repair spaces for the robot in the
city

Design of the pick-up and delivery
areas.

expenses, maintenance requirements, and long-term sus-
tainability.

Shifting focus to the framework for implementing a
last-mile robotic system in urban areas, Table 3 outlines
the procedure used in this research for integrating a robot
into public spaces.

The Table 3 show the protocol to develop and introdius
a new tecnology in the city. This protocol is divided into
four sections. The first section outlines the project’s defi-
nition, including technical requirements, identification of
interacting actors, and specific locations for deployment.
The second section delves into an in-depth study of various
robot typologies to determine the most suitable option. Ad-
ditionally, this section examines the city and its character-
istics, along with relevant project regulations.

The third section focuses on the technical development
of the robot, design considerations for the public spaces it
will interact with, communication systems, parcel delivery
mechanisms, and other related aspects. Finally, the last
section encompasses the realization of the prototype and
its interaction with the environment. This stage involves
analyzing citizen acceptance of the robot, making neces-
sary adjustments for adaptation, and addressing any iden-
tified issues.

As previously mentioned, surveys were conducted with
users prior to introducing the prototype into the urban en-
vironment, followed by personalized interviews after con-
ducting robot implementation tests in the city. The vehicle
utilized for these tests was the ONA(Human-Robot Inter-
action (HRI) Operational Navigation Autonomous), as de-
scribed by Puig-Pey et al. (2023). ONA is an electric vehicle
with approximately 8 hours of autonomy and dimensions
similar to those of the proposed waste collection robot.

As seen in Table 3, it is essential to be in a connect-
ed city to implement robotic systems, as the device must
communicate at all times to follow the predefined route
without conflicts.

In analyzing the city, it is necessary to distinguish be-
tween different urban areas. In this study, we chose to clas-
sify the city into three parts: urban center, industrial zone,
and neighborhoods/developments due to their different
urban characteristics.

Simultaneously, we analyzed various types of robots
currently available that could fit the activity we were devel-

oping. At this point, we opted to design a waste collection
robot for developments and used ONA for the test, as seen
earlier.

In the interviews as we could see, conducted during the
implementation tests, we found that bystanders indicated,
on a scale of 1 to 7, that 90% (taking into account ratings
of 5, 6, and 7) would accept the presence of a robot in the
public space (Figure 2). The scale from 1 to 7 indicates the
degree to which the robot is accepted in the urban space.
Where 1 is unfavorable and 7 is feasible).

They emphasize that the most feasible implementa-
tion they see at present would be in residential areas or
industrial zones (university campuses, industrial estates,
pedestrian urban centers, or small urban developments).
They point out that it would be advisable to segregate ur-
ban spaces and that nighttime mobility would be the most
suitable to minimize interference with bystanders. There-
fore, we believe that the proposed activity is appropriate
based on the suggestions of passersby.

The dimensions of the ONA were deemed suitable, sug-
gesting that our waste collection robot would encounter no
issues in this regard.

5l 52 13 54 5 G 607

Where 1 is vnfavorable and 7 is fzasible
0% 0%

0%

FIGURE 2: To what extent would you accept the presence of a ro-
bot in the current urban public space?
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FIGURE 3: Year distribution of the number of publications on waste-collecting robots.

Regarding the city’s preparedness for robot integration,
participants expressed the need for significant investment.
While acknowledging the potential reduction in unpleasant
nighttime noise, concerns were raised about potential job
displacement as a significant drawback to implementation.

Based on all these conclusions, also based on previ-
ous studies of waste disposal robots (Sushma et al., 2021;
Gupta et al., 2022; Chen et al., 2023) and the type of ro-
bots at IRI (Institute of Robotics and Industrial Informatics)
(ONA robot, (Puig-Pey et al., 2023)) and with the help of stu-
dents from the Master's program in Industrial Electronics
and Automation Engineering at the ESEIAAT (The School
of Industrial, Aerospace and Audiovisual Engineering of
Terrassa from Universitat Politécnica de Catalunya-BAR-
CELONATECH), a waste-collecting robot design propos-
al has been developed, which can be seen in Figure 3.

This robot is designed to operate in the residential
neighborhoods of Esplugues de Llobregat, where door-
to-door waste collection is currently implemented with a
different type of waste collected each day. The robot is
equipped with caterpillar-like tracks, allowing it to navigate
various surfaces with ease. The specifications of both the
robot and the container are detailed in Table 4.

As the design of the robot and the different software
and hardware components is not yet available, an infor-
mation search has been carried out to determine the key
factors for the design. Specification sheets are prepared
based on the factors to be considered for a more sustaina-
ble design. A survey of 33 leading robotics companies was

TABLE 4: The technical specifications of the robot and the con-
tainer.

conducted, as used in Zerkane et al. (2015). Some of the
key factors identified include energy saving, durability op-
timization, recyclability, biodegradability, renewability, and
reusability. However, there is still a lot of work to be done
in this area.

As shown in Tables 3 and 4 and Figure 3, the prelimi-
nary design indicates that each container will have a ca-
pacity of 500 liters, and it is estimated that there will be
one robot for every 300 households or more (considering
that the average garbage production per family per day is
1.5 kg), forming a network of robots in more populated en-
vironments. The system is electric, equipped with lithium
batteries, and rechargeable through solar panels located
on the top of the container, if conditions permit. The cur-
rent robot can receive instructions from an operator, follow
a programmed route, includes both manual and automatic
emergency stops, and is equipped with a trash compactor
(Dalmasso et al., 2023).

It is clear that the production and disposal of batteries
significantly contribute to the overall environmental foot-
print of BEVs (Koroma et al. 2022). However, as demon-
strated in the work by Yang et al. (2022), compared to
combustion engines, the environmental impact is lower,
although it is clearly influenced by the energy mix of the
country where the BEV or robot is implemented.

Therefore, as a final reflection we could say that the
integration of robots into urban spaces presents a myri-
ad of advantages and disadvantages (Table 5 presents a
first analysis of them). On one hand, robots can stream-
line various urban processes, such as waste management,
transportation, and infrastructure maintenance, leading to
increased efficiency and reduced operational costs.

o : e Additionally, robots can mitigate risks to human work-

Robot specifications Container specifications X X K .

ers by performing tasks in hazardous or challenging envi-

Speed(m/s) 4 Speed(m/s) 4 ronments. However, their introduction may also raise con-
Mass (Kg) 50 Mass(Kg) 150 cerns regarding job displacement and social acceptance.
Speed-up(m/s?) 1.6 Speed-up(m/s?) 16 Moreover, the complexity and cost associated with imple-
Power(W) 320 Power (W) 960 menting and malhtalnlng robotic systems in urbap environ-

; N 0 ; N 190 ments pose significant challenges. Therefore, while robots
orque (Nm) orque (Nm) hold promise for enhancing urban life, careful considera-
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TABLE 5: Advantages and disadvantages of integrating robots into urban spaces.

Aspect Advantages

Disadvantages

Technological * Automation of repetitive tasks.

* Integration of advanced technologies.

* Increased precision and efficiency in waste collection.

* Vulnerability to technical failures and cyberattacks.

* High initial and ongoing costs associated with development
and maintenance.

* The delayed implementation of technology in connected
cities poses challenges for current robot navigation.

Social * Improvement of working conditions.
* Potential for creating new jobs.

* Reduction of pollution and noise.

* Concerns over job loss.
* Challenges of acceptance and adaptation by the popula-
tion.

Environmental * Reduction of greenhouse gas emissions.

ciency.

* Improvement in waste management and collection effi-

* Environmental impact of production and disposal of elec-
tronic components.
* Energy consumption during manufacturing and operation.

Economic * Long-term reduction in operational costs.

ment.

° Savings generation through efficient resource manage-

* High initial costs.
* Uncertainty about return on investment and long-term eco-
nomic viability.

tion of both their benefits and drawbacks is essential for
successful integration into urban spaces.

4. CONCLUSIONS

As we have analyzed, in reviewing the collection of
studies (Table 2), the critical role of digitalization, artificial
intelligence, and other advanced technologies in waste
management emerges prominently. These technologies
are pivotal in developing more efficient waste-collecting
robots. Many papers as we saw, underscore the circular
economy as a central approach to waste management,
highlighting how waste-collecting robots can facilitate the
transition to this model. Additionally, the importance of en-
vironmental sustainability in waste management and the
creation of environmentally friendly technologies and ro-
bots is emphasized.

Waste-collecting robots, as noted by Chen et al. (2023),
are viewed as efficient, automated tools for waste collec-
tion and sorting. They can significantly enhance efficiency
and reduce the costs associated with waste management.
However, challenges such as autonomous navigation in
complex urban environments, safe interaction with citi-
zens, and the coordination of multiple tasks simultaneous-
ly present significant obstacles yet.

Parallel to the information search for the waste collec-
tion robots, a deployment new protocol for these robots in
public spaces has been developed. As we have seen, this
includes phases to address interaction with public spaces,
people, and existing mobility systems.

Environmental sustainability assessments, such as
those conducted by Mora et al. (2014), Gilardino et al. (2017),
Pérez et al. (2017), and Pires et al. (2017), provide insights
into the environmental implications of waste management
methods. These studies, employing Life Cycle Analysis
(LCA), reveal that while pneumatic systems may generate
more air emissions due to electricity consumption, they ex-
hibit superior environmental performance when operating
at full capacity. Economic evaluations, such as those by
Teerioja et al. (2012), suggest that pneumatic collection
systems are significantly more costly than traditional meth-
ods. Robotic systems could balance cost and emissions,
but comprehensive studies are still needed. The key factors
necessary for the design of robots have been analysed,

based on the survey developed by Zerkane et al. (2015),
of 33 leading companies in the development of robots.

Studies primarily comparing pneumatic and door-to-
door collection systems (Baltrocchi APD., 2024; Dotsenko
et al.,, 2022) typically use traditional traction vehicles rath-
er than electric or green energy vehicles (Canals Casals et
al., 2016, 2017). Transitioning to electric vehicles for waste
collection, particularly for door-to-door systemes, is likely to
result in substantial emission reductions, making it a more
viable waste management option.

The economic perspective, as discussed by Laso et al.
(2019) and Yang et al. (2022), highlights the cost-effective-
ness of the door-to-door system. However, a comprehen-
sive evaluation of the economic advantages of integrating
robotic systems compared to pneumatic facilities requires
a more in-depth analysis. Factors such as initial setup
costs, operational expenses, maintenance requirements,
and long-term sustainability must be thoroughly examined.

In implementing last-mile robotic systems within urban
areas, it is essential to follow a structured protocol as we
have presented. This includes defining the project, studying
various robot typologies, focusing on the technical devel-
opment of the robot, and analyzing citizen acceptance and
necessary adjustments for adaptation.

In conclusion, integrating robots into urban spaces of-
fers numerous advantages, including increased efficiency
and reduced operational costs. However, challenges such
as potential job displacement, social acceptance, and
the complexity and cost of implementation must be ad-
dressed. Careful consideration of these factors is crucial
for the successful integration of robots into urban environ-
ments, especially based on data obtained from pedestri-
ans who would share public space with robots.

The consideration of environmental, social, economic
and efficiency factors is crucial for the successful integra-
tion of robots in urban environments, as we present in the
protocol and it is necessary to obtain some of these from
pedestrians who would share public space with robots.

In future work, we will conduct a technical comparison
with systems proposed by other institutions. Furthermore,
we will perform environmental and social analyses to eval-
uate the device’s integration and incorporate diverse pro-
posals from stakeholders.
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