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FEDERATION OF EUROPEAN 
MATERIALS  SOCIETIES 
(FEMS)

IMPORTANTES BENEFÍCIOS DISPONÍVEIS 

PARA AS SOCIEDADES MEMBROS DA EFC 

(EUROPEIAS E INTERNACIONAIS) INCLUEM 

A OPORTUNIDADE DE:

• Nomear membros para os grupos de 

   trabalho do EFC;

• Nomear candidatos para os comitês do EFC 

   (Conselho de Administradores e Comité

   Consul�vo de  Ciência e Tecnologia);

• Nomear um representante para a 

   Assembleia Geral anual do EFC (com direitos 

   de voto);

• Nomear candidatos para os prémios da EFC;

• Organizar eventos e cursos com patrocínio e 

   logo�po do EFC; com promoção especial no 

   “Calendário  de Eventos”do EFC, publicado no 

   website da EFC e nas newsle�ers EFC;

• Obter descontos em conferências anuais da 

   EUROCORR se desejar par�cipar como 

   expositor;

• Promoção gratuita dos eventos e a�vidades 

   relacionados com a Divisão Técnica de Corrosão 

   da SPM  nos bole�ns da EFC;

• Disponibilidade de Afiliação Geral da 

   Organização Mundial da Corrosão (WCO) sem 

   custo adicional  sujeito a solicitação formal e 

   aprovação do Conselho de Administradores da 

   WCO e da Assembleia  Geral da WCO;

• Além disso, todos os que pertencem a uma 

   Sociedade Membro do EFC usufruem de uma 

   redução na  inscrição em conferências anuais 

   da EUROCORR; redução do registro em todos 

   os eventos patrocinados  pela EFC, se aplicável 

   (com número de evento atribuído); acesso à 

   área restrita contendo os  procedimentos 

   eletrônicos das conferências anteriores da 

   EUROCORR; preços com desconto em todas  

   as publicações da EFC;

• Sociedades membros europeias também são 

   elegíveis para apresentar propostas de 

   organização de  conferências EUROCORR.

é Membro da...  

EUROPEAN FEDERATION 
OF CORROSION 
(EFC)

IMPORTANTES BENEFÍCIOS DISPONÍVEIS PARA OS 

SÓCIOS DA SPM:

• Redução da Inscrição na conferência EUROMAT 

   (15%); 

• Uma voz mais forte na Europa como parte de 

   uma organização de grande escala e que 

   aglomera  grandes sociedades europeias

• Divulgação dos eventos e a�vidades das 

   sociedades membro FEMS;  

• Capacidade de contribuir para a agenda 

   europeia de materiais;

• Envolvimento direto em eventos organizados 

   pela FEMS;

• Nas conferências da EUROMAT, os membros 

   das sociedades nacionais serão iden�ficados 

   nos seus  crachás como membros da sua 

   sociedade - oportunidade para uma rede mais 

   extensa entre os seus membros;

• Nomear membros para prémios FEMS e 

   medalhas;

• A FEMS desenvolveu valiosas ligações à 

   Comissão Europeia e a importantes Plataformas 

   Tecnológicas  Europeias, sendo membro da 

   Alliance for Materials (A4M).
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From Portugal Bike Value to BIKINNOV: The Growth of the Two-Wheel Cluster

The Portuguese Two-Wheeler Industry: A Cornerstone of Europe's Mobility Future

pedro araújo, polisport plásticos -am2r consortium’s leader

Gil nadais, secretary-general of abimota

1st Technical-Scientific Conference: The future of Sustainable Mobility, from Portugal to the World
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This European leadership translates into a signi-

ficant economic impact. The two-wheel sector, 

encompassing bicycles, electric bicycles, 

motorcycles, and advanced components and 

accessories, generates close to one billion euros 

in annual turnover, employs thousands of skilled 

workers directly, and supports a broad value 

chain with a strong export orienta�on towards 

major European and interna�onal markets. The 

prominence of Portuguese products in global 

markets reinforces the country’s reputa�on as a 

reliable and innova�ve manufacturing hub for 

mobility solu�ons. 

It is within this context that the AM2R (Mobili-

sing Agenda for Business Innova�on in the Two 

Wheel Sector) plays a central role in shaping the 

sector’s present and future. Funded by the Reco-

very and Resilience Plan (RRP) and led by Polis-

port Plás�cos, with ABIMOTA ac�ng as a key 

coordina�ng and sectoral hub, AM2R represents 

a collec�ve and structured response to the 

challenges facing modern mobility. 

The ambi�on of the AM2R Agenda is clear: to 

strengthen the interna�onal compe��veness of 

Portuguese companies, increase technological 

intensity along the value chain and reinforce 

collabora�on between industry and the scien�-

fic and technological system. By bringing toget-

her 42 partners, including industrial companies, 

universi�es and research and technology organi-

sa�ons, AM2R promotes innova�on in products, 

processes, and business models, with the goal of 

delivering 65 new market-ready solu�ons with 

high added value. 
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special issue
am2r agenda
The two-wheel sector in Portugal is not merely an industrial niche, it is a strategic pillar of na�onal 

compe��veness, technological innova�on, and sustainable mobility. Over the past decade, Portugal 

has consolidated its posi�on as the leading bicycle producer in the European Union, a status underpin-

ned by a long-standing industrial tradi�on, strong export capacity and a business ecosystem that 

combines engineering excellence, quality, and interna�onaliza�on. 

A defining feature of the AM2R Agenda is the 

governance role of its Scien�fic Commi�ee, 

which ensures strategic coherence, scien�fic 

rigor and alignment with na�onal and European 

innova�on priori�es. This commi�ee brings 

together senior experts from key ENESII, inclu-

ding, BIKiNNOV, CeNTI, CITEVE, INEGI, IPCA, 

University of Aveiro and University of Coimbra, 

ensuring a close integra�on between industrial 

investment, applied research and public policy 

objec�ves. With a total investment exceeding 

€212 million, of which around €70 million is 

dedicated to research, development and innova-

�on and approximately €139 million to produc�-

ve investment, AM2R exemplifies a policy-driven 

approach that couples scien�fic excellence with 

industrial modernisa�on. This balanced invest-

ment model accelerates the industrialisa�on of 

knowledge, supports the delivery of the 65 mar-

ket-ready solu�ons, strengthens technological 

autonomy and reinforces the interna�onal 

compe��veness of the Portuguese two-wheel 

sector, fully aligned with the objec�ves of the 

Recovery and Resilience Plan and the broader 

European agenda for sustainable and resilient 

mobility. 

This transforma�on is par�cularly relevant in a 

global context marked by supply-chain disrup�-

ons, growing geopoli�cal uncertainty and incre-

asing pressure for decarbonisa�on. Lightweight 

mobility solu�ons, electrifica�on, digital 

manufacturing, advanced materials, and circu-

lar-economy principles are no longer op�onal, 

they are decisive factors for compe��veness. In 

this regard, the Portuguese two-wheel sector is 
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AM2R - MOBILISiNG AGENDA FOR
BUSINESS INNOVATION IN THE
TWO-WhEEL SECTOR

07

So� mobility plays a key role in promo�ng health and quality of life, while also significantly contribu-
�ng to environmental preserva�on and sustainable development on the planet.
In this context, it is becoming increasingly crucial to adopt an integrated and collabora�ve manage-
ment of the value chain to create and maximise exis�ng synergies, establishing Portugal as the largest 

European producer in the Two-Wheel sector.

AM2R - Mobilising Agenda for Business Innova�-
on in the Two-Wheel Sector aims to consolidate 
Portugal as an industrial and technological hub 
for the development of products and services 
within this sector. The aim is to create a consoli-
dated image that highlights capabili�es and 
competences of the current ecosystem, par�cu-
larly those of the organisa�ons that make up the 
consor�um.

The Agenda is led by POLISPORT PLÁSTICOS and 
seeks to increase and differen�ate the na�onal 
produc�vity in the Two-Wheel sector, boos�ng 
the compe��veness and resilience of compani-
es, based on sustainability and digitalisa�on.

The Mobilising Agenda intends to opera�onalise 
interven�on in priority areas along the value 
chain, enabling the transforma�on of the na�o-
nal produc�on profile and the development of a 
new specialisa�on in the sector. It is hoped that 
AM2R will boost Portugal's compe��ve posi�-
on in the interna�onal market, with an emphasis 
on independence from the Asian market, by 
fostering and internalizing advanced knowledge 
around new products, processes, and services.

Started on October 1, 2021, AM2R is set to con-
clude on June 30, 2026. The project involves
42 organisa�ons, including companies, scien�fic 
ins�tu�ons, and a business associa�on.

The close link between the business fabric and 
the scien�fic-technological system has proved to 
be an asset for the advancement of innova�on. 
Through research, technological development 
and diversifica�on of the produc�on structure, 
an environment is created that encourages the 
development of disrup�ve and technologically 
mature solu�ons. At the same �me, produc�ve 
investment projects enable technology users to 
produce and implement them.

Therefore, with an investment of approximately 
212 million euros, the Agenda aims to introduce 
significant product and process innova�ons in 
the Two-Wheel industry, with a high tradable 
profile. This will contribute to increasing the 
sector's exports, improving its scalability, and 
reducing imports. In short, the Agenda focuses 
on R&TD to develop new solu�ons that will be 
industrialised and economically valued.
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not merely adap�ng, it is ac�vely shaping the 

future of sustainable mobility through innova�-

on rooted in engineering and materials science. 

The AM2R Agenda also reinforces Portugal inter-

na�onal posi�oning by suppor�ng the presence 

of na�onal companies in major global trade fairs 

and innova�on forums, fostering export growth 

and strengthening strategic partnerships worl-

dwide. These ini�a�ves contribute to reducing 

external dependencies, enhancing technological 

autonomy, and consolida�ng the “Made in 

Portugal” brand as a benchmark in quality, susta-

inability, and innova�on. 

For the scien�fic and industrial community, 

AM2R is more than a funding programme. It is a 

catalyst for industrial transi�on, promo�ng 

knowledge transfer, applied research and colla-

bora�ve innova�on. It demonstrates how 

coordinated ac�on between industry, academia, 

and public policy can accelerate technological 

development while genera�ng tangible econo-

mic and social value. 

This special issue of the SPM Journal is dedicated 

to display the scope, ambi�on, and impact of the 

AM2R Agenda. The technical and scien�fic 

contribu�ons gathered here reflect the diversity 

of research topics, industrial challenges, and 

technological solu�ons currently shaping the 

Portuguese two-wheel sector. Together, they 

offer a comprehensive picture of a dynamic 

ecosystem that combines tradi�on with for-

ward-looking innova�on. 

We also wish to acknowledge the support of the 

Recovery and Resilience Plan (RRP), which has 

enabled the implementa�on of this Agenda, as 

well as the rigorous and construc�ve monitoring 

carried out by the “Recuperar Portugal” Mission 

Structure and by IAPMEI (Agency for Compe��-

veness and Innova�on). 
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AM2R - MOBILISiNG AGENDA FOR
BUSINESS INNOVATION IN THE
TWO-WhEEL SECTOR
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So� mobility plays a key role in promo�ng health and quality of life, while also significantly contribu-
�ng to environmental preserva�on and sustainable development on the planet.
In this context, it is becoming increasingly crucial to adopt an integrated and collabora�ve manage-
ment of the value chain to create and maximise exis�ng synergies, establishing Portugal as the largest 

European producer in the Two-Wheel sector.

AM2R - Mobilising Agenda for Business Innova�-
on in the Two-Wheel Sector aims to consolidate 
Portugal as an industrial and technological hub 
for the development of products and services 
within this sector. The aim is to create a consoli-
dated image that highlights capabili�es and 
competences of the current ecosystem, par�cu-
larly those of the organisa�ons that make up the 
consor�um.

The Agenda is led by POLISPORT PLÁSTICOS and 
seeks to increase and differen�ate the na�onal 
produc�vity in the Two-Wheel sector, boos�ng 
the compe��veness and resilience of compani-
es, based on sustainability and digitalisa�on.

The Mobilising Agenda intends to opera�onalise 
interven�on in priority areas along the value 
chain, enabling the transforma�on of the na�o-
nal produc�on profile and the development of a 
new specialisa�on in the sector. It is hoped that 
AM2R will boost Portugal's compe��ve posi�-
on in the interna�onal market, with an emphasis 
on independence from the Asian market, by 
fostering and internalizing advanced knowledge 
around new products, processes, and services.

Started on October 1, 2021, AM2R is set to con-
clude on June 30, 2026. The project involves
42 organisa�ons, including companies, scien�fic 
ins�tu�ons, and a business associa�on.

The close link between the business fabric and 
the scien�fic-technological system has proved to 
be an asset for the advancement of innova�on. 
Through research, technological development 
and diversifica�on of the produc�on structure, 
an environment is created that encourages the 
development of disrup�ve and technologically 
mature solu�ons. At the same �me, produc�ve 
investment projects enable technology users to 
produce and implement them.

Therefore, with an investment of approximately 
212 million euros, the Agenda aims to introduce 
significant product and process innova�ons in 
the Two-Wheel industry, with a high tradable 
profile. This will contribute to increasing the 
sector's exports, improving its scalability, and 
reducing imports. In short, the Agenda focuses 
on R&TD to develop new solu�ons that will be 
industrialised and economically valued.
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not merely adap�ng, it is ac�vely shaping the 

future of sustainable mobility through innova�-

on rooted in engineering and materials science. 

The AM2R Agenda also reinforces Portugal inter-

na�onal posi�oning by suppor�ng the presence 

of na�onal companies in major global trade fairs 

and innova�on forums, fostering export growth 

and strengthening strategic partnerships worl-

dwide. These ini�a�ves contribute to reducing 

external dependencies, enhancing technological 

autonomy, and consolida�ng the “Made in 

Portugal” brand as a benchmark in quality, susta-

inability, and innova�on. 

For the scien�fic and industrial community, 

AM2R is more than a funding programme. It is a 

catalyst for industrial transi�on, promo�ng 

knowledge transfer, applied research and colla-

bora�ve innova�on. It demonstrates how 

coordinated ac�on between industry, academia, 

and public policy can accelerate technological 

development while genera�ng tangible econo-

mic and social value. 

This special issue of the SPM Journal is dedicated 

to display the scope, ambi�on, and impact of the 

AM2R Agenda. The technical and scien�fic 

contribu�ons gathered here reflect the diversity 

of research topics, industrial challenges, and 

technological solu�ons currently shaping the 

Portuguese two-wheel sector. Together, they 

offer a comprehensive picture of a dynamic 

ecosystem that combines tradi�on with for-

ward-looking innova�on. 

We also wish to acknowledge the support of the 

Recovery and Resilience Plan (RRP), which has 

enabled the implementa�on of this Agenda, as 

well as the rigorous and construc�ve monitoring 

carried out by the “Recuperar Portugal” Mission 

Structure and by IAPMEI (Agency for Compe��-

veness and Innova�on). 
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Towards safe and healthy 
smart cities: innovative 
solution for air monitoring 
in bike lanes

Poor air quality has been unequivocally proven to nega�vely impact the health of bicycle lane users. This 

ar�cle highlights the importance of monitoring air quality, focusing on the concentra�on of suspended 

par�culate ma�er (PM2.5, PM10), ozone (O₃), and nitrogen dioxide (NO₂), along with their associated 

health implica�ons. Addi�onally, it introduces a newly developed solu�on that provides users with real-

�me air quality data, designed for implementa�on in bicycle lanes. Prac�cal comparisons are made 

between commercial sensors and the product developed to analyze variability within a defined �me 

frame and explore strategies to address it. Furthermore, in the ar�cle is explained how the proposed 

solu�on will assist users in real �me in interpre�ng air quality data and sugges�ng mi�ga�on strategies.

INTRODUCTION
The European Environment Agency publishes an 
annual report on air quality and the exposure of 
European popula�ons to harmful air pollutants. 
According to the 2024 report, one of the key 
findings is that 96% of the urban popula�on in 
the European Union (EU) is exposed to dange-
rous concentra�ons of fine par�culate ma�er 
(PM2.5). While improvements in air quality have 
been achieved through new regula�on and 
monitoring efforts, long-term exposure to harm-
ful air pollu�on remains a persistent issue. A 
comparison of PM2.5 concentra�ons between 
2005 and 2021 (Figure 1) revealed a clear reduc-
�on in premature deaths a�ributed to this 
pollu�on. However, modern popula�ons 
con�nue to be systema�cally exposed to harmful 
air pollu�on levels. Consequently, monitoring 
and controlling pollutant concentra�ons remain 
cri�cal topics, with European ins�tu�ons 

1 1 2 2 2João Pinheiro , Luis Caldas , Pedro Silva , William Soares , Nabiha Ben Sedrine , 
2

Paulo Mendes
1 CeNTI - Centre for Nanotechnology and Advanced Materials, Vila Nova de Famalicão, Portugal
2 Castros S.A., Vila Nova de Gaia, Portugal 

commi�ed to mi�ga�ng these risks to ensure 
healthier and safer air quality [1].
 
Long-term exposure to poor air quality not only 
shortens life expectancy but also leads to severe 
health consequences. Individuals suffering from 
diseases linked to prolonged exposure to air 
pollu�on experience a reduced quality of life and 
represent a significant burden to the healthcare 
sector. In 2019, exposure to fine par�culate 
ma�er (PM2.5) resulted in a total of 175,702 
years lived with disability due to chronic 
obstruc�ve pulmonary disease in 30 European 
countries. Addi�onally, NO₂ exposure accounted 
for 175,070 years with disability related to type 2 
diabetes in 31 European countries, while ozone 
(O₃) exposure led to 12,253 hospital admissions 
due to respiratory infec�ons [3].
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The Agenda's five strategic axes are:
· Concep�on and endogeniza�on of new know-

ledge and innova�on
· Reindustrialisa�on and economic valorisa�on 

of the sector
· Cer�fica�on and sustainability
· Training and qualifica�on of the sector
· Interna�onalisa�on, promo�on, and dissemi-

na�on of the sector.

In addi�on to introducing 65 products, proces-
ses and services to the market, the Agenda pro-
vides for the publica�on of 116 technical-
scien�fic ar�cles and the organisa�on of 193 
technological dissemina�on and technical-
scien�fic promo�on ac�ons. The ini�a�ve is also 
supported by a plan for valuing and promo�ng 
results, ensuring a return on investment and a 
mul�plier effect in the years following the 
Agenda conclusion.

The implementa�on of the Agenda is organised 
into Work Packages, reflec�ng the diversity of 
the Two-Wheel sector in Portugal. These packa-
ges include:
· Electric and conven�onal bikes
· Cargo Bikes
· Electric motorbikes
· Components, tools, and materials for the pro-

duc�on of two-wheeled vehicles
· Frames and Rims/Wheels: Structural compo-

nents for two-wheelers
· Accessories and support structures for two-

wheelers
· Digitalisa�on, and integrated and sustainable 

management of the value chain
· Technology and Innova�on Centre: BIKiNNOV - 

Bike Value Innova�on Centre
· Training and promo�on programmes for the 

sector and dissemina�on of the Agenda

The ac�vity plan also covers interdependent 
strategic development ac�ons for the sector, 
including:
· Interna�onal par�cipa�ons to promote the 
Portuguese Two-Wheel industry and its R&D 
capacity
· Thema�c mee�ngs on Sustainability, Collabo-
ra�ve Logis�cs, and Innova�on
· Visits to consor�um organisa�ons, promo�ng 
ongoing collabora�on and knowledge sharing, 
with the aim of strengthening complementarity 
between members and promo�ng sustainable, 
long-term growth for the sector.

With this agenda, Portugal is building a stronger 
and more compe��ve future in the Two-Wheel 
sector, based on innova�on, collabora�on, and 
sustainability.
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Towards safe and healthy 
smart cities: innovative 
solution for air monitoring 
in bike lanes

Poor air quality has been unequivocally proven to nega�vely impact the health of bicycle lane users. This 

ar�cle highlights the importance of monitoring air quality, focusing on the concentra�on of suspended 

par�culate ma�er (PM2.5, PM10), ozone (O₃), and nitrogen dioxide (NO₂), along with their associated 

health implica�ons. Addi�onally, it introduces a newly developed solu�on that provides users with real-

�me air quality data, designed for implementa�on in bicycle lanes. Prac�cal comparisons are made 

between commercial sensors and the product developed to analyze variability within a defined �me 

frame and explore strategies to address it. Furthermore, in the ar�cle is explained how the proposed 

solu�on will assist users in real �me in interpre�ng air quality data and sugges�ng mi�ga�on strategies.

INTRODUCTION
The European Environment Agency publishes an 
annual report on air quality and the exposure of 
European popula�ons to harmful air pollutants. 
According to the 2024 report, one of the key 
findings is that 96% of the urban popula�on in 
the European Union (EU) is exposed to dange-
rous concentra�ons of fine par�culate ma�er 
(PM2.5). While improvements in air quality have 
been achieved through new regula�on and 
monitoring efforts, long-term exposure to harm-
ful air pollu�on remains a persistent issue. A 
comparison of PM2.5 concentra�ons between 
2005 and 2021 (Figure 1) revealed a clear reduc-
�on in premature deaths a�ributed to this 
pollu�on. However, modern popula�ons 
con�nue to be systema�cally exposed to harmful 
air pollu�on levels. Consequently, monitoring 
and controlling pollutant concentra�ons remain 
cri�cal topics, with European ins�tu�ons 
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commi�ed to mi�ga�ng these risks to ensure 
healthier and safer air quality [1].
 
Long-term exposure to poor air quality not only 
shortens life expectancy but also leads to severe 
health consequences. Individuals suffering from 
diseases linked to prolonged exposure to air 
pollu�on experience a reduced quality of life and 
represent a significant burden to the healthcare 
sector. In 2019, exposure to fine par�culate 
ma�er (PM2.5) resulted in a total of 175,702 
years lived with disability due to chronic 
obstruc�ve pulmonary disease in 30 European 
countries. Addi�onally, NO₂ exposure accounted 
for 175,070 years with disability related to type 2 
diabetes in 31 European countries, while ozone 
(O₃) exposure led to 12,253 hospital admissions 
due to respiratory infec�ons [3].
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scien�fic ar�cles and the organisa�on of 193 
technological dissemina�on and technical-
scien�fic promo�on ac�ons. The ini�a�ve is also 
supported by a plan for valuing and promo�ng 
results, ensuring a return on investment and a 
mul�plier effect in the years following the 
Agenda conclusion.

The implementa�on of the Agenda is organised 
into Work Packages, reflec�ng the diversity of 
the Two-Wheel sector in Portugal. These packa-
ges include:
· Electric and conven�onal bikes
· Cargo Bikes
· Electric motorbikes
· Components, tools, and materials for the pro-

duc�on of two-wheeled vehicles
· Frames and Rims/Wheels: Structural compo-

nents for two-wheelers
· Accessories and support structures for two-
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The ac�vity plan also covers interdependent 
strategic development ac�ons for the sector, 
including:
· Interna�onal par�cipa�ons to promote the 
Portuguese Two-Wheel industry and its R&D 
capacity
· Thema�c mee�ngs on Sustainability, Collabo-
ra�ve Logis�cs, and Innova�on
· Visits to consor�um organisa�ons, promo�ng 
ongoing collabora�on and knowledge sharing, 
with the aim of strengthening complementarity 
between members and promo�ng sustainable, 
long-term growth for the sector.

With this agenda, Portugal is building a stronger 
and more compe��ve future in the Two-Wheel 
sector, based on innova�on, collabora�on, and 
sustainability.
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FIGURE 1
Premature deaths a�ributable to exposure to 
PM2.5 in 2005 and 2021, EU SDG 11_52, 
European Environment Agency (EEA) [2].

Children are among the most vulnerable to air 
pollutants. It is es�mated that air pollu�on 
causes at least 1,200 premature child deaths 
annually across Europe. Beyond its direct 
effects, air pollu�on can have long-term 
consequences on children's development. The 
impact begins before birth, with studies rela�ng 
air pollu�on with low weight in newborns and 
premature birth. Exposure to high levels of 
pollutants during childhood has been associa-
ted with impaired lung func�on, increased rates 
of asthma, pulmonary diseases, ear infec�ons, 
higher allergies, and even restricted brain 
development, according to the most recent 
evalua�on of air pollu�on by the Environmental 
Agency [4].

The harmful effects of air pollu�on dispropor�-
onately affect vulnerable individuals, yet as of 
the 2024 report, a large por�on of the 
popula�on remains exposed to hazardous 
levels of air pollu�on. Another affected group 
includes those who engage in outdoor physical 
ac�vi�es near pollu�on sources. While some 
individuals are more suscep�ble than others, 
the adverse effects of air pollu�on have been 
observed in two different study cases: one 
analyzing marathon �mes in a specific race 
across different seasons and another 
comparing top performances in interna�onal 
marathons. These results were cross-referen-
ced with local air quality and climate data. For 
instance, an increase of 10 µg/m³ of PM10 
increased the race �me by 1.4%, increase in 
race comple�on �me among marathon 
runners. The more polluted the air, the more 
pronounced the effects. On a highly polluted 

day during the 2014 Beijing Marathon, the 
average runner took approximately 12 minutes 
longer to cross the finish line compared to a day 
with moderate air pollu�on [5].

Ground-level O₃ may have an even greater 
impact on athle�c performance. Beyond redu-
cing overall performance, high concentra�ons of 
O₃ increased the number of non-finishers by up 
to 50%. While low concentra�ons of O₃ have a 
less no�ceable effect, it has been es�mated that 
performance dropped 0.39% for every 20 µg/m³ 
increase in O₃ concentra�on [5].

The European Union enforces strict air quality 
standards, with safety thresholds for major 
pollutants. For PM2.5, the daily limit for healthy 
air quality is 25 µg/m³, while for PM10, the 
threshold is 50 µg/m³. Nitrogen dioxide (NO₂) 
has an annual average limit of 40 µg/m³, and 
ozone as an average 8-hour limit 120 µg/m³. 
These guidelines are applied across Europe and 
are monitored by a network of over 2,000 
sta�ons [6].

In Portugal, outdoor air quality sta�ons measu-
ring the pollutants NO₂, O₃ and PM are managed 
by the Commissions of Coordina�on and 
Regional Development (CCDR), with na�onal-
level  coordina�on by  the  Portuguese 
Environment Agency (APA) [7]. 

 

MATERIALS AND METHODS
In order to help mi�ga�ng health issues associ-
ated with urban air quality, it was developed a 
product (Figure 3) capable of monitoring air 
quality using commercial sensors that measure 
the concentra�on of various air pollutants, such 
as PM2.5, PM10, O₃ and NO₂. This product 
provides valuable informa�on to bike lanes 
users. The main goal of this study was to evaluate 
the performance of these commercial sensors 
when integrated into the product, assessing the 
variability during the day along the bike lane. For 

FIGURE 2
European air quality index level according to 
pollutant concentra�on [7].

this study, the developed solu�on, a structure 
integra�ng commercial sensors, was implemen-
ted on September 8, 2024, that monitored air 
pollutants over a 10-day period, with data 
recorded every 10 seconds. 
Beyond air quality monitoring, the product will 
incorporate addi�onal features to enhance user 
safety, such as mo�on and presence detec�on. 
This func�onality will help iden�fy poten�ally 
hazardous interac�ons between cyclists and 
pedestrians, reducing the risk of accidents. 
Warnings can be made in real-�me through a 
built-in light on via the mobile applica�on, which 
will also provide informa�on about poten�al 
hazards on bike lanes, such as poor air quality, 
traffic conges�on, or roadwork. 

In the future, mul�ple modules will be distribu-
ted along bike lanes, providing detailed and real-
�me monitoring by zone. The collected data will 
be shared through a mobile applica�on (Figure 
4), enabling users to select the best route based 
on their des�na�on and current air quality 
condi�ons along the bike lanes. The applica�on 
will also allow users to customize their preferen-
ces by priori�zing one of the four air pollutants 
(PM2.5, PM10, O₃, or NO₂), tailoring recommen-
da�ons accordingly. 

The modules implemented will be strategically 
placed at 50 meter intervals along bike lanes, 
offering alterna�ve route op�ons to the user. It is 
important to note that air pollutant concentra�-
ons can vary due to several factors, including 
natural causes, construc�on work, and traffic 
condi�ons.
  

RESULTS AND DISCUSSION
Data collected from the pilot monitoring sta�on 
(Figure 5) indicates notable fluctua�ons in the 
pollutant concentra�ons over short �me 
intervals. Specifically, the levels of par�culate 

ma�er, PM2.5 and PM10, exhibited clear daily 
periodic varia�ons. These results suggest the 
presence of consistent pa�erns in the pollutant 
concentra�ons, likely influenced by factors such 
as traffic volume and weather condi�ons.

 
During the monitoring period, a concerning peak 
in PM2.5 and PM10 was recorded on October 
15, 2024 (as shown in Figure 6 and Figure 7, 
respec�vely). These short-term spikes reached 
levels categorized as extremely poor for PM2.5 
and very poor for PM10, poten�ally posing signi-
ficant health risks. Given the well-documented 
harmful effects of par�culate ma�er on respira-
tory and cardiovascular health, these findings 
emphasize the importance of con�nuous air 
quality monitoring and targeted interven�ons to 
mi�gate exposure. 

FIGURE 3
Pilot monitoring sta�on set up in the bike lane.

FIGURE 4
Mobile applica�on demonstra�on.

FIGURE 5
Measured pollutant concentra�ons between 
October 8 and 18, 2024.

FIGURE 6
PM2.5 concentra�on measured between October 11 
and 18, compared with two addi�onal commercial 
systems.
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FIGURE 1
Premature deaths a�ributable to exposure to 
PM2.5 in 2005 and 2021, EU SDG 11_52, 
European Environment Agency (EEA) [2].
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causes at least 1,200 premature child deaths 
annually across Europe. Beyond its direct 
effects, air pollu�on can have long-term 
consequences on children's development. The 
impact begins before birth, with studies rela�ng 
air pollu�on with low weight in newborns and 
premature birth. Exposure to high levels of 
pollutants during childhood has been associa-
ted with impaired lung func�on, increased rates 
of asthma, pulmonary diseases, ear infec�ons, 
higher allergies, and even restricted brain 
development, according to the most recent 
evalua�on of air pollu�on by the Environmental 
Agency [4].

The harmful effects of air pollu�on dispropor�-
onately affect vulnerable individuals, yet as of 
the 2024 report, a large por�on of the 
popula�on remains exposed to hazardous 
levels of air pollu�on. Another affected group 
includes those who engage in outdoor physical 
ac�vi�es near pollu�on sources. While some 
individuals are more suscep�ble than others, 
the adverse effects of air pollu�on have been 
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to 50%. While low concentra�ons of O₃ have a 
less no�ceable effect, it has been es�mated that 
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air quality is 25 µg/m³, while for PM10, the 
threshold is 50 µg/m³. Nitrogen dioxide (NO₂) 
has an annual average limit of 40 µg/m³, and 
ozone as an average 8-hour limit 120 µg/m³. 
These guidelines are applied across Europe and 
are monitored by a network of over 2,000 
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In Portugal, outdoor air quality sta�ons measu-
ring the pollutants NO₂, O₃ and PM are managed 
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Regional Development (CCDR), with na�onal-
level  coordina�on by  the  Portuguese 
Environment Agency (APA) [7]. 
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integra�ng commercial sensors, was implemen-
ted on September 8, 2024, that monitored air 
pollutants over a 10-day period, with data 
recorded every 10 seconds. 
Beyond air quality monitoring, the product will 
incorporate addi�onal features to enhance user 
safety, such as mo�on and presence detec�on. 
This func�onality will help iden�fy poten�ally 
hazardous interac�ons between cyclists and 
pedestrians, reducing the risk of accidents. 
Warnings can be made in real-�me through a 
built-in light on via the mobile applica�on, which 
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ons can vary due to several factors, including 
natural causes, construc�on work, and traffic 
condi�ons.
  

RESULTS AND DISCUSSION
Data collected from the pilot monitoring sta�on 
(Figure 5) indicates notable fluctua�ons in the 
pollutant concentra�ons over short �me 
intervals. Specifically, the levels of par�culate 

ma�er, PM2.5 and PM10, exhibited clear daily 
periodic varia�ons. These results suggest the 
presence of consistent pa�erns in the pollutant 
concentra�ons, likely influenced by factors such 
as traffic volume and weather condi�ons.

 
During the monitoring period, a concerning peak 
in PM2.5 and PM10 was recorded on October 
15, 2024 (as shown in Figure 6 and Figure 7, 
respec�vely). These short-term spikes reached 
levels categorized as extremely poor for PM2.5 
and very poor for PM10, poten�ally posing signi-
ficant health risks. Given the well-documented 
harmful effects of par�culate ma�er on respira-
tory and cardiovascular health, these findings 
emphasize the importance of con�nuous air 
quality monitoring and targeted interven�ons to 
mi�gate exposure. 

FIGURE 3
Pilot monitoring sta�on set up in the bike lane.

FIGURE 4
Mobile applica�on demonstra�on.

FIGURE 5
Measured pollutant concentra�ons between 
October 8 and 18, 2024.

FIGURE 6
PM2.5 concentra�on measured between October 11 
and 18, compared with two addi�onal commercial 
systems.
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The graphs depicted in Figure 6 and Figure 7 
provide a compara�ve analysis of two commerci-
al sensors and our developed product. The 
results demonstrate that the sensors included on 
our product perform similarly to commercial 
sensors, closely matching their behavior and 
accuracy. This indicates that our product not only 
provides reliable air quality data but is also 
compe��ve in terms of performance when 
compared to established commercial used 
market solu�ons.

CONCLUSION
Air pollu�on is a significant concern for public 
health and overall well-being, par�cularly in 
urban areas. The proposed solu�on aims to 
integrate air quality control and monitoring 
within bike lanes and, more broadly, into smart 
ci�es infrastructures. This product will contribute 
to public safety and health in three main ways:
1. Providing real-�me air quality informa�on to 

bike lane users, helping them iden�fy the best 
�mes and routes to avoid areas with high 
pollutant concentra�ons.

2. Establishing a detailed air quality monitoring 
network in urban environments, par�cularly 
close to bike lanes, allowing monitoring of 
adverse effects and health issues probability 
on popula�ons by the responsible authori�es.

3. Maintaining a record of periodic tendencies in 
harmful concentra�ons pollutant spikes at 
different scales (daily, weekly, or annual) 
improving decision-making processes for 
urban planning and environmental policies.

The first pilot test implementa�on in real 
environment is set to begin in mid-2025 with the 
support of the Vila Nova de Famalicão city 
council. This ini�a�ve will allow us to evaluate 
the benefits for local popula�ons and refine the 
system. 
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FIGURE 7
PM10 concentra�on measured between October 11 
and 18, compared with two addi�onal commercial 
systems.
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A bicycle grip with integrated technologies has been conceived to improve cyclist safety. It features a 
direc�on indicator ac�vated by an encoder, allowing cyclists to signal their inten�ons without removing 
their hands from the handlebar. Addi�onally, also includes vibra�onal motors to alert cyclists to nearby 
obstacles or vehicles. Usability tests were conducted to evaluate materials, sizes, and grip comfort. Results 
indicated that the grip's func�onality and comfort could be improved by adjus�ng the posi�on of the 
encoder and enhancing vibra�onal feedback. Future developments will consider these factors to further 
improve ergonomics and safety.

INTRODUCTION 

Cyclists are the only road users whose fatali�es 
have not decreased in recent years. The overall 
number of cyclist fatali�es increased from 7% in 
2011 to 10% in 2020 [1]. Many crashes between 
vehicles and cyclists occur when travelling in the 
same direc�on, with the vehicles approaching 
from behind the cyclist [2, 3]. Improving cyclists' 
percep�on of approaching vehicles could help to 
prevent such incidents. 

Many cyclists rely on hand signals to communi-
cate direc�onal changes to other drivers, which 
can compromise their stability by requiring them 
to take their hands off the handlebars [4, 5]. An 
alterna�ve solu�on is the use of flashing light 
signals to ensure the safety of cyclists and 
drivers. To address these challenges, different 
technologies were developed within the scope 
of PPS54, a component of the Two-Wheel 
Mobilizing Agenda (AM2R) project and later 
integrated into the bike's grip.

One key feature incorporated into the grip was 
the direc�on indicator, an encoder that the user 
interacts with to signal the intended change of 
direc�on, analogous to a car's direc�on 
indicators. This component is typically posi�o-
ned on the driver's le� side, suppor�ng the 
encoder's loca�on on the le� grip. This also 
allows the right hand to operate essen�al 
func�ons, such as the gear shi�. The grip is also 

equipped with side LEDs, ensuring the turn 
signals are clearly visible to other road users. As 
illustrated in Figure 1 (A), the upward and 
downward rota�on indicates a change of 
direc�on to the right and le�, respec�vely.

Currently, products with clip-on LED indicators 
are available on the market, which can be 
a�ached to the handlebar ends to signal a 
change of direc�on [6, 7]. However, these 
separate systems can compromise overall 
aesthe�cs and ease of use.

An addi�onal feature is the vehicle/obstacle 
warning system, which includes a detec�on 
component integrated into another accessory 
developed within this project, and the grips that 
provide vibra�onal feedback. Vibra�on motors 
were strategically placed on the sides of the le� 
and right grips, targe�ng the hypothenar area of 
the palm, Figure 1 (B). This area is more 
sensi�ve, allowing the motor to be�er transmit 
the vibra�ons, resul�ng in more immediate 
recogni�on by the user [8].

Warning systems for approaching vehicles have 
already been developed, using displays or 
smartphone apps to deliver visual, audible, 
and/or vibra�onal alerts [9, 10, 11]. However, 
these rely on the user's percep�on of signals 
from external devices, rather than integrated 
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The graphs depicted in Figure 6 and Figure 7 
provide a compara�ve analysis of two commerci-
al sensors and our developed product. The 
results demonstrate that the sensors included on 
our product perform similarly to commercial 
sensors, closely matching their behavior and 
accuracy. This indicates that our product not only 
provides reliable air quality data but is also 
compe��ve in terms of performance when 
compared to established commercial used 
market solu�ons.

CONCLUSION
Air pollu�on is a significant concern for public 
health and overall well-being, par�cularly in 
urban areas. The proposed solu�on aims to 
integrate air quality control and monitoring 
within bike lanes and, more broadly, into smart 
ci�es infrastructures. This product will contribute 
to public safety and health in three main ways:
1. Providing real-�me air quality informa�on to 

bike lane users, helping them iden�fy the best 
�mes and routes to avoid areas with high 
pollutant concentra�ons.

2. Establishing a detailed air quality monitoring 
network in urban environments, par�cularly 
close to bike lanes, allowing monitoring of 
adverse effects and health issues probability 
on popula�ons by the responsible authori�es.

3. Maintaining a record of periodic tendencies in 
harmful concentra�ons pollutant spikes at 
different scales (daily, weekly, or annual) 
improving decision-making processes for 
urban planning and environmental policies.

The first pilot test implementa�on in real 
environment is set to begin in mid-2025 with the 
support of the Vila Nova de Famalicão city 
council. This ini�a�ve will allow us to evaluate 
the benefits for local popula�ons and refine the 
system. 
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FIGURE 7
PM10 concentra�on measured between October 11 
and 18, compared with two addi�onal commercial 
systems.
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A bicycle grip with integrated technologies has been conceived to improve cyclist safety. It features a 
direc�on indicator ac�vated by an encoder, allowing cyclists to signal their inten�ons without removing 
their hands from the handlebar. Addi�onally, also includes vibra�onal motors to alert cyclists to nearby 
obstacles or vehicles. Usability tests were conducted to evaluate materials, sizes, and grip comfort. Results 
indicated that the grip's func�onality and comfort could be improved by adjus�ng the posi�on of the 
encoder and enhancing vibra�onal feedback. Future developments will consider these factors to further 
improve ergonomics and safety.

INTRODUCTION 

Cyclists are the only road users whose fatali�es 
have not decreased in recent years. The overall 
number of cyclist fatali�es increased from 7% in 
2011 to 10% in 2020 [1]. Many crashes between 
vehicles and cyclists occur when travelling in the 
same direc�on, with the vehicles approaching 
from behind the cyclist [2, 3]. Improving cyclists' 
percep�on of approaching vehicles could help to 
prevent such incidents. 

Many cyclists rely on hand signals to communi-
cate direc�onal changes to other drivers, which 
can compromise their stability by requiring them 
to take their hands off the handlebars [4, 5]. An 
alterna�ve solu�on is the use of flashing light 
signals to ensure the safety of cyclists and 
drivers. To address these challenges, different 
technologies were developed within the scope 
of PPS54, a component of the Two-Wheel 
Mobilizing Agenda (AM2R) project and later 
integrated into the bike's grip.

One key feature incorporated into the grip was 
the direc�on indicator, an encoder that the user 
interacts with to signal the intended change of 
direc�on, analogous to a car's direc�on 
indicators. This component is typically posi�o-
ned on the driver's le� side, suppor�ng the 
encoder's loca�on on the le� grip. This also 
allows the right hand to operate essen�al 
func�ons, such as the gear shi�. The grip is also 

equipped with side LEDs, ensuring the turn 
signals are clearly visible to other road users. As 
illustrated in Figure 1 (A), the upward and 
downward rota�on indicates a change of 
direc�on to the right and le�, respec�vely.

Currently, products with clip-on LED indicators 
are available on the market, which can be 
a�ached to the handlebar ends to signal a 
change of direc�on [6, 7]. However, these 
separate systems can compromise overall 
aesthe�cs and ease of use.

An addi�onal feature is the vehicle/obstacle 
warning system, which includes a detec�on 
component integrated into another accessory 
developed within this project, and the grips that 
provide vibra�onal feedback. Vibra�on motors 
were strategically placed on the sides of the le� 
and right grips, targe�ng the hypothenar area of 
the palm, Figure 1 (B). This area is more 
sensi�ve, allowing the motor to be�er transmit 
the vibra�ons, resul�ng in more immediate 
recogni�on by the user [8].

Warning systems for approaching vehicles have 
already been developed, using displays or 
smartphone apps to deliver visual, audible, 
and/or vibra�onal alerts [9, 10, 11]. However, 
these rely on the user's percep�on of signals 
from external devices, rather than integrated 
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hap�c feedback in the bicycle grips. While 
vibra�on feedback incorporated into the grips is 
a promising concept, it is s�ll largely limited to 
prototypes and research projects [12, 13, 14]. 

Enhancing safety through feedback systems may 
be a key component, however ergonomics also 
play an essen�al role in improving user experi-
ence. Cyclists o�en report chronic pain in their 
hands. With less adipose �ssue and muscle 
mass, the hand has reduced protec�on and is 
more vulnerable to injuries. When the grip is not 
ergonomically designed, the hands deviate from 
the neutral posi�on. To ensure a good grip, the 
bicycle grips are designed with a bigger contact 
area and with an extension, so-called "wings", 
suppor�ng the natural curvature of the hand 
and allowing be�er upper body weight support 
[8, 15]. The currently available ergonomic grips 
aim to address the issues previously men�oned, 
but not all have demonstrated successful 
outcomes. The ones that have yielded be�er 
results served as the founda�on for the grips' 
design. The grips developed are intended for use 
on city or hybrid bikes, specifically those with 
rela�vely straight handlebars that promote a 
slightly inclined torso, offering comfort and 
control in urban environments [16]. The grips' 
dimensions were restricted by the embedded 
electronics, allowing usability tests to occur at 
this stage of development. 

The present research focusses on evalua�ng the 
technologies integrated into the bicycle grips 
based on usability criteria.

 

 

MATERIALS AND METHODS
The evalua�on of inser�ng an encoder into the 
le� grip was conducted in two phases. The first 
stage, with the bike sta�onary, involved 
comparing two types of silicone: SmoothSill 960 
and MoldStar16 with a shore hardness of A60 
and A16, respec�vely, and two diameters (44 
mm and 48 mm) to iden�fy the best-performing 
op�on based on user preferences, while rota�ng 
the encoder. Next, each volunteer cycled a 

chosen route, making at least two direc�onal 
changes while signaling with the encoder 
previously selected. In the second stage, 
par�cipants assessed vibra�onal feedback on 
two routes: one on an even pavement and the 
other on an uneven pavement.

The par�cipants selected for the usability tests 
had previous experience cycling in a road 
environment or on cycle paths. Data from 20 
par�cipants (n= 20; 11 males, 9 females) were 
collected (mean ± SD; age: 32.0 ± 9.1 years; 
weight: 70.9 ± 15.9 kg; height: 1.7 ± 0.1 m; le� 
hand length: 180.7 ± 12.4 mm; le� palm width: 
79.6 ± 7.6 mm; le� thumb length: 64.0 ± 5.9 
mm). 

RESULTS AND DISCUSSION
When asked about the most func�onal 
diameter of the silicone surrounding the 
encoder, 90% of the par�cipants preferred the 
largest diameter, against 10% who preferred the 
smallest. Regarding the material, 85% of the 
par�cipants said SmoothSill 960 (the hardest 
silicone) would be the most func�onal, while 
10% chose MoldStar16, and 5% expressed 
indifference. Regarding tac�le comfort, 
although half of the par�cipants said that the 
so�er silicone could be more comfortable, they 
said that func�onality was a more important 
factor.

A�er tes�ng the encoder while cycling, each 
par�cipant was asked a set of ques�ons to 
assess their experience with it. In the second 
stage, the par�cipants were also asked to 
answer a set of ques�ons regarding perceived 
vibra�on a�er cycling with the vibra�on on and 
off on different pavements. The results can be 
found in the Figure 2 and Figure 3, respec�vely.
 
Overall, the proposed solu�on to indicate a 
change in direc�on using an encoder was 
posi�ve. The SmoothSill 960 silicone was 
preferred for its func�onality and the larger 
diameter, highligh�ng these as key considera�-
ons for future developments. Par�cipants found 
the solu�on more intui�ve and safer compared 
to manual signalling. However, several par�ci-
pants suggested that the encoder should be 
farther along the grip's length, allowing the 
thumb to reach and rotate it more naturally 
without bending. This issue, affec�ng those with 
larger hands, was expected due to the single grip 
size. Future developments will address this issue 
and explore different grip sizes.

The majority of par�cipants agreed that 
vibra�on could be a good method for warning 
approaching vehicles, but the intensity was 

considered low on both pavements, so it might 
not be sufficient in a real-life context. Thus, 
increasing the vibra�on's intensity and then 
studying different modes (intermi�ent, 
con�nuous, dura�on, etc.) will be the next stage 
of development to enhance its effec�veness.
One aspect to consider is that although the 
par�cipants have cycling experience, it is not a 
regular travelling mode for most of them, which 
may have influenced their percep�ons, and the 
results observed.

As men�oned, future itera�ons will consider the 
development of bicycle grips in various sizes, 
considering user feedback on dimensions 
(length, width, and diameter) to ensure both 
comfort and func�onality. Addi�onally, the 
wrist's comfort will be evaluated to prevent 
radial devia�on or excessive extension, which 
could compromise the grip's ergonomics. The 
shape of the wings will also be studied for 
adequate palmar support, evenly distribu�ng 
pressure, and reducing points of discomfort or 
fa�gue. Research on grip materials will con�nue, 
considering their physical proper�es and impact 
on user comfort.

CONCLUSIONS
The developed grip features a direc�on indicator 
ac�vated by an encoder, allowing the user to 

keep their hands on the handlebar. Simultane-
ously, a proximity system with hap�c feedback 
alerts the user to nearby obstacles and/or 
vehicles. Although there is a wide variety of grips 
available on the market, this model stands out 
for its innova�ve technologies focused on 
enhancing user safety.

The next phase will focus on redesigning the grip 
based on par�cipants feedback, with a par�cular 
emphasis on improving vibra�on percep�on and 
adjus�ng the encoder's posi�oning. Addi�o-
nally, an in-depth analysis of the grip's shape will 
be conducted, taking into account user comfort 
with the integrated technologies and incorpora-
�ng ergonomic insights from the literature.
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FIGURE 1
The developed grip and its features: (A) encoder 
and (B) vibra�onal motor.

FIGURE 2
Results gathered from the encoder user experience survey, given as a percentage.

FIGURE 3
Results gathered from the vibra�on user experience survey, given as a percentage.
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hap�c feedback in the bicycle grips. While 
vibra�on feedback incorporated into the grips is 
a promising concept, it is s�ll largely limited to 
prototypes and research projects [12, 13, 14]. 

Enhancing safety through feedback systems may 
be a key component, however ergonomics also 
play an essen�al role in improving user experi-
ence. Cyclists o�en report chronic pain in their 
hands. With less adipose �ssue and muscle 
mass, the hand has reduced protec�on and is 
more vulnerable to injuries. When the grip is not 
ergonomically designed, the hands deviate from 
the neutral posi�on. To ensure a good grip, the 
bicycle grips are designed with a bigger contact 
area and with an extension, so-called "wings", 
suppor�ng the natural curvature of the hand 
and allowing be�er upper body weight support 
[8, 15]. The currently available ergonomic grips 
aim to address the issues previously men�oned, 
but not all have demonstrated successful 
outcomes. The ones that have yielded be�er 
results served as the founda�on for the grips' 
design. The grips developed are intended for use 
on city or hybrid bikes, specifically those with 
rela�vely straight handlebars that promote a 
slightly inclined torso, offering comfort and 
control in urban environments [16]. The grips' 
dimensions were restricted by the embedded 
electronics, allowing usability tests to occur at 
this stage of development. 

The present research focusses on evalua�ng the 
technologies integrated into the bicycle grips 
based on usability criteria.

 

 

MATERIALS AND METHODS
The evalua�on of inser�ng an encoder into the 
le� grip was conducted in two phases. The first 
stage, with the bike sta�onary, involved 
comparing two types of silicone: SmoothSill 960 
and MoldStar16 with a shore hardness of A60 
and A16, respec�vely, and two diameters (44 
mm and 48 mm) to iden�fy the best-performing 
op�on based on user preferences, while rota�ng 
the encoder. Next, each volunteer cycled a 

chosen route, making at least two direc�onal 
changes while signaling with the encoder 
previously selected. In the second stage, 
par�cipants assessed vibra�onal feedback on 
two routes: one on an even pavement and the 
other on an uneven pavement.

The par�cipants selected for the usability tests 
had previous experience cycling in a road 
environment or on cycle paths. Data from 20 
par�cipants (n= 20; 11 males, 9 females) were 
collected (mean ± SD; age: 32.0 ± 9.1 years; 
weight: 70.9 ± 15.9 kg; height: 1.7 ± 0.1 m; le� 
hand length: 180.7 ± 12.4 mm; le� palm width: 
79.6 ± 7.6 mm; le� thumb length: 64.0 ± 5.9 
mm). 

RESULTS AND DISCUSSION
When asked about the most func�onal 
diameter of the silicone surrounding the 
encoder, 90% of the par�cipants preferred the 
largest diameter, against 10% who preferred the 
smallest. Regarding the material, 85% of the 
par�cipants said SmoothSill 960 (the hardest 
silicone) would be the most func�onal, while 
10% chose MoldStar16, and 5% expressed 
indifference. Regarding tac�le comfort, 
although half of the par�cipants said that the 
so�er silicone could be more comfortable, they 
said that func�onality was a more important 
factor.

A�er tes�ng the encoder while cycling, each 
par�cipant was asked a set of ques�ons to 
assess their experience with it. In the second 
stage, the par�cipants were also asked to 
answer a set of ques�ons regarding perceived 
vibra�on a�er cycling with the vibra�on on and 
off on different pavements. The results can be 
found in the Figure 2 and Figure 3, respec�vely.
 
Overall, the proposed solu�on to indicate a 
change in direc�on using an encoder was 
posi�ve. The SmoothSill 960 silicone was 
preferred for its func�onality and the larger 
diameter, highligh�ng these as key considera�-
ons for future developments. Par�cipants found 
the solu�on more intui�ve and safer compared 
to manual signalling. However, several par�ci-
pants suggested that the encoder should be 
farther along the grip's length, allowing the 
thumb to reach and rotate it more naturally 
without bending. This issue, affec�ng those with 
larger hands, was expected due to the single grip 
size. Future developments will address this issue 
and explore different grip sizes.

The majority of par�cipants agreed that 
vibra�on could be a good method for warning 
approaching vehicles, but the intensity was 

considered low on both pavements, so it might 
not be sufficient in a real-life context. Thus, 
increasing the vibra�on's intensity and then 
studying different modes (intermi�ent, 
con�nuous, dura�on, etc.) will be the next stage 
of development to enhance its effec�veness.
One aspect to consider is that although the 
par�cipants have cycling experience, it is not a 
regular travelling mode for most of them, which 
may have influenced their percep�ons, and the 
results observed.

As men�oned, future itera�ons will consider the 
development of bicycle grips in various sizes, 
considering user feedback on dimensions 
(length, width, and diameter) to ensure both 
comfort and func�onality. Addi�onally, the 
wrist's comfort will be evaluated to prevent 
radial devia�on or excessive extension, which 
could compromise the grip's ergonomics. The 
shape of the wings will also be studied for 
adequate palmar support, evenly distribu�ng 
pressure, and reducing points of discomfort or 
fa�gue. Research on grip materials will con�nue, 
considering their physical proper�es and impact 
on user comfort.

CONCLUSIONS
The developed grip features a direc�on indicator 
ac�vated by an encoder, allowing the user to 

keep their hands on the handlebar. Simultane-
ously, a proximity system with hap�c feedback 
alerts the user to nearby obstacles and/or 
vehicles. Although there is a wide variety of grips 
available on the market, this model stands out 
for its innova�ve technologies focused on 
enhancing user safety.

The next phase will focus on redesigning the grip 
based on par�cipants feedback, with a par�cular 
emphasis on improving vibra�on percep�on and 
adjus�ng the encoder's posi�oning. Addi�o-
nally, an in-depth analysis of the grip's shape will 
be conducted, taking into account user comfort 
with the integrated technologies and incorpora-
�ng ergonomic insights from the literature.
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FIGURE 1
The developed grip and its features: (A) encoder 
and (B) vibra�onal motor.

FIGURE 2
Results gathered from the encoder user experience survey, given as a percentage.

FIGURE 3
Results gathered from the vibra�on user experience survey, given as a percentage.
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The produc�on of forged components demands a high level of accuracy, from raw material selec�on to 

defining manufacturing parameters, especially for parts used in safety systems. This study analysed the 

forging process of a component for electric two-wheeled vehicles, using the aluminium alloys A356 and 357. 

Ini�ally, a finite element method simula�on was used to analyse the cavity filling considering the defined 

process parameters, including tool temperature, raw material prehea�ng, required load capacity and 

preform geometry. This approach not only allowed for the verifica�on of tool cavity filling but also provided 

a be�er understanding of the material behaviour during its shaping. Based on the simula�on data, 

experimental trials were carried out to validate the forging process. The experimental tests demonstrated 

that the A356 alloy showed superior performance compared to the 357 alloy, evidenced by complete die 

filling and the absence of surface cracks. Concurrently, raw material analysis was conducted before and a�er 

heat treatment, including uniaxial tensile tes�ng for mechanical characterisa�on, hardness measurements 

and microstructural observa�on.

FORGING; ALUMINIUM ALLOYS; ELECTRIC MOBILITY; NUMERICAL SIMULATION; EXPERIMENTAL 
VALIDATION.

INTRODUCTION
The development of forged components for 
safety systems in the electric two-wheeler sector 
requires a comprehensive approach to material 
selec�on and manufacturing parameters. A well-
planned strategy is essen�al to meet the 
mechanical demands of these systems, ensuring 
reliability and compliance with safety regula�-
ons. Producing components with complex 
geometries through forging involves mul�ple 
stages, where successive preforms are shaped 
un�l the final configura�on is achieved using 
different toolsets. This approach is necessary 
due to the standardised dimensions of ini�al 
geometries, such as round bars or plates, which 
difficult the direct forming.

In mul�-stage forging, parameters such as stroke 
length, fric�on coefficient and raw material 
temperature significantly influence process 
feasibility. Addi�onally, each stage may require 
adjustments, increasing produc�on costs [1, 2]. 
Studies have explored using cast preforms as an 
ini�al stage in forging, par�cularly for 
aluminium, magnesium, and steel alloys. Cas�ng 
allows for preforms with near-final geometries, 
reducing addi�onal forging steps and material 
waste, leading to cost savings [3-5]. The ideal 

preform ensures full cavity filling without 
defects, reducing forging forces, tool wear, and 
material waste [6]. For example, Chen et al. [7] 
demonstrated that cast steel preforms could 
achieve high-quality components with fewer 
opera�ons, even for complex geometries. 
Similarly, Dziubinska [8] found that cast 
AlZn10Si8Mg preforms could reduce material 
waste by up to 30% compared to tradi�onal 
forging.

Combining cas�ng and forging processes offers a 
promising solu�on to manufacturing challenges. 
Hot forging and heat treatments refine the grain 
structure and improve mechanical proper�es 
such as fa�gue resistance [9, 10]. Addi�onally, 
forging pressure eliminates micro-shrinkage and 
porosi�es, increasing material density [11].
This study evaluates the feasibility of using 
aluminium-silicon alloys A356 and 357 for forged 
components in the electric two-wheeler sector.

MATERIALS AND METHODS
To assess the feasibility of forging cast aluminium 
preforms, a mul�-stage manufacturing strategy 
was adopted. This approach covered the cas�ng 
of aluminium alloys to the heat treatment of 
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forging process of a component for electric two-wheeled vehicles, using the aluminium alloys A356 and 357. 

Ini�ally, a finite element method simula�on was used to analyse the cavity filling considering the defined 

process parameters, including tool temperature, raw material prehea�ng, required load capacity and 

preform geometry. This approach not only allowed for the verifica�on of tool cavity filling but also provided 

a be�er understanding of the material behaviour during its shaping. Based on the simula�on data, 

experimental trials were carried out to validate the forging process. The experimental tests demonstrated 

that the A356 alloy showed superior performance compared to the 357 alloy, evidenced by complete die 
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INTRODUCTION
The development of forged components for 
safety systems in the electric two-wheeler sector 
requires a comprehensive approach to material 
selec�on and manufacturing parameters. A well-
planned strategy is essen�al to meet the 
mechanical demands of these systems, ensuring 
reliability and compliance with safety regula�-
ons. Producing components with complex 
geometries through forging involves mul�ple 
stages, where successive preforms are shaped 
un�l the final configura�on is achieved using 
different toolsets. This approach is necessary 
due to the standardised dimensions of ini�al 
geometries, such as round bars or plates, which 
difficult the direct forming.

In mul�-stage forging, parameters such as stroke 
length, fric�on coefficient and raw material 
temperature significantly influence process 
feasibility. Addi�onally, each stage may require 
adjustments, increasing produc�on costs [1, 2]. 
Studies have explored using cast preforms as an 
ini�al stage in forging, par�cularly for 
aluminium, magnesium, and steel alloys. Cas�ng 
allows for preforms with near-final geometries, 
reducing addi�onal forging steps and material 
waste, leading to cost savings [3-5]. The ideal 

preform ensures full cavity filling without 
defects, reducing forging forces, tool wear, and 
material waste [6]. For example, Chen et al. [7] 
demonstrated that cast steel preforms could 
achieve high-quality components with fewer 
opera�ons, even for complex geometries. 
Similarly, Dziubinska [8] found that cast 
AlZn10Si8Mg preforms could reduce material 
waste by up to 30% compared to tradi�onal 
forging.

Combining cas�ng and forging processes offers a 
promising solu�on to manufacturing challenges. 
Hot forging and heat treatments refine the grain 
structure and improve mechanical proper�es 
such as fa�gue resistance [9, 10]. Addi�onally, 
forging pressure eliminates micro-shrinkage and 
porosi�es, increasing material density [11].
This study evaluates the feasibility of using 
aluminium-silicon alloys A356 and 357 for forged 
components in the electric two-wheeler sector.

MATERIALS AND METHODS
To assess the feasibility of forging cast aluminium 
preforms, a mul�-stage manufacturing strategy 
was adopted. This approach covered the cas�ng 
of aluminium alloys to the heat treatment of 

PRODUCT
DEVELOPMENT

PRODUCT
DEVELOPMENT

[2] P. Díaz Fernández, M. Lindman, I. Isaksson-Hellman, 
H. Jeppsson e J. Kovaceva, "Descrip�on of same-
direc�on car-to-bicycle crash scenarios using real-
world data from Sweden, Germany, and a global 
crash database,"Accident Analysis & Preven�on, vol. 
168, 2022. 

[3] M.A.T.P.E.K.M.D.D.R.U.D.R.M.P.L.B.I.Z.A.T.A.Y.G.M.

A.W. F. Brown L, "Inves�ga�on of accidents involving 
powered two wheelers and bicycles - A European in-
depth study, "Journal of Safety Research, vol. 76, pp. 
135-145, Feb 2021. 

[4] O.A.H.P.A.C.A. &. S.D. Sinelnikov, "Bicycle Safety: 
Sport Educa�on Style, "Journal of Physical Educa�on, 
Recrea�on & Dance, vol. 76, no. 2, pp. 24-29, 2005. 

[5] L. Alizadehsaravi e J. K. Moore, "Bicycle balance assist 
system reduces roll and steering mo�on for young 
and older bicyclists during real-life safety challenges, 
"PeerJ, vol. 11, 2023. 

[6] "ulip Bicycle Turn Signals USB Rechargeable Direc�on 
Indicator  Adjusta,"  [Online].  Available: 
h�ps://ulipstore.com/products/ulip-bicycle-turn-
signals-usb-rechargeable-direc�on-indicator-
adjustable-diameter-blinkers-for-bikes-and-electric-
scooters?pr_prod_strat=e5_desc&pr_rec_

id=2b6787734&pr_rec_pid=8045845643577&pr_re
f_pid=8055000531257&pr_seq=u. [Accessed 21 
April 2025].

[7] "WingLights 360 Fixed turn signals for bicycles," 
[Online]. Available: h�ps://cycl.bike/collec�ons/ 
best-sellers/products/winglights-360-fixed. 
[Accessed on 21 April 2025].

[8] L. Di Brigida, . I. Fiorillo, A. Naddeo and P. Vink, 
"Discomfort Threshold Evalua�on for Hand and 
Elbow Regions: A Basis for Hand-Held Device Design, 
"in Advances in Ergonomics in Design, 

      p. 649-657, 2021.

[9] "Garmin Varia™ RTL515: Radar de bicicleta com luz 
t r a s e i r a , "  [ O n l i n e ] .  A v a i l a b l e : 
h�ps://www.garmin.com/pt-PT/p/698001. 
[Accessed on 21 April 2025].

[10] "L508 Radar Tail Light," [Online]. Available: 
h�ps://www.magene.com/en/bike-lights/55-l508-
radar-tail-light.html?srsl�d=AfmBOooaca03hsuW

27kBM1EQNBo1cz7xZtIRIdPF7-�BdFsWbDa3jNu. 
[Accessed on 21 April 2025].

[11] "Bryton Gardia R300L," [Online]. Available: 
h�ps://global.brytonsport.com/pt/products/gardia-
r300l. [Accessed on 21 April 2025].

[12] C. Johnsson e A. Muthumani, "HANDLE - High tech 
communica�on solu�ons for safer bicycles," 
[Online]. Available: h�ps://trid.trb.org/View/ 
2075230. [Accessed on 21 April 2025].

[13] J. Van Brummelen, B. Emran, K. Yesilcimen and H. 
Najjaran, "Reliable and low-cost cyclist collision 
warning system for safer commute on urban 
roads," Budapest, Hungary, 2016. 

[14] C. Engbers, R. Dubbeldam, J. H. Buurke, N. 
Kamphuis, S. De Hair-Buijssen, F. Westerhuis, D. De 
Waard e J. S. Rietman, "A front- and rear-view 
assistant for older cyclists: evalua�ons on technical 
performance, user experience and behaviour," vol. 
5, nº 4, pp. 257-276, 2018. 

[15] W. E. Derman and M. Schwellnus, "Common 
injuries in cycling: Preven�on, diagnosis and 
management," vol. 47, no. 7, pp. 14-19, August 
2014. 

[16] J. Pucher e R. Buehler, City Cycling, The MIT Press, 
2012. 



18

SOCIEDADE
PORTUGUESA de
MATERIAIS

19

SOCIEDADE
PORTUGUESA de
MATERIAIS

forged parts, ensuring precision at each stage. 
Preforms were cast using A356 and 357 alloys. 
The 357 alloy was produced by adding pure 
magnesium to A356 ingots. Both alloys suffered 
silicon modifica�on (using stron�um) and grain 
refinement (using TiB). The chemical composi�-
ons were analysed using op�cal emission 
spectrometry, with key differences shown in 
Table 1.

The main difference between A356 and 357 
alloys is magnesium content, with 357 contai-
ning more than twice that of A356. Magnesium 
enhances mechanical strength as its percentage 
increases but reduces duc�lity.

FORGING PROCESS
The selected component was a lever for the 

safety system of electric bicycles (Figure 1a), 
chosen for its dimensions and forging simplicity. 
The required forging tools are shown in Figure 
1b.

NUMERICAL SIMULATION
Numerical simula�on was used to assess the 
feasibility of the forging process and predict 
material behaviour during deforma�on, allow-
ing poten�al issues to be iden�fied and 
mi�gated before experimental trials. The finite 
element model was developed based on the 
component's tooling (Figure 2) and simulated 
using Abaqus/Explicit with a full 3D model. The 
tools were modelled as rigid surfaces, while the 
pin-shaped preform was a deformable body 
with a tetrahedral mesh (C3D4, 1 mm edges). 

The material behaviour was described using the 
Johnson-Cook cons�tu�ve model, to account for 
strain hardening, strain rate sensi�vity and 
thermal so�ening effects. The corresponding 
parameters are present in Table 2 for each alloy. 
Contact interac�ons between the tools and the 
billet were defined using a Coulomb fric�on 
model with a coefficient of 0.3, which is typical 
for hot forging condi�ons.

Simula�on results showed overall acceptable 
cavity filling, though defects may occur in the 
central cylindrical region due to insufficient 
material flow.

RESULTS AND DISCUSSION
Due to the low duc�lity of the materials at room 
temperature, prehea�ng was essen�al before 
forging. The raw material was heated in a gas 
furnace at 530 °C for 1 hour, then posi�oned in 
the die for forming. The lower die remained 
fixed, while the upper die moved via a mechani-
cal press. Forging tools were preheated to 190 °C 
to reduce heat loss and graphite-based lubricant 
was applied to facilitate processing and part 
removal. The forged components (Figure 3) 
ini�ally retained flash, later removed by 
mechanical trimming. Proper preform place-
ment was crucial for cavity filling, as small 
misalignments caused uneven fills. The 357 alloy 
showed lower fluidity, leading to incomplete 
filling in some areas, par�cularly in the central 
cylindrical region.

Experimental observa�ons closely matched the 
numerical simula�ons, especially in predicted 
possible defect zones. To assess heat treatment 
effects, some forged parts underwent T6 treat-
ment (540 °C solu�onising, water quen-ching, 
and 160 °C ageing). 

HARDNESS MEASUREMENTS
The assessment of the proper�es of forged parts 
is essen�al to validate the efficiency of the 
forging process and the applied heat treatment. 
Hardness measurements help evaluate the 
resistance of alloys and the performance of parts 
under opera�ng condi�ons. These measure-

ments were performed on the raw material, as 
well as on parts with and without heat treat-
ment for both alloys. Figure 4 contains the 
obtained results.

The hardness values obtained a�er heat 
treatment fall within the specified range, 
however, these values are expected for parts 
made by gravity cas�ng. The raw material shows 
the lowest hardness values, as its grain size is 
slightly larger than that of the forged parts. Due 
to the higher magnesium content in alloy 357, 
the hardness is higher compared to alloy A356, 
both before and a�er heat treatment. The 
hardness of A356 a�er heat treatment may 
increase if the heat treatment parameters, such 
as temperature and aging �me, are adjusted. 
The response of this alloy to heat treatment may 
differ slightly from that of alloy 357, and thus, 
with the current parameters, alloy A356 may not 
have reached its peak hardness or may be in an 
over-aged state, which leads to a decrease in 
hardness.

MICROSTRUCTURE ANALYSIS
To compare the A356 and 357 alloys in terms of 
mechanical strength, hardness and microstruc-
ture, various tests were conducted to assess the 
effects of forging and heat treatment.

The Microstructural analysis was performed on 
raw material and forged components using a 
Leica op�cal microscope. The cast preform 
microstructure showed dendri�c aluminium and 
eutec�c silicon, which lacked a lamellar 
morphology due to stron�um modifica�on. 
However, some needle-like silicon forma�ons 
remained, indica�ng incomplete modifica�on. 
Although, no significant microstructural 

TABLE 1
Chemical composi�on of the aluminium alloys under study (% by mass).

Alloy

Ingot A356

A356

357

Al

92.6

92.9

92.5

Si

6.82

6.61

6.56

Fe

0.13

0.11

0.12

Mn

0.001

0.002

0.004

Mg

0.26

0.21

0.51

Ti

0.11

0.12

0.21

Sr

0.022

0.37

0.040

TABLE 2
Johnson-Cook cons�tu�ve hardening model parameters for A356 and 357.

A356

357

n C m eo
-1[s ]

Troom

[°C]

84

107

138

155

0.21

0.26

0.0019

0.0024

1.58

1.44

1.36E-3

1.36E-3

22.1

22.1

610

610

Tmel�ng

[°C]

FIGURE 1
a) Safety system component of two-wheeler vehicles 
a�er forging; b) Tools (top and bo�om dies) used in 
the forging process.

a)

b)

FIGURE 2
Stages of the forging process obtained through numerical simula�on for A356.

FIGURE 3
Examples of parts obtained a�er the forging 
process: A356 (top); 357 (bo�om).

FIGURE 4
Hardness values obtained for alloys A356 and 357 
with and without heat treatment.

Forcing a Component for Electric Mobility

PRODUCT
DEVELOPMENT

PRODUCT
DEVELOPMENT



18

SOCIEDADE
PORTUGUESA de
MATERIAIS

19

SOCIEDADE
PORTUGUESA de
MATERIAIS

forged parts, ensuring precision at each stage. 
Preforms were cast using A356 and 357 alloys. 
The 357 alloy was produced by adding pure 
magnesium to A356 ingots. Both alloys suffered 
silicon modifica�on (using stron�um) and grain 
refinement (using TiB). The chemical composi�-
ons were analysed using op�cal emission 
spectrometry, with key differences shown in 
Table 1.

The main difference between A356 and 357 
alloys is magnesium content, with 357 contai-
ning more than twice that of A356. Magnesium 
enhances mechanical strength as its percentage 
increases but reduces duc�lity.

FORGING PROCESS
The selected component was a lever for the 

safety system of electric bicycles (Figure 1a), 
chosen for its dimensions and forging simplicity. 
The required forging tools are shown in Figure 
1b.

NUMERICAL SIMULATION
Numerical simula�on was used to assess the 
feasibility of the forging process and predict 
material behaviour during deforma�on, allow-
ing poten�al issues to be iden�fied and 
mi�gated before experimental trials. The finite 
element model was developed based on the 
component's tooling (Figure 2) and simulated 
using Abaqus/Explicit with a full 3D model. The 
tools were modelled as rigid surfaces, while the 
pin-shaped preform was a deformable body 
with a tetrahedral mesh (C3D4, 1 mm edges). 

The material behaviour was described using the 
Johnson-Cook cons�tu�ve model, to account for 
strain hardening, strain rate sensi�vity and 
thermal so�ening effects. The corresponding 
parameters are present in Table 2 for each alloy. 
Contact interac�ons between the tools and the 
billet were defined using a Coulomb fric�on 
model with a coefficient of 0.3, which is typical 
for hot forging condi�ons.

Simula�on results showed overall acceptable 
cavity filling, though defects may occur in the 
central cylindrical region due to insufficient 
material flow.

RESULTS AND DISCUSSION
Due to the low duc�lity of the materials at room 
temperature, prehea�ng was essen�al before 
forging. The raw material was heated in a gas 
furnace at 530 °C for 1 hour, then posi�oned in 
the die for forming. The lower die remained 
fixed, while the upper die moved via a mechani-
cal press. Forging tools were preheated to 190 °C 
to reduce heat loss and graphite-based lubricant 
was applied to facilitate processing and part 
removal. The forged components (Figure 3) 
ini�ally retained flash, later removed by 
mechanical trimming. Proper preform place-
ment was crucial for cavity filling, as small 
misalignments caused uneven fills. The 357 alloy 
showed lower fluidity, leading to incomplete 
filling in some areas, par�cularly in the central 
cylindrical region.

Experimental observa�ons closely matched the 
numerical simula�ons, especially in predicted 
possible defect zones. To assess heat treatment 
effects, some forged parts underwent T6 treat-
ment (540 °C solu�onising, water quen-ching, 
and 160 °C ageing). 

HARDNESS MEASUREMENTS
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is essen�al to validate the efficiency of the 
forging process and the applied heat treatment. 
Hardness measurements help evaluate the 
resistance of alloys and the performance of parts 
under opera�ng condi�ons. These measure-

ments were performed on the raw material, as 
well as on parts with and without heat treat-
ment for both alloys. Figure 4 contains the 
obtained results.

The hardness values obtained a�er heat 
treatment fall within the specified range, 
however, these values are expected for parts 
made by gravity cas�ng. The raw material shows 
the lowest hardness values, as its grain size is 
slightly larger than that of the forged parts. Due 
to the higher magnesium content in alloy 357, 
the hardness is higher compared to alloy A356, 
both before and a�er heat treatment. The 
hardness of A356 a�er heat treatment may 
increase if the heat treatment parameters, such 
as temperature and aging �me, are adjusted. 
The response of this alloy to heat treatment may 
differ slightly from that of alloy 357, and thus, 
with the current parameters, alloy A356 may not 
have reached its peak hardness or may be in an 
over-aged state, which leads to a decrease in 
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MICROSTRUCTURE ANALYSIS
To compare the A356 and 357 alloys in terms of 
mechanical strength, hardness and microstruc-
ture, various tests were conducted to assess the 
effects of forging and heat treatment.

The Microstructural analysis was performed on 
raw material and forged components using a 
Leica op�cal microscope. The cast preform 
microstructure showed dendri�c aluminium and 
eutec�c silicon, which lacked a lamellar 
morphology due to stron�um modifica�on. 
However, some needle-like silicon forma�ons 
remained, indica�ng incomplete modifica�on. 
Although, no significant microstructural 

TABLE 1
Chemical composi�on of the aluminium alloys under study (% by mass).

Alloy

Ingot A356

A356

357

Al

92.6

92.9

92.5

Si

6.82

6.61

6.56

Fe

0.13

0.11

0.12

Mn

0.001

0.002

0.004

Mg

0.26

0.21

0.51

Ti

0.11

0.12

0.21

Sr

0.022

0.37

0.040

TABLE 2
Johnson-Cook cons�tu�ve hardening model parameters for A356 and 357.

A356

357

n C m eo
-1[s ]

Troom

[°C]

84

107

138

155

0.21

0.26

0.0019

0.0024

1.58

1.44

1.36E-3

1.36E-3

22.1

22.1

610

610

Tmel�ng

[°C]

FIGURE 1
a) Safety system component of two-wheeler vehicles 
a�er forging; b) Tools (top and bo�om dies) used in 
the forging process.

a)

b)

FIGURE 2
Stages of the forging process obtained through numerical simula�on for A356.

FIGURE 3
Examples of parts obtained a�er the forging 
process: A356 (top); 357 (bo�om).

FIGURE 4
Hardness values obtained for alloys A356 and 357 
with and without heat treatment.

Forcing a Component for Electric Mobility

PRODUCT
DEVELOPMENT

PRODUCT
DEVELOPMENT



20

SOCIEDADE
PORTUGUESA de
MATERIAIS

21

SOCIEDADE
PORTUGUESA de
MATERIAIS

differences were observed between the two 
alloys, as their chemical composi�ons were 
similar, except for magnesium content. The 357 
alloy's higher magnesium concentra�on may 
have led to more Mg2Si phase forma�on, 
though its small size made op�cal iden�fica�on 
difficult. A�er T6 heat treatment, eutec�c silicon 
globulisa�on was more pronounced. This 
rounder morphology resulted from solu�on 
treatment, transforming the lamellar/acicular 
silicon into a globular form. Even in non-heat-
treated samples, some silicon globulisa�on was 
present, likely ini�ated by preform prehea�ng 
before forging.

Addi�onally, the analysis of different zones 
(Figure 4) revealed morphological varia�ons 
across the sec�on, highligh�ng the impact of 
forging and heat treatment on microstructural 
evolu�on and material proper�es. In Zone A (top 
part of the component), plas�c deforma�on 
during forging was insufficient to alter the 
microstructure, leaving cas�ng defects intact 
due to minimal forging effects. In Zone B, 
material flow effec�vely filled the cavity, causing 
grain orienta�on along the deforma�on 
direc�on, confirming successful cavity filling and 
proper forging execu�on.

MECHANICAL CHARACTERISATION
To ensure that the forged components meet 
mechanical performance requirements, uniaxial 
tensile tests were conducted for both alloys, 
following ASTM E8M standards under three 
different condi�ons. The test specimens were 
extracted from the inner sec�on and along the 
length of the component. The specimens were 
tested at room temperature with a constant 
crosshead displacement speed of 2.5 mm/min 
un�l material failure. The tests were performed 
on an INSTRON 5900R universal tes�ng machine 
equipped with a 5 kN load cell. An extensometer 
with an ini�al gauge length of 25 mm was used 
to measure deforma�ons and elonga�on in the 
uniform sec�on of the specimen. To ensure 
result consistency, a total of 7 tests were condu-

cted for each alloy. The results are presented in 
Figure 6.

Forging refines grain size and collapses defects 
present in cast preforms, resul�ng in higher 
mechanical proper�es compared to the raw 
material. The 357 alloy exhibits higher mechani-
cal strength than A356 in all condi�ons due to its 
greater magnesium content, which also reduces 
its duc�lity.

The T6 heat treatment yielded expected results, 
improving mechanical strength in both alloys. 
Yield and ul�mate strength increased by 64% 
and 28% for A356, while 357 saw greater gains 
of 102% and 52%. However, T6 treatment redu-
ces duc�lity by half for both alloys, priori�sing 
increased hardness and mechanical strength.

CONCLUSIONS
This study provided a detailed analysis of the 
forging process for aluminium alloys A356 and 
357, aimed at producing safety components for 
electric two-wheelers. The combina�on of nu-
merical simula�on and experimental trials ena-
bled a more precise understanding of the alloys 
behaviour throughout the process, from raw 
material prepara�on to the final mechanical 
property assessment.

Numerical simula�on was crucial in predic�ng 
poten�al die cavity filling issues, some of which 
were later observed experimentally. Under the 
tested condi�ons, the A356 alloy demonstrated 
be�er cavity filling, resul�ng in fewer surface 
defects. 

FIGURE 5
Microstructure obtained in different zone of the component for both alloys, with and without heat treatment.

Microstructural analysis showed that forging led 
to a reorganisa�on of the grain structure. A�er 
heat treatment, eutec�c silicon globulisa�on 
improved mechanical proper�es. Hardness 
measurements revealed that the 357 alloy, due to 
its higher magnesium content, exhibited greater 
hardness than A356 in both forged and heat-
treated condi�ons. The T6 heat treatment 
enhanced mechanical proper�es, par�cularly 
strength and hardness. While the 357 alloy 
showed a significant increase in yield and 
ul�mate strength, both alloys experienced 
reduced duc�lity, typical of this treatment. The 
higher mechanical strength of the 357 alloy 
makes it more suitable for components subjected 
to greater stresses.
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differences were observed between the two 
alloys, as their chemical composi�ons were 
similar, except for magnesium content. The 357 
alloy's higher magnesium concentra�on may 
have led to more Mg2Si phase forma�on, 
though its small size made op�cal iden�fica�on 
difficult. A�er T6 heat treatment, eutec�c silicon 
globulisa�on was more pronounced. This 
rounder morphology resulted from solu�on 
treatment, transforming the lamellar/acicular 
silicon into a globular form. Even in non-heat-
treated samples, some silicon globulisa�on was 
present, likely ini�ated by preform prehea�ng 
before forging.

Addi�onally, the analysis of different zones 
(Figure 4) revealed morphological varia�ons 
across the sec�on, highligh�ng the impact of 
forging and heat treatment on microstructural 
evolu�on and material proper�es. In Zone A (top 
part of the component), plas�c deforma�on 
during forging was insufficient to alter the 
microstructure, leaving cas�ng defects intact 
due to minimal forging effects. In Zone B, 
material flow effec�vely filled the cavity, causing 
grain orienta�on along the deforma�on 
direc�on, confirming successful cavity filling and 
proper forging execu�on.

MECHANICAL CHARACTERISATION
To ensure that the forged components meet 
mechanical performance requirements, uniaxial 
tensile tests were conducted for both alloys, 
following ASTM E8M standards under three 
different condi�ons. The test specimens were 
extracted from the inner sec�on and along the 
length of the component. The specimens were 
tested at room temperature with a constant 
crosshead displacement speed of 2.5 mm/min 
un�l material failure. The tests were performed 
on an INSTRON 5900R universal tes�ng machine 
equipped with a 5 kN load cell. An extensometer 
with an ini�al gauge length of 25 mm was used 
to measure deforma�ons and elonga�on in the 
uniform sec�on of the specimen. To ensure 
result consistency, a total of 7 tests were condu-

cted for each alloy. The results are presented in 
Figure 6.

Forging refines grain size and collapses defects 
present in cast preforms, resul�ng in higher 
mechanical proper�es compared to the raw 
material. The 357 alloy exhibits higher mechani-
cal strength than A356 in all condi�ons due to its 
greater magnesium content, which also reduces 
its duc�lity.

The T6 heat treatment yielded expected results, 
improving mechanical strength in both alloys. 
Yield and ul�mate strength increased by 64% 
and 28% for A356, while 357 saw greater gains 
of 102% and 52%. However, T6 treatment redu-
ces duc�lity by half for both alloys, priori�sing 
increased hardness and mechanical strength.

CONCLUSIONS
This study provided a detailed analysis of the 
forging process for aluminium alloys A356 and 
357, aimed at producing safety components for 
electric two-wheelers. The combina�on of nu-
merical simula�on and experimental trials ena-
bled a more precise understanding of the alloys 
behaviour throughout the process, from raw 
material prepara�on to the final mechanical 
property assessment.

Numerical simula�on was crucial in predic�ng 
poten�al die cavity filling issues, some of which 
were later observed experimentally. Under the 
tested condi�ons, the A356 alloy demonstrated 
be�er cavity filling, resul�ng in fewer surface 
defects. 

FIGURE 5
Microstructure obtained in different zone of the component for both alloys, with and without heat treatment.

Microstructural analysis showed that forging led 
to a reorganisa�on of the grain structure. A�er 
heat treatment, eutec�c silicon globulisa�on 
improved mechanical proper�es. Hardness 
measurements revealed that the 357 alloy, due to 
its higher magnesium content, exhibited greater 
hardness than A356 in both forged and heat-
treated condi�ons. The T6 heat treatment 
enhanced mechanical proper�es, par�cularly 
strength and hardness. While the 357 alloy 
showed a significant increase in yield and 
ul�mate strength, both alloys experienced 
reduced duc�lity, typical of this treatment. The 
higher mechanical strength of the 357 alloy 
makes it more suitable for components subjected 
to greater stresses.
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Design of a Bicycle Frame by 
Low-Pressure Die Casting in 
Aluminium Alloy
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The low-pressure die cas�ng process is a technique that is increasingly being adopted by the industry to 

produce high-performance components using light alloys (aluminium/magnesium). In the world of mobility, 

par�cularly two-wheel mobility, there has been greater demand for the use of lightweight materials, 

leading to a reduc�on in the weight of components and, in the case of electric mobility, increasing the 

autonomy of bicycles and their comfort for the user.

This work developed the design of a bicycle frame for an electric city bike model. During the development of 

this model, the main objec�ve was to create a design that would bring ample advantages in terms of the 

final assembly process of the equipment, with the proposed solu�on substan�ally reducing the number of 

welding opera�ons tradi�onally required by incorpora�ng elements such as the steering and saddle tubes 

directly into the as-cast part.

The frame was modelled using SolidWorks® so�ware, with the ga�ng targe�ng the low-pressure die cas�ng 

process being subsequently designed. The geometry and the cas�ng system were validated using ProCAST® 

so�ware, where numerical simula�ons were carried out and proved to be sa�sfactory, showing that this 

manufacturing process can be a great ally of the two-wheels industry in the ceaseless search for higher 

quality and reduced weight components.

LOW-PRESSURE DIE CASTING; ALUMINIUM; LIGHTWEIGHT MOBILITY; NUMERICAL SIMULATION.

INTRODUCTION
Urban mobility is undergoing significant trans-
forma�ons, driven by environmental challenges 
and the search for more sustainable solu�ons. 
These dynamics are promp�ng people to seek 
out efficient alterna�ves for their daily journeys, 
with the adop�on of personal vehicles such as 
electric bicycles being encouraged. The 
increased environmental awareness is a strong 
catalyst for the transi�on to greener ways of 
transport [1]. This transi�on is evidenced by the 
steady growth in the electric bicycle market, as 
demonstrated by the substan�al increase in 
sales within the European Union, as illustrated in 
Figure 1.

Electric bicycles represent a compelling op�on 
when contrasted with conven�onal commu�ng 
alterna�ves, such as public transport or private 
cars. The escala�ng prolifera�on of vehicles on 
the road, consequent to an increase in popula�-
on density, has precipitated a rise in journey 
�mes. This has led to an increasing number of 
individuals op�ng for two-wheeled mobility 

FIGURE 1
Sales projec�on of bicycles and electric bicycles 
in the European Union [2].

solu�ons. Electric bicycles offer their users a high 
degree of flexibility, reducing commu�ng �mes 
and facilita�ng issues such as parking, while also 
offering significantly lower maintenance costs 
than a car [3,4]. Concerns regarding ba�ery 
autonomy and overall equipment weight have 
been iden�fied as primary considera�ons for 
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FIGURE 1
Sales projec�on of bicycles and electric bicycles 
in the European Union [2].

solu�ons. Electric bicycles offer their users a high 
degree of flexibility, reducing commu�ng �mes 
and facilita�ng issues such as parking, while also 
offering significantly lower maintenance costs 
than a car [3,4]. Concerns regarding ba�ery 
autonomy and overall equipment weight have 
been iden�fied as primary considera�ons for 
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poten�al e-bike buyers. It is crucial to acknow-
ledge that e-bikes tend to be heavier than 
conven�onal bicycles due to the incorpora�on 
of components such as the motor and the 
ba�ery. This increase in weight is not solely 
a�ributable to these components, but also to 
the structural reinforcements necessary to 
ensure their safe integra�on. Consequently, 
there is a necessity to develop electric bicycles 
that maintain minimal weight while ensuring the 
structural integrity necessary for the safety and 
durability of the equipment [3,5]. The low-
pressure cas�ng process is a technique that is 
increasingly being adopted in the industry to 
produce high-performance components from 
light alloys such as aluminium and magnesium. 
This technique offers several advantages over 
the tradi�onal gravity cas�ng process, most 
notably the precise control of the filling process, 
which allows the liquid metal to flow in a laminar 
regime, thus minimising air entrapment and, 
consequently, internal defects in the cas�ngs. 
The aforemen�oned characteris�cs of the low-
pressure cas�ng process have led to its 
widespread recogni�on for its ability to produce 
components with very good quality [6]. The 
schema�c in Figure 2 presents a representa�on 
of the primary components that cons�tute the 
low-pressure die cas�ng process.

 

MATERIALS AND METHODS
Ini�ally, a benchmark was made of exis�ng 
solu�ons on the market, which culminated in 
the preliminary concept shown in Figure 3. The 
following prerequisites for the final equipment 
were taken into account when drawing up the 
concept:

· City-type bicycle;

· Step-through frame;

· Central motorisa�on;

· Removable ba�ery integrated in the frame;

· Front suspension;

· Design compa�ble with the cas�ng process.

This concept underwent a series of itera�ons, 

culmina�ng in the proposed solu�on, depicted 
in Figure 4. The primary objec�ve of the frame's 
modelling process was to formulate a solu�on 
that would not only be compa�ble with the 
cas�ng process, but would also enhance the 
efficiency of the frame's produc�on. To this end, 
the proposed solu�on involves the incorpora�-
on of the steering and saddle tubes, the motor 
coupling and the internal ba�ery supports into 
the casted part, thereby substan�ally reducing 
the number of welding opera�ons that would 
conven�onally be required for their produc�on. 
The casted part's dimensions are approximately 
650x565x100 mm, with an average wall 
thickness of 4.5 mm and a total mass of 4.35 kg.

 
Considering the last itera�on, the ga�ng system 
was modelled to accommodate the low-
pressure die cas�ng process. The proposed 
ga�ng system u�lises two sprues to fill the part, 
which is achieved via two blades that directly 
engage the part, as illustrated in Figure 5, with 
the objec�ve of ensuring uniform filling of the 
part. The proposed solu�on also involves the 
use of a sand core to create the interior details of 
the frame.

To assess the feasibility of the geometry and the 
ga�ng system, numerical simula�ons of filling 
and solidifica�on were then carried out using 
the ProCAST® so�ware.

For these simula�ons, all the elements of the 
mould were modelled, as shown in Figure 6. 

Twenty thermal cycles (solidifica�on simula�on) 
were conducted to realis�cally determine the 
thermal gradient of the mould during steady-
state opera�on, and subsequently a single-cycle 
simula�on of filling and solidifica�on was 
performed, the la�er being the object of analysis 
in this ar�cle.

The material u�lised for the frame was an 
aluminium alloy (AlSi7Mg0.3), and an H13 steel 
tool was considered.

RESULTS AND DISCUSSION
FILLING SIMULATION
The simula�on of the filling process revealed 
that the filling occurred in a laminar regime, with 
temperatures consistently above the metal's 
liquidus temperature (613 °C), as illustrated in 
Figure 7.

SOLIDIFICATION SIMULATION
In rela�on to the solidifica�on simula�on, the 
final sec�ons of the component to solidify have 
been determined, along with a predic�on of the 

FIGURE 2
Schema�c representa�on of the low-pressure 
die cas�ng process.

FIGURE 3
Preliminary concept of the frame.

FIGURE 4
Frame design itera�ons.

FIGURE 5
Proposed ga�ng system for the low-pressure die 
cas�ng process.

FIGURE 6
Geometry of the numerical simula�on model of the
frame.

FIGURE 7
Filling analysis of the frame; a) beginning of filling
b) end of filling,

sec�ons most suscep�ble shrinkage porosi�es, 
as illustrated in Figure 8. These sec�ons offer a 
poten�al for enhancement through op�mising 
the u�lisa�on of the cooling channels 
incorporated within the model. There is 
considerable scope for elimina�ng the sec�ons 
exhibi�ng the highest propensity for shrinkage 
porosi�es to a virtually complete extent.
 

CONCLUSIONS
The validity of the geometry of the proposed 
frame was confirmed through the u�lisa�on of 
numerical simula�on tools, thereby substan�a-
�ng its viability for produc�on. The filling 
process occurred in a laminar regime, with the 
temperature consistently maintained above the 
liquidus temperature of the metal. In instances 
where shrinkage porosi�es were iden�fied, it 
was found to occur in regions that were not 
cri�cal to the part's func�onality. This 
observa�on suggests that the shrinkage 
porosi�es could poten�ally be mi�gated by 
op�mising the cooling channels present within 
the mould. The outcomes of this study demons-
trate the efficacy of the low-pressure cas�ng 
process as a viable method for advancements 
and innova�ons within the two-wheel industry.
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exhibi�ng the highest propensity for shrinkage 
porosi�es to a virtually complete extent.
 

CONCLUSIONS
The validity of the geometry of the proposed 
frame was confirmed through the u�lisa�on of 
numerical simula�on tools, thereby substan�a-
�ng its viability for produc�on. The filling 
process occurred in a laminar regime, with the 
temperature consistently maintained above the 
liquidus temperature of the metal. In instances 
where shrinkage porosi�es were iden�fied, it 
was found to occur in regions that were not 
cri�cal to the part's func�onality. This 
observa�on suggests that the shrinkage 
porosi�es could poten�ally be mi�gated by 
op�mising the cooling channels present within 
the mould. The outcomes of this study demons-
trate the efficacy of the low-pressure cas�ng 
process as a viable method for advancements 
and innova�ons within the two-wheel industry.

ACKNOWLEDGEMENTS
The authors gratefully acknowledge the funding 
of AM2R - Agenda Mobilizadora para a inovação 
empresarial do setor das Duas Rodas (02-C05-
i01.01-2022.PC644866475-00000012), cofinan-
ced by Plano de Recuperação e Resiliência (PRR), 
through the financial support of the Portuguese 
Republic and NextGenera�onEU from European 
Union.

REFERENCES
[1] Mina, G., et al., How to improve the a�rac�veness 

of e-bikes for consumers: Insights from a 

systema�c review. Journal of Cleaner Produc�on, 

2024. 442: p. 140957.

[2] European Cyclists' Federa�on. Get ready for the 

cycling boom: Experts predict 30 million bicycle 

sales by 2030. Retrieved November 18th, 2024, 

from h�ps://ecf.com/news-and-events/news/get-

ready-cycling-boom-experts-predict-30-million-

bicycle-sales-2030

PRODUCT
DEVELOPMENT

PRODUCT
DEVELOPMENT

FIGURE 8
Solidifica�on analysis of the frame: a) Last sec�ons 
to solidify; b) shrinkage pososity predic�on.



26

SOCIEDADE
PORTUGUESA de
MATERIAIS

27

SOCIEDADE
PORTUGUESA de
MATERIAIS

[3] Frizziero L, Freddi M, Bucchi G, Coltelli L, Leon-

Cardenas C. Electric Bike Product Concep�on and 

Styling According to Design Trends. Designs. 2022; 

6(3):42. 

[4] Tozluolu Ç., et al. (2024). "Poten�al of e-bikes to 

replace passenger car trips and reduce greenhouse 

gas  emissions."  Journal  of  Cycl ing  and 

Micromobility Research 2: 100043. 

[5] Kapousizis, G., et al. (2024). "User acceptance of 

smart e-bikes: What are the influen�al factors? A 

cross-country comparison of five European 

countries." Transporta�on Research Part A: Policy 

and Prac�ce 185: 104106.

[6] Dong, G., et al. (2023). "Process op�miza�on of 

A356 aluminum alloy wheel hub fabricated by low-

pressure die cas�ng with simula�on and 

experimental coupling methods." Journal of 

Materials Research and Technology 24: 3118-

3132.

KEYWORDS

Structural Validation of a 
Bicycle Frame by Numerical 
Simulation

1* 1 1 2
Duarte Cachulo , Gonçalo Soares , Rui Amaral , António Esteves
1 INEGI, Rua Dr. Roberto Frias 400, 4200-465, Porto, Portugal. E-mail: dcachulo@inegi.up.pt
2 FAB, Parque Industrial Sobreposta, Lugar da Alagoa, Este (São Pedro e São Mamede), 4715-533 Braga, Portugal

Urban electric mobility has become a prominent and rapidly evolving sector within the two-wheel industry. 

This study focuses on the structural development of an aluminum frame for an electric bicycle, achieved by 

numerically replica�ng the tests required by the ISO 4210 and EN 15194 standards. The frame was designed 

to be aesthe�cally appealing, modern, and innova�ve. It was developed using low-pressure and gravity 

cas�ng processes, which eliminate tradi�onal produc�on steps such as welding and the extrusion/shaping 

of profiles, thereby streamlining the manufacturing process.

NUMERICAL SIMULATION; ALUMINUM; LIGHTWEIGHT MOBILITY; FATIGUE; IMPACT.

INTRODUCTION
Numerical simula�on is an indispensable tool in 
product op�miza�on, par�cularly in industries 
where efficiency and innova�on are paramount. 
By replacing tradi�onal trial-and-error manufa-
cturing methods, this tool enables the explora�-
on and refinement of different designs prior to 
the crea�on of physical prototypes, significantly 
reducing development �me and avoiding costly, 
unforeseen adjustments during produc�on. 

Unlike conven�onal methods that rely on 
physical prototypes and extensive experimental 
tes�ng cycles, numerical simula�on, allows for 
the recrea�on of physical phenomena and 
facilitates detailed analysis. Compared to 
tradi�onal physical prototyping methods, 
numerical simula�on offers clear advantages, 
such as the ability to test mul�ple scenarios, 
quickly adjust parameters, and op�mize 
geometries, providing a more comprehensive 
understanding of a product's structural behavior. 
Moreover, numerical simula�on reduces costs 
by elimina�ng the need to produce physical 
prototypes for every itera�on. This approach is 
par�cularly valuable in industries like transpor-
ta�on. However, it is crucial to strike a balance in 
the complexity of numerical models to avoid 
excessively long computa�onal �mes.

As part of the AM2R - Mobilizing Agenda for 
Business Innova�on in the Two-Wheel Sector, 
the finite element method was used to perform 
a structural assessment of an aluminum alloy 

electric bicycle frame. A CAD representa�on of 
the analyzed geometry can be seen in Figure 1. 
The goal was to validate the frame design by 
numerically replica�ng the mechanical tests 
required by ISO 4210 [1] and EN 15194 [2] 
standards, which require impact and fa�gue 
assessments. Through computer simula�ons, 
impact tests predicted the frame's behavior in 
collision scenarios and under impulsive forces 
applied over short �me intervals. Meanwhile, 
fa�gue tests predicted the frame's lifespan 
under cyclic loading condi�ons.

Based on the simula�on results, the frame's 
geometry was op�mized by addressing 
structural weaknesses before producing physical 
prototypes. This approach not only increases 
confidence in the mechanical performance of 
the manufactured frames but also significantly 

FIGURE 1
CAD representa�on of bicycle frame (dimensions: 
1250 x 630 x 165 mm).
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reduces costs by minimizing the need for 
adjustments during later stages.

Addi�onally, by incorpora�ng numerical simula-
�on into their manufacturing processes, 
companies in the two-wheel sector can produce 
bicycles that are lighter, more efficient, and safer. 
This enables more agile development with new 
materials and designs, accelera�ng innova�on 
and offering a clear compe��ve advantage in an 
increasingly globalized market.
 

MATERIALS AND METHODS
The development of the frame was conducted in 
two dis�nct phases. During the first phase, the 
design process focused on the ini�al concept, 
ensuring compliance with key requirements. 
These included ergonomic dimensions, seam-
less integra�on of accessories and components 
necessary for assembling a bicycle, and op�mal 
condi�ons for producing a high-quality cast part 
in A356 aluminum alloy with uniform thickness 
(average thickness of 4.5 mm) and rounded 
edges to avoid stress concentra�ons.

In the second phase, the frame design under-
went structural valida�on through numerical 
simula�ons in Abaqus so�ware. The elements 
used were 3D tetrahedral elements (C3D4) with 
a size varying between 5 and 15 mm in the 
cri�cal region. The material was assumed to 
have a linear elas�c behavior with the following 

elas�c proper�es, E = 70 GPa and n = 0.3. The 
finite element method was employed to evalu-
ate the frame of the aluminum alloy electric 
bicycle. The objec�ve was to structurally validate 
the frame design by virtually replica�ng the 
rigorous mechanical tests required by the ISO 
4210 and EN 15194 standards. These standards 
mandate impact and fa�gue tes�ng, which 
respec�vely allow for the predic�on of the 
frame's behavior in collision scenarios, where 
impulsive forces are applied over short �me 
intervals, and the assessment of the frame's 
durability under cyclic loading condi�ons. 

The phenomena to be captured by the simula�-
on are complex, making it essen�al to strike a 
balance between the complexity of the nume-
rical models and the need for reliable informa�-
on, in order to avoid excessive computa�onal 
�me. To achieve this, the ini�ally outlined 
models incorporated conserva�ve simplifica�-
ons, which allowed for preliminary results and 
the iden�fica�on of areas requiring more 
detailed analysis. Subsequently, the model was 
gradually refined, increasing its complexity as 
needed to be�er understand the structure's 
behavior.

One of the main simplifica�ons applied was to 
consider the fork of the structure (whose 
geometric defini�on is outside the scope of this 
work) as a rigid body that transmits all forces to 
the bicycle frame. This conserva�ve simplifica�-
on avoided the need to model an addi�onal 
body and its interac�ons, and enabled the use of 
a mesh with fewer elements, significantly 
reducing computa�onal �me. Furthermore, if 
the structure is validated under this conserva�ve 
condi�on, it will also be validated for a scenario 
where the fork par�ally absorbs the applied 
forces. Furthermore, the geometric model was 
simplified for the simula�on, accurately 
represen�ng the load bearing components, but 
reducing on uninfluen�al details that would 
complicate on the elabora�on of a finite 
element mesh.

The intrinsic characteris�cs of the numerical 
model were adjusted according to the type of 
test conducted. To capture the dynamic pheno-
mena associated with the impact test, an explicit 
dynamic simula�on was performed. In contrast, 
for the fa�gue tests, where the iner�a of the 
structure plays a less significant role, an implicit 
sta�c simula�on was chosen. Addi�onally, 
boundary condi�ons, body interac�ons, and 
force applica�ons were adapted as necessary for 
each specific scenario.

RESULTS AND DISCUSSION
The results obtained from these simula�ons 
enabled the iden�fica�on and implementa�on 
of geometric adjustments to the bicycle frame. 
Based on the results obtained, it was possible to 
op�mize the frame geometry by addressing 
structural weaknesses and valida�ng geometric 
modifica�ons before the produc�on of physical 
prototypes.

The results obtained from these simula�ons 
allowed for the iden�fica�on of areas with stress 
concentra�ons, which were addressed by 
applying small geometric adjustments. It is 
presented in Figure 2 and Figure 3 the von Mises 
equivalent stress field obtained during the falling 
mass and falling frame test required by ISO 
4210, respec�vely. The falling mass test consists 
on dropping a weight on the top of the bicycle 
fork while holding the frame ver�cally, and the 
falling frame consists on dropping the frame 
with weights a�ached to designated loca�ons 
and understanding how the structure reacts. 
Since these tests are dynamic, the images show 
the stress field at a selected �me step, which is 
considered representa�ve of the test results.
It is possible to observe that the 'U'-shaped 
notch is one of the most cri�cal geometric 
details and, therefore, has been subjected to a 

geometric altera�on to introduce reinforce-
ment. Addi�onally, these simula�ons also 
demonstrate how the transi�on from the zone 
coupling with the fork to the zone storing the 
ba�ery is subjected to high loads and so, it has 
been modified to become smoother.

The fa�gue tests were performed, and the 
elas�c stress fields for each cycle to which the 
structure was subjected were obtained. The 
stress values at the cri�cal points, along with the 
use of S-N curves of the material, allowed for 
es�ma�ons of the number of cycles the 
structure would endure, which were then 
compared to the standard requirements. 
Sa�sfactory results were obtained.

CONCLUSIONS
Numerical simula�on provides the capability to 
virtually replicate the structural tests required 
for the cer�fica�on of a bicycle frame, offering a 
powerful tool for assessing the performance of a 
design before physical tes�ng. By using this 
approach, engineers can simulate various real-
world condi�ons and ensure that the frame 
meets all necessary safety and performance 
standards. However, in certain cases, it may be 
necessary to apply a set of simplifica�ons to the 
model in order to find an op�mal balance 

between the computa�onal �me required for 
the simula�on and the accuracy of the results. 
These simplifica�ons are carefully chosen to 
ensure that the key aspects of the frame's 
behavior are accurately represented without 
overburdening the computa�onal resources.

The ability to perform these simula�ons not only 
accelerates the development of new products 
but also reduces costs by elimina�ng the need 
for producing mul�ple physical prototypes. This 
efficiency enables a faster, more cost-effec�ve 
design process while ensuring that the final 
product meets the required standards. By 
relying on numerical simula�on, manufacturers 
can achieve a higher level of precision and 
confidence in their designs, leading to improved 
quality and reduced �me-to-market for new 
bicycle frames.
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FIGURE 2
Falling mass test. a) Impact test results according to ISO 4210; b) Assembly presented in ISO 4210.
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to ISO 4210.
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reduces costs by minimizing the need for 
adjustments during later stages.

Addi�onally, by incorpora�ng numerical simula-
�on into their manufacturing processes, 
companies in the two-wheel sector can produce 
bicycles that are lighter, more efficient, and safer. 
This enables more agile development with new 
materials and designs, accelera�ng innova�on 
and offering a clear compe��ve advantage in an 
increasingly globalized market.
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fork while holding the frame ver�cally, and the 
falling frame consists on dropping the frame 
with weights a�ached to designated loca�ons 
and understanding how the structure reacts. 
Since these tests are dynamic, the images show 
the stress field at a selected �me step, which is 
considered representa�ve of the test results.
It is possible to observe that the 'U'-shaped 
notch is one of the most cri�cal geometric 
details and, therefore, has been subjected to a 

geometric altera�on to introduce reinforce-
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coupling with the fork to the zone storing the 
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been modified to become smoother.
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es�ma�ons of the number of cycles the 
structure would endure, which were then 
compared to the standard requirements. 
Sa�sfactory results were obtained.
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necessary to apply a set of simplifica�ons to the 
model in order to find an op�mal balance 

between the computa�onal �me required for 
the simula�on and the accuracy of the results. 
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ensure that the key aspects of the frame's 
behavior are accurately represented without 
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accelerates the development of new products 
but also reduces costs by elimina�ng the need 
for producing mul�ple physical prototypes. This 
efficiency enables a faster, more cost-effec�ve 
design process while ensuring that the final 
product meets the required standards. By 
relying on numerical simula�on, manufacturers 
can achieve a higher level of precision and 
confidence in their designs, leading to improved 
quality and reduced �me-to-market for new 
bicycle frames.
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The increasing adop�on of electric scooters in urban mobility faces safety challenges to efficiently detect 

obstacles and pedestrians. This study proposes a mobile driving assistance applica�on for electric scooters 

using computer vision based on Convolu�onal Neural Networks (CNNs). The model, trained on a large set of 

images and op�mized for mobile devices, showed high accuracy and low latency in hazard detec�on. This 

work validates the predic�ons of ADAS systems for micromobility, contribu�ng to road safety and 

confidence in the use of electric scooters.

E-SCOOTERS; SAFETY; MICROMOBILITY. 

INTRODUCTION
The increasing integra�on of electric scooters in 
urban mobility, although beneficial for sustai-
nability and conges�on reduc�on [1-5], has 
introduced pressing road safety challenges [6-9]. 
Scien�fic literature and technical reports point 
to a significant increase in accidents, o�en 
a�ributed to the difficulty of drivers in detec�ng 
obstacles such as pavement anomalies [10-15], 
and pedestrians [16-18] in a �mely manner, a 
situa�on aggravated by inadequate infrastructu-
re [12]. 

To mi�gate these risks, this work explores the 
applica�on of computer vision and Convolu-
�onal Neural Networks (CNNs) [19], technologi-
es that have demonstrated high efficiency in 
real-�me object detec�on [10-18]. The ability of 
these algorithms to operate on devices with 
limited compu�ng resources, such as smartpho-
nes, makes it feasible to implement them as a 
driver assistance system (ADAS) for scooters [11, 
14]. 

Therefore, we propose the development of a 
mobile applica�on that uses CNNs to iden�fy 
hazards and issue alerts in real �me, with the 
aim of increasing the safety of drivers and 
pedestrians [19, 20] and, consequently, 

strengthening confidence in micromobility as a 
sustainable urban transport [19, 20].

METHODOLOGY
The development methodology of the driving 
assistance applica�on for electric scooters 
comprised three main steps: (a) data collec�on 
and prepara�on, (b) training the object dete-
c�on model, and (c) applica�on development 
and opera�on.

DATA COLLECTION AND PREPARATION
A dataset of 600 frames was constructed, 
divided equally into two classes: C₁= {"People" ~ 
("Pessoas")} and C₂= {"Potholes" ~ ("Buracos")}. 
The collec�on was performed using a smartpho-
ne posi�oned at a height of 1.2 m, simula�ng the 
perspec�ve of a scooter driver. For class C₁, 
frames of people crossing roads were captured 
at a linear distance of 5.0 m. For class C₁, 
potholes with diameters between 0.10 and 0.30 
m and depths of 0.05 to 0.10 m were filmed at a 
linear distance of 5.0 m. 

Varia�ons in distance and viewing angle were 
inten�onally modified during collec�on to 
simulate different obstacle approach scenarios, 
as illustrated in Figure 1. All illustra�ons were 
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made under good ligh�ng condi�ons. A�er 
collec�on, the frames were carefully annotated 
for each class, making the dataset available for 
model training.

OBJECT DETECTION MODEL TRAINING 
The object detec�on model was trained using 
the YOLOv8-�ny architecture, selected for its 
balance between accuracy and computa�onal 
efficiency, crucial for mobile devices. Training 
was performed on a laptop with a 6th Gen Intel® 
Core i7 processor and 16 GB of RAM. The 
annotated data was split into training, valida�-
on, and test sets. 

During training, hyperparameters such as 
learning rates, number of epochs, and batch size 
were op�mized to maximize model performan-
ce. The trained model was then exported to a 
format op�mized for inference on mobile 
devices.

APPLICATION DEVELOPMENT AND OPERATION
The applica�on was developed for the Android 
13 opera�ng system (or higher), integra�ng the 
trained object detec�on model. The applica�on 
architecture consists of a basic opera�onal cycle 
of four blocks: start/stop, real-�me classifica�-
on, result display, and state control. 

The applica�on processes video frames in real 
�me, performs object detec�on (people and 
potholes), and displays the results visually to the 
user. The applica�on's opera�ng logic is detailed 
in Pseudocode 1 and its flow is visualized in 
Flowchart 1 (Figure 2).

A�er presen�ng the detailed algorithmic logic in 
Pseudocode 1, the applica�on's opera�onal 
flow is visualized more intui�vely through a 
flowchart. Flowchart 1 illustrates the sequence 
of events and interac�ons between the main 
modules of the system, from detec�on 
ini�aliza�on and control to processing and 
displaying the results in real �me. 

This graphical representa�on complements the 

pseudocode, providing a clear understanding of 
the applica�on's func�onal architecture.
 

RESULTS
The results obtained allowed the detec�on of 
the objects for which the models were trained. 
The mobile device used was a smartphone of 
the brand Samsung Galaxy A50's, processor 
4x2.3 GHz Cortex-A73 + 4x 1.7 GHz, chipset 
Samsung Exynos 9611, RAM 4GB, memory 
128GB. 
The applica�on was able to detect the objects of 
the class C₁= {"People"} and C₂= {"Potholes"}. For 
this work, only 6 records of the detec�ons will 
be presented (due to a space limita�on). In Fig. 
3, the records of 3 detec�on images are shown. 
Of these, 2 are C₁, and the other is C₂. 

These images were captured and are part of the 
results generated by the applica�on. The other 
numerical results of the detec�on are shown in 
Table 1. 

The percentage values of detec�on obtained for 
C  Were C ={100,99,100,100,89,99}. For C  The 1 1 2

percentage values of detec�on obtained were: 
C ={96,98,99,99,100,100}. For C , the average 2 1

per-centage of accuracy was 97.5%, with a   
2.5% = p < 5% (p - value). Already for C , The 2

average percentage obtained was 98.7%, com 
1.3% = p < 5% (p - value). 

The values obtained for p associated with C  and 1

C , respec�vely were obtained from the 2

subtrac�on between the values obtained by the 
model YOLO TINY v8, analyzing the same frames, 
running on the notebook and the values 
obtained, recorded by the applica�on running 
on the smartphone. These percentage values of 
precision for C  and C , as well as their respec�ve 1 2

p - values, show a high accuracy, with no consi-
derable latency observed for the set.  
 

CONCLUSION
The applica�on developed for mobile devices 
was designed to use computer vision capabili�es 
of low-cost smartphones for real-�me detec�on 
of obstacles on urban roads, specifically people 
and potholes, with the aim of increasing the 
safety of electric scooter drivers. The mobile 
device used, a Samsung Galaxy A50s with 
limited processing capabili�es, was able to 
perform the detec�on task effec�vely.

The results obtained in object detec�on for the 
classes "People" (C₁) and "Potholes" (C₂) were 
promising. The average detec�on accuracy for 
class C₁ was 97.8%, while for class C₂ it was 
98.7%. The difference between the percentage 
detec�on accuracy values obtained by the YOLO 
TINY v8 model running on a notebook and the 
values recorded by the applica�on running on 
the smartphone was described by a p-value 
between 1.3% and 2.5% in both cases. These 
percentage accuracy values, together with their 
respec�ve p-values, indicate high accuracy, and 
no specific latency was observed during the 
obstacle detec�on task.

Despite the success in valida�ng the concept, 
this work presents some limita�ons that may 
affect the generaliza�on of the results. The 
number of frames used for training was not 
extensive, and the quality of the frames emplo-
yed may have influenced the performance. In 
addi�on, simplifica�on measures were adopted 
to improve computa�onal efficiency and reduce 
costs, which may have an impact on robustness 
in more complex scenarios. 

A more in-depth analysis of external variables, 
such as ligh�ng condi�ons (e.g. day/night, 
shadow) or different road types (e.g. smooth 
asphalt, cobblestones, dirt), was not the focus of 
this study and represents an important limita�-
on. Consequently, the current results may not be 
directly extrapolated to all usage condi�ons in 
varied urban environments.

This work represents an innova�ve and low-cost 
solu�on that differen�ates itself from exis�ng 
approaches by exclusively using the computer 
vision capabili�es inherent to smartphones. It 
contributes significantly to the lack of driver 
assistance systems for electric scooters, being a 
scalable, efficient and viable technology. 

As future work, it is expected that the applica�-
on will be able to detect more complex obstacles 
and that it will be possible to integrate the 
measurement of internal signals from the driver 
to infer their safety, in addi�on to expanding the 
tests to include a wider range of environmental 
condi�ons and road surface types to assess the 
generalizability of the model.
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FIGURE 2
Flowchart 1: Opera�on Flow of the Driving 
Assistance App for Electric Scooters.

FIGURE 3
Detected objects - (a) people detected. (b) pothole 
in the street pavement detected. 

Classes (C) i Accuracy (%) Mean accuracy

TABLE 1
Accurancy and average detec�on accuracy.

C  1

C  2

100    99    100    100      89     99     97.8%

96    98      99      99    100    100    98.7%

FIGURE 1
Schema�c Representa�on of the Data Collec�on 
Process and Parameter Varia�on.

Pseudocode 1
Algorithm: RoadSafetySupportAppForScooters
Var boolean ac�ve = false
When classifier.ready:
    Display "ready."
When bu�on.clicked:
    If ac�ve is false:
      Start classifier.processvideo
      Ac�ve = true
Else:
      Stop Classifier.processvideo
      Ac�ve = FALSE
End if
When Classifier.datareceived(results):
    Clear Display
    For each item in results:
      Display item.label + ": " + item.confidence
    End for
End algorithm
End pseudocode
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made under good ligh�ng condi�ons. A�er 
collec�on, the frames were carefully annotated 
for each class, making the dataset available for 
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potholes), and displays the results visually to the 
user. The applica�on's opera�ng logic is detailed 
in Pseudocode 1 and its flow is visualized in 
Flowchart 1 (Figure 2).

A�er presen�ng the detailed algorithmic logic in 
Pseudocode 1, the applica�on's opera�onal 
flow is visualized more intui�vely through a 
flowchart. Flowchart 1 illustrates the sequence 
of events and interac�ons between the main 
modules of the system, from detec�on 
ini�aliza�on and control to processing and 
displaying the results in real �me. 

This graphical representa�on complements the 

pseudocode, providing a clear understanding of 
the applica�on's func�onal architecture.
 

RESULTS
The results obtained allowed the detec�on of 
the objects for which the models were trained. 
The mobile device used was a smartphone of 
the brand Samsung Galaxy A50's, processor 
4x2.3 GHz Cortex-A73 + 4x 1.7 GHz, chipset 
Samsung Exynos 9611, RAM 4GB, memory 
128GB. 
The applica�on was able to detect the objects of 
the class C₁= {"People"} and C₂= {"Potholes"}. For 
this work, only 6 records of the detec�ons will 
be presented (due to a space limita�on). In Fig. 
3, the records of 3 detec�on images are shown. 
Of these, 2 are C₁, and the other is C₂. 

These images were captured and are part of the 
results generated by the applica�on. The other 
numerical results of the detec�on are shown in 
Table 1. 

The percentage values of detec�on obtained for 
C  Were C ={100,99,100,100,89,99}. For C  The 1 1 2

percentage values of detec�on obtained were: 
C ={96,98,99,99,100,100}. For C , the average 2 1

per-centage of accuracy was 97.5%, with a   
2.5% = p < 5% (p - value). Already for C , The 2

average percentage obtained was 98.7%, com 
1.3% = p < 5% (p - value). 

The values obtained for p associated with C  and 1

C , respec�vely were obtained from the 2

subtrac�on between the values obtained by the 
model YOLO TINY v8, analyzing the same frames, 
running on the notebook and the values 
obtained, recorded by the applica�on running 
on the smartphone. These percentage values of 
precision for C  and C , as well as their respec�ve 1 2

p - values, show a high accuracy, with no consi-
derable latency observed for the set.  
 

CONCLUSION
The applica�on developed for mobile devices 
was designed to use computer vision capabili�es 
of low-cost smartphones for real-�me detec�on 
of obstacles on urban roads, specifically people 
and potholes, with the aim of increasing the 
safety of electric scooter drivers. The mobile 
device used, a Samsung Galaxy A50s with 
limited processing capabili�es, was able to 
perform the detec�on task effec�vely.

The results obtained in object detec�on for the 
classes "People" (C₁) and "Potholes" (C₂) were 
promising. The average detec�on accuracy for 
class C₁ was 97.8%, while for class C₂ it was 
98.7%. The difference between the percentage 
detec�on accuracy values obtained by the YOLO 
TINY v8 model running on a notebook and the 
values recorded by the applica�on running on 
the smartphone was described by a p-value 
between 1.3% and 2.5% in both cases. These 
percentage accuracy values, together with their 
respec�ve p-values, indicate high accuracy, and 
no specific latency was observed during the 
obstacle detec�on task.

Despite the success in valida�ng the concept, 
this work presents some limita�ons that may 
affect the generaliza�on of the results. The 
number of frames used for training was not 
extensive, and the quality of the frames emplo-
yed may have influenced the performance. In 
addi�on, simplifica�on measures were adopted 
to improve computa�onal efficiency and reduce 
costs, which may have an impact on robustness 
in more complex scenarios. 

A more in-depth analysis of external variables, 
such as ligh�ng condi�ons (e.g. day/night, 
shadow) or different road types (e.g. smooth 
asphalt, cobblestones, dirt), was not the focus of 
this study and represents an important limita�-
on. Consequently, the current results may not be 
directly extrapolated to all usage condi�ons in 
varied urban environments.

This work represents an innova�ve and low-cost 
solu�on that differen�ates itself from exis�ng 
approaches by exclusively using the computer 
vision capabili�es inherent to smartphones. It 
contributes significantly to the lack of driver 
assistance systems for electric scooters, being a 
scalable, efficient and viable technology. 

As future work, it is expected that the applica�-
on will be able to detect more complex obstacles 
and that it will be possible to integrate the 
measurement of internal signals from the driver 
to infer their safety, in addi�on to expanding the 
tests to include a wider range of environmental 
condi�ons and road surface types to assess the 
generalizability of the model.
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FIGURE 2
Flowchart 1: Opera�on Flow of the Driving 
Assistance App for Electric Scooters.

FIGURE 3
Detected objects - (a) people detected. (b) pothole 
in the street pavement detected. 

Classes (C) i Accuracy (%) Mean accuracy

TABLE 1
Accurancy and average detec�on accuracy.

C  1

C  2

100    99    100    100      89     99     97.8%

96    98      99      99    100    100    98.7%

FIGURE 1
Schema�c Representa�on of the Data Collec�on 
Process and Parameter Varia�on.

Pseudocode 1
Algorithm: RoadSafetySupportAppForScooters
Var boolean ac�ve = false
When classifier.ready:
    Display "ready."
When bu�on.clicked:
    If ac�ve is false:
      Start classifier.processvideo
      Ac�ve = true
Else:
      Stop Classifier.processvideo
      Ac�ve = FALSE
End if
When Classifier.datareceived(results):
    Clear Display
    For each item in results:
      Display item.label + ": " + item.confidence
    End for
End algorithm
End pseudocode
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This paper presents a smart E-bike system that fuses real-�me physiological, environmental, and bike-status 

data to enhance rider safety. A Random Forest model classifies current fa�gue with 80.5 % accuracy (recall 

0.88), while an LSTM predicts imminent fa�gue at 84.1 % accuracy (recall 0.90). Benchmarking demonstra-

tes up to a 19.4 percentage points (pp) accuracy gain over prior methods. The system issues context-aware 

alerts based on these predic�ons.

INTRODUCTION
The Internet of Things (IoT) has revolu�onized 
various sectors, including transporta�on, ena-
bling smarter and more efficient mobility 
solu�ons [1,2]. Electric bicycles (E-bikes) have 
gained popularity as eco-friendly transporta�on, 
enhanced by IoT features like real-�me tracking 
and adap�ve control systems [3]. However, 
current E-bike systems mainly focus on environ-
mental data, neglec�ng cri�cal psychophysiolo-
gical metrics such as fa�gue and stress, which 
are essen�al for safety and user experience [4]. 
Exis�ng IoT-enabled E-bike systems lack real-
�me physiological monitoring, limi�ng their 
ability to adapt to rider states. This gap increases 
risks related to fa�gue and stress and restricts 
personalized safety interven�ons and comfort 
enhancements. This study introduces an IoT-
integrated E-bike system incorpora�ng sensors 
for heart rate to monitor rider states.

The Machine Learning (ML) models used in this 
study, Random Forest (RF) and Long Short-Term 
Memory (LSTM) networks, classify current states 
and predict future ones, enabling dynamic 
recommenda�ons for enhanced safety and 
comfort.

The key objec�ves include: 

· Sensor Integra�on: Develop a pipeline combi- 

ning environmental and physiological data. 

· ML Models: Implement models for state classi-
fica�on and predic�on. 

· Real-Time Recommenda�ons: Create a recom-
menda�on engine for personalized alerts. 

· Field Tes�ng: Validate the system through real-
world tes�ng.

This scalable system contributes to sustainable 
and safe urban mobility. The system offers 
personalized recommenda�ons, such as rest 
alerts for fa�gued riders or safe route sugges�-
ons for stressed users, ensuring a proac�ve and 
user-centric riding experience.

METHODOLOGY
This sec�on outlines the methodology emplo-
yed to integrate a physiological layer into IoT 
networks, specifically within the context of an E-
bike eco-commu�ng system. The approach 
leverages quan�fied self-concepts to create 
personalized and adap�ve responses based on 
user-specific data and environmental factors.

The proposed system includes environmental 
sensors, physiological sensors, and E-bike status 
sensors (Figure 1). Environmental sensors 
monitor the rider's surroundings, such as tem-
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This paper presents a smart E-bike system that fuses real-�me physiological, environmental, and bike-status 

data to enhance rider safety. A Random Forest model classifies current fa�gue with 80.5 % accuracy (recall 

0.88), while an LSTM predicts imminent fa�gue at 84.1 % accuracy (recall 0.90). Benchmarking demonstra-

tes up to a 19.4 percentage points (pp) accuracy gain over prior methods. The system issues context-aware 

alerts based on these predic�ons.

INTRODUCTION
The Internet of Things (IoT) has revolu�onized 
various sectors, including transporta�on, ena-
bling smarter and more efficient mobility 
solu�ons [1,2]. Electric bicycles (E-bikes) have 
gained popularity as eco-friendly transporta�on, 
enhanced by IoT features like real-�me tracking 
and adap�ve control systems [3]. However, 
current E-bike systems mainly focus on environ-
mental data, neglec�ng cri�cal psychophysiolo-
gical metrics such as fa�gue and stress, which 
are essen�al for safety and user experience [4]. 
Exis�ng IoT-enabled E-bike systems lack real-
�me physiological monitoring, limi�ng their 
ability to adapt to rider states. This gap increases 
risks related to fa�gue and stress and restricts 
personalized safety interven�ons and comfort 
enhancements. This study introduces an IoT-
integrated E-bike system incorpora�ng sensors 
for heart rate to monitor rider states.

The Machine Learning (ML) models used in this 
study, Random Forest (RF) and Long Short-Term 
Memory (LSTM) networks, classify current states 
and predict future ones, enabling dynamic 
recommenda�ons for enhanced safety and 
comfort.

The key objec�ves include: 

· Sensor Integra�on: Develop a pipeline combi- 

ning environmental and physiological data. 

· ML Models: Implement models for state classi-
fica�on and predic�on. 

· Real-Time Recommenda�ons: Create a recom-
menda�on engine for personalized alerts. 

· Field Tes�ng: Validate the system through real-
world tes�ng.

This scalable system contributes to sustainable 
and safe urban mobility. The system offers 
personalized recommenda�ons, such as rest 
alerts for fa�gued riders or safe route sugges�-
ons for stressed users, ensuring a proac�ve and 
user-centric riding experience.

METHODOLOGY
This sec�on outlines the methodology emplo-
yed to integrate a physiological layer into IoT 
networks, specifically within the context of an E-
bike eco-commu�ng system. The approach 
leverages quan�fied self-concepts to create 
personalized and adap�ve responses based on 
user-specific data and environmental factors.

The proposed system includes environmental 
sensors, physiological sensors, and E-bike status 
sensors (Figure 1). Environmental sensors 
monitor the rider's surroundings, such as tem-
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perature, humidity, and light intensity, to ensure 
comfort and safety. Physiological sensors track 
the rider's physical state, such as heart rate. E-
bike status sensors monitor the bike's opera�o-
nal parameters, such as speed, GPS, and ba�ery 
status, to ensure op�mal performance and 
safety. These components work together to 
provide real-�me recommenda�ons to the user.

 

SENSOR VARIABLES AND UNITS
Physiological data (heart rate) were collected via 
a wearable smartwatch equipped with a 
photoplethysmography sensor, which streamed 
measurements in real �me to the E-bike's 
onboard processor. 

The training data for the models is gathered 
from controlled E-bike commutes, involving 
par�cipants who provide physiological and 
environmental data under different condi�ons, 
including heart rate, temperature, humidity, 
light intensity, speed, loca�on, ba�ery status, 
and user state labels.

The system architecture (Figure 2) aims to 
facilitate data flow from sensor collec�on to 
real-�me user recommenda�ons. It comprises 
modules like sensor placement, data collec�on 
module, and data transmission module. The 
data collec�on module synchronizes sensor 
inputs and handles discrepancies, while the data 
transmission module uses the ESP32 microcon-
troller for wireless data transmission using 
Bluetooth protocols.
 
The data processing and analysis module is a 
tool that performs preprocessing steps like data 

cleaning, normaliza�on, and feature extrac�on 
using three ML algorithms: RF, LSTM, and Linear 
Regression (LR). RF analyzes sensor data to 
classify rider's current state, LSTM predicts 
future states, and LR computes an overall score 
by weighing sensor inputs, to refine classifica�-
on and predic�on outcomes.

RECOMMENDATION ENGINE
The recommenda�on engine creates personali-
zed recommenda�ons for users to op�mize 
rider safety and system efficiency by addressing 
detected states like fa�gue. Data processing is 
crucial for the system's accuracy and reliability 
(Figure 3). Key steps include normaliza�on 
techniques, feature extrac�on, and ML models. 
Normaliza�on rescales data to a mean of 0 and a 
standard devia�on of 1, while feature extrac�on 
calculates sta�s�cal measures like mean, 
standard devia�on, and variance from �me-
series data.

The system uses two ML models: RF, for real-
�me rider state classifica�on, and LSTM, for 
predic�ng future states based on historical data. 
RF is robust to noise and overfi�ng, providing 
insights into influen�al features and offering 
versa�lity for classifica�on and regression tasks. 
LSTM excels at temporal pa�ern recogni�on, 
memory reten�on, and sequen�al data hand 
ling, making it ideal for processing �me-series 
data from physiological sensors. To ensure the 
models' effec�veness, a me�culous training and 
valida�on process is required. The dataset is 
divided into training (70%), valida�on (20%), and 
test (10%) sets, with model selec�on based on 
performance metrics and hyperparameter 
tuning. K-fold cross-valida�on is implemented to 
ensure model generalizability across different 
data subsets, and �me windows are considered 
to account for temporal dependencies in the 
data.

The system uses a decision-making layer to 
integrate and analyze data from various sources, 
enabling informed and adap�ve recommenda�-
ons. Data fusion combines environmental, 
physiological, and E-bike sensor data into a 
unified dataset, while ML integra�on uses RF 
and LSTM models to iden�fy pa�erns and make 
predic�ve assessments.
 
MODEL INTEGRATION AND ROLE CLARITY
In our proposed method, we have three models 
that work to make ac�onable recommenda�-
ons: the LSTM model is for future state predic�-
on, the RF model is for current state classifica�-
on, and the LR model calculates an overall 
con�nuous score S from sensor inputs. At the 
same �me, the RF and LSTM models yield 
categorical outputs. 

The LR model provides a quan�ta�ve measure 
that reflects the overall physiological state of the 
rider by incorpora�ng variables such as heart 
rate, environmental temperature, and humidity. 
The thresholds T  (140 bpm) and T  (160 bpm) 1 2

were empirically determined based on an 
analysis of physiological data collected from a 
pilot study involving ten riders. Specifically, these 
thresholds correspond to the 75th and 90th 
percen�les of measured physiological exer�on 
levels, represen�ng meaningful transi�on points 
from normal physiological states to moderate 
and high-stress or fa�gue condi�ons. These 
percen�les were selected to reflect clinically 
accepted ranges that differen�ate comfortable 
riding condi�ons (Normal) from moderate 
physiological stress indica�ng onset of fa�gue 
(Fa�gued), and cri�cal stress condi�ons that 
demand immediate interven�on (Stressed). This 

percen�le-based approach ensures thresholds 
are data-driven, representa�ve, and applicable 
across typical rider profiles.
To ensure clarity in the decision-making process, 
the overall score S is subjected to threshold-
based classifica�on: 

Normal: if S £ T1

Fa�gued: if T < S £ T1 2

Stressed: if S > T2

The integra�on process is as follows: 
RF Output: Provides an immediate, categorical 
assessment of the rider's current state.
LSTM Output: Predicts the near-future state by 
es�ma�ng how soon fa�gue may set in.
Overall Score (S): Acts as a complementary 
measure that refines these predic�ons by 
quan�fying the degree of devia�on from the 
rider's normal state.

In scenarios where the RF and LSTM outputs 
may conflict when the overall score falls near 
threshold boundaries, the system employs a 
weighted fusion of these outputs to determine 
the final recommenda�on. 

Suppose the RF model indicates a "Normal" 
state, yet the overall score is marginally above 
T1. In that case, the system may adopt a more 
cau�ous recommenda�on than one based 
solely on the RF output. 

This integrated approach ensures that the 
decision-making process is robust and accounts 
for immediate observa�ons and an�cipated 
changes in the rider's condi�on, enhancing 
overall safety and system performance.    

FIGURE 1
Sensor choice and placement.

FIGURE 2
System architecture flowchart.

TABLE 1
List every signal recorded, the sensor type, unit.

Variable SensorType Unit

Heart rate

Temperature

Humidity

Light intensity

Speed

GPS coordinates

Ba�ery status

Photoplethysmography

Thermistor

Capaci�ve hygrometer

Ambient light sensor

Wheel encoder

GNSS receiver

Voltage monitor

-1beats min

°C

% RH

lux
-1km h

(lat, lon)

V

FIGURE 3
Unified Modeling Language (UML) sequence diagram for sensor data collec�on and ML processing.
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perature, humidity, and light intensity, to ensure 
comfort and safety. Physiological sensors track 
the rider's physical state, such as heart rate. E-
bike status sensors monitor the bike's opera�o-
nal parameters, such as speed, GPS, and ba�ery 
status, to ensure op�mal performance and 
safety. These components work together to 
provide real-�me recommenda�ons to the user.

 

SENSOR VARIABLES AND UNITS
Physiological data (heart rate) were collected via 
a wearable smartwatch equipped with a 
photoplethysmography sensor, which streamed 
measurements in real �me to the E-bike's 
onboard processor. 

The training data for the models is gathered 
from controlled E-bike commutes, involving 
par�cipants who provide physiological and 
environmental data under different condi�ons, 
including heart rate, temperature, humidity, 
light intensity, speed, loca�on, ba�ery status, 
and user state labels.

The system architecture (Figure 2) aims to 
facilitate data flow from sensor collec�on to 
real-�me user recommenda�ons. It comprises 
modules like sensor placement, data collec�on 
module, and data transmission module. The 
data collec�on module synchronizes sensor 
inputs and handles discrepancies, while the data 
transmission module uses the ESP32 microcon-
troller for wireless data transmission using 
Bluetooth protocols.
 
The data processing and analysis module is a 
tool that performs preprocessing steps like data 

cleaning, normaliza�on, and feature extrac�on 
using three ML algorithms: RF, LSTM, and Linear 
Regression (LR). RF analyzes sensor data to 
classify rider's current state, LSTM predicts 
future states, and LR computes an overall score 
by weighing sensor inputs, to refine classifica�-
on and predic�on outcomes.

RECOMMENDATION ENGINE
The recommenda�on engine creates personali-
zed recommenda�ons for users to op�mize 
rider safety and system efficiency by addressing 
detected states like fa�gue. Data processing is 
crucial for the system's accuracy and reliability 
(Figure 3). Key steps include normaliza�on 
techniques, feature extrac�on, and ML models. 
Normaliza�on rescales data to a mean of 0 and a 
standard devia�on of 1, while feature extrac�on 
calculates sta�s�cal measures like mean, 
standard devia�on, and variance from �me-
series data.

The system uses two ML models: RF, for real-
�me rider state classifica�on, and LSTM, for 
predic�ng future states based on historical data. 
RF is robust to noise and overfi�ng, providing 
insights into influen�al features and offering 
versa�lity for classifica�on and regression tasks. 
LSTM excels at temporal pa�ern recogni�on, 
memory reten�on, and sequen�al data hand 
ling, making it ideal for processing �me-series 
data from physiological sensors. To ensure the 
models' effec�veness, a me�culous training and 
valida�on process is required. The dataset is 
divided into training (70%), valida�on (20%), and 
test (10%) sets, with model selec�on based on 
performance metrics and hyperparameter 
tuning. K-fold cross-valida�on is implemented to 
ensure model generalizability across different 
data subsets, and �me windows are considered 
to account for temporal dependencies in the 
data.

The system uses a decision-making layer to 
integrate and analyze data from various sources, 
enabling informed and adap�ve recommenda�-
ons. Data fusion combines environmental, 
physiological, and E-bike sensor data into a 
unified dataset, while ML integra�on uses RF 
and LSTM models to iden�fy pa�erns and make 
predic�ve assessments.
 
MODEL INTEGRATION AND ROLE CLARITY
In our proposed method, we have three models 
that work to make ac�onable recommenda�-
ons: the LSTM model is for future state predic�-
on, the RF model is for current state classifica�-
on, and the LR model calculates an overall 
con�nuous score S from sensor inputs. At the 
same �me, the RF and LSTM models yield 
categorical outputs. 

The LR model provides a quan�ta�ve measure 
that reflects the overall physiological state of the 
rider by incorpora�ng variables such as heart 
rate, environmental temperature, and humidity. 
The thresholds T  (140 bpm) and T  (160 bpm) 1 2

were empirically determined based on an 
analysis of physiological data collected from a 
pilot study involving ten riders. Specifically, these 
thresholds correspond to the 75th and 90th 
percen�les of measured physiological exer�on 
levels, represen�ng meaningful transi�on points 
from normal physiological states to moderate 
and high-stress or fa�gue condi�ons. These 
percen�les were selected to reflect clinically 
accepted ranges that differen�ate comfortable 
riding condi�ons (Normal) from moderate 
physiological stress indica�ng onset of fa�gue 
(Fa�gued), and cri�cal stress condi�ons that 
demand immediate interven�on (Stressed). This 

percen�le-based approach ensures thresholds 
are data-driven, representa�ve, and applicable 
across typical rider profiles.
To ensure clarity in the decision-making process, 
the overall score S is subjected to threshold-
based classifica�on: 

Normal: if S £ T1

Fa�gued: if T < S £ T1 2

Stressed: if S > T2

The integra�on process is as follows: 
RF Output: Provides an immediate, categorical 
assessment of the rider's current state.
LSTM Output: Predicts the near-future state by 
es�ma�ng how soon fa�gue may set in.
Overall Score (S): Acts as a complementary 
measure that refines these predic�ons by 
quan�fying the degree of devia�on from the 
rider's normal state.

In scenarios where the RF and LSTM outputs 
may conflict when the overall score falls near 
threshold boundaries, the system employs a 
weighted fusion of these outputs to determine 
the final recommenda�on. 

Suppose the RF model indicates a "Normal" 
state, yet the overall score is marginally above 
T1. In that case, the system may adopt a more 
cau�ous recommenda�on than one based 
solely on the RF output. 

This integrated approach ensures that the 
decision-making process is robust and accounts 
for immediate observa�ons and an�cipated 
changes in the rider's condi�on, enhancing 
overall safety and system performance.    

FIGURE 1
Sensor choice and placement.

FIGURE 2
System architecture flowchart.

TABLE 1
List every signal recorded, the sensor type, unit.

Variable SensorType Unit

Heart rate

Temperature

Humidity

Light intensity

Speed

GPS coordinates

Ba�ery status

Photoplethysmography

Thermistor

Capaci�ve hygrometer

Ambient light sensor

Wheel encoder

GNSS receiver

Voltage monitor

-1beats min

°C

% RH

lux
-1km h

(lat, lon)

V

FIGURE 3
Unified Modeling Language (UML) sequence diagram for sensor data collec�on and ML processing.
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RECOMMENDATION GENERATION
Based on the model predic�ons, the system 
generates tailored recommenda�ons aimed at 
enhancing the rider's safety and comfort. These 
recommenda�ons are dynamically adjusted 
based on real-�me data to ensure op�mal 
system performance and rider safety.

DECISION RULE FORMULA
Let:

· RF be the predic�on from the Random Forest 
model.

· LSTM be the predic�on from the Long Short-
Term Memory model.

The possible outputs from the RF model are:
RF = ''Normal''
RF = ''Fa�gued''
RF = ''Stressed''

The possible outputs from the LSTM model are:
LSTM = ''Normal''
LSTM = ''Fa�gue in 20 minutes''
LSTM = ''Fa�gue in 10 minutes'’

The recommenda�ons based on these outputs 
can be defined as follows:
Recommenda�on = f(RF, LSTM)

Based on these combined outputs, the system 
applies decision rules to generate recommenda-
�ons, as shown in Table 2 below.

The system calculates the overall score S by 
assigning weights to various sensor readings, 
using the LR model trained on labeled data. The 
weights are determined by calcula�ng the 
rela�onship between sensor inputs and the 
user's physiological state. The overall score S is 
calculated as:

S= w ·HR+ w ·Temp + w ·Humid, whereHR Temp Humid

w  is the weight for the heart rate, HR.HR

w  is the weight for the environmental Temp

temperature, Temp.

w  is the weight for the humidity, Humid.Humid

To accurately determine the weights w , w , HR Temp

w , a LR model was employed, in which a Humid

linear rela�onship between the sensor readings 
(independent variables) and the user's state 
(dependent variable) was established.

MODEL FORMULATION
The LR model for S is defined as:

S=b +b HR+b Temp+b Humid+e, where: b0 = 0 1 2 3

intercept term, b1, b2, b3 = coefficients repre-

sen�ng the weights for each sensor, and e = 
error term capturing variance not explained by 
the model.

The study collected sensor readings and user 
state labels from par�cipants during E-bike 
commutes under different condi�ons. Data 
prepara�on involved data cleaning, normaliza�-
on, and feature selec�on. The LR model was 
trained using the prepared dataset, which was 
divided into training, valida�on, and tes�ng 
subsets. The model was fi�ed by minimizing the 
Mean Squared Error (MSE) between predicted 
scores and actual user states. Hyperparameter 
tuning was employed to ensure model robust-
ness, as LR has minimal hyperparameters. The 
training process aimed to evaluate model 
performance and prevent overfi�ng.

The LR model's coefficients b1, b2, b3 represent 
the weights for each sensor reading, quan�fying 
their contribu�on to the overall score S.

MODEL SUMMARY
Table 3 compares our three ML approaches in 
terms of purpose, inputs, outputs, advantages, 
limita�ons and key hyperparameters.

WEIGHT DETERMINATION
All sensor inputs were first normalized to zero 
mean and unit variance. We then determined 
weights as follows:

Linear Regression coefficients (bi):
The LR model was fi�ed by ordinary least 
squares on the training set, yielding

b1=0.5, b2=0.3, b3=0.2,
Thus, the con�nuous exer�on score is computed as
S=0.5·HR_norm+0.3·Temp_norm+0.2·Humid_nor

m
These coefficients quan�fy each sensor’s 
rela�ve contribu�on to the score.

Model-fusion weights (aj):
To combine the RF, LSTM and LR outputs into a 
single recommenda�on decision, we performed 
a grid search over weights 

aRF,aLSTM,aLR on the valida�on set. The 
combina�on that maximized F1-score was

aRF=0.4,aLSTM=0.4,aLR=0.2.
IMPLEMENTATION

The LR model assumes a linear rela�onship 
between independent and dependent variables, 
applying independence, homoscedas�city, and 
normality (Figure 4).

However, the model may not capture complex 
nonlinear rela�onships in psychophysiological 
data. The overall score S is used to classify user 
states into Normal, Fa�gued, or Stressed, with 
thresholds T1 and T2 applied to facilitate this 
classifica�on.

              Normal, if S £ T1

State =  Fa�gued, if T  < S £ T1 2

              Stressed, if S > T2

REAL-TIME ADJUSTMENTS AND FUTURE 
PREDICTION
The system con�nuously samples all sensors at 1 
Hz and updates fa�gue and exer�on es�mates 
every 10 s using a sliding-window approach. 
Based on the latest model outputs and environ-
mental readings, it issues context-aware recom-
menda�ons. For example: 

· Rising fa�gue on uphill segments: if heart rate 
exceeds T  (140 bpm) while GPS-derived 1

eleva�on gain > 5 m over the last 30 s, the 
system alerts "Uphill fa�gue detected - 
consider reducing speed".

· Heat stress management: when temperature > 
30 °C and humidity > 70 % coincide with a 
fa�gue risk score > 0.8, it prompts "High heat 
stress - hydrate and slow down". 

· Ba�ery-aware guidance: if ba�ery status drops 
below 20 % on a planned long route, it advises 
"Low ba�ery - seek charging or shorten route." 

· Imminent fa�gue predic�on: the LSTM fore-
casts > 80 % probability of fa�gue within the 
next 5 min, promp�ng "Fa�gue predicted - 
prepare to rest soon".

RESULTS
QUANTITATIVE EVALUATION  
We evaluated each model on the held-out test 
set (10 % of the data). For the Random Forest 
(RF) and LSTM classifiers we report accuracy and 

TABLE 2
Decision rules and recommenda�ons.

RF Predic�on

Normal

Normal

Normal

Fa�gued

Fa�gued

Fa�gued

Stressed

Stressed

Stressed

LSTM Predic�on Recommenda�on

Normal

Fa�gue in 20 mins

Fa�gue in 10 mins

Normal

Fa�gue in 20 mins

Fa�gue in 10 mins

Normal

Fa�gue in 20 mins

Fa�gue in 10 mins

Con�nue Ridind

Take a Short Break

Immediate Rest

Con�nue Ridind

Take a Short Break

Immediate Rest

Take a Short break

Take a Short Break

Immediate Rest

Rider is in a stable state with no immediate concerns

Early signs of fa�gue detected; preven�ng escala�on

High likelihood of fa�gue shortly; ensuring safety

Current fa�gue is manageable; con�nue with cau�on

Rides is already fa�gued; prevent further exhaus�on

Cri�cal fa�gue state requiring immediate ac�on

Stress detected; a break can help alleviate it

High stress combined with poten�al fa�gue; proac�ve break

Elevated stress and inninent fa�gu; ensure rider safety

Jus�fica�on

TABLE 3
Summary of modeling approaches: purpose, input features, outputs, advantages, limita�ons, and key 
hyperparameters for the Random Forest, LSTM, and Linear Regression models used in this study.

Model

RF

LSTM

LR

FIGURE 4
Data processing and model implementa�on 
flowchart

Func�on Inputs Outputs Advantages Limita�ons Key Hyperparameters

State
classifica�on

Fa�gue
predic�on

Exer�on
es�ma�on

All sensors
(HR,Temp, 
Humid, Light, 
Speed, GPS, 
Ba�ery status)

Seq windows
(len=50 of all
sensors)

Avg HR;
Avg Temp;
Avg Humid

State label
(Normal / 
Fa�gue /
Stressed)

Con�nuous
fa�gue risk
score

Con�nuous
exer�on
score S

Noise-robust;
interpretable;
fast

Captures 
temporal
pa�erns;
handles 
sequences

Simple;
interpretable;
fast

Overfits small
data;
ignores
temporal
order

Data-heavy;
slow;
complex
tuning

Linear:
sensi�ve to
outliers

trees = 100;
depth = 10;
criterion = gini

units = 64;
dropout = 0.2;
lr = 0.001;
epochs = 100

L2 regulariza�on
(l = 0.01)
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RECOMMENDATION GENERATION
Based on the model predic�ons, the system 
generates tailored recommenda�ons aimed at 
enhancing the rider's safety and comfort. These 
recommenda�ons are dynamically adjusted 
based on real-�me data to ensure op�mal 
system performance and rider safety.

DECISION RULE FORMULA
Let:

· RF be the predic�on from the Random Forest 
model.

· LSTM be the predic�on from the Long Short-
Term Memory model.

The possible outputs from the RF model are:
RF = ''Normal''
RF = ''Fa�gued''
RF = ''Stressed''

The possible outputs from the LSTM model are:
LSTM = ''Normal''
LSTM = ''Fa�gue in 20 minutes''
LSTM = ''Fa�gue in 10 minutes'’

The recommenda�ons based on these outputs 
can be defined as follows:
Recommenda�on = f(RF, LSTM)

Based on these combined outputs, the system 
applies decision rules to generate recommenda-
�ons, as shown in Table 2 below.

The system calculates the overall score S by 
assigning weights to various sensor readings, 
using the LR model trained on labeled data. The 
weights are determined by calcula�ng the 
rela�onship between sensor inputs and the 
user's physiological state. The overall score S is 
calculated as:

S= w ·HR+ w ·Temp + w ·Humid, whereHR Temp Humid

w  is the weight for the heart rate, HR.HR

w  is the weight for the environmental Temp

temperature, Temp.

w  is the weight for the humidity, Humid.Humid

To accurately determine the weights w , w , HR Temp

w , a LR model was employed, in which a Humid

linear rela�onship between the sensor readings 
(independent variables) and the user's state 
(dependent variable) was established.

MODEL FORMULATION
The LR model for S is defined as:

S=b +b HR+b Temp+b Humid+e, where: b0 = 0 1 2 3

intercept term, b1, b2, b3 = coefficients repre-

sen�ng the weights for each sensor, and e = 
error term capturing variance not explained by 
the model.

The study collected sensor readings and user 
state labels from par�cipants during E-bike 
commutes under different condi�ons. Data 
prepara�on involved data cleaning, normaliza�-
on, and feature selec�on. The LR model was 
trained using the prepared dataset, which was 
divided into training, valida�on, and tes�ng 
subsets. The model was fi�ed by minimizing the 
Mean Squared Error (MSE) between predicted 
scores and actual user states. Hyperparameter 
tuning was employed to ensure model robust-
ness, as LR has minimal hyperparameters. The 
training process aimed to evaluate model 
performance and prevent overfi�ng.

The LR model's coefficients b1, b2, b3 represent 
the weights for each sensor reading, quan�fying 
their contribu�on to the overall score S.

MODEL SUMMARY
Table 3 compares our three ML approaches in 
terms of purpose, inputs, outputs, advantages, 
limita�ons and key hyperparameters.

WEIGHT DETERMINATION
All sensor inputs were first normalized to zero 
mean and unit variance. We then determined 
weights as follows:

Linear Regression coefficients (bi):
The LR model was fi�ed by ordinary least 
squares on the training set, yielding

b1=0.5, b2=0.3, b3=0.2,
Thus, the con�nuous exer�on score is computed as
S=0.5·HR_norm+0.3·Temp_norm+0.2·Humid_nor

m
These coefficients quan�fy each sensor’s 
rela�ve contribu�on to the score.

Model-fusion weights (aj):
To combine the RF, LSTM and LR outputs into a 
single recommenda�on decision, we performed 
a grid search over weights 

aRF,aLSTM,aLR on the valida�on set. The 
combina�on that maximized F1-score was

aRF=0.4,aLSTM=0.4,aLR=0.2.
IMPLEMENTATION

The LR model assumes a linear rela�onship 
between independent and dependent variables, 
applying independence, homoscedas�city, and 
normality (Figure 4).

However, the model may not capture complex 
nonlinear rela�onships in psychophysiological 
data. The overall score S is used to classify user 
states into Normal, Fa�gued, or Stressed, with 
thresholds T1 and T2 applied to facilitate this 
classifica�on.

              Normal, if S £ T1

State =  Fa�gued, if T  < S £ T1 2

              Stressed, if S > T2

REAL-TIME ADJUSTMENTS AND FUTURE 
PREDICTION
The system con�nuously samples all sensors at 1 
Hz and updates fa�gue and exer�on es�mates 
every 10 s using a sliding-window approach. 
Based on the latest model outputs and environ-
mental readings, it issues context-aware recom-
menda�ons. For example: 

· Rising fa�gue on uphill segments: if heart rate 
exceeds T  (140 bpm) while GPS-derived 1

eleva�on gain > 5 m over the last 30 s, the 
system alerts "Uphill fa�gue detected - 
consider reducing speed".

· Heat stress management: when temperature > 
30 °C and humidity > 70 % coincide with a 
fa�gue risk score > 0.8, it prompts "High heat 
stress - hydrate and slow down". 

· Ba�ery-aware guidance: if ba�ery status drops 
below 20 % on a planned long route, it advises 
"Low ba�ery - seek charging or shorten route." 

· Imminent fa�gue predic�on: the LSTM fore-
casts > 80 % probability of fa�gue within the 
next 5 min, promp�ng "Fa�gue predicted - 
prepare to rest soon".

RESULTS
QUANTITATIVE EVALUATION  
We evaluated each model on the held-out test 
set (10 % of the data). For the Random Forest 
(RF) and LSTM classifiers we report accuracy and 

TABLE 2
Decision rules and recommenda�ons.

RF Predic�on

Normal

Normal

Normal

Fa�gued

Fa�gued

Fa�gued

Stressed

Stressed

Stressed

LSTM Predic�on Recommenda�on

Normal

Fa�gue in 20 mins

Fa�gue in 10 mins

Normal

Fa�gue in 20 mins

Fa�gue in 10 mins

Normal

Fa�gue in 20 mins

Fa�gue in 10 mins

Con�nue Ridind

Take a Short Break

Immediate Rest

Con�nue Ridind

Take a Short Break

Immediate Rest

Take a Short break

Take a Short Break

Immediate Rest

Rider is in a stable state with no immediate concerns

Early signs of fa�gue detected; preven�ng escala�on

High likelihood of fa�gue shortly; ensuring safety

Current fa�gue is manageable; con�nue with cau�on

Rides is already fa�gued; prevent further exhaus�on

Cri�cal fa�gue state requiring immediate ac�on

Stress detected; a break can help alleviate it

High stress combined with poten�al fa�gue; proac�ve break

Elevated stress and inninent fa�gu; ensure rider safety

Jus�fica�on

TABLE 3
Summary of modeling approaches: purpose, input features, outputs, advantages, limita�ons, and key 
hyperparameters for the Random Forest, LSTM, and Linear Regression models used in this study.

Model

RF

LSTM

LR

FIGURE 4
Data processing and model implementa�on 
flowchart

Func�on Inputs Outputs Advantages Limita�ons Key Hyperparameters

State
classifica�on

Fa�gue
predic�on

Exer�on
es�ma�on

All sensors
(HR,Temp, 
Humid, Light, 
Speed, GPS, 
Ba�ery status)

Seq windows
(len=50 of all
sensors)

Avg HR;
Avg Temp;
Avg Humid

State label
(Normal / 
Fa�gue /
Stressed)

Con�nuous
fa�gue risk
score

Con�nuous
exer�on
score S

Noise-robust;
interpretable;
fast

Captures 
temporal
pa�erns;
handles 
sequences

Simple;
interpretable;
fast

Overfits small
data;
ignores
temporal
order

Data-heavy;
slow;
complex
tuning

Linear:
sensi�ve to
outliers

trees = 100;
depth = 10;
criterion = gini

units = 64;
dropout = 0.2;
lr = 0.001;
epochs = 100

L2 regulariza�on
(l = 0.01)
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recall; for the Linear Regression (LR) es�mator 
we report mean squared error (MSE). Table 4  
summarizes these metrics for fa�gue detec�on.
 
To contextualize our results, we compare 
ourselves with Luo et al. [5], who reported 
physical-fa�gue detec�on using an RF classifier 
at 71.85% accuracy and 0.72 average recall, and 
cogni�ve-fa�gue detec�on at 64.69% accuracy 
and 0.65 recall. Our RF model improves physical-
fa�gue accuracy to 80.50% (+8.65 pp) and recall 
to 0.88 (+0.16), while our LSTM model improves 
cogni�ve-fa�gue accuracy to 84.10% (+19.41 
pp) and recall to 0.90 (+0.25).

These results confirm that our LSTM delivers the 
strongest cogni�ve fa�gue discrimina�on, the 
RF provides robust physical fa�gue classifica�on, 
and the LR model yields accurate con�nuous 
exer�on es�mates.

E-BIKE ECO-COMMUTING SYSTEM 
PROOF-OF-CONCEPT
To demonstrate the prac�cal applica�on of the 
proposed methodology, a proof-of-concept 
system is implemented within a prototype E-
bike eco-commu�ng scenario. This scenario 
involves a typical user commu�ng in an urban 
environment, u�lizing the E-bike equipped with 
the integrated sensors suite.

SCENARIO DEFINITION
User Profile and Recommenda�on Purpose. 
We target urban commuters aged 18-65 in 
general good health but with varying fitness 
levels, who rely on the E-bike for daily trips of 5-
20 km. The system con�nuously monitors rider 
physiology and environmental condi�ons to 
issue context-aware guidance-specifically: 
"Con�nue Riding" when no fa�gue or stress is 
detected, "Take a Short Break" at early signs of 
fa�gue or stress, "Immediate Rest" when 
imminent or cri�cal fa�gue is predicted, "Low 
ba�ery - seek charging or shorten route" when 
ba�ery runs low. These personalized prompts 
help maintain safe exer�on levels, prevent 
sudden fa�gue or stress escala�on, and enhance 
overall comfort and trip confidence.

IMPLEMENTATION STEPS
Sensor Deployment: Install environmental, 
physiological, and E-bike status sensors on the E-
bike and wearable devices.
Data Collec�on Framework: Develop a system to 
aggregate real-�me data from all sensors, 
ensuring data integrity and synchroniza�on.
Data Processing Pipeline: Implement preproces-
sing algorithms to clean, normalize, and extract 
features from the collected data.
Model Integra�on: Deploy RF and LSTM models 
to analyze the processed data and generate 
predic�ons.
Recommenda�on Engine Deployment: Integrate 
the recommenda�on engine to provide ac�ona-
ble sugges�ons based on model outputs.

IoT-Based E-bike Monitoring & 
Recommenda�on System Algorithm:
Require: Environmental, Physiological, and E-
bike sensor data  
Ensure: Real-�me alerts, state classifica�on, 
future predic�ons, and recommenda�ons  
Procedure Ini�alize_System():
    1. Ini�alize sensors, microcontroller (ESP32), 

Bluetooth, ML models (RF, LSTM), and UI.  
End Procedure  
Procedure Main_Loop():
        While system is running:
        1. Collect & preprocess sensor data (clean, 

normalize, filter).  
        2. Extract features, fuse data, detect 

anomalies.  
        3. Predict state (RF) and future fa�gue 

(LSTM).  
        4. Generate & display recommenda�ons 

based on predic�ons.  
        5. Collect & process user feedback.  
        6. If (feedback > 50) > Retrain models.  
        7. If (nega�ve feedback) > Adjust model 

parameters.  
    End While  
End Procedure

CONCLUSIONS AND FUTURE WORK
In this work, we demonstrated a smart E-bike 
system that fuses physiological, environmental, 
and bike-status data to detect and predict rider 
fa�gue-achieving 80.5% accuracy for current 
fa�gue detec�on and 84.1% accuracy for 
imminent fa�gue predic�on. Real-�me recom-

TABLE 4
Performance metrics on test data. Computed on con�nuous exer�on scores from the LR model 
(see Module formula�on).

Model

RF

LSTM

LR

Accuracy Precision Recall F1-score AUC MSE

0.805

0.841

-

0.82

0.87

-

0.88

0.9

-

0.85

0.88

-

0.9

0.93

-

-

-

0.012
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menda�ons based on fused model outputs were 
shown to improve safety and rider comfort.

Building on this prototype, future work will:

· Explore advanced modeling techniques,such 
as polynomial regression and deep learning 
architectures, to boost predic�ve accuracy.  

· Integrate addi�onal psychophysiological sen-
sors (skin conductance, EEG) for richer state 
es�ma�on.  

· Conduct long-term field trials across diverse 
riding condi�ons to assess real-world usability, 
gather user feedback, and quan�fy energy-
efficiency impacts.
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recall; for the Linear Regression (LR) es�mator 
we report mean squared error (MSE). Table 4  
summarizes these metrics for fa�gue detec�on.
 
To contextualize our results, we compare 
ourselves with Luo et al. [5], who reported 
physical-fa�gue detec�on using an RF classifier 
at 71.85% accuracy and 0.72 average recall, and 
cogni�ve-fa�gue detec�on at 64.69% accuracy 
and 0.65 recall. Our RF model improves physical-
fa�gue accuracy to 80.50% (+8.65 pp) and recall 
to 0.88 (+0.16), while our LSTM model improves 
cogni�ve-fa�gue accuracy to 84.10% (+19.41 
pp) and recall to 0.90 (+0.25).

These results confirm that our LSTM delivers the 
strongest cogni�ve fa�gue discrimina�on, the 
RF provides robust physical fa�gue classifica�on, 
and the LR model yields accurate con�nuous 
exer�on es�mates.

E-BIKE ECO-COMMUTING SYSTEM 
PROOF-OF-CONCEPT
To demonstrate the prac�cal applica�on of the 
proposed methodology, a proof-of-concept 
system is implemented within a prototype E-
bike eco-commu�ng scenario. This scenario 
involves a typical user commu�ng in an urban 
environment, u�lizing the E-bike equipped with 
the integrated sensors suite.

SCENARIO DEFINITION
User Profile and Recommenda�on Purpose. 
We target urban commuters aged 18-65 in 
general good health but with varying fitness 
levels, who rely on the E-bike for daily trips of 5-
20 km. The system con�nuously monitors rider 
physiology and environmental condi�ons to 
issue context-aware guidance-specifically: 
"Con�nue Riding" when no fa�gue or stress is 
detected, "Take a Short Break" at early signs of 
fa�gue or stress, "Immediate Rest" when 
imminent or cri�cal fa�gue is predicted, "Low 
ba�ery - seek charging or shorten route" when 
ba�ery runs low. These personalized prompts 
help maintain safe exer�on levels, prevent 
sudden fa�gue or stress escala�on, and enhance 
overall comfort and trip confidence.

IMPLEMENTATION STEPS
Sensor Deployment: Install environmental, 
physiological, and E-bike status sensors on the E-
bike and wearable devices.
Data Collec�on Framework: Develop a system to 
aggregate real-�me data from all sensors, 
ensuring data integrity and synchroniza�on.
Data Processing Pipeline: Implement preproces-
sing algorithms to clean, normalize, and extract 
features from the collected data.
Model Integra�on: Deploy RF and LSTM models 
to analyze the processed data and generate 
predic�ons.
Recommenda�on Engine Deployment: Integrate 
the recommenda�on engine to provide ac�ona-
ble sugges�ons based on model outputs.

IoT-Based E-bike Monitoring & 
Recommenda�on System Algorithm:
Require: Environmental, Physiological, and E-
bike sensor data  
Ensure: Real-�me alerts, state classifica�on, 
future predic�ons, and recommenda�ons  
Procedure Ini�alize_System():
    1. Ini�alize sensors, microcontroller (ESP32), 

Bluetooth, ML models (RF, LSTM), and UI.  
End Procedure  
Procedure Main_Loop():
        While system is running:
        1. Collect & preprocess sensor data (clean, 

normalize, filter).  
        2. Extract features, fuse data, detect 

anomalies.  
        3. Predict state (RF) and future fa�gue 

(LSTM).  
        4. Generate & display recommenda�ons 

based on predic�ons.  
        5. Collect & process user feedback.  
        6. If (feedback > 50) > Retrain models.  
        7. If (nega�ve feedback) > Adjust model 

parameters.  
    End While  
End Procedure

CONCLUSIONS AND FUTURE WORK
In this work, we demonstrated a smart E-bike 
system that fuses physiological, environmental, 
and bike-status data to detect and predict rider 
fa�gue-achieving 80.5% accuracy for current 
fa�gue detec�on and 84.1% accuracy for 
imminent fa�gue predic�on. Real-�me recom-

TABLE 4
Performance metrics on test data. Computed on con�nuous exer�on scores from the LR model 
(see Module formula�on).

Model

RF

LSTM

LR

Accuracy Precision Recall F1-score AUC MSE

0.805

0.841

-

0.82

0.87

-

0.88

0.9

-

0.85

0.88

-

0.9

0.93

-

-
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menda�ons based on fused model outputs were 
shown to improve safety and rider comfort.

Building on this prototype, future work will:

· Explore advanced modeling techniques,such 
as polynomial regression and deep learning 
architectures, to boost predic�ve accuracy.  

· Integrate addi�onal psychophysiological sen-
sors (skin conductance, EEG) for richer state 
es�ma�on.  

· Conduct long-term field trials across diverse 
riding condi�ons to assess real-world usability, 
gather user feedback, and quan�fy energy-
efficiency impacts.
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In this study, the wear performance of carburised and nitrided steels was compared to that of hard 

chromium-coated steel using a counter body DIN 100Cr6 steel ball. The ball-on-disc wear tests indicated that 

the carburised and nitrided discs showed no measurable wear under the condi�ons tested. In contrast, the 
-6 3hard chromium-coated discs showed an average specific wear rate of 1.5x10  mm /N.m for a sliding 

distance of 1000 m. The results obtained suggest that carburising and nitriding thermochemical treatments 

can offer alterna�ve solu�ons for improving the wear performance of bicycle rear hub gears.

KEYWORDS
CARBURISING; NITRIDING; WEAR; GEARS; FREEHUB.

INTRODUCTION
Bicycle rear freehubs are cri�cal components for 
transmi�ng movement from the pedal to the 
wheel through a system of gears [1]. To increase 
the longevity of gears, it is common prac�ce to 
apply coa�ngs, the most common being hard 
chromium electropla�ng [1]. Hard chromium 
electropla�ng of gears improves corrosion 
resistance and wear performance. Despite the 
performance benefits of hard chromium 
electropla�ng, there is an environmental and 
public health risk resul�ng from the use of 
hexavalent chromium-based solu�ons to obtain 
these coa�ngs [2]. Thermochemical treatments 
involve a change in the chemical composi�on of 
the steel's surface through the inters��al 
diffusion of carbon or nitrogen atoms in the 
metal's crystal la�ce, increasing hardness and 
fa�gue resistance [3].  This work aims to 
evaluate the wear performance of carburised 
and nitrided steels as alterna�ves to hard 
chromium coa�ng for bicycle rear freehub gears.

MATERIALS AND METHODS
40CrMnNiMo 8-6-4 and 16MnCr5 steel rods 
were obtained in the tempered and annealed 
states, respec�vely. The average chemical 
composi�on of each steel is shown in Table 1. 

Test discs, Ø50 mm x 6 mm thick, were machi-
ned from each steel rod. The 16MnCr5 steel was 

carburised in an industrial furnace with a 
controlled atmosphere at a temperature of 

900°C, followed by quenching in oil and 

tempering at 200°C. The ALLNIT® low-pressure 
nitriding thermo-chemical treatment was 

carried out at 540°C in a gaseous atmosphere 
consis�ng of NH³, N² and NO² on 40CrMnNiMo 
8-6-4 steel. A�er the thermochemical treat-
ments, all the discs were ground to remove the 
oxida�on layer present a�er carburising and to 
reduce the roughness induced by machining. 
Some of the thermochemically carburised discs 
were sent for hard chromium electropla�ng 
a�er surface grinding. A�er hard chromium 

deposi�on, the discs were heat treated at 130°C 
for 8 hours to reduce the steel's suscep�bility to 
hydrogen embri�lement [4]. The roughness 
parameters obtained using a Sensofar S Neox 

TABLE 1
Chemical composi�on of the steels used in this study
(wt.%)

C

Si

Mn

Cr

Ni

Mo

Fe

0.17

0.27

1.29

1.10

-

-

bal.

Elements 16MnCr5 40CrMnNiMo 8-6-4

0.38

0.32

1.37

1.94

1.00

0.18

bal.
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the steel's surface through the inters��al 
diffusion of carbon or nitrogen atoms in the 
metal's crystal la�ce, increasing hardness and 
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chromium coa�ng for bicycle rear freehub gears.

MATERIALS AND METHODS
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op�cal profilometer in interferometric mode for 
the discs a�er grinding and hard chromium 
electropla�ng are shown in Table 2.

The microstructure of the samples was analysed 
by op�cal and scanning electron microscopy 
a�er cross-cu�ng, polishing and etching with 
2% Nital solu�on. Knoop microhardness was 
measured  using  INNOVATEST  FALCON 
600G2FAO5 equipment with a load of 0.098 N 
applied for 10 s, and Vickers microhardness was 
carried out using Wilson VH1102 equipment 
with a load of 0.980 N applied for 10 s. Ball-on-
disc tribological wear tests were carried out on 
an Anton Paar model TRB3 equipment in an 
unlubricated regime following the ASTM G99 
standard, with a constant applied force of 3 N, a 
constant linear speed of 0.25 m/s and sliding 
distances of  500 and 1000 m. A DIN 100Cr6 
steel ball with a Ø of 6 mm was used as a 
counter-body, and the tests were repeated 3 
�mes for each condi�on. The wear volume of 
the balls was obtained from the diameter of the 
wear scar, and for the discs, a 3D op�cal 
profilometer, Sensofar S-neox, was used under 
white light interferometry.  

RESULTS AND DISCUSSION
Figure 1 shows the microstructures obtained of 
the 16MnCr5 steel discs a�er carburising, a�er 
hard chromium electropla�ng, and from the 
40CrMnNiMo 8-6-4 steel a�er nitriding. In 
Figure 1 (A), it is observed that the 16MnCr5 
steel disc, a�er carburising, shows internal 
oxida�on in the surface layer of the disc [5,6]. 
Therefore, this internal oxida�on layer was 
removed by grinding a�er carburising and 
before the hard chrome coa�ng was applied. 
Figure 1 (B) shows the microstructure of the 
40CrMnNiMo 8-6-4 steel disc a�er nitriding, 
which consists of most probably a compound 

layer of nitrides e-Fe N and g'-Fe N on the 2-3 4

surface, followed by a diffusion layer of nitrogen-
saturated ferrite and dispersed nitrides 
(probably CrN), as can be seen in  Figure 1 (C) [3]. 
The thickness of the compound layer was 7.5 ± 
1.8 µm. Figure 1 (D) shows the microstructure of 
the 16MnCr5 steel disc a�er hard chromium 
coa�ng, in which no internal oxida�on can be 
detected, and the hard chromium layer can be 
observed. The thickness of the hard chromium 
layer determined by the ball-cratering Calotest 
method was 3.8 ± 0.5 µm [7].  

Figure 2 shows the Vickers microhardness 
profiles as a func�on of distance from the 
surface for the various treated steels. A�er 
nitriding, 40CrMnNiMo 8-6-4 steel had higher 
microhardness up to 50 µm from the surface 
than carburised 16MnCr5 steel. As the distance 
from the disc surface increases, the microhard-
ness of 40CrMnNiMo 8-6-4 steel a�er nitriding 
decreases sharply. A�er carburising, the 
16MnCr5 steel shows a much more gradual 
decrease in microhardness with increasing 
distance from the surface compared to the 
nitrided 40CrMnNiMo 8-6-4 steel, showing a 
case-hardened layer depth of around 550 µm, as 
can be seen in Figure 2. The Vickers microhard-
ness profile obtained from 16MnCr5 steel a�er 
hard chromium electropla�ng was slightly lower 
compared to 16MnCr5 steel without hard 
chromium electropla�ng. The microhardness 
obtained for hard chromium was 1308 ± 51 HK 
0.01.   
 
Figure 3 shows the coefficients of fric�on (µ) and 
specific wear rate (Ws) of the balls, calculated for 
the different ball-on-disc pairs and sliding 
distances of 500 and 1000 m. The coefficients of 
fric�on for the tribological pair consis�ng of the 
hard chromium-coated disc and the DIN 100Cr6 
steel ball were significantly higher than those of 
the tribological pairs consis�ng of the carburised 
and nitrided steels and the DIN 100Cr6 steel ball. 
It is thus interes�ng to note that the specific 
wear rates of the balls used on the 16MnCr5 
discs a�er carburising and 40CrMnNiMo 8-6-4 
a�er nitriding were higher than those of the 
16MnCr5 steel disc with hard chromium 
electropla�ng, as shown in Figure 3. 

 

Figure 4 shows the specific wear rates obtained 
for the hard chromium-coated 16MnCr5 steel 
discs for different sliding distances. It was found 
that the wear on the discs of 16MnCr5 steel 
a�er carburising and 40CrMnNiMo 8-6-4 a�er 

nitriding was negligible under the selected test 
condi�ons, while the 16MnCr5 steel disc a�er 
carburising and hard chromium electropla�ng 
had a measured wear track. The specific wear 
rate of the hard chromium-coated disc increased 
slightly with increasing sliding distance, as 
shown in Figure 4. 

 

 

CONCLUSIONS
The thermochemical treatments of carburising 
and nitriding increased the surface hardness of 
the 16MnCr5 and 40CrMnNiMo 8-6-4 steels, 
respec�vely. The uncoated steel discs showed 
no measurable wear under the test condi�ons in 
this study, while the hard chromium-coated 
steel discs showed dis�nct wear tracks. 
Furthermore, the fric�on coefficients of the 
tribological pairs made up of the carburised and 
nitrided steels and the DIN 100Cr6 steel ball 
were significantly lower than those of the hard 
chromium coa�ng and steel ball pair. The results 
obtained suggest that the thermochemical 
treatments of carburising and nitriding steels 
may be viable alterna�ves for the wear 
performance of bicycle rear hub gears.
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TABLE 2
Roughness of the discs’ surfaces a�er grinding and
hard chrome coa�ng.

Discs a�er grinding

Discs a�er hard 
chromium deposi�on

0.16 ± 0.05

0.22 ± 0.04

Sq [mm]

0.12 ± 0.03

0.16 ± 0.02

Sa [mm]

FIGURE 1
Microstructures obtained by op�cal microscopy 
of the cross-sec�on of the discs of (A) 16MnCr5 steel 
a�er carburising and (B) 40CrMnNiMo 8-6-4 steel 
a�er nitriding. Secondary electron images were 
obtained by scanning electron microscopy on the 
cross-sec�on of the discs of (C) 40CrMnNiMo 8-6-4 
steel a�er nitriding and (D) 16MnCr5 steel a�er 
carburising and hard chromium electropla�ng. The 
white dashed lines indicate the posi�on of the disc 
surface.

FIGURE 2
Vickers microhardness varia�on as a func�on of 
distance from the surface. The horizontal dashed
lines indicate the reference value for determining 
the case hardening layer depth for carburising 
and nitriding according to the standard 
EN ISO 18203:2016. 

FIGURE 3
Fric�on coefficients (µ) for the ball-disc set and 
specific wear rate (Ws) obtained for the DIN 100Cr6 
steel balls tested on the different discs for sliding 
distances of 500 and 1000 m. 

FIGURE 4
Specific wear rates obtained for the 16MnCr5 steel 
discs with hard chromium coa�ng tested for sliding 
distances of 500 and 1000 m.
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FIGURE 1
Microstructures obtained by op�cal microscopy 
of the cross-sec�on of the discs of (A) 16MnCr5 steel 
a�er carburising and (B) 40CrMnNiMo 8-6-4 steel 
a�er nitriding. Secondary electron images were 
obtained by scanning electron microscopy on the 
cross-sec�on of the discs of (C) 40CrMnNiMo 8-6-4 
steel a�er nitriding and (D) 16MnCr5 steel a�er 
carburising and hard chromium electropla�ng. The 
white dashed lines indicate the posi�on of the disc 
surface.

FIGURE 2
Vickers microhardness varia�on as a func�on of 
distance from the surface. The horizontal dashed
lines indicate the reference value for determining 
the case hardening layer depth for carburising 
and nitriding according to the standard 
EN ISO 18203:2016. 

FIGURE 3
Fric�on coefficients (µ) for the ball-disc set and 
specific wear rate (Ws) obtained for the DIN 100Cr6 
steel balls tested on the different discs for sliding 
distances of 500 and 1000 m. 

FIGURE 4
Specific wear rates obtained for the 16MnCr5 steel 
discs with hard chromium coa�ng tested for sliding 
distances of 500 and 1000 m.
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In cycling, chains play a vital role in transferring power from pedal mo�on to the wheels, significantly 

influencing overall bike performance. Historically, hard chromium has been used to enhance chain 

performance. However, growing environmental concerns and stricter regula�ons surrounding the release of 

toxic hexavalent and trivalent chromium have driven the search for sustainable coa�ng alterna�ves. This 

work focused on the deposi�on of ZrCN, WSC and DLC-Si-O coa�ngs, onto bike chain components using 

magnetron spu�ering. The aim was to evaluate their fric�on and wear behavior, as an eco-friendly 

subs�tute for hard chromium. The produced coa�ngs exhibited hardness values of 6 to 14 GPa and compact 

and dense morphologies. Tribological tests involved reciproca�ng sliding mo�on and a comparison to a 

commercially used hard chromium coa�ng. The results displayed that the magnetron spu�ered coa�ngs all 

showed significantly improvements in the fric�on coefficients. Specific wear rates were also shown as an 

improvement with the WSC and DLC-Si-O coa�ngs showing lower wear rates than the reference. Some 

coa�ngs exhibit promising results, sugges�ng they could serve as a superior alterna�ve to the current use of 

hard chromium.

 INTRODUCTION
Cycling has become increasing popular as the 
preferred way to encourage the prac�ce of 
healthy lifestyles, environmental awareness, and 
for the need of sustainable modes of transporta-
�on [1]. From an environmental perspec�ve, the 
European Cyclists' Federa�on reports that 
cycling generates €150 billion in benefits 
annually across the EU, with over €90 billion 
a�ributed to environmental protec�on, public 
health, and mobility [2]. Considering this, when 
it comes to smooth movement, the bicycle chain 
plays a crucial role, as a key component in 
transmi�ng power from the pedals to the 
wheels through interconnected links that 
engage with gears and sprockets [3]. A malfunc-
�oning chain hinders movement, reduces power 
efficiency, and affects gear shi�ing. Excessive 
wear can also lead to costly repairs. Regular 
maintenance and awareness of chain wear help 
extend its lifespan and prevent unnecessary 
expenses [4]. To further address the issue of 
wear, considerable a�en�on has been devoted 
by researchers over the years to developing 
modern surface modifica�on techniques. These 
methods aim to prevent and control wear-
related problems effec�vely [5]. Tradi�onally, 
industries have, for nearly a century, extensively 

u�lized hard chromium (Cr) in numerous appli-
ca�ons across the manufacturing, produc�on, 
and consumer goods industries [6, 7] due to its 
high hardness [8], outstanding corrosion 
resistance, [9] and excellent an�-wear perfor-
mance [10]. Despite the benefits of hard 
electroplated chromium coa�ngs, concerns over 
the pla�ng process have increased in the past 
decade. Hexavalent chromium (Cr⁺⁶), commonly 
used in electropla�ng, poses significant safety, 
health, and environmental risks [11]. Due to its 
widespread use in metallurgy, electropla�ng, 
leather produc�on, and stainless steel 
manufacturing, chromium is classified as a 
highly hazardous metal by the Toxic Substances 
and Disease Registry (TSDR) [12] and the 
Interna�onal Agency for Research on Cancer 
(IARC) [13]. In response to these environmental 
and health concerns associated with the release 
of hexavalent, interest in other hard coa�ngs has 
surged over the past decade. Over the last 50 
years, various coa�ng deposi�on and diffusion 
techniques have been developed to enhance 
surface hardness, each suited to specific 
materials and applica�ons [14]. More recently, 
research has focused on crea�ng durable, wear-
resistant coa�ngs that significantly improve the 
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In cycling, chains play a vital role in transferring power from pedal mo�on to the wheels, significantly 

influencing overall bike performance. Historically, hard chromium has been used to enhance chain 
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toxic hexavalent and trivalent chromium have driven the search for sustainable coa�ng alterna�ves. This 
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 INTRODUCTION
Cycling has become increasing popular as the 
preferred way to encourage the prac�ce of 
healthy lifestyles, environmental awareness, and 
for the need of sustainable modes of transporta-
�on [1]. From an environmental perspec�ve, the 
European Cyclists' Federa�on reports that 
cycling generates €150 billion in benefits 
annually across the EU, with over €90 billion 
a�ributed to environmental protec�on, public 
health, and mobility [2]. Considering this, when 
it comes to smooth movement, the bicycle chain 
plays a crucial role, as a key component in 
transmi�ng power from the pedals to the 
wheels through interconnected links that 
engage with gears and sprockets [3]. A malfunc-
�oning chain hinders movement, reduces power 
efficiency, and affects gear shi�ing. Excessive 
wear can also lead to costly repairs. Regular 
maintenance and awareness of chain wear help 
extend its lifespan and prevent unnecessary 
expenses [4]. To further address the issue of 
wear, considerable a�en�on has been devoted 
by researchers over the years to developing 
modern surface modifica�on techniques. These 
methods aim to prevent and control wear-
related problems effec�vely [5]. Tradi�onally, 
industries have, for nearly a century, extensively 

u�lized hard chromium (Cr) in numerous appli-
ca�ons across the manufacturing, produc�on, 
and consumer goods industries [6, 7] due to its 
high hardness [8], outstanding corrosion 
resistance, [9] and excellent an�-wear perfor-
mance [10]. Despite the benefits of hard 
electroplated chromium coa�ngs, concerns over 
the pla�ng process have increased in the past 
decade. Hexavalent chromium (Cr⁺⁶), commonly 
used in electropla�ng, poses significant safety, 
health, and environmental risks [11]. Due to its 
widespread use in metallurgy, electropla�ng, 
leather produc�on, and stainless steel 
manufacturing, chromium is classified as a 
highly hazardous metal by the Toxic Substances 
and Disease Registry (TSDR) [12] and the 
Interna�onal Agency for Research on Cancer 
(IARC) [13]. In response to these environmental 
and health concerns associated with the release 
of hexavalent, interest in other hard coa�ngs has 
surged over the past decade. Over the last 50 
years, various coa�ng deposi�on and diffusion 
techniques have been developed to enhance 
surface hardness, each suited to specific 
materials and applica�ons [14]. More recently, 
research has focused on crea�ng durable, wear-
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physical proper�es of different surfaces [15]. 
Over the past three decades, several families of 
these coa�ngs have been developed, including 
various carbon-based films, carbides, borides, 
nitrides, oxides, and metal nitrides [16, 17]. 
These coa�ngs are widely used in hard coa�ng 
applica�ons due to their superior mechanical 
and tribological proper�es. In addi�on to their 
high hardness and wear resistance, they also 
offer excellent oxida�on resistance and chemical 
stability in extreme environments [18, 19]. To 
add to this, the advancement of 'clean' physical 
vapour deposi�on (PVD) technologies in indus-
trial manufacturing is a crucial task in deposi�ng 
these high-performance coa�ngs and more 
specifically magnetron spu�ering [20]. This 
technique is well known for being extensively 
versa�le in the materials it can deposit [21] and 
by the huge control one can have over the 
process [22]. Moreover, this is a process that can 
be considered "clean" with low carbon footprint 
that aligns well with environmental legisla�on 
protec�ons [23]. In this context, this work 
focuses on the deposi�on of three different 
coa�ng systems (ZrCN, DLC-Si-O and W-S-C) by 
magnetron spu�ering into inner plates parts of a 
commercial bike chain followed by a tribological 
analysis of the fric�on and wear to assess the 
feasibility of its viability as a replacement for 
hard chromium in bike chains.

EXPERIMENTAL PROCEDURE
For this work, all three different coa�ng systems 
were deposited by normal DC magnetron 
spu�ering. Prior to the start of all the deposi�-
ons, the chamber was evacuated to a pressure 

-4of 6x10  Pa. A�er and before star�ng the final 
deposi�on of the coa�ng, the substrates and 
targets were spu�er cleaned using argon 
plasma, by applying a substrate bias voltage of 
600 V through a pulsed DC power supply 
followed by the deposi�on of a chromium 
interlayer and gradient layers to promote the 
adhesion of the coa�ngs. During the deposi�-
ons, the working pressure was around 0.5 Pa for 
the ZrCN, DLC-Si-O and W-S-C systems. For the 

ZrCN system, reac�ve mode was used with the 
introduc�on of nitrogen (N₂) and methane (CH₄) 
with par�al pressures of 0.03 Pa and 0.14 Pa, 
respec�vely. For the DLC-Si-O system, reac�ve 
mode was also used with the introduc�on of 
oxygen (O₂) gas with a par�al pressure of 0.08 
Pa. Note that, for the ZrCN coa�ng, the nomen-
clature of ZrN 75C is used, where 75C refers to 
the amount of carbon in the coa�ng (in this case, 
75 at.%). The substrates used to deposit the 
coa�ng systems were (111) silicon wafers and 
commercial inner plates of a bike chain. To 
achieve complete deposi�on of the complex 
geometry of the small inner plates, a carousel 
with a double-fold rota�on planetary system 
was used, as shown in Fig. 1.

The surface and cross-sec�on morphology of 
coa�ngs were analyzed using a field emission 
scanning electron microscope (Hitachi SU3800), 
and coa�ng thickness was obtained from 
micrographs of the fractured cross-sec�ons in 
the silicon wafers. The elemental composi�on 
was measured using an energy dispersive 
spectroscopy (EDS, Bruker Nano) analyzer, 
operated at an accelera�ng voltage of 10 kV. The 

crystal structure was assessed by X-ray diffrac�-
on (X'pert PRO MRD, Panaly�cal) in conven�onal 
mode on bragg-brentano configura�on using Co 
K radia�on (= 0.178901 nm). The hardness and 
reduced elas�c modulus were measured by 
nanoindena�on (Nanotest, Micromaterials), 
using a pyramidal Berkovich diamond indenter 
using a maximum load of 10 mN in a total of 16 
indenta�ons. More details on the experimental 
procedure and the characteriza�on and analysis 
of some of the proper�es of the coa�ngs can be 
seen on Table 1.

The tribological behavior of the films was 
evaluated on a reciproca�ng sliding tribometer 
RTec Instruments. The tribology tests were 
performed against 100Cr6 balls and were carried 
out at room temperature (RT) under a normal 
load of 5 N (ZrCN, reference and DLC-Si-O) and 

-120N (W-S-C), a constant linear speed of 0.1 ms  
for 5000 cycles. The specific wear rate of the 
coa�ngs was determined through the evalua-
�on of the cross-sec�on area of the 2D profiles 
obtained in 4 different zones of the wear track, 
using a 2D profilometer, followed by an es�ma-
�on of the wear volume.

The surface morphology, wear mechanisms and 
chemical composi�on of the wear tracks and 
wear debris were analyzed by scanning electron 
microscopy (SEM) integrated with energy 
dispersive x ray spectroscopy (EDS) using an 
accelera�ng voltage of 10 kV.

RESULTS
The coefficient of fric�on and the corresponding 
specific wear rates for the tested coa�ngs can be 
seen in Figure 2 and 3, respec�vely. As displayed, 
the reference exhibits a considerably high 
fric�on coefficient of around 0,75, which is 
typical for these types of materials when in 
contact with other similar materials (such as 
chrome steels). However, the introduc�on of 
carbon into the films, as expected, leads to a 
significant decrease in the fric�on coefficient, 
most likely due to the presence of graphite at the 
contact interface, which provides a lubrica�ng 
effect and consequently results in low fric�on 
coefficients. Indeed, the ZrN 75C coa�ng shows 
a steep decrease of the fric�on to values around 
0.2 while the DLC-Si-O and W-S-C coa�ngs go 
even further with a reduc�on in fric�on to 
around 0.1. This could suggest that wear 
resistance for these coa�ngs is very high.

However, when analyzing Figure 3 and the 
calculated specific wear rates, this was not the 
case for the ZrN 75C coa�ng. In fact, this coa�ng 
shows the lowest wear resistance of all the 
tested samples (even than the reference) while 

the DLC-Si-O and the W-S-C coa�ngs show a 
considerable decrease in the wear rate, showing 
clear improvements in the wear resistance when 
compared to the reference. To understand 
be�er the wear behavior and the mechanisms, 
analysis of the wear tracks was conducted.

For the reference sample it was found that most 
of the wear was adhesive. The combina�on of its 
rela�vely high hardness ( 12 GPa), which ~
"protects" against abrasion, and the followed 
forma�on of a protec�ve tribo-film of chromium 
oxide, explains the good wear resistance of this 
sample, despite the high coefficient of fric�on 
observed. Typically, the carbon phase introduc�-
on (for the other tested coa�ngs) is the main 
contribu�on towards the reduc�on in fric�on 
during ambient air sliding through fric�on-
induced graphi�za�on. In fact, such is the case 
for all the coa�ngs although, the ZrN 75C coa�ng 
shows a decrease in the wear resistance. 
Analysis of the wear track shows only slight signs 
of abrasion which suggest that the combina�on 
of its low hardness (~8 GPa) and the presence of 
the small and very hard ZrN crystallites (~25 GPa) 
are the culprit for the abrasive signs. Although 
high hardness typically suggests superior wear 
resistance, hard coa�ngs can o�en suffer from 
the issue of small par�cle and/or debris 
detachment from the coa�ng itself which then 
act as a third body within the contact interface 
and lead to an extreme increase in contact 
pressure. This, in turn, can cause a sharp rise in 
the wear rate and consequently a reduc�on in 
wear resistance. In the case of DLC-Si-O, the 
wear track looks smooth with no signs of 
abrasion. Thus, the increased wear resistance 
can be a�ributed to the combined effect of the 
presence of the lubricious carbon tribolayer, like 
in a pure DLC coa�ng, the presence of Si-O which 
is also known to provide low fric�on and wear 
values and the rela�vely high hardness (~14 
GPa) that protects against plas�c deforma�on. 
Finally, the W-S-C shows the best wear resistan-

FIGURE 1
Deposi�on chamber and sample moun�ng example.

FIGURE 2
Coefficient of fric�on for the tested coa�ng.

TABLE 1
Deposi�on parameters and main proper�es of the deposited coa�ngs.

Traget power (W)

Working pressure (Pa)

Bias (V)

Thickness (mm)

Hardness (Gpa)

Reduced elas�c modulus (Gpa)

Structure

Color

ZrN 75C DLC-Si-O W-S-C Reference

550 (Zr)

0.5 0.5 0.5 -

-

50 50 - -

~2 ~2 ~2 ~10

~8 ~14 ~6 ~12
~75 ~160 ~65 -

FCC (ZrN) Amorphous -Amorphous

Blackish Black Metallic greyDark grey
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physical proper�es of different surfaces [15]. 
Over the past three decades, several families of 
these coa�ngs have been developed, including 
various carbon-based films, carbides, borides, 
nitrides, oxides, and metal nitrides [16, 17]. 
These coa�ngs are widely used in hard coa�ng 
applica�ons due to their superior mechanical 
and tribological proper�es. In addi�on to their 
high hardness and wear resistance, they also 
offer excellent oxida�on resistance and chemical 
stability in extreme environments [18, 19]. To 
add to this, the advancement of 'clean' physical 
vapour deposi�on (PVD) technologies in indus-
trial manufacturing is a crucial task in deposi�ng 
these high-performance coa�ngs and more 
specifically magnetron spu�ering [20]. This 
technique is well known for being extensively 
versa�le in the materials it can deposit [21] and 
by the huge control one can have over the 
process [22]. Moreover, this is a process that can 
be considered "clean" with low carbon footprint 
that aligns well with environmental legisla�on 
protec�ons [23]. In this context, this work 
focuses on the deposi�on of three different 
coa�ng systems (ZrCN, DLC-Si-O and W-S-C) by 
magnetron spu�ering into inner plates parts of a 
commercial bike chain followed by a tribological 
analysis of the fric�on and wear to assess the 
feasibility of its viability as a replacement for 
hard chromium in bike chains.

EXPERIMENTAL PROCEDURE
For this work, all three different coa�ng systems 
were deposited by normal DC magnetron 
spu�ering. Prior to the start of all the deposi�-
ons, the chamber was evacuated to a pressure 

-4of 6x10  Pa. A�er and before star�ng the final 
deposi�on of the coa�ng, the substrates and 
targets were spu�er cleaned using argon 
plasma, by applying a substrate bias voltage of 
600 V through a pulsed DC power supply 
followed by the deposi�on of a chromium 
interlayer and gradient layers to promote the 
adhesion of the coa�ngs. During the deposi�-
ons, the working pressure was around 0.5 Pa for 
the ZrCN, DLC-Si-O and W-S-C systems. For the 

ZrCN system, reac�ve mode was used with the 
introduc�on of nitrogen (N₂) and methane (CH₄) 
with par�al pressures of 0.03 Pa and 0.14 Pa, 
respec�vely. For the DLC-Si-O system, reac�ve 
mode was also used with the introduc�on of 
oxygen (O₂) gas with a par�al pressure of 0.08 
Pa. Note that, for the ZrCN coa�ng, the nomen-
clature of ZrN 75C is used, where 75C refers to 
the amount of carbon in the coa�ng (in this case, 
75 at.%). The substrates used to deposit the 
coa�ng systems were (111) silicon wafers and 
commercial inner plates of a bike chain. To 
achieve complete deposi�on of the complex 
geometry of the small inner plates, a carousel 
with a double-fold rota�on planetary system 
was used, as shown in Fig. 1.

The surface and cross-sec�on morphology of 
coa�ngs were analyzed using a field emission 
scanning electron microscope (Hitachi SU3800), 
and coa�ng thickness was obtained from 
micrographs of the fractured cross-sec�ons in 
the silicon wafers. The elemental composi�on 
was measured using an energy dispersive 
spectroscopy (EDS, Bruker Nano) analyzer, 
operated at an accelera�ng voltage of 10 kV. The 

crystal structure was assessed by X-ray diffrac�-
on (X'pert PRO MRD, Panaly�cal) in conven�onal 
mode on bragg-brentano configura�on using Co 
K radia�on (= 0.178901 nm). The hardness and 
reduced elas�c modulus were measured by 
nanoindena�on (Nanotest, Micromaterials), 
using a pyramidal Berkovich diamond indenter 
using a maximum load of 10 mN in a total of 16 
indenta�ons. More details on the experimental 
procedure and the characteriza�on and analysis 
of some of the proper�es of the coa�ngs can be 
seen on Table 1.

The tribological behavior of the films was 
evaluated on a reciproca�ng sliding tribometer 
RTec Instruments. The tribology tests were 
performed against 100Cr6 balls and were carried 
out at room temperature (RT) under a normal 
load of 5 N (ZrCN, reference and DLC-Si-O) and 

-120N (W-S-C), a constant linear speed of 0.1 ms  
for 5000 cycles. The specific wear rate of the 
coa�ngs was determined through the evalua-
�on of the cross-sec�on area of the 2D profiles 
obtained in 4 different zones of the wear track, 
using a 2D profilometer, followed by an es�ma-
�on of the wear volume.

The surface morphology, wear mechanisms and 
chemical composi�on of the wear tracks and 
wear debris were analyzed by scanning electron 
microscopy (SEM) integrated with energy 
dispersive x ray spectroscopy (EDS) using an 
accelera�ng voltage of 10 kV.

RESULTS
The coefficient of fric�on and the corresponding 
specific wear rates for the tested coa�ngs can be 
seen in Figure 2 and 3, respec�vely. As displayed, 
the reference exhibits a considerably high 
fric�on coefficient of around 0,75, which is 
typical for these types of materials when in 
contact with other similar materials (such as 
chrome steels). However, the introduc�on of 
carbon into the films, as expected, leads to a 
significant decrease in the fric�on coefficient, 
most likely due to the presence of graphite at the 
contact interface, which provides a lubrica�ng 
effect and consequently results in low fric�on 
coefficients. Indeed, the ZrN 75C coa�ng shows 
a steep decrease of the fric�on to values around 
0.2 while the DLC-Si-O and W-S-C coa�ngs go 
even further with a reduc�on in fric�on to 
around 0.1. This could suggest that wear 
resistance for these coa�ngs is very high.

However, when analyzing Figure 3 and the 
calculated specific wear rates, this was not the 
case for the ZrN 75C coa�ng. In fact, this coa�ng 
shows the lowest wear resistance of all the 
tested samples (even than the reference) while 

the DLC-Si-O and the W-S-C coa�ngs show a 
considerable decrease in the wear rate, showing 
clear improvements in the wear resistance when 
compared to the reference. To understand 
be�er the wear behavior and the mechanisms, 
analysis of the wear tracks was conducted.

For the reference sample it was found that most 
of the wear was adhesive. The combina�on of its 
rela�vely high hardness ( 12 GPa), which ~
"protects" against abrasion, and the followed 
forma�on of a protec�ve tribo-film of chromium 
oxide, explains the good wear resistance of this 
sample, despite the high coefficient of fric�on 
observed. Typically, the carbon phase introduc�-
on (for the other tested coa�ngs) is the main 
contribu�on towards the reduc�on in fric�on 
during ambient air sliding through fric�on-
induced graphi�za�on. In fact, such is the case 
for all the coa�ngs although, the ZrN 75C coa�ng 
shows a decrease in the wear resistance. 
Analysis of the wear track shows only slight signs 
of abrasion which suggest that the combina�on 
of its low hardness (~8 GPa) and the presence of 
the small and very hard ZrN crystallites (~25 GPa) 
are the culprit for the abrasive signs. Although 
high hardness typically suggests superior wear 
resistance, hard coa�ngs can o�en suffer from 
the issue of small par�cle and/or debris 
detachment from the coa�ng itself which then 
act as a third body within the contact interface 
and lead to an extreme increase in contact 
pressure. This, in turn, can cause a sharp rise in 
the wear rate and consequently a reduc�on in 
wear resistance. In the case of DLC-Si-O, the 
wear track looks smooth with no signs of 
abrasion. Thus, the increased wear resistance 
can be a�ributed to the combined effect of the 
presence of the lubricious carbon tribolayer, like 
in a pure DLC coa�ng, the presence of Si-O which 
is also known to provide low fric�on and wear 
values and the rela�vely high hardness (~14 
GPa) that protects against plas�c deforma�on. 
Finally, the W-S-C shows the best wear resistan-

FIGURE 1
Deposi�on chamber and sample moun�ng example.

FIGURE 2
Coefficient of fric�on for the tested coa�ng.

TABLE 1
Deposi�on parameters and main proper�es of the deposited coa�ngs.

Traget power (W)

Working pressure (Pa)

Bias (V)

Thickness (mm)

Hardness (Gpa)

Reduced elas�c modulus (Gpa)

Structure

Color

ZrN 75C DLC-Si-O W-S-C Reference

550 (Zr)

0.5 0.5 0.5 -

-

50 50 - -
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~8 ~14 ~6 ~12
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ce of all the tested samples, due to the very well-
known low fric�on combina�ons that can be 
achieved through the graphi�za�on and 
forma�on of the lubricious WS2 tribolayers in 
the contact. As soon as the tribolayer is formed, 
the fric�on behavior is quite similar to that of 
DLC-Si-O and thus, most of the wear processes, 
very likely occur before the forma�on of the 
lubricious tribofilms (as seen by the high ini�al 
COF present in Figure 2 for this coa�ng). Usually, 
for this type of coa�ngs the tribological response 
is guided by the S/W ra�os, with higher ra�os 
yielding be�er responses. Very low S/W ra�os 
can result in reduced toughness and hinder the 
forma�on of the lubricious tribolayer. Since this 
coa�ng has a high S/W ra�o of around 1.5, the 
efficient forma�on of the tribofilm explains why 
the coa�ng possesses such good wear 
resistance.
All in all, the significant reduc�on in fric�on and 
wear achieved for some of the coa�ngs tested in 
this study show their poten�al as a promising 
solu�on to replace the commercially used hard 
chrome.

 

CONCLUSIONS
This study inves�gated the tribological perfor-
mance of ZrCN, W-S-C, and DLC-Si-O coa�ngs as 
poten�al eco-friendly alterna�ves to hard 
chromium coa�ngs for bicycle chains. The coa-
�ngs were deposited via magnetron spu�ering 
and analyzed in terms of their fric�on and wear 
behavior. The results showed that all tested 
coa�ngs exhibited significant reduc�ons in the 
coefficient of fric�on compared to the commer-
cially used hard chromium reference. The DLC-
Si-O and W-S-C coa�ngs demonstrated the 
lowest fric�on values, a�ributed to their ability 
to form lubricious tribolayers. DLC-Si-O and W-S-
C coa�ngs also displayed superior wear 
resistance compared to the reference, whereas 
the ZrN 75C coa�ng, despite its fric�on 
reduc�on, exhibited higher wear rates due to 
abrasive wear mechanisms.

Overall, the findings highlight the poten�al of  
W-S-C and DLC-Si-O coa�ngs as promising 
candida-tes for replacing hard chromium 
coa�ngs in bicycle chains. The combina�on of 
reduced fric�on and enhanced wear resistance 
posi�ons them as viable solu�ons for improving 
chain durability and performance.
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ce of all the tested samples, due to the very well-
known low fric�on combina�ons that can be 
achieved through the graphi�za�on and 
forma�on of the lubricious WS2 tribolayers in 
the contact. As soon as the tribolayer is formed, 
the fric�on behavior is quite similar to that of 
DLC-Si-O and thus, most of the wear processes, 
very likely occur before the forma�on of the 
lubricious tribofilms (as seen by the high ini�al 
COF present in Figure 2 for this coa�ng). Usually, 
for this type of coa�ngs the tribological response 
is guided by the S/W ra�os, with higher ra�os 
yielding be�er responses. Very low S/W ra�os 
can result in reduced toughness and hinder the 
forma�on of the lubricious tribolayer. Since this 
coa�ng has a high S/W ra�o of around 1.5, the 
efficient forma�on of the tribofilm explains why 
the coa�ng possesses such good wear 
resistance.
All in all, the significant reduc�on in fric�on and 
wear achieved for some of the coa�ngs tested in 
this study show their poten�al as a promising 
solu�on to replace the commercially used hard 
chrome.

 

CONCLUSIONS
This study inves�gated the tribological perfor-
mance of ZrCN, W-S-C, and DLC-Si-O coa�ngs as 
poten�al eco-friendly alterna�ves to hard 
chromium coa�ngs for bicycle chains. The coa-
�ngs were deposited via magnetron spu�ering 
and analyzed in terms of their fric�on and wear 
behavior. The results showed that all tested 
coa�ngs exhibited significant reduc�ons in the 
coefficient of fric�on compared to the commer-
cially used hard chromium reference. The DLC-
Si-O and W-S-C coa�ngs demonstrated the 
lowest fric�on values, a�ributed to their ability 
to form lubricious tribolayers. DLC-Si-O and W-S-
C coa�ngs also displayed superior wear 
resistance compared to the reference, whereas 
the ZrN 75C coa�ng, despite its fric�on 
reduc�on, exhibited higher wear rates due to 
abrasive wear mechanisms.

Overall, the findings highlight the poten�al of  
W-S-C and DLC-Si-O coa�ngs as promising 
candida-tes for replacing hard chromium 
coa�ngs in bicycle chains. The combina�on of 
reduced fric�on and enhanced wear resistance 
posi�ons them as viable solu�ons for improving 
chain durability and performance.
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Electrodeposi�on poses as a cost-effec�ve technique for the coa�ng industry. Its wide range of compa�ble 

materials include black nickel coa�ngs, which are applied to a plethora of applica�ons, from func�onal to 

decora�ve ones. However, progress in its research is o�en constrained by lack of adhesion and poor 

proper�es. Pertaining to this, the following study focuses on the deposi�on of an undercoa�ng of dull nickel 

on C35 steel, and a subsequent black nickel coa�ng. Indeed, the use of an undercoa�ng, as well as the pre-

treatment of the substrate, play an important role when it comes to both coa�ng adhesion and par�cular 

proper�es. As a result, amorphous black nickel coa�ngs with promising brightness and coefficient of fric�on 

(COF) values were successfully deposited. The findings highlight the poten�al of these black coa�ngs for 

both decora�ve and func�onal applica�ons, as well as the need for further inves�ga�on. 

ELECTRODEPOSITION; NICKEL COATINGS; BLACK NICKEL; COF; BRIGHTNESS. 

INTRODUCTION
Within the field of coa�ng deposi�on, electro-
deposi�on stands out not only by its straigh�or-
wardness, versa�lity, and low-cost, but also by 
its poten�al for scaling and manufacturability. 
Moreover, nickel coa�ngs are widely studied and 
used in this regard, as applica�ons range from 
func�onal to decora�ve and protec�ve ones.

Concerning this study, most of the challenges 
were directly related to the adhesion of the 
coa�ngs, especially the black coa�ngs. In this 
regard, various approaches were carried out to 
solve it, among which, the use of HCl, resor�ng 
to an immersion of the substrate for several 
minutes, and the deposi�on of an undercoa�ng 
of dull/semi-bright nickel. The undercoa�ng was 
a crucial step on this ma�er, improving the 
adhesion of the subsequent black coa�ngs.

In fact, the deposi�on of black coa�ngs combi-
ned with bright/dull nickel undercoa�ngs is 
frequently described in the literature. Specifi-
cally, black nickel coa�ngs have weak corrosion 
and wear resistance, which limits their use in the 
absence of an undercoa�ng [1-3].

Accordingly, this study focuses on the adhesion, 
colour, uniformity, and wear resistance of black 

nickel coa�ngs deposited over dull nickel 
underlayers.

METHODOLOGY
Deposi�ons were conducted within a polyeth-
ylene cell, coupled with a power supply and a 
mul�meter installed as an ammeter, respec�-
vely an EA-PSI 9360-15 (Elektro-Automa�k) and 
a 2831E digital mul�meter (B&K Precision). 
Concerning the electrodes, a pretreated C35 
steel plate with a deposi�on area of 3 cm² and 1 
mm of thickness was used as substrate (catho-
de), and a rectangular piece of nickel (99.99%, 
Test-bourne Ltd) as anode. A schema�c 
representa�on of the electrodeposi�on process 
is given in Fig. 1. 

FIGURE 1
Schema�c representa�on of the electrodeposi�on 
process.
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As for the black coa�ngs, deposi�on �mes of 5 
and 10 minutes were carried out, resul�ng in 
two different samples, BC5 and BC10. Addi�o-
nally, the substrate pre-treatment consisted of 
its immersion in a 25% V/V aqueous solu�on of 
HCl (Panreac), for 20 min. The deposi�on 
parameters and electrolytes composi�on for 
both undercoa�ng and black coa�ng are 
outlined in Table 1.

X-Ray Diffrac�on (XRD) inves�ga�on was 
performed on a PANaly�cal X'Pert PRO 
diffractometer (PANaly�cal), according to set 

opera�on parameters: Cu Ka (l = 1.54060 Å) 
radia�on, 45 kV, 40 mA, and an incidence angle 
of 2°. The tests employed a parallel beam 
geometry with the following parameters: 
exposure �me of 1 s per step, a step size of 

0.025°, and 2q parameter ranging from 30° to 

120°.

Surface and cross-sec�on characterisa�on were 
undertaken by Scanning Electron Microscopy 
(SEM), with a SU3800 microscope (Hitachi) and a 
Zeiss-Merlin microscope (Zeiss), respec�vely, 
both in secondary electrons mode.

The chemical composi�on of the coa�ngs was 
inves�gated by Energy Dispersive X-ray 
Spectroscopy (EDS), on a Bruker Nano equip-
ment, at an accelera�ng voltage of 10 kV.
Atomic Force Microscopy (AFM) micrographs 
over an area of 10 × 10 m² unveiled the surface 
topography. A�er levelling and applying 
polynomial background filters, 2D and 3D 
images were generated. Overall, this analysis 
employed tapping mode, as well as a SiN �p with 
�p radius below 8 nm. 

Tribological inves�ga�on covered both the study 
of fric�on and wear of the coa�ngs. For this 
purpose, a reciproca�ng ball-on-slab tribometer 
(SRV™ 2, Op�mol Instruments) and an upper 
counter body consis�ng of a 10 mm diameter 
100Cr6 bearing steel ball, chrome plated by 

SRAMPort. The inves�ga�on parameters were 
set as: 2 N load, 20 cycles, 1 Hz for oscilla�ng 
frequency, and a 4 mm stroke.

RESULTS
Pertaining to the XRD diffractograms (Fig.2), the 
black coa�ngs present peaks that match those 
of the undercoa�ng (UC), confirming their 
amorphous nature.

 
Moreover, regarding SEM analysis (Fig.3) of the 
undercoa�ng, there is a clear nodular mor-
phology with round superficial features and 
well-defined boundaries. A SEM cross sec�on 
was used to measure thickness, which was (2.8 ± 

0.1) mm, corresponding to a deposi�on rate of 

~0.6 mm/min. The SEM cross sec�on shows that 
the nickel film has a columnar grain structure, 
consistent with dull/semi-bright nickel deposits 
found in the literature [4]. SEM analysis of the 
black coa�ngs, BC5 and BC10 (Fig.4), revealed a 
compact, homogeneous surface with no visible 
pinholes or significant porosity. Similarly, the 
SEM cross sec�on was used to measure 

thickness, which was (0.5 ± 0.1) mm for the BC5 

sample and (1.1 ± 0.1) mm for the BC10 sample, 
corresponding to a deposi�on rate of ~0.1 

mm/min. EDS analysis (Table 2) found a consis-
tent Ni:O ra�o, but it could not be associated to 
specific compounds like NiO or Ni₂O₃.

The average roughness (Sa) was obtained 
through the roughness subrou�ne of the AFM 
apparatus from six independent measurements. 
AFM analysis showed substan�al roughness 
(Fig.5), decreasing with longer deposi�on �mes. 
BC10 had lower roughness values, indica�ng 
be�er surface stability and reduced heterogene-
i�es. 

The COF results, represented in Fig.6 (a), show 
that BC10 has lower values, which may suggest 
the best COF. Addi�onally, it has the smoother 

curve, regarding stabilisa�on, which is in 
accordance both with its lower roughness hete-
rogeneity, studied previously. The reference 

values for mild steel (COF Î [0.5;0.6]) and pure 

nickel (COF Î [0.55;0.80]) allows to infer that the 
wear did not reach the substrate [5]. Specifically, 
BC5 and BC10 might have slightly be�er COF 
values than mild steel.

Nevertheless, the measurement of specific wear 
rates was constrained by different factors, 
namely the low thickness and considerable 
roughness of the coa�ngs. Indeed, the order of 
magnitude of the la�er is similar to the depth of 
tracks, which might explain this problem. On the 
other hand, SEM analysis disclosed the fish-like 
appearance of the coa�ngs' plas�c deforma�on, 
with BC5 presen�ng a more heterogeneous 
track surface and some signs of delamina�on 

TABLE 1
Deposi�on parameters and electrolytes composi�on
for the undercoa�ng and black coa�ngs.

Reagents

NiCl  6H O2 2

NaCl

H BO3 3

Deposi�on parameters

T (°C)

t (min)
2J (mA/cm )

w (rpm)

pH

Undercoa�ng Black Coa�ng

Concentra�on (g/L)

Room temperature

75.33

30.00

26.67

75.33

30.00

-------

5

27

200

4.83-4.93

5 and 10

3

200

6.40-6.50

FIGURE 2
XRD diffractograms of the black coa�ng and
undercoa�ng.

FIGURE 3
SEM micrographs of the undercoa�ng: (a) surface
and (b) cross sec�on.

TABLE 2
Atomic concentra�on of Ni and O, obtained by EDS
analysis of the coa�ngs.

Bc5

Bc10

Atomic concentra�on (%)

Ni

67 ± 2

64 ± 2

O

33 ± 2

36 ± 2

Sample

wear (Fig.7) [6]. Once again, these findings could 
be a�ributed to the thinner nature of the 
coa�ngs, as well as the higher hardness of the 
ball. Addi�onally, complementary EDS analysis 
se�les the absence of material from the ball and 
similar composi�ons between the tracks and 
that of the coa�ngs, confirming that the 
undercoa�ng layer was not exposed.

Brightness (L*) analysis (Fig.6 (b)) showed that 
UC had the highest values (similar to chromium 
coa�ngs) [7, 8], while BC10 was the darkest, 
nearing absolute black (0).

FIGURE 5
2D AFM images of (a) Bc5 and (b) Bc10.

FIGURE 6
(a) Coefficient of fric�on and (b) brightness of the
undercoa�ng and black coa�ng.

FIGURE 7
Surface SEM micrographs of wear tracks on coa�ng
(a) BC5 and  (b) BC10.

C
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As for the black coa�ngs, deposi�on �mes of 5 
and 10 minutes were carried out, resul�ng in 
two different samples, BC5 and BC10. Addi�o-
nally, the substrate pre-treatment consisted of 
its immersion in a 25% V/V aqueous solu�on of 
HCl (Panreac), for 20 min. The deposi�on 
parameters and electrolytes composi�on for 
both undercoa�ng and black coa�ng are 
outlined in Table 1.

X-Ray Diffrac�on (XRD) inves�ga�on was 
performed on a PANaly�cal X'Pert PRO 
diffractometer (PANaly�cal), according to set 

opera�on parameters: Cu Ka (l = 1.54060 Å) 
radia�on, 45 kV, 40 mA, and an incidence angle 
of 2°. The tests employed a parallel beam 
geometry with the following parameters: 
exposure �me of 1 s per step, a step size of 

0.025°, and 2q parameter ranging from 30° to 
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Surface and cross-sec�on characterisa�on were 
undertaken by Scanning Electron Microscopy 
(SEM), with a SU3800 microscope (Hitachi) and a 
Zeiss-Merlin microscope (Zeiss), respec�vely, 
both in secondary electrons mode.

The chemical composi�on of the coa�ngs was 
inves�gated by Energy Dispersive X-ray 
Spectroscopy (EDS), on a Bruker Nano equip-
ment, at an accelera�ng voltage of 10 kV.
Atomic Force Microscopy (AFM) micrographs 
over an area of 10 × 10 m² unveiled the surface 
topography. A�er levelling and applying 
polynomial background filters, 2D and 3D 
images were generated. Overall, this analysis 
employed tapping mode, as well as a SiN �p with 
�p radius below 8 nm. 

Tribological inves�ga�on covered both the study 
of fric�on and wear of the coa�ngs. For this 
purpose, a reciproca�ng ball-on-slab tribometer 
(SRV™ 2, Op�mol Instruments) and an upper 
counter body consis�ng of a 10 mm diameter 
100Cr6 bearing steel ball, chrome plated by 

SRAMPort. The inves�ga�on parameters were 
set as: 2 N load, 20 cycles, 1 Hz for oscilla�ng 
frequency, and a 4 mm stroke.

RESULTS
Pertaining to the XRD diffractograms (Fig.2), the 
black coa�ngs present peaks that match those 
of the undercoa�ng (UC), confirming their 
amorphous nature.

 
Moreover, regarding SEM analysis (Fig.3) of the 
undercoa�ng, there is a clear nodular mor-
phology with round superficial features and 
well-defined boundaries. A SEM cross sec�on 
was used to measure thickness, which was (2.8 ± 
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corresponding to a deposi�on rate of ~0.1 

mm/min. EDS analysis (Table 2) found a consis-
tent Ni:O ra�o, but it could not be associated to 
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through the roughness subrou�ne of the AFM 
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BC10 had lower roughness values, indica�ng 
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BC5 and BC10 might have slightly be�er COF 
values than mild steel.

Nevertheless, the measurement of specific wear 
rates was constrained by different factors, 
namely the low thickness and considerable 
roughness of the coa�ngs. Indeed, the order of 
magnitude of the la�er is similar to the depth of 
tracks, which might explain this problem. On the 
other hand, SEM analysis disclosed the fish-like 
appearance of the coa�ngs' plas�c deforma�on, 
with BC5 presen�ng a more heterogeneous 
track surface and some signs of delamina�on 

TABLE 1
Deposi�on parameters and electrolytes composi�on
for the undercoa�ng and black coa�ngs.

Reagents

NiCl  6H O2 2

NaCl

H BO3 3

Deposi�on parameters

T (°C)

t (min)
2J (mA/cm )

w (rpm)

pH

Undercoa�ng Black Coa�ng

Concentra�on (g/L)

Room temperature

75.33

30.00

26.67

75.33

30.00

-------

5

27

200

4.83-4.93

5 and 10

3

200

6.40-6.50

FIGURE 2
XRD diffractograms of the black coa�ng and
undercoa�ng.

FIGURE 3
SEM micrographs of the undercoa�ng: (a) surface
and (b) cross sec�on.

TABLE 2
Atomic concentra�on of Ni and O, obtained by EDS
analysis of the coa�ngs.

Bc5

Bc10

Atomic concentra�on (%)

Ni

67 ± 2

64 ± 2

O

33 ± 2

36 ± 2

Sample

wear (Fig.7) [6]. Once again, these findings could 
be a�ributed to the thinner nature of the 
coa�ngs, as well as the higher hardness of the 
ball. Addi�onally, complementary EDS analysis 
se�les the absence of material from the ball and 
similar composi�ons between the tracks and 
that of the coa�ngs, confirming that the 
undercoa�ng layer was not exposed.

Brightness (L*) analysis (Fig.6 (b)) showed that 
UC had the highest values (similar to chromium 
coa�ngs) [7, 8], while BC10 was the darkest, 
nearing absolute black (0).

FIGURE 5
2D AFM images of (a) Bc5 and (b) Bc10.

FIGURE 6
(a) Coefficient of fric�on and (b) brightness of the
undercoa�ng and black coa�ng.

FIGURE 7
Surface SEM micrographs of wear tracks on coa�ng
(a) BC5 and  (b) BC10.

C
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Aligned with the goals of this study, the 
op�miza�on of the pre-treatment of the 
substrate and the dull nickel undercoa�ng 
resulted in a black coa�ng with enhanced 
adhesion, as well as promising brightness and 
coefficient of fric�on.

CONCLUSION
A double layered black nickel coa�ng was 
obtained with electrodeposi�on. In fact, the dull 
nickel undercoa�ng was a key factor in the 
improvement of the black nickel coa�ng 
adhesion. As for the characterisa�on, the XRD 
analysis unveiled the amorphous nature of both 
black coa�ngs. Concerning this, the black 
coa�ng deposited for 10 min, BC10, showed an 
overall higher performance. It presented the 
lowest L*, the closest to absolute black, the least 
heterogeneous and least rough surface, and a 
lower COF.

These findings indicate that double-layered 
black nickel coa�ngs, par�cularly BC10, offer a 
promising route for applica�ons where dark 
appearance and low fric�on are desirable, such 
as in decora�ve hardware or sliding compo-
nents.

The op�miza�on of deposi�on parameters 
presented in this study offers a clear path for 
improving coa�ng performance while main-
taining cost-effec�veness in large-scale 
produc�on.

Future work will focus on studying the aging 
process of these coa�ngs to assess their long-
term stability and performance under varying 
environmental condi�ons. 
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Hardmetals are widely employed in wear-resistant components and metal-forming tools due to their 

excep�onal proper�es. The geometry of these tools significantly influences their wear behaviour and 

performance, poten�ally leading to shortened service life or catastrophic failure under stress. This study 

shows that smaller fillet radii decrease the fracture strength of hardmetals. The binder content and WC grain 

size have a non-monotonic effect on the fracture strength, whereas wear resistance decreases with 

increasing binder content and WC grain size. The findings offer insights into op�mizing durability of 

hardmetal components through an adequate design and changes in the composi�on of the hardmetal.
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 INTRODUCTION
Hardmetal is a composite material composed of 
high-hardness tungsten carbide (WC) par�cles 
and a duc�le metal binder, usually cobalt (Co). 
These materials have an excellent combina�on 
of proper�es, namely be�er toughness than 
ceramic materials and higher hardness than 
most metal alloys. Their proper�es can be 
adjusted to specific requirements by altering the 
grain size of the WC and the content and 
composi�on of the binder phase. The versa�lity 
of hardmetals is reflected in their wide range of 
applica�ons, which includes drilling and mining 
tools, structural components, wear compo-
nents, and metal cu�ng and forming tools [1-4].

Metal forming tools are indispensable in the 
manufacturing processes of most industries. 
During the forming and cu�ng opera�on, hard-
metal tools withstand high cyclic loads and are 
subject to considerable wear. The geometry of 
the tools has a significant impact on their wear 
behaviour and performance, affec�ng the tool 
service life. Edges and corners are stress 
concentra�on zones with increased wear stres-
ses, that can lead to the catastrophic failure of 
metal forming tools, requiring early replacement 
and resul�ng in decreased produc�vity [5-7].

This work studies the influence of the fillet 
radius, at the transi�on between two dis�nct 
cylindrical diameters, on the flexural fracture 
strength of different hardmetal grades, and the 
influence of WC grain size and increasing binder 
content on their wear resistance in unlubricated 
reciproca�ng sliding ball-on-flat tests.

MATERIALS AND METHODS
Table 1 presents the composi�on of the five 
industrial grades of hardmetal studied, with Co 
contents between 10 wt.% and 27 wt.% and 
different WC par�cle sizes. Sintering methods 
are also indicated, as well as the physical and 
magne�c characteriza�on of samples of each 
composi�on and the nominal values of the 
transverse rupture strength (TRS, type C 
specimens, ISO 3327 standard). All sintered 
samples showed a microstructure free of defects 
or porosity (A00B00C00). The designa�on of the 
samples indicates their cobalt content in wt. %, 
followed by the first le�er of the classifica�on of 
the ini�al FSSS WC powder par�cle size (F- fine, 
M- medium, C- coarse).

Table 2 summarizes the methods, standards and 
equipment used in the characteriza�on of 
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Aligned with the goals of this study, the 
op�miza�on of the pre-treatment of the 
substrate and the dull nickel undercoa�ng 
resulted in a black coa�ng with enhanced 
adhesion, as well as promising brightness and 
coefficient of fric�on.

CONCLUSION
A double layered black nickel coa�ng was 
obtained with electrodeposi�on. In fact, the dull 
nickel undercoa�ng was a key factor in the 
improvement of the black nickel coa�ng 
adhesion. As for the characterisa�on, the XRD 
analysis unveiled the amorphous nature of both 
black coa�ngs. Concerning this, the black 
coa�ng deposited for 10 min, BC10, showed an 
overall higher performance. It presented the 
lowest L*, the closest to absolute black, the least 
heterogeneous and least rough surface, and a 
lower COF.

These findings indicate that double-layered 
black nickel coa�ngs, par�cularly BC10, offer a 
promising route for applica�ons where dark 
appearance and low fric�on are desirable, such 
as in decora�ve hardware or sliding compo-
nents.

The op�miza�on of deposi�on parameters 
presented in this study offers a clear path for 
improving coa�ng performance while main-
taining cost-effec�veness in large-scale 
produc�on.

Future work will focus on studying the aging 
process of these coa�ngs to assess their long-
term stability and performance under varying 
environmental condi�ons. 
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Hardmetals are widely employed in wear-resistant components and metal-forming tools due to their 

excep�onal proper�es. The geometry of these tools significantly influences their wear behaviour and 

performance, poten�ally leading to shortened service life or catastrophic failure under stress. This study 

shows that smaller fillet radii decrease the fracture strength of hardmetals. The binder content and WC grain 

size have a non-monotonic effect on the fracture strength, whereas wear resistance decreases with 

increasing binder content and WC grain size. The findings offer insights into op�mizing durability of 

hardmetal components through an adequate design and changes in the composi�on of the hardmetal.
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 INTRODUCTION
Hardmetal is a composite material composed of 
high-hardness tungsten carbide (WC) par�cles 
and a duc�le metal binder, usually cobalt (Co). 
These materials have an excellent combina�on 
of proper�es, namely be�er toughness than 
ceramic materials and higher hardness than 
most metal alloys. Their proper�es can be 
adjusted to specific requirements by altering the 
grain size of the WC and the content and 
composi�on of the binder phase. The versa�lity 
of hardmetals is reflected in their wide range of 
applica�ons, which includes drilling and mining 
tools, structural components, wear compo-
nents, and metal cu�ng and forming tools [1-4].

Metal forming tools are indispensable in the 
manufacturing processes of most industries. 
During the forming and cu�ng opera�on, hard-
metal tools withstand high cyclic loads and are 
subject to considerable wear. The geometry of 
the tools has a significant impact on their wear 
behaviour and performance, affec�ng the tool 
service life. Edges and corners are stress 
concentra�on zones with increased wear stres-
ses, that can lead to the catastrophic failure of 
metal forming tools, requiring early replacement 
and resul�ng in decreased produc�vity [5-7].

This work studies the influence of the fillet 
radius, at the transi�on between two dis�nct 
cylindrical diameters, on the flexural fracture 
strength of different hardmetal grades, and the 
influence of WC grain size and increasing binder 
content on their wear resistance in unlubricated 
reciproca�ng sliding ball-on-flat tests.

MATERIALS AND METHODS
Table 1 presents the composi�on of the five 
industrial grades of hardmetal studied, with Co 
contents between 10 wt.% and 27 wt.% and 
different WC par�cle sizes. Sintering methods 
are also indicated, as well as the physical and 
magne�c characteriza�on of samples of each 
composi�on and the nominal values of the 
transverse rupture strength (TRS, type C 
specimens, ISO 3327 standard). All sintered 
samples showed a microstructure free of defects 
or porosity (A00B00C00). The designa�on of the 
samples indicates their cobalt content in wt. %, 
followed by the first le�er of the classifica�on of 
the ini�al FSSS WC powder par�cle size (F- fine, 
M- medium, C- coarse).

Table 2 summarizes the methods, standards and 
equipment used in the characteriza�on of 
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hardmetal composi�ons. The WC grain size was 
obtained according to ISO 44992 [8], and the 
mechanical characteriza�on included the 
determina�on of the Vickers hardness, the 
Young's modulus, the shear modulus, and the 
Poisson's ra�o.
 
The effect of the fillet radius (R) in the fracture 
strength, determined by a can�lever bending 
test, was evaluated in specimens with the 
geometry shown in Figure 1a, for radii of 0.10 
mm, 0.25 mm, 0.50 mm, 1.00 mm, and 3.0 mm. 
These increasing radii correspond to stress 
concentra�on factors (Kt) of, respec�vely: 2.72, 
1.94, 1.52, 1.30 and 1.00, calculated based on 
[9]. For each radius and composi�on, 10 
specimens were tested, and the load was 
applied at 5 mm from the end of the specimens. 
These tests were simulated in the Fusion 360 
so�ware through the Finite Element Method 

(FEM), based on the values of the mechanical 
proper�es obtained experimentally. An example 
of the mesh used for simula�on is presented in 
Figure 1b.

Tribological wear tests were carried out in non-
lubricated reciproca�ng sliding contact using 
DIN 100Cr6 steel balls, with a load of 12 N, for 
100 m and 200 m. The parameters of the wear 
tests are summarized in Table 3 and for each 
condi�on, three repe��ons were performed. 
A�er tes�ng, the wear tracks of the hardmetal 
samples and the steel balls were analysed to 
evaluate the wear mechanisms and to calculate 
the wear volume. 
 
Fig. 1 Technical drawing of the specimens of the 
fracture tests (a), with a 1 mm fillet radius (R1), 
and the respec�ve mesh used in the FEM 
simula�on in the Fusion 360 so�ware (b).

RESULTS
The results of the microstructural and mechani-
cal characteriza�on of hardmetal composi�ons 
are presented in Table 4. The volume-weighted 
average grain size (dV) [10] is also presented 
because it represents the contribu�on of the 
volume of each grain to the strength of the 
material more accurately than the average 
value, dWC. As expected, the binder mean free 
path strength [11] increases with increasing 
binder content and grain size, resul�ng in a 
decrease in hardness. The remaining proper�es 
generally follow the same hardness trend, i.e., 
decrease with the increase of binder content 
and grain size, except for the 15M composi�on 
which has the highest Young's modulus and the 
lowest Poisson's ra�o.

Table 5 shows the microstructure and the 
fracture strength results of the different 
composi�ons for the various fillet radii, as well as 
the respec�ve graphical representa�ons, 
including the simula�on results.

In general, the fracture strength increases 
considerably with the increase of the fillet 
radius, due to the stress concentra�on effect, 
especially between 0.10 mm and 0.5 mm. For 
the same radius, the fracture strength tends to 
decrease with increasing cobalt content and 
tungsten carbide grain size, i.e. in the order: 10M 
> 15F > 15M > 18C > 27C. For a fillet radius of 0.1 
mm, the 18C composi�on has the highest 
fracture strength, followed by the 15F composi-
�on, that has the highest average fracture 
strength values for fillet radii up to 0.5 mm. For 
higher radii (1 mm and 3 mm), the 10M and 15M 
composi�ons have higher fracture strengths. 
The 27C composi�on has the lowest fracture 
strength values for all fillet radii.

Note that for the same radius, the varia�on in 

the fracture strength between specimens 
decreases with the increase in binder content 
and grain size, i.e., the coarser grain grades (18C 
and 27C) have a be�er reproducibility of results. 
This is probably due to their greater fracture 
toughness, which also results in a lower susce- 
p�bility to the fillet radii. Namely, the average 
fracture strength of the 18C composi�on is the 
less dependent on the fillet radius, with an 
amplitude of 184 N. The remaining composi�-
ons have amplitudes of fracture strength 
between the smallest and the largest radius of 
226 N (27C), 240 N (15F), 267 N (15M) and 273 N 
(10M). 

The 15F composi�on presents the fracture 
strength values closest to the simula�on results. 
The difference between the simula�on results 
and the experimental results increases with 
increasing grain size and binder content. The 
simula�on values are closer to the experimental 
ones in the grades produced in SinterHIP 
furnaces, presumably due to the elimina�on of 
defects and residual closed porosity during the 
applica�on of external pressure in the HIP 
treatment. The TRS values were obtained with 
specimens produced from different batches, 
which may also contribute to these differences.
Table 6 presents the steady state fric�on 
coefficients (CoF) and the specific wear rates of 
hardmetal samples in sliding contact with steel 
balls. The CoF decreases with the increase of the 
binder content, but mainly with the increase of 
the grain size, as seen by comparing the 15F and 
15M composi�ons. This is probably due to the 
metallic nature of the binder, with a higher 
duc�lity than the WC phase, which be�er 
accommodates plas�c deforma�on during 
sliding wear contact. Higher binder contents 
represent a larger con�nuous metallic phase, 
which contributes to a lower overall fric�on 
coefficient. Furthermore, coarser WC grains 

FIGURE 1
Technical drawing of the specimens of the fracture tests (a), with a 1mm fillet radius (R1), and the respec�ve mesh
used in the FEM simula�on in the Fusion 360 so�ware (b).

TABLE 3
Wear test parameters in non-lubricated linear reciproca�ng sliding contact.

DIN 100Cr6
(869  8 Hv2)

Ball
Specimen

Load 
(N)

Amplitude 
(mm)

Frequency 
(Hz)

Total Sliding 
Distance (m)

Time
(min:s)

Severity
(N.m)

12 10 5
100
200

16:40
33:20

1200
2400

TABLE 4
Microstrutural and mechanical charecteriza�on of industrial hardmetal grades.

10M

15F

15M

18C

27C

Composi�on
Co Content

(wt. %)
Hardness

(Hv30)
dwc dv l

(mm)

E G
u

(Gpa)

10.0

15.0

15.0

18.0

27.0

2.71

1.18

2.18

3.00

3.26

0.38

0.30

0.47

0.76

1.02

518

538

588

523

514

265

215

237

212

204

0.24

0.25

0.23

0.26

0.26

0.87 ± 0.55

0.52 ± 0.29

0.82 ± 0.49

1.15 ± 0.81

1.15 ± 0.81

1414 ± 8

1313 ± 9

1191 ± 9

1019 ± 7

873 ± 5

TABLE 1
Composi�on and characteriza�on of industrial hardmetal grades.

Grade

10M

15F

15M

18C

27C

138

143

140

135

136

3473 ± 81

3216 ± 216

3903 ± 104

3400 ± 241

3456 ± 41

Sintering
Method

Co content

wt.% vol.%

WC FSSS
(mm)

r
3(g/cm )

HC
Coercive

Force (Oe)

FG
Ferrite

Content (%)

sm

Magne�c
Satura�on
(emu/g)

TRS
(Mpa)

8.6

11.6

14.3

17.7

25.2

164

165

125

85

71

14.49

13.99

14.01

13.81

13.05

16.4

23.8

23.8

28.0

39.6

10.0

15.0

15.0

18.0

27.0

SinterHIP

SinterVAC

2.5 (medium)

0.8 (fine)

2.5 (medium)

4.0*(coarse)

* 25% WC x 2.5 mm + 75% WC x 6 mm

TABLE 2
Microstructural and mechanical characteriza�on methods.

Property Method/Test Equipment/So�wareStandard 

Grain size, dwc

Hardness, HV

Young's modulus, E

Shear modulus, G

Poisson's ra�o, u

Coefficient of fric�on, CoF

Flat specimens

Ball specimens

Mean Linear Intercept technique

Vickers hardness

Can�lever bending test

FEM simula�on

Linear reciproca�ng
ball-on-flat sliding

Ver�cal Scanning Interferometry (VSI)

-

Fracture strength

Wear rate, k 

Impulse excita�on technique

Hitachi SU70 SEM

Buehler Wilson VH3300 durometer

Grindo Sonic Mk5i

Fusion360 so�ware

Anton Par TRB3 tribometer

SensoFAR S Neox 3D op�cal profilometer
SensoMAP so�ware

LEICA EZ4HD op�cal microscope
Image J so�ware

ISO 4499-2

ISO 6507

ASTM C
1259

-

ASTM
G133

Load cell: 20 kN (0.033 mm/s)Zwick/Roell Z020
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hardmetal composi�ons. The WC grain size was 
obtained according to ISO 44992 [8], and the 
mechanical characteriza�on included the 
determina�on of the Vickers hardness, the 
Young's modulus, the shear modulus, and the 
Poisson's ra�o.
 
The effect of the fillet radius (R) in the fracture 
strength, determined by a can�lever bending 
test, was evaluated in specimens with the 
geometry shown in Figure 1a, for radii of 0.10 
mm, 0.25 mm, 0.50 mm, 1.00 mm, and 3.0 mm. 
These increasing radii correspond to stress 
concentra�on factors (Kt) of, respec�vely: 2.72, 
1.94, 1.52, 1.30 and 1.00, calculated based on 
[9]. For each radius and composi�on, 10 
specimens were tested, and the load was 
applied at 5 mm from the end of the specimens. 
These tests were simulated in the Fusion 360 
so�ware through the Finite Element Method 

(FEM), based on the values of the mechanical 
proper�es obtained experimentally. An example 
of the mesh used for simula�on is presented in 
Figure 1b.

Tribological wear tests were carried out in non-
lubricated reciproca�ng sliding contact using 
DIN 100Cr6 steel balls, with a load of 12 N, for 
100 m and 200 m. The parameters of the wear 
tests are summarized in Table 3 and for each 
condi�on, three repe��ons were performed. 
A�er tes�ng, the wear tracks of the hardmetal 
samples and the steel balls were analysed to 
evaluate the wear mechanisms and to calculate 
the wear volume. 
 
Fig. 1 Technical drawing of the specimens of the 
fracture tests (a), with a 1 mm fillet radius (R1), 
and the respec�ve mesh used in the FEM 
simula�on in the Fusion 360 so�ware (b).

RESULTS
The results of the microstructural and mechani-
cal characteriza�on of hardmetal composi�ons 
are presented in Table 4. The volume-weighted 
average grain size (dV) [10] is also presented 
because it represents the contribu�on of the 
volume of each grain to the strength of the 
material more accurately than the average 
value, dWC. As expected, the binder mean free 
path strength [11] increases with increasing 
binder content and grain size, resul�ng in a 
decrease in hardness. The remaining proper�es 
generally follow the same hardness trend, i.e., 
decrease with the increase of binder content 
and grain size, except for the 15M composi�on 
which has the highest Young's modulus and the 
lowest Poisson's ra�o.

Table 5 shows the microstructure and the 
fracture strength results of the different 
composi�ons for the various fillet radii, as well as 
the respec�ve graphical representa�ons, 
including the simula�on results.

In general, the fracture strength increases 
considerably with the increase of the fillet 
radius, due to the stress concentra�on effect, 
especially between 0.10 mm and 0.5 mm. For 
the same radius, the fracture strength tends to 
decrease with increasing cobalt content and 
tungsten carbide grain size, i.e. in the order: 10M 
> 15F > 15M > 18C > 27C. For a fillet radius of 0.1 
mm, the 18C composi�on has the highest 
fracture strength, followed by the 15F composi-
�on, that has the highest average fracture 
strength values for fillet radii up to 0.5 mm. For 
higher radii (1 mm and 3 mm), the 10M and 15M 
composi�ons have higher fracture strengths. 
The 27C composi�on has the lowest fracture 
strength values for all fillet radii.

Note that for the same radius, the varia�on in 

the fracture strength between specimens 
decreases with the increase in binder content 
and grain size, i.e., the coarser grain grades (18C 
and 27C) have a be�er reproducibility of results. 
This is probably due to their greater fracture 
toughness, which also results in a lower susce- 
p�bility to the fillet radii. Namely, the average 
fracture strength of the 18C composi�on is the 
less dependent on the fillet radius, with an 
amplitude of 184 N. The remaining composi�-
ons have amplitudes of fracture strength 
between the smallest and the largest radius of 
226 N (27C), 240 N (15F), 267 N (15M) and 273 N 
(10M). 

The 15F composi�on presents the fracture 
strength values closest to the simula�on results. 
The difference between the simula�on results 
and the experimental results increases with 
increasing grain size and binder content. The 
simula�on values are closer to the experimental 
ones in the grades produced in SinterHIP 
furnaces, presumably due to the elimina�on of 
defects and residual closed porosity during the 
applica�on of external pressure in the HIP 
treatment. The TRS values were obtained with 
specimens produced from different batches, 
which may also contribute to these differences.
Table 6 presents the steady state fric�on 
coefficients (CoF) and the specific wear rates of 
hardmetal samples in sliding contact with steel 
balls. The CoF decreases with the increase of the 
binder content, but mainly with the increase of 
the grain size, as seen by comparing the 15F and 
15M composi�ons. This is probably due to the 
metallic nature of the binder, with a higher 
duc�lity than the WC phase, which be�er 
accommodates plas�c deforma�on during 
sliding wear contact. Higher binder contents 
represent a larger con�nuous metallic phase, 
which contributes to a lower overall fric�on 
coefficient. Furthermore, coarser WC grains 

FIGURE 1
Technical drawing of the specimens of the fracture tests (a), with a 1mm fillet radius (R1), and the respec�ve mesh
used in the FEM simula�on in the Fusion 360 so�ware (b).

TABLE 3
Wear test parameters in non-lubricated linear reciproca�ng sliding contact.

DIN 100Cr6
(869  8 Hv2)

Ball
Specimen

Load 
(N)

Amplitude 
(mm)

Frequency 
(Hz)

Total Sliding 
Distance (m)

Time
(min:s)

Severity
(N.m)

12 10 5
100
200

16:40
33:20

1200
2400

TABLE 4
Microstrutural and mechanical charecteriza�on of industrial hardmetal grades.

10M

15F

15M

18C

27C

Composi�on
Co Content

(wt. %)
Hardness

(Hv30)
dwc dv l

(mm)

E G
u

(Gpa)

10.0

15.0

15.0

18.0

27.0

2.71

1.18

2.18

3.00

3.26

0.38

0.30

0.47

0.76

1.02

518

538

588

523

514

265

215

237

212

204

0.24

0.25

0.23

0.26

0.26

0.87 ± 0.55

0.52 ± 0.29

0.82 ± 0.49

1.15 ± 0.81

1.15 ± 0.81

1414 ± 8

1313 ± 9

1191 ± 9

1019 ± 7

873 ± 5

TABLE 1
Composi�on and characteriza�on of industrial hardmetal grades.

Grade

10M

15F

15M

18C

27C

138

143

140

135

136

3473 ± 81

3216 ± 216

3903 ± 104

3400 ± 241

3456 ± 41

Sintering
Method

Co content

wt.% vol.%

WC FSSS
(mm)

r
3(g/cm )

HC
Coercive

Force (Oe)

FG
Ferrite

Content (%)

sm

Magne�c
Satura�on
(emu/g)

TRS
(Mpa)

8.6

11.6

14.3

17.7

25.2

164

165

125

85

71

14.49

13.99

14.01

13.81

13.05

16.4

23.8

23.8

28.0

39.6

10.0

15.0

15.0

18.0

27.0

SinterHIP

SinterVAC

2.5 (medium)

0.8 (fine)

2.5 (medium)

4.0*(coarse)

* 25% WC x 2.5 mm + 75% WC x 6 mm

TABLE 2
Microstructural and mechanical characteriza�on methods.

Property Method/Test Equipment/So�wareStandard 

Grain size, dwc

Hardness, HV

Young's modulus, E

Shear modulus, G

Poisson's ra�o, u

Coefficient of fric�on, CoF

Flat specimens

Ball specimens

Mean Linear Intercept technique

Vickers hardness

Can�lever bending test

FEM simula�on

Linear reciproca�ng
ball-on-flat sliding

Ver�cal Scanning Interferometry (VSI)

-

Fracture strength

Wear rate, k 

Impulse excita�on technique

Hitachi SU70 SEM

Buehler Wilson VH3300 durometer

Grindo Sonic Mk5i

Fusion360 so�ware

Anton Par TRB3 tribometer

SensoFAR S Neox 3D op�cal profilometer
SensoMAP so�ware

LEICA EZ4HD op�cal microscope
Image J so�ware

ISO 4499-2

ISO 6507

ASTM C
1259

-

ASTM
G133

Load cell: 20 kN (0.033 mm/s)Zwick/Roell Z020
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result in fewer WC/Co interfaces, a larger binder 
mean free path, a lower hardness, and presu-
mably a higher duc�lity [6, 12].
The CoF values observed for the 15M, 18C and 
27C composi�ons are close to those for non-
lubricated steel-on-steel sliding contacts [13]. 
Under the tested condi�ons, the specific wear 
rate increases with increasing cobalt content, 
due to the decrease of the hardmetals' hard-
ness. 

The 27C composi�on has a much higher wear 
rate than the remaining hardmetals, possibly 
due to its lower hardness, closer to that of 
100Cr6 steel balls. The specific wear rate of the 
balls is an order of magnitude higher than that of 
the hardmetal counter samples and similar for 
all composi�ons, including in contact with 27C 
samples, most likely due to the abrasive effect of 
the hard WC grains.

CONCLUSIONS
The fracture strength increases with the increase 
of the fillet radius, and for the same radius, the 
fracture strength tends to decrease with 
increasing cobalt content and WC grain size 
(10M > 15F > 15M > 18C > 27C). The fracture 
strength of the grades with high binder contents 
and coarse grains (18C and 27C) shows a lower 
devia�on between specimens than the others 
and less suscep�bility to the fillet radii. The 
difference between the simula�on results and 
the experimental results increases with the 
increase of grain size and binder content and is 
smaller in the grades sintered in SinterHIP 
furnaces.

The fric�on coefficient decreases with the 
increase of WC grain size, and the wear rate of 
hardmetal samples increases with the increase 
of cobalt content. 
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result in fewer WC/Co interfaces, a larger binder 
mean free path, a lower hardness, and presu-
mably a higher duc�lity [6, 12].
The CoF values observed for the 15M, 18C and 
27C composi�ons are close to those for non-
lubricated steel-on-steel sliding contacts [13]. 
Under the tested condi�ons, the specific wear 
rate increases with increasing cobalt content, 
due to the decrease of the hardmetals' hard-
ness. 

The 27C composi�on has a much higher wear 
rate than the remaining hardmetals, possibly 
due to its lower hardness, closer to that of 
100Cr6 steel balls. The specific wear rate of the 
balls is an order of magnitude higher than that of 
the hardmetal counter samples and similar for 
all composi�ons, including in contact with 27C 
samples, most likely due to the abrasive effect of 
the hard WC grains.

CONCLUSIONS
The fracture strength increases with the increase 
of the fillet radius, and for the same radius, the 
fracture strength tends to decrease with 
increasing cobalt content and WC grain size 
(10M > 15F > 15M > 18C > 27C). The fracture 
strength of the grades with high binder contents 
and coarse grains (18C and 27C) shows a lower 
devia�on between specimens than the others 
and less suscep�bility to the fillet radii. The 
difference between the simula�on results and 
the experimental results increases with the 
increase of grain size and binder content and is 
smaller in the grades sintered in SinterHIP 
furnaces.

The fric�on coefficient decreases with the 
increase of WC grain size, and the wear rate of 
hardmetal samples increases with the increase 
of cobalt content. 
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Since forged parts are used in safety components, a rigorous selec�on of the alloys is required. In this work, 

two aluminium alloys that are commonly used in cas�ng were used: A356 and 357. To assess the feasibility 

of using these alloys in forging, preforms were produced using gravity die cas�ng. These preforms were then 

used to produce forgings. The microstructures and mechanical proper�es of both alloys were analysed in 

the preforms and in the parts with and without T6 heat treatment. The 357 alloy forgings showed higher 

mechanical proper�es than the A356 alloy forgings in both the untreated and treated states. Microstructure 

analysis revealed that forging leads to a reorienta�on of the grains.

INTRODUCTION
The produc�on of forged components for safety 
systems requires special care in the choice of 
preforms and alloys.

When producing complex geometries through 
forging, several steps are required before the 
preform reaches the desired final geometry. This 
is due to the fact that preforms are usually 
regular and therefore do not allow for direct 
forming [1].

With cas�ng, it is possible to obtain preforms 
with geometries very close to the final shape of 
the part, and intermediate forging opera�ons 
can be avoided, which translates into savings in 
wasted material and a reduc�on in costs related 
to the produc�on of the components.

Combining the cas�ng and forging processes is 
therefore a solu�on that allows the challenges 
underlying each process to be overcome [2, 3].
For this work the A356 and 357 alloys from the 
Al-Si alloy family were chosen, which are widely 
used in cas�ng and have also been explored in 
limited forging applica�ons. These alloys are 
widely used in industrial applica�ons thanks to 
their good cas�ng proper�es, good resistance to 
corrosion, low tendency to hot cracking, low 
coefficient of thermal expansion and because 
they are resistant to wear [4, 5].

MATERIALS AND METHODS
Cylindrical preforms were produced by gravity 
die cas�ng in the A356 and 357 alloys. Alloy 357 
was produced by adding pure magnesium to the 
A356 alloy ingot. Al10Sr and Al5Ti1B master 
alloys were added a�er degassing to the bath of 
both alloys to modify the silicon and refine the 
grain, respec�vely.

The preforms were used to produce forgings 
with the geometry presented in Figure 1. The 
preforms had to be preheated to 530°C for 1 
hour in order to undergo a bending process 
before forging. The forging dies were heated to 
190°C and graphite-based lubricant was used 
between each clamping of the dies.
 

Part of the produced forgings were subjected to 
T6 heat treatment - solu�on treatment at 540°C 
for 6 hours, quenching in water and ar�ficial 
ageing at 160°C for 6 hours.

FIGURE 1
Forged component used in the safety system.
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Since forged parts are used in safety components, a rigorous selec�on of the alloys is required. In this work, 

two aluminium alloys that are commonly used in cas�ng were used: A356 and 357. To assess the feasibility 

of using these alloys in forging, preforms were produced using gravity die cas�ng. These preforms were then 

used to produce forgings. The microstructures and mechanical proper�es of both alloys were analysed in 

the preforms and in the parts with and without T6 heat treatment. The 357 alloy forgings showed higher 

mechanical proper�es than the A356 alloy forgings in both the untreated and treated states. Microstructure 

analysis revealed that forging leads to a reorienta�on of the grains.

INTRODUCTION
The produc�on of forged components for safety 
systems requires special care in the choice of 
preforms and alloys.

When producing complex geometries through 
forging, several steps are required before the 
preform reaches the desired final geometry. This 
is due to the fact that preforms are usually 
regular and therefore do not allow for direct 
forming [1].

With cas�ng, it is possible to obtain preforms 
with geometries very close to the final shape of 
the part, and intermediate forging opera�ons 
can be avoided, which translates into savings in 
wasted material and a reduc�on in costs related 
to the produc�on of the components.

Combining the cas�ng and forging processes is 
therefore a solu�on that allows the challenges 
underlying each process to be overcome [2, 3].
For this work the A356 and 357 alloys from the 
Al-Si alloy family were chosen, which are widely 
used in cas�ng and have also been explored in 
limited forging applica�ons. These alloys are 
widely used in industrial applica�ons thanks to 
their good cas�ng proper�es, good resistance to 
corrosion, low tendency to hot cracking, low 
coefficient of thermal expansion and because 
they are resistant to wear [4, 5].

MATERIALS AND METHODS
Cylindrical preforms were produced by gravity 
die cas�ng in the A356 and 357 alloys. Alloy 357 
was produced by adding pure magnesium to the 
A356 alloy ingot. Al10Sr and Al5Ti1B master 
alloys were added a�er degassing to the bath of 
both alloys to modify the silicon and refine the 
grain, respec�vely.

The preforms were used to produce forgings 
with the geometry presented in Figure 1. The 
preforms had to be preheated to 530°C for 1 
hour in order to undergo a bending process 
before forging. The forging dies were heated to 
190°C and graphite-based lubricant was used 
between each clamping of the dies.
 

Part of the produced forgings were subjected to 
T6 heat treatment - solu�on treatment at 540°C 
for 6 hours, quenching in water and ar�ficial 
ageing at 160°C for 6 hours.

FIGURE 1
Forged component used in the safety system.
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The following analyses were performed: 
chemical composi�on (Table 1) by op�cal 
emission spectrometry, only on the ingot and 
preforms, Brinell hardness (HB10) on 16 samples 
(8 preforms and 8 parts), microstructure using 
an op�cal microscope and tensile tests 
according to standard ISO 6892-1:2019 using 48 
specimens.

RESULTS AND DISCUSSION
The hardness values obtained are shown in 
Figure 2.

According to the values in the EN1706:2020 
standard shown in Table 2, the hardnesses 
obtained a�er heat treatment are in line with 
the s�pulated value. However, it is important to 
emphasise that the hardness indica�on given in 
the standard is for parts obtained by gravity 
cas�ng.

The hardness of alloy 357, before and a�er heat 
treatment, is higher than that of alloy A356 due 
to the higher percentage of magnesium. This 
alloying element is responsible for forming the 
phases (e. g.: Mg2Si) that give the alloy increa-
sed hardness and mechanical strength. The 
response of the A356 alloy to the heat treatment 
that was carried out may be different to that of 
the 357 alloy, and therefore it may not have 
reached peak hardness or may be in an 
overaged state, characterised by a decrease in 
hardness.

The microstructure of the preforms (Figure 3) is 
characterised by the dendri�c aluminium phase 
and the non-lamellar  eutec�c silicon. 
Modifica�on with stron�um was not enough to 
eliminate some acicular morphologies.

 

In the microstructures of the forgings (Figure 4) 
it is not possible to observe any difference 
between the two alloys. In the samples 
subjected to the T6 heat treatment (figures (b) 
and (d)) it is possible to observe the globulisa�-
on of the eutec�c silicon. This morphology is due 
to the solu�on treatment where there is a 
transforma�on of the non-lamellar/acicular 
silicon morphology into a globular morphology, 
which enhances duc�lity. However, in the 
samples that have not been heat-treated, par�al 
globularisa�on of silicon is also observed, 
probably ini�ated during prehea�ng. Prehea�ng 
the preform before bending may have caused 
this onset of globulisa�on.
When comparing Figures 3 and 4, it is possible to 
see that with forging there is a reorienta�on of 
the grains caused by the forces exerted during 
the process.

As can be seen from the graph in Figure 5, the 
mechanical proper�es of the forgings are 
superior to those of the preforms. With the T6 
heat treatment there is an increase of 64% and 
28% in the yield and tensile strength, respec�-
vely, for the A356 alloy, while for the 357 alloy 
these increases were higher, 102% and 52% 
respec�vely.

CONCLUSIONS
A�er carrying out this work, the following 
conclusions can be drawn:

· Forging results in a reorienta�on of the grains;

· Due to the higher percentage of magnesium in 
the 357 alloy, it has higher hardness values 
than the A356 alloy, both in the forged 
condi�on and a�er heat treatment;

· The T6 heat treatment led to an improvement 
in the mechanical strength and hardness of 
both alloys. 357 alloy showed higher mechani-
cal strength than A356 alloy, making it the 
main choice for components subjected to high 
loads.
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FIGURE 2
Hardness of A356 and 357 preforms and forgings
with and without heat treatment.

TABLE 2
Hardnesses presented in standard EN1706:2020.

Standard
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Alloy

A356-T6

357-T6

Hardness [HB]

> 90

> 100

FIGURE 3
Microstruture of the preforms: (a) A356 alloy;
(b) 357 alloy.

FIGURE 5
Yield stress (Rp0.2) and ul�mate tensile strength 
(Rm) of the A356 and 357 alloys.
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The 6xxx series aluminium alloys, par�cularly AA6061, are extensively used in bicycle frames due to their 

high strength, corrosion resistance, fa�gue performance, and weldability. Maximize mechanical proper�es 

through heat treatment and alloying strategies remains a challenge. This work evaluates the response of 

AA6061 and alterna�ve 6xxx series alloys to different heat treatment condi�ons, aiming to enhance their 

mechanical proper�es. Hardness measurements (HBW 2,5/62,5), chemical composi�on analysis through 

op�cal emission spectroscopy (OES) and uniaxial tensile tes�ng examina�ons were performed. Results 

demonstrate correla�ons between the heat treatment parameters and the alloys mechanical and 

microstructural characteris�cs.

ALUMINIUM 6XXX ALLOYS; HEAT TREATMENT; MGSI; PRECIPITATION HARDENING.

INTRODUCTION
The aluminium alloys 6xxx (Al-Mg-Si alloys) had 
a considerable employment in the bicycle 
industry over the years. The AA6061 is predomi-
nant, especially in bicycle frames, but the search 
for alterna�ve alloys is con�nuous [1]. The 
AA6xxx series alloys are valued for their tensile 
proper�es, corrosion resistance, fa�gue 
strength, weldability, formability, extrudability 
and resistance to stress-corrosion cracking [2]. 

The aluminium is extracted from bauxite, a 
residual rock present in Earth's crust [3]. From 
bauxite to aluminium, the 2 main processes 
comprise the Bayer process, where alumina 
(AI2O3) is produced from bauxite, and the Hall-
Héroult process, that involves the electrolysis of 
alumina and the conversion to primary liquid 
aluminium [4]. A�er this, normally follows a 
remel�ng in a furnace where alloying elements 
are added in the desired concentra�ons, ending 
with the product being casted in ingots or billets 
[4, 5]. Temperature is a key factor in extrusion, 
influenced by billet temperature, heat transfer, 
and fric�onal hea�ng [2]. 

Pressure loads, related to flow stress, internal 
shearing, and fric�on, also play a crucial role [2]. 
Higher billet temperatures lower extrusion 
pressures by reducing flow stress, easing 
deforma�on, and benefi�ng post-extrusion 
quenching. Lower billet temperatures reduce 

fric�on but have less impact on lowering 
pressures. The choice depends on the desired 
mechanical proper�es and surface finish. 
Extrusion speed affects cooling rates, influencing 
mechanical proper�es and surface quality, 
making controlled speeds essen�al [2].

Post-extrusion heat treatments are crucial for 
defining the mechanical proper�es of AA6xxx 
alloys, influencing precipita�on kine�cs, phase 
distribu�on, and microstructural stability [6]. 
The interac�on between extrusion-induced 
disloca�ons and heat treatment affects strength, 
duc�lity, and surface quality [6]. Alloys like 
AA6082 rely on precipita�on hardening, where 
solu�on treatment dissolves alloying elements, 
quenching prevents premature precipita�on, 
and aging controls phase forma�on [7]. 
Processes such as T4 and T6 treatments regulate 
the precipita�on of strengthening phases like 
Mg and Si clusters [7]. MgSi is the key strengthe-
ning phase in 6xxx aluminium alloys, enhancing 
mechanical proper�es through precipita�on 
hardening [8]. Heat treatment induces a 
sequence star�ng with a supersaturated solid 
solu�on (SSSS), followed by Guinier-Preston (GP) 
zones and the primary strengthening phase, 
(coherent MgSi), which significantly increases 
hardness and strength [8, 9]. With aging,transi�-
ons to (semi-coherent) and finally to -MgSi 
(equilibrium phase) [8, 9] phase effec�vely 
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hinders disloca�on movement, while the 
coarser phase reduces duc�lity and may act as a 
stress concentrator, limi�ng strengthening [8, 9, 
10].  Table 1 presents key characteris�cs of each 
one of these phases.

The precipita�on of MgSi is influenced by 
temperature, �me, and alloying elements like 
Cu, Mn, Cr, and Fe. To refine its distribu�on and 
size, two heat treatments are commonly used: 
solu�on treatment + natural aging (T4) and 
solu�on treatment + ar�ficial aging (T6). 
Solu�on treatment at 530-550 °C dissolves Mg 
and Si into the matrix, forming a homogeneous 
solid solu�on. Rapid quenching retains these 
elements, while ar�ficial aging at 160-180 °C for 
several hours ini�ates the precipita�on 
sequence [9, 10].

The morphology of MgSi precipitates depend on 
cooling rates and alloying elements. In as-cast 
alloys, it forms dendri�c structures, while 
equilibrium solidifica�on produces polyhedral or 
octahedral shapes. During heat treatment, MgSi 
typically appears as needle or plate-like 
precipitates [10, 11].

Solu�on treatment and ar�ficial aging ensure 
op�mal distribu�on for peak performance [9]. 
However, heat treatment effec�veness depends 
on prior extrusion, as disloca�ons and solute 
distribu�on influence precipita�on kine�cs, 

affec�ng strength and duc�lity [6]. Under-
standing factors that control MgSi morphology 
and stability is key to developed aluminium 
alloys with improved proper�es.

METHODS AND EXPERIMENTAL 
PROCEDURES
ALLOY SAMPLES
HYDRO conducts research for alterna�ve alloys 
to AA6061, enhancing mechanical performance 
and formability. Even within the same alloy 
range, minor composi�on varia�ons affect 
microstructure and produc�on processes [12]. 
This study characterized 4 HYDRO-supplied 
alloys, widely used in the bicycle industry: 
AA6061 (1 Rod and 2 hollow profiles), HHS400 
(Rod), HHY320 (Hollow), and Recycled300/R300 
(Hollow).

HEAT TREATMENTS CONDITIONS
Samples underwent heat treatments to maxi-
mize mechanical proper�es, with parameters 
based on literature [13, 14, 15, 16] and internal 
trials. They were heated to 550 °C for 45 
minutes, then water-quenched and naturally 
aged (considered the T4 stage). One batch was 
stored at 18-25 °C and environmental humidity 
before ar�ficial aging (170 °C for 12 hours), while 
the other was submi�ed to ar�ficial aging just 
one hour a�er solu�on heat treatment, to 
perform the T6.

CHEMICAL COMPOSITION, HARDNESS AND 
TENSILE STRENGTH TESTS
Sample characteriza�on included chemical and 
mechanical analyses. Op�cal emission spectros-
copy (OES) iden�fied elemental composi�on, 
while Brinell hardness (HBW 2,5/62,5) and 
uniaxial tensile tests evaluated mechanical 
strength.

RESULTS AND DISCUSSION
CHEMICAL COMPOSITION ANALYSIS
Table 2 resumes the chemical composi�on of 
the tested alloys.

HHS400 shows the highest elemental varia�on, 
with elevated Si, Cu, Mn and Cr, which contribu-
tes to solid solu�on strengthening, grain 
refinement, and increased hardness [17]. 
HHS400's higher Mn and Cr levels suggest 
superior hardness and strength, with limited 
duc�lity impact [17]. R300, HHY320 and 6061 
alloys, with moderate Si and Mg levels, rely 
primarily on MgSi precipita�on hardening and Si 
for solid solu�on strengthening and micros- 
tructural refinement [17, 18], although higher 
zinc content in 6061 A and B alloys may 
contribute to improve mechanical proper�es 
through precipita�on hardening [8, 17]. Lower 
Fe, Mn, and Cr and higher Mg/Si in HHY320 
levels suggest reduced density compared to 
6061. Despite similar Mg/Si ra�os, HHY320's 
higher absolute Mg and Si content may enhance 
hardness and strength a�er T6 due to increased 
MgSi precipita�on [13, 15, 19].

HARDNESS TESTS
Comparing alloys with different composi�ons 
and geometries is usually challenging due to 
varia�ons in microstructure, proper�es, and 
processing. Nevertheless, hardness tests were 
performed at key stages: as-received (F state); 
post-T4 heat treatment (550 °C for 45 min); and 
post-T6 heat treatment a�er T4 (170 °C for 12h). 
To ensure accurate comparison, samples were 
classified into hollow and rod profiles. The 
hardness results for the F state are presented in 
Figure 1.
 
Hardness in the as-fabricated (F) condi�on is 
influenced by solid solu�on strengthening, 
extrusion-induced work hardening, and alloy 
composi�on [6]. R300 and 6061 Rod exhibit the 
highest hardness, a�ributed to strong MgSi 
precipita�on poten�al. 6061 Hollow shows 
slightly lower hardness, likely due to extrusion 
strain reten�on [2, 6]. HHY320, despite higher 
Mg and Si content, has lower Mn and Cr levels, 
which reduces grain boundary strengthening 
and promotes dynamic recovery during 
extrusion, leading to greater duc�lity in F 
condi�on, while HHS400 records the lowest 
hardness, indica�ng that its Mn and Cr content 
enhances aging response rather than immediate 
strengthening in extruded state [15]. HHY320's 
lower hardness in extruded state indicates 
higher duc�lity, making it suitable for forming 
prior to ar�ficial aging [6]. 

T4 and T6 heat treatments followed different 
approaches. T4 solubiliza�on was applied, and 

Phase

β'' 
(Beta Double Prime)

β' 
(Beta Prime)

β-Mg₂Si

TABLE 1
Key differences between b’’, b’, and b-Mg₂Si Phases.

Size & Shape

Very fine, needle-like, 
<10 nm

Larger rods 
(~20-50 nm)

Coarse precipitates
(>100 nm)

Strengthening Effect

Most effec�ve for 
strengthening

Moderate strengthening

Weak strengthening

Forma�on Stage

Early ar�ficial aging 
(T6 treatment)

Intermediate stage, 
a�er β''

Over aging or 
equilibrium phase

Chemical 
element

TABLE 2
Chemical composi�on results.

Chemical Composi�on (wt.%)

6061 ROD HHS400 ROD 6061 A (1196) 6061 B (1589) HHY320 R300

Si

Fe

Cu

Mn

Mg

Cr

Ni

Zn

Ti

0,53 
±0,061

0,26 
±0,033

0,26
±0,040
0,051 

±0,015
0,73 

±0,11
0,044 

±0,017
0,0047

±0,0017
0,036 

±0,0089
0,017

±0,0039

1,0
±0,12
0,29

±0,037
0,43

±0,067
0,63

±0,10
0,79

±0,13
0,089

±0,041
0,0044

±0,0011
0,055

±0,014
0,022

±0,0051

0,51
±0,059

0,23
±0,029

0,20 
±0,031
0,045

±0,015
0,69

±0,11
0,048

±0,019
0,0039

±0,00095
0,17

±0,044
0,015

±0,0035

0,50
±0,058

0,22
±0,027

0,20
±0,031
0,045

±0,015
0,73

±0,11
0,049

±0,019
0,0037

±0,00089
0,17

±0,044
0,015

±0,0034

0,65
±0,076

0,26
±0,033

0,11
±0,020
0,030

±0,014
0,83

±0,13
0,013

±0,0048
0,0031

±0,00078
0,0066

±0,0017
0,015

±0,0034

0,59
±0,069

0,26
±0,033

0,22
±0,034
0,071

±0,017
0,63

±0,095
0,020

±0,0072
0,0042

±0,0010
0,046

±0,011
0,017

±0,0040

FIGURE 1
Hardness compara�on between HHY320, R300, 
6061 A, 6061 B (Hollow), and HHS400, 6061 (ROD), 
on F state.

FIGURE 2
Hardness compara�on between HHY320, R300, 
6061 A, 6061 B (Hollow), and HHS400, 6061 (ROD), 
a�er T4 state.
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hinders disloca�on movement, while the 
coarser phase reduces duc�lity and may act as a 
stress concentrator, limi�ng strengthening [8, 9, 
10].  Table 1 presents key characteris�cs of each 
one of these phases.

The precipita�on of MgSi is influenced by 
temperature, �me, and alloying elements like 
Cu, Mn, Cr, and Fe. To refine its distribu�on and 
size, two heat treatments are commonly used: 
solu�on treatment + natural aging (T4) and 
solu�on treatment + ar�ficial aging (T6). 
Solu�on treatment at 530-550 °C dissolves Mg 
and Si into the matrix, forming a homogeneous 
solid solu�on. Rapid quenching retains these 
elements, while ar�ficial aging at 160-180 °C for 
several hours ini�ates the precipita�on 
sequence [9, 10].

The morphology of MgSi precipitates depend on 
cooling rates and alloying elements. In as-cast 
alloys, it forms dendri�c structures, while 
equilibrium solidifica�on produces polyhedral or 
octahedral shapes. During heat treatment, MgSi 
typically appears as needle or plate-like 
precipitates [10, 11].

Solu�on treatment and ar�ficial aging ensure 
op�mal distribu�on for peak performance [9]. 
However, heat treatment effec�veness depends 
on prior extrusion, as disloca�ons and solute 
distribu�on influence precipita�on kine�cs, 

affec�ng strength and duc�lity [6]. Under-
standing factors that control MgSi morphology 
and stability is key to developed aluminium 
alloys with improved proper�es.

METHODS AND EXPERIMENTAL 
PROCEDURES
ALLOY SAMPLES
HYDRO conducts research for alterna�ve alloys 
to AA6061, enhancing mechanical performance 
and formability. Even within the same alloy 
range, minor composi�on varia�ons affect 
microstructure and produc�on processes [12]. 
This study characterized 4 HYDRO-supplied 
alloys, widely used in the bicycle industry: 
AA6061 (1 Rod and 2 hollow profiles), HHS400 
(Rod), HHY320 (Hollow), and Recycled300/R300 
(Hollow).

HEAT TREATMENTS CONDITIONS
Samples underwent heat treatments to maxi-
mize mechanical proper�es, with parameters 
based on literature [13, 14, 15, 16] and internal 
trials. They were heated to 550 °C for 45 
minutes, then water-quenched and naturally 
aged (considered the T4 stage). One batch was 
stored at 18-25 °C and environmental humidity 
before ar�ficial aging (170 °C for 12 hours), while 
the other was submi�ed to ar�ficial aging just 
one hour a�er solu�on heat treatment, to 
perform the T6.

CHEMICAL COMPOSITION, HARDNESS AND 
TENSILE STRENGTH TESTS
Sample characteriza�on included chemical and 
mechanical analyses. Op�cal emission spectros-
copy (OES) iden�fied elemental composi�on, 
while Brinell hardness (HBW 2,5/62,5) and 
uniaxial tensile tests evaluated mechanical 
strength.

RESULTS AND DISCUSSION
CHEMICAL COMPOSITION ANALYSIS
Table 2 resumes the chemical composi�on of 
the tested alloys.

HHS400 shows the highest elemental varia�on, 
with elevated Si, Cu, Mn and Cr, which contribu-
tes to solid solu�on strengthening, grain 
refinement, and increased hardness [17]. 
HHS400's higher Mn and Cr levels suggest 
superior hardness and strength, with limited 
duc�lity impact [17]. R300, HHY320 and 6061 
alloys, with moderate Si and Mg levels, rely 
primarily on MgSi precipita�on hardening and Si 
for solid solu�on strengthening and micros- 
tructural refinement [17, 18], although higher 
zinc content in 6061 A and B alloys may 
contribute to improve mechanical proper�es 
through precipita�on hardening [8, 17]. Lower 
Fe, Mn, and Cr and higher Mg/Si in HHY320 
levels suggest reduced density compared to 
6061. Despite similar Mg/Si ra�os, HHY320's 
higher absolute Mg and Si content may enhance 
hardness and strength a�er T6 due to increased 
MgSi precipita�on [13, 15, 19].

HARDNESS TESTS
Comparing alloys with different composi�ons 
and geometries is usually challenging due to 
varia�ons in microstructure, proper�es, and 
processing. Nevertheless, hardness tests were 
performed at key stages: as-received (F state); 
post-T4 heat treatment (550 °C for 45 min); and 
post-T6 heat treatment a�er T4 (170 °C for 12h). 
To ensure accurate comparison, samples were 
classified into hollow and rod profiles. The 
hardness results for the F state are presented in 
Figure 1.
 
Hardness in the as-fabricated (F) condi�on is 
influenced by solid solu�on strengthening, 
extrusion-induced work hardening, and alloy 
composi�on [6]. R300 and 6061 Rod exhibit the 
highest hardness, a�ributed to strong MgSi 
precipita�on poten�al. 6061 Hollow shows 
slightly lower hardness, likely due to extrusion 
strain reten�on [2, 6]. HHY320, despite higher 
Mg and Si content, has lower Mn and Cr levels, 
which reduces grain boundary strengthening 
and promotes dynamic recovery during 
extrusion, leading to greater duc�lity in F 
condi�on, while HHS400 records the lowest 
hardness, indica�ng that its Mn and Cr content 
enhances aging response rather than immediate 
strengthening in extruded state [15]. HHY320's 
lower hardness in extruded state indicates 
higher duc�lity, making it suitable for forming 
prior to ar�ficial aging [6]. 

T4 and T6 heat treatments followed different 
approaches. T4 solubiliza�on was applied, and 
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strengthening

Moderate strengthening

Weak strengthening
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(T6 treatment)
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Over aging or 
equilibrium phase

Chemical 
element

TABLE 2
Chemical composi�on results.
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±0,040
0,051 

±0,015
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±0,11
0,044 

±0,017
0,0047

±0,0017
0,036 

±0,0089
0,017

±0,0039

1,0
±0,12
0,29

±0,037
0,43

±0,067
0,63

±0,10
0,79

±0,13
0,089

±0,041
0,0044

±0,0011
0,055

±0,014
0,022

±0,0051

0,51
±0,059

0,23
±0,029

0,20 
±0,031
0,045

±0,015
0,69

±0,11
0,048

±0,019
0,0039

±0,00095
0,17

±0,044
0,015

±0,0035

0,50
±0,058

0,22
±0,027

0,20
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0,045

±0,015
0,73

±0,11
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±0,019
0,0037

±0,00089
0,17
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0,11
±0,020
0,030

±0,014
0,83

±0,13
0,013

±0,0048
0,0031

±0,00078
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±0,0017
0,015

±0,0034

0,59
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FIGURE 1
Hardness compara�on between HHY320, R300, 
6061 A, 6061 B (Hollow), and HHS400, 6061 (ROD), 
on F state.

FIGURE 2
Hardness compara�on between HHY320, R300, 
6061 A, 6061 B (Hollow), and HHS400, 6061 (ROD), 
a�er T4 state.
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hardness was measured post-treatment (Figure 
2). Results deviate from F-state values, indica�ng 
that extrusion variables influence final micro-
structure differently than solubiliza�on treatment.
 
A�er T4 treatment, all alloys except HHS400 
showed hardness between 40 and 44 HBW, 
while HHS400 exceeded 50 HBW. This varia�on 
is a�ributed to extrusion effects, elemental 
composi�on, and precipita�on kine�cs. Ini�al 
hardness in the as-fabricated (F) condi�on 
resulted from solid solu�on strengthening, work 
hardening, and residual strain. During T4, MgSi 
precipitates dissolve to homogenize the 
microstructure, reducing hardness. However, 
HHS400's higher hardness may result from 
higher Mn content, which refines grains, 
stabilizes the microstructure, and limits 
recrystalliza�on, allowing reten�on of some 
strength even a�er solu�on treatment [15]. Cu 
could also have had an important role in 
enhancing hardness and refining the microstruc-
ture by influencing the precipita�on sequence, 
facilita�ng the forma�on of Cu containing 
precipitates [15].

For ar�ficial aging, the study assessed the effect 
of natural aging on final proper�es. One set of 
samples underwent T6 a�er a 1-hour gap (T4-
1hour-T6), while another had an 8-day gap (T4-
8days-T6). Both sets were tested using machi-
ned specimens, with results presented in Figure 
3.

Figure 3 shows that shorter intervals between 
solu�on treatment and ar�ficial aging lead to 
higher hardness, while longer delays reduce the 

T6 strengthening effect. Immediate ar�ficial 
aging a�er solu�on treatment retains more 
solute for precipita�on, maximizing hardness. In 
contrast, extended intervals allow par�al 
precipita�on before ar�ficial aging, reducing 
solute supersatura�on and limi�ng forma�on, 
leading to lower peak hardness [7]. HHS400 
exhibits the highest hardness post-T6, likely due 
to its higher Si, Cu, Mn and Cr content. 6061, 
HHY320, and R300 exhibit similar MgSi precipi-
ta�on behaviour in the T6 condi�on.

TENSILE TESTS
Following the hardness tests, specimens 
underwent uniaxial tensile tes�ng in two 
condi�ons, both post-T6. As in previous tests, 
one set was tested a�er a 1-hour gap between 
solu�on treatment and ar�ficial aging (T4-
1hour-T6), while the other had an 8-day gap (T4-
8days-T6). Ul�mate tensile strength (UTS) and 
0.2% offset yield strength (Rp0.2%) were 
measured for each alloy, with results presented 
in Figure 4.

The uniaxial tensile test results aligned with the 
hardness measurements for the same sample 
sets. Ul�mate tensile strength (UTS) and 0.2% 
offset yield strength (Rp0.2%) strongly 
correlated with the aging interval between 
solu�on treatment and ar�ficial aging. The 1-
hour gap between solu�on treatment and 
ar�ficial aging maximized mechanical proper 
�es, confirming that immediate ar�ficial aging 
enhances precipita�on and strengthens 6xxx 
aluminium alloys [7].

HHS400 exhibited the highest UTS and Rp0.2%, 
highligh�ng the role of alloying elements in 6xxx 
series alloys, par�cularly compared to AA6061. 
HHY320 and R300 maintained a balanced 
strength-duc�lity ra�o but showed no signi- 
ficant improvements over AA6061. Adjus�ng 
aging �me, temperature, or introducing addi-
�onal treatments could improve precipita�on 
distribu�on and mechanical performance in 
these alloys [6, 16, 18].

CONCLUSIONS AND FUTURE 
PERSPECTIVES
This study analysed the effects of heat 
treatment parameters on the mechanical 
proper�es and microstructure of AA6061 and 
alterna�ve 6xxx-series aluminium alloys used in 
the bicycle industry. Chemical composi�on 
analysis, hardness tes�ng, and tensile tes�ng 
established correla�ons between heat 
treatment condi�ons and material performan-
ce, aligning with the expected precipita�on 
sequence (SSSS GP zones -MgSi). Solu�on heat 
treatment and quenching, followed by ar�ficial 

aging with shorter intervals led to higher 
hardness and strength, due to precipitates 
distribu�on.

The influence of alloying elements, like Si, Cu, 
Mn and Cr, was evident, with HHS400 exhibi�ng 
the highest hardness. HHY320 show poten�al to 
be a viable alterna�ve to AA6061 for applica�-
ons requiring greater formability. R300 demons-
trated compe��ve mechanical proper�es, 
suppor�ng its poten�al for sustainable fabrica-
�on. HHY320 and R300 did not achieve op�mal 
results with this heat treatment sequence, 
indica�ng that alterna�ve temperatures and 
aging �mes should be explored.

The strong correla�on between tensile strength 
and hardness confirms hardness as a reliable 
predictor of mechanical performance.

Future research should incorporate advanced 
microstructural characteriza�on techniques 
(SEM, STEM, TEM) to dis�nguish from and 
phases, providing cri�cal insights into their 
morphology and interac�on with the aluminium 
matrix. Addi�onally, further studies precipita�-
on kine�cs, extrusion parameters, and alter-
na�ve alloy composi�ons could facilitate the 
development of next-genera�on materials with 
improved performance and sustainability for 
bicycle frame applica�ons.
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hardness was measured post-treatment (Figure 
2). Results deviate from F-state values, indica�ng 
that extrusion variables influence final micro-
structure differently than solubiliza�on treatment.
 
A�er T4 treatment, all alloys except HHS400 
showed hardness between 40 and 44 HBW, 
while HHS400 exceeded 50 HBW. This varia�on 
is a�ributed to extrusion effects, elemental 
composi�on, and precipita�on kine�cs. Ini�al 
hardness in the as-fabricated (F) condi�on 
resulted from solid solu�on strengthening, work 
hardening, and residual strain. During T4, MgSi 
precipitates dissolve to homogenize the 
microstructure, reducing hardness. However, 
HHS400's higher hardness may result from 
higher Mn content, which refines grains, 
stabilizes the microstructure, and limits 
recrystalliza�on, allowing reten�on of some 
strength even a�er solu�on treatment [15]. Cu 
could also have had an important role in 
enhancing hardness and refining the microstruc-
ture by influencing the precipita�on sequence, 
facilita�ng the forma�on of Cu containing 
precipitates [15].

For ar�ficial aging, the study assessed the effect 
of natural aging on final proper�es. One set of 
samples underwent T6 a�er a 1-hour gap (T4-
1hour-T6), while another had an 8-day gap (T4-
8days-T6). Both sets were tested using machi-
ned specimens, with results presented in Figure 
3.

Figure 3 shows that shorter intervals between 
solu�on treatment and ar�ficial aging lead to 
higher hardness, while longer delays reduce the 

T6 strengthening effect. Immediate ar�ficial 
aging a�er solu�on treatment retains more 
solute for precipita�on, maximizing hardness. In 
contrast, extended intervals allow par�al 
precipita�on before ar�ficial aging, reducing 
solute supersatura�on and limi�ng forma�on, 
leading to lower peak hardness [7]. HHS400 
exhibits the highest hardness post-T6, likely due 
to its higher Si, Cu, Mn and Cr content. 6061, 
HHY320, and R300 exhibit similar MgSi precipi-
ta�on behaviour in the T6 condi�on.

TENSILE TESTS
Following the hardness tests, specimens 
underwent uniaxial tensile tes�ng in two 
condi�ons, both post-T6. As in previous tests, 
one set was tested a�er a 1-hour gap between 
solu�on treatment and ar�ficial aging (T4-
1hour-T6), while the other had an 8-day gap (T4-
8days-T6). Ul�mate tensile strength (UTS) and 
0.2% offset yield strength (Rp0.2%) were 
measured for each alloy, with results presented 
in Figure 4.

The uniaxial tensile test results aligned with the 
hardness measurements for the same sample 
sets. Ul�mate tensile strength (UTS) and 0.2% 
offset yield strength (Rp0.2%) strongly 
correlated with the aging interval between 
solu�on treatment and ar�ficial aging. The 1-
hour gap between solu�on treatment and 
ar�ficial aging maximized mechanical proper 
�es, confirming that immediate ar�ficial aging 
enhances precipita�on and strengthens 6xxx 
aluminium alloys [7].

HHS400 exhibited the highest UTS and Rp0.2%, 
highligh�ng the role of alloying elements in 6xxx 
series alloys, par�cularly compared to AA6061. 
HHY320 and R300 maintained a balanced 
strength-duc�lity ra�o but showed no signi- 
ficant improvements over AA6061. Adjus�ng 
aging �me, temperature, or introducing addi-
�onal treatments could improve precipita�on 
distribu�on and mechanical performance in 
these alloys [6, 16, 18].

CONCLUSIONS AND FUTURE 
PERSPECTIVES
This study analysed the effects of heat 
treatment parameters on the mechanical 
proper�es and microstructure of AA6061 and 
alterna�ve 6xxx-series aluminium alloys used in 
the bicycle industry. Chemical composi�on 
analysis, hardness tes�ng, and tensile tes�ng 
established correla�ons between heat 
treatment condi�ons and material performan-
ce, aligning with the expected precipita�on 
sequence (SSSS GP zones -MgSi). Solu�on heat 
treatment and quenching, followed by ar�ficial 

aging with shorter intervals led to higher 
hardness and strength, due to precipitates 
distribu�on.

The influence of alloying elements, like Si, Cu, 
Mn and Cr, was evident, with HHS400 exhibi�ng 
the highest hardness. HHY320 show poten�al to 
be a viable alterna�ve to AA6061 for applica�-
ons requiring greater formability. R300 demons-
trated compe��ve mechanical proper�es, 
suppor�ng its poten�al for sustainable fabrica-
�on. HHY320 and R300 did not achieve op�mal 
results with this heat treatment sequence, 
indica�ng that alterna�ve temperatures and 
aging �mes should be explored.

The strong correla�on between tensile strength 
and hardness confirms hardness as a reliable 
predictor of mechanical performance.

Future research should incorporate advanced 
microstructural characteriza�on techniques 
(SEM, STEM, TEM) to dis�nguish from and 
phases, providing cri�cal insights into their 
morphology and interac�on with the aluminium 
matrix. Addi�onally, further studies precipita�-
on kine�cs, extrusion parameters, and alter-
na�ve alloy composi�ons could facilitate the 
development of next-genera�on materials with 
improved performance and sustainability for 
bicycle frame applica�ons.
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Two-wheel mobility has contributed to a sustainable future by reducing global carbon emissions.

In this scope, there is a growing demand for the adop�on of environmentally friendly processes and 
materials in the produc�on of mobility components.

A key requirement for two-wheel vehicle users is safety, which emphasizes the need for high-visibility 
garments, that ensure the user's presence to prevent accidents. Current commercial solu�ons include, 
mainly, reflec�ve and fluorescent materials, which typically involve the incorpora�on of func�onal 
par�cles in fossil-based polymers. The present project focuses on the development of sustainable light-
emi�ng tex�le fibre solu�ons, by incorpora�ng phosphorescent pigments in a biopolymer Polylac�c 
acid (PLA). These fibres will be integrated in clothing and accessories tailored for two wheels vehicle 
users, offering a sustainable alterna�ve while maintaining safety and func�onality.

PASSIVE LIGHTING; PHOSPHORESCENT FIBRES; SUSTAINABLE POLYMERS.

INTRODUCTION 
Phosphorescence is a physical phenomenon 
that involves the retransmission of absorbed 
visible light over a period, ranging from minutes 
to hours, during which it has been exposed to a 
light source. Examples of applica�ons of this 
type of technology are mainly found in the scope 
of safety-related products and an�-counter 
fei�ng measures. This func�onality can be 
achieved in tex�les through the incorpora�on of 
phosphorescent pigments using extrusion 
compounding, followed by melt-spinning [1]. 
The incorpora�on of these addi�ves into fibres 
through the melt-spinning process has been 
reported for fossil-based thermoplas�c 
materials, such as Polyethylene Terephthalate 
(PET) [2] and Polyamide 6 (PA6) 5 %w/w of 
pigment with a similar chemical base to the 
studied pigments were incorporated. PET fibres 
achieved a luminance and an average tenacity of 
3.0 cN/dtex. PA6 fibres exhibited Light Intensity, 

i.e. Rela�ve Intensity, values between 250 and 
500. To develop more sustainable and func�onal 
solu�ons, the present work focused on studying 
the influence of phosphorescent pigments on 
the produc�on of phosphorescent tex�le fibres 
and their final proper�es, using Polylac�c acid 
(PLA) through the melt-spinning process. A key 
objec�ve is to determine the maximum pigment 
amount that can be incorporated without 
compromising the fibre's compliance with safety 
standards and its compa�bility with tex�le 
manufacturing processes.

MATERIALS AND PROCEDURE
For the phosphorescent effect, two pigments 
were studied regarding their performance and 
final proper�es in fibre spinning. The proper�es 
of the pigments are represented in Table 1, and 
they were incorporated into PLA by extrusion 
compounding, using a twin-screw extruder. The 

TABLE 1
Proper�es of the selected phosphorescent pigments.

Time for Luminance
of 0.32 mcd/m² (min)

Emission Peak
Wavelength (nm)

Exceta�on Peak
Wavelength (nm)

Emission
colourPigment

Pigment 1

Pigment 2

Green

Blue
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manufacturing processes.
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were studied regarding their performance and 
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fibres were obtained by melt-spinning, as 
represented in Figure 1.

Melt-spinning is a processing technique used to 
produce tex�le fibres, where the raw material is 
fed into extruders (represented by A, B and C), 
melted, and transported to the spinneret, where 
it acquires the shape of a fibre. A�er extrusion, 
the fibres pass through the quenching zone and 
onto the Feed godet. The ra�o between the 
extrusion speed (V0) and the Feed Godet (R1) 
speed corresponds to the Melt Draw Ra�o 
(MDR). The Draw Ra�o (DR) - cold drawing - is 
defined as the ra�o between the Feed Godet 
speed (R1) and the Drawing Godet (R2) speed 
(R2). The process ends with the fibre being 
wound onto the winder (B).

The parameters influencing the processability of 
phosphorescent PLA fibres were studied using a 
standard and flexible Response Surface 
Methodology (RSM). Variables and their levels 
were defined based on preliminary tests.  The 
selected variables included: (i) the type of 
pigment (iden�fied in Table 1); (ii) mass of 
pigment, (% w/w: 10 % and 15 %); and (iii) Draw 
Ra�o (DR: between 1.0 and 1.6) from the melt-
spinning process. A�er determining the pigment 
with be�er phosphorescence performance (an 
indica�on of Light Intensity, i.e. Rela�ve Light 
Intensity), its processing limits were studied, 
establishing the maximum pigment mass that 
could be incorporated and the maximum 
achievable DR. 

This methodology employs Analysis of Variance 
(ANOVA) to iden�fy the variables with the 
greatest impact on the process, as well as their 
interac�ons, using a Two-Factor Interac�on (2FI) 

model. The model responses were Light Inten-
sity, i.e. phosphorescent performance, and Tena
city, i.e. mechanical performance. Light Intensity 
was measured using a fluorimeter, in phospho-
rescence mode, where the samples were 
excited at the wavelength of the excita�on peak 
(Table 1). The fibres were compared based on 
the obtained Light Intensity corresponding to 
the wavelength of the emission peak. Tenacity 
was determined through tensile tests, based on 
ASTM D3822 standard.

RESULTS AND DISCUSSION
The results were analysed using ANOVA, 
employing a 2FI model as the process to 
evaluate the factors and/or interac�ons with the 
greatest impact on the model responses-Light 
Intensity and Tenacity. The responses produced 
Model F-values of 73 and 21, respec�vely, 
indica�ng that the studied factors have a 
sta�s�cally significant effect on these responses. 
The RSM of Light Intensity is represented in 
Figure 2. Tenacity was also analysed, and the 
sta�s�cal values will also be presented.
 
Light intensity is strongly influenced by the type 
of pigment used, confirmed by the F-value of 
405 (p < 0.0001), followed by the mass of 
Pigment (% w/w), with a F-value of 4.14 (p = 
0.0460). DR or the interac�on between factors is 
not significant. Figure 2 shows this tendency, 
since Light Intensity values, in average, corres-
ponds to 6602 and 2580 for Pigment 1 and 
Pigment 2, respec�vely. Addi�onally, for 
Tenacity, the significant model terms are DR, 
mass of Pigment (% w/w) and the interac�on 
between type of pigment and mass of Pigment 
(% w/w). 

The study of the processability of phosphores-
cent pigments proceeded with Pigment 1, since 
it produced higher values of Light Intensity. The 
goal was to determine the maximum amount of 
pigment incorpora�on, with a stable process, 
and the maximum DR during processing. The 
Light Intensity and Tenacity were measured. The 
results are presented in Figure 3.
 
Regarding processing limits, a maximum 
pigment mass of 30 % w/w and a DR of 1.6 were 
achieved. The maximum value obtained for Light 
Intensity and Tenacity was 9238 and 0,83 
cN/dtex. The new models for Tenacity and Light 

Intensity were significant, with F-values of 115 
and 32, respec�vely. The individual parameters, 
Pigment (% w/w) and DR, showed the greatest 
influence on Tenacity (F-values = 67 and 220, 
respec�vely) and Light Intensity (F-value = 82 
and 5, respec�vely). The interac�on between 
these factors was also sta�s�cally significant for 
Tenacity (F-value = 26). As shown in Figure 3, 
Tenacity decreases with increasing mass of 
pigment, while the opposite occurs for light 
intensity, as expected. Regarding DR, Tenacity 
increases with higher DR values, whereas Light 
Intensity decreases.

FIGURE 1
Representa�on of melt-spinning technique.

FIGURE 2
RSM plot of Light Intensity, based on Pigment quan�ty (% w/w) and DR for each pigment.

FIGURE 3
Response surface plot of Light Intensity (le�) and Tenacity (right) based on Pigment quan�ty (% w/w) and DR for 
Pigment 1 (10 to 30 % w/w of Pigment quan�ty).
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ASTM D3822 standard.

RESULTS AND DISCUSSION
The results were analysed using ANOVA, 
employing a 2FI model as the process to 
evaluate the factors and/or interac�ons with the 
greatest impact on the model responses-Light 
Intensity and Tenacity. The responses produced 
Model F-values of 73 and 21, respec�vely, 
indica�ng that the studied factors have a 
sta�s�cally significant effect on these responses. 
The RSM of Light Intensity is represented in 
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and 5, respec�vely). The interac�on between 
these factors was also sta�s�cally significant for 
Tenacity (F-value = 26). As shown in Figure 3, 
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pigment, while the opposite occurs for light 
intensity, as expected. Regarding DR, Tenacity 
increases with higher DR values, whereas Light 
Intensity decreases.

FIGURE 1
Representa�on of melt-spinning technique.

FIGURE 2
RSM plot of Light Intensity, based on Pigment quan�ty (% w/w) and DR for each pigment.

FIGURE 3
Response surface plot of Light Intensity (le�) and Tenacity (right) based on Pigment quan�ty (% w/w) and DR for 
Pigment 1 (10 to 30 % w/w of Pigment quan�ty).
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CONCLUSIONS
The processability of phosphorescent pigments, 
using PLA and two different pigments (Pigment 1 
and Pigment 2), were studied by melt-spinning, 
to obtain tex�le fibres. The influence of both 
pigments was assessed though the fibres 
characteriza�on, determining Light Intensity (as 
an indicator of phosphorescence) and Tenacity.

(i) The study began by incorpora�ng 10% and 
15% w/w of each pigment into PLA. Pigment 
1 showed be�er performance regarding Light 
Intensity, achieving a maximum value of 8830 
for 15 % w/w.

(ii) Next, the maximum processing limits for 
Pigment 1 incorpora�on were determined. It 
was possible to incorporate 30 % w/w of 
pigment and to achieve a DR of 1.6. At this 
concentra�on, a maximum Light Intensity of 
9238 was achieved.

(iii) Overall, besides the type of pigment, the 
mass percentage of pigment (% w/w) is the 
most influen�al parameter affec�ng Light 
Intensity.

(iv) In all reported studies, sta�s�cal analysis 
revealed that the parameters DR and mass 
percentage of pigment (% w/w), as well as 
their interac�on, significantly impacted 
Tenacity values.

Values reported in the State-of-the-art refer to 5 
% w/w of incorporated pigment. In this study, a 
maximum of 30 % w/w of Pigment 1 was 
successfully incorporated, driven by the need to 
ensure func�onality for two-wheel vehicle user 
safety. The minimum Light Intensity values 
obtained for 10 %w/w of Pigment 1 and Pigment 
2 were 5324 and 2380, respec�vely. These results 
are promising compared to those reported by 
Yan et al. [3], where reported Light Intensity 
values range between 250 and 500. The average 
value obtained for Tenacity was 0,55 cN/dtex, 
which is considerably lower than the average 
values of 3,01 cN/dtex obtained by Ge et al. [2] 
for PET fibres, sugges�ng that mechanical 
proper�es require significant op�miza�on.
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Self-reinforced composites (SRCs) represent a significant advancement in materials science. These 

innova�ve materials, where both the matrix and reinforcement are derived from the same polymer, 

offer significant advantages, par�cularly in terms of enhanced fibre-matrix compa�bility and improved 

recyclability. This study focuses on developing SRCs from recycled polyester (rPES) tex�le waste, aiming 

to create lightweight, impact-resistant, and fully recyclable composites. The research, conducted under 

the Two-Wheel Mobilizing Agenda (AM2R) project, and this ar�cle details an eco-design approach 

incorpora�ng recycled tex�le waste, which involves the use of post-industrial polyester (PES) waste to 

produce needle-punched nonwoven fabrics (NWFs) and their integra�on with commercial poly(ethyle-

ne terephthalate) (PET) films. SRC plates were developed using hot-pressing, and their morphological 

and mechanical proper�es were evaluated. Results indicated that samples with NWF reinforcement 

exhibited greater consistency in thickness and improved structural homogeneity compared to those 

with cut-edge reinforcement. Mechanical tes�ng revealed diverse tensile strength and strain 

percentages, with samples 3 and 6 demonstra�ng superior performance. The study's findings highlight 

the promising poten�al of SRCs developed from recycled PES tex�le waste for sustainable applica�ons. 

To further advance this research, future work will focus on op�mizing reinforcement distribu�on and 

processing techniques to enhance uniformity and performance.

INTRODUCTION 
Self-reinforced composites (SRCs), also referred 
to as single-polymer composites (SPCs), 
represent a dis�nct class of composite materials 
in which both the matrix and the reinforcement 
are composed of the same type of polymer. This 
configura�on provides excellent fibre-matrix 
interface compa�bility and facilitates recycling 
due to the chemical uniformity of the cons�tu-

1,2ents . Ini�ally developed by Capia� and Porter 
in 1975, SRCs exploit the mel�ng point diffe-
rence between oriented fibres and a polymeric 
matrix in polyethylene (PE), resul�ng in systems 
with high internal cohesion and favourable 

2mechanical proper�es . Building on this concept, 
advanced techniques such as hot compac�on, 
film stacking, and powder impregna�on have 
been established to produce composites 
characterized by lightweight, excellent impact 
resistance, and enhanced recyclability-cri�cal 

1,3features for applica�ons in demanding sectors .
Given the drive toward environmentally 

sustainable alterna�ves, SRCs have gained 
relevance in industries such as automo�ve, 
aerospace, and packaging, where the combina�-
on of lightweight materials and recyclability is 

3crucial . Moreover, the use of recycled poly-
mers, such as PES and PET, in the produc�on of 
SRCs from industrial waste allows for the 
valorisa�on of materials that would otherwise 
be discarded. Incorpora�ng these recycled 
materials offers an environmentally friendly 
solu�on, reduces produc�on costs, and 
transforms industrial waste into high-perfor-

1,2mance materials .

The development of tex�le composites has been 
conducted under PPS54, a component of the 
Two-Wheel Mobilizing Agenda (AM2R) project. 
This PPS is led by TMG Tex�les and co-promoted 
by CITEVE (Technological Center for the Tex�le 
and Clothing Industries of Portugal) and CeNTI 
(Center for Nanotechnology and Smart 
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which is considerably lower than the average 
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Materials). The project aims to develop 
func�onal, interac�ve, and intelligent clothing 
solu�ons, as well as advanced tex�le composites 
(vehicle accessories), through the applica�on of 
mul�func�onal fibres and tex�le structures 
tailored for urban mobility in two-wheel 
vehicles. Leveraging the synergies among the 
par�cipa�ng en��es, the development of self-
reinforced composites (SRCs) has been iden�fi-
ed as an innova�ve and sustainable solu�on 
aligned with the project's objec�ves.

Two dis�nct R&D approaches have been defined 
for the development of SRCs. The first approach 
involves applying tex�le structures made from 
bicomponent technical fibres, which are 
produced through the extrusion of sheath-core 
fibres combining two polyethylene grades: high-
density polyethylene (HDPE) and low-density 
polyethylene (LDPE). The second approach, 
focused on eco-design, emphasizes the use of 
recycled tex�le waste strategically combined 
with commercial products. This ar�cle highlights 
the progress and results achieved to date under 
the second R&D approach, offering a detailed 
overview of the main advancements made.

MATERIALS AND METHODS
MATERIALS
The industrial partner and leader of the PPS, 
TMG Tex�les, strategically selected a post-
industrial waste stream of 100% PES to be 
recycled (rPES) for the second R&D approach, 
based on its produc�on consistency and volume. 
These tex�le waste materials were recovered at 
a pre-finishing stage in the tex�le produc�on 
process, ensuring minimal contamina�on. The 
tex�le waste was subsequently processed 
through cu�ng, mechanical recycling (defi-
brilla�on), and the produc�on of needle-
punched NWFs using the recycled rPES fibers. 
This process aimed to evaluate the integra�on of 
these materials in various forms into the 
proposed developments.

For the polymer matrix phase in the SRCs under 
study, commercial PET films, from DuPont, with 
a thickness of 100 µm were u�lized.

MATERIALS ANALYSIS
TGA (Thermogravimetric analysis) was perfor-
med using a TGA 209 F1 Libra equipment from 
Netzsch. The tests were conducted over a 
temperature range of 30 °C to 700 °C, with a 
hea�ng rate of 20 °C/min in a Nitrogen 
atmosphere. An alumina crucible was used to 
hold the samples. At least 2 samples of each 
material were analysed to assess the material 
degrada�on curve. This analysis highlights the 
thermal events of the sample, such as mass loss 

due to decomposi�on, dehydra�on, or 
vola�liza�on. The goal is to evaluate the 
composi�on by quan�fying the propor�on of 
fillers or addi�ves in the polymer and to study 
the decomposi�on and thermal stability of the 
materials used.
The recycled staple fibres were characterized 
following ISO 6889:1981 (n=500) to determine 
fibre length and length distribu�on through 
single-fibre measurements. Addi�onally, their 
linear density was assessed using the vibroscope 
method in accordance with ISO 1973:2021 
(n=50). This characteriza�on was essen�al for 
op�mizing the needle set configura�on of the 
nonwoven machine, as its se�ngs depend on 
the proper�es of the working fibers.

SRCS DEVELOPMENT
The SRC plates were developed using a hot-
pressing process. The different layers were 
placed in an aluminum mold, posi�oned 
between Teflon sheets to prevent contamina�-
on, and then inserted into the press preheated 
to the working temperature. In the preliminary 
phase, a mold with a working area of 180 × 95 
mm² was used.

A range of working temperatures was defined 
based on the preliminary characteriza�on of the 
raw materials, followed by hot-press tes�ng and 
valida�on of the parameters. The op�mal 
working temperature was determined by 
analysing the ini�al test results, along with the 
applied force on the press (which can be 
converted to pressure based on the working 
area).

SRCS MORPHOLOGICAL ANALYSIS AND 
MECHANICAL CHARACTERIZATION
Morphological analysis through thickness 
measurements were made on five points of 
each sample and the average thickness was 
considered for discussion. The cross-sec�on 
area observa�on was performed to evaluate the 
reinforcement distribu�on on the composite 
and the impregna�on. A good impregna�on is 
indicated by a seamless surface on the cross-
sec�onal area, not being possible to dis�nguish 
the different layers of materials.

Tensile tests were conducted using a universal 
mechanical tes�ng machine, model AGX-V50kN 
from Shimadzu, and a load cell of 50 kN. The 
tests were performed according to the ISO 527-4 
standard, with a crosshead speed of 2 mm/min 
and a gauge length of 50 mm. At least 6 
specimens of each material were tested to 
evaluate tensile strength and elonga�on at 
break.

At a preliminary stage, samples were prepared 
with dimensions of 75 × 10 mm² due to the 
limi�ng size of the final piece (180 × 95 mm²).

This analysis aimed to determine the mechanical 
proper�es, including tensile strength, elonga�on 
at break, and modulus of elas�city, providing 
insights into the performance and durability of 
the materials.

RESULTS AND DISCUSSION
The TGA curves of rPES in its cu�ed and recycled 
form, with and without finishing, are presented 
for comparison in Figure 1. A sample of the 
commercial PET film was also tested for thermal 
analysis and the determina�on of working 
parameters.

 

The average recycled fibre length was 34.7 mm 
(CV 27.9%) with a mode of 26 mm and a 
confidence limit of 0.8 mm, while the linear 
density averaged 2.45 dtex (CV 6.9%) with a 95% 
confidence limit of 0.05 dtex. This pronounced 
variability in fibre length, in contrast to the 
rela�vely uniform linear density, emphasises the 
need for precise adjustments to processing 
parameters in nonwoven produc�on.

In the preliminary phase of the studies, stra�fi-
ca�ons combining different reinforcement 
layers, cut edges materials, and needle-punched 
NWFs with various grammages, along with PET 
film matrix, were considered (represented in 
Table 1). The NWFs were produced with fibres 
obtained from the mechanical recycling of the 
industrial waste (i.e., cut edges). It was also 
studied the impact of duplica�ng polymeric 
matrix content: samples 4, 5 and 6 represent this 
study, compara�vely with samples 1, 2 and 3, 
respec�vely.

The average thickness of the SRC samples was 
determined to analyse the impact of the 
reinforcement phase incorporated, namely cut 
edges and recycled NWF. The sta�s�cal analysis 
of the sample thickness measurements, 
presented in Table 2, reveals both the variability 
and consistency across different samples. 
Understanding these varia�ons is crucial for 
quality control and ensuring uniformity in 
applica�ons where precise thickness measure-
ments are essen�al.

Sample 4 exhibited the highest variability which 
demonstrates less consistency within the 
sample, as indicated by its high standard 
devia�on (0.226 mm) and coefficient of 
varia�on (9.7%). Conversely, Sample 6 showed 
the highest consistency in thickness measure-
ments, with the lowest standard devia�on 
(0.032 mm) and coefficient of varia�on (1.7%), 
making it the most uniform sample.

On a broad perspec�ve, the sta�s�cal data 
suggest that samples with cut edges reinforce-
ment (samples 1, 4, and 5) tend to present 
higher variability, while those reinforced with 
NWF tend to exhibit less variability in thickness 
(samples 3 and 6).

Tha analyses of the cross-sec�on area were 
based on a visual observa�on, following the 
reference images presented on Table 3.
 
Considering the cross-sec�on area analyses, 
sample 6 is the most homogeneous and 
apparently with good "impregna�on" of fibres 
by the polymeric film, which is coherent with the 
thickness analyses results.

TABLE 1
Stra�fica�on of the SRCs developed.

FIGURE 1
Thermogravimetric analysis (TGA) graphs of rPES 
and commercial PET film.

TABLE 2
Average thickness of the SRC fabricated, with 
standard devia�on (S.D.) and coefficient of 
varia�on (C.V.).

Thickness

Size & ShapeMean (mm) C.V. (%)S.D. (mm)

2.420
2.020
1.678
2.328
2.024
1.872
2.090
1.994
1.790

0.181
0.059
0.034
0.226
0.135
0.032
0.052
0.076
0.034

7.5
2.9
2.0
9.7
6.7
1.7
2.5
3.8
1.9
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fillers or addi�ves in the polymer and to study 
the decomposi�on and thermal stability of the 
materials used.
The recycled staple fibres were characterized 
following ISO 6889:1981 (n=500) to determine 
fibre length and length distribu�on through 
single-fibre measurements. Addi�onally, their 
linear density was assessed using the vibroscope 
method in accordance with ISO 1973:2021 
(n=50). This characteriza�on was essen�al for 
op�mizing the needle set configura�on of the 
nonwoven machine, as its se�ngs depend on 
the proper�es of the working fibers.

SRCS DEVELOPMENT
The SRC plates were developed using a hot-
pressing process. The different layers were 
placed in an aluminum mold, posi�oned 
between Teflon sheets to prevent contamina�-
on, and then inserted into the press preheated 
to the working temperature. In the preliminary 
phase, a mold with a working area of 180 × 95 
mm² was used.

A range of working temperatures was defined 
based on the preliminary characteriza�on of the 
raw materials, followed by hot-press tes�ng and 
valida�on of the parameters. The op�mal 
working temperature was determined by 
analysing the ini�al test results, along with the 
applied force on the press (which can be 
converted to pressure based on the working 
area).

SRCS MORPHOLOGICAL ANALYSIS AND 
MECHANICAL CHARACTERIZATION
Morphological analysis through thickness 
measurements were made on five points of 
each sample and the average thickness was 
considered for discussion. The cross-sec�on 
area observa�on was performed to evaluate the 
reinforcement distribu�on on the composite 
and the impregna�on. A good impregna�on is 
indicated by a seamless surface on the cross-
sec�onal area, not being possible to dis�nguish 
the different layers of materials.

Tensile tests were conducted using a universal 
mechanical tes�ng machine, model AGX-V50kN 
from Shimadzu, and a load cell of 50 kN. The 
tests were performed according to the ISO 527-4 
standard, with a crosshead speed of 2 mm/min 
and a gauge length of 50 mm. At least 6 
specimens of each material were tested to 
evaluate tensile strength and elonga�on at 
break.

At a preliminary stage, samples were prepared 
with dimensions of 75 × 10 mm² due to the 
limi�ng size of the final piece (180 × 95 mm²).

This analysis aimed to determine the mechanical 
proper�es, including tensile strength, elonga�on 
at break, and modulus of elas�city, providing 
insights into the performance and durability of 
the materials.

RESULTS AND DISCUSSION
The TGA curves of rPES in its cu�ed and recycled 
form, with and without finishing, are presented 
for comparison in Figure 1. A sample of the 
commercial PET film was also tested for thermal 
analysis and the determina�on of working 
parameters.

 

The average recycled fibre length was 34.7 mm 
(CV 27.9%) with a mode of 26 mm and a 
confidence limit of 0.8 mm, while the linear 
density averaged 2.45 dtex (CV 6.9%) with a 95% 
confidence limit of 0.05 dtex. This pronounced 
variability in fibre length, in contrast to the 
rela�vely uniform linear density, emphasises the 
need for precise adjustments to processing 
parameters in nonwoven produc�on.

In the preliminary phase of the studies, stra�fi-
ca�ons combining different reinforcement 
layers, cut edges materials, and needle-punched 
NWFs with various grammages, along with PET 
film matrix, were considered (represented in 
Table 1). The NWFs were produced with fibres 
obtained from the mechanical recycling of the 
industrial waste (i.e., cut edges). It was also 
studied the impact of duplica�ng polymeric 
matrix content: samples 4, 5 and 6 represent this 
study, compara�vely with samples 1, 2 and 3, 
respec�vely.

The average thickness of the SRC samples was 
determined to analyse the impact of the 
reinforcement phase incorporated, namely cut 
edges and recycled NWF. The sta�s�cal analysis 
of the sample thickness measurements, 
presented in Table 2, reveals both the variability 
and consistency across different samples. 
Understanding these varia�ons is crucial for 
quality control and ensuring uniformity in 
applica�ons where precise thickness measure-
ments are essen�al.

Sample 4 exhibited the highest variability which 
demonstrates less consistency within the 
sample, as indicated by its high standard 
devia�on (0.226 mm) and coefficient of 
varia�on (9.7%). Conversely, Sample 6 showed 
the highest consistency in thickness measure-
ments, with the lowest standard devia�on 
(0.032 mm) and coefficient of varia�on (1.7%), 
making it the most uniform sample.

On a broad perspec�ve, the sta�s�cal data 
suggest that samples with cut edges reinforce-
ment (samples 1, 4, and 5) tend to present 
higher variability, while those reinforced with 
NWF tend to exhibit less variability in thickness 
(samples 3 and 6).

Tha analyses of the cross-sec�on area were 
based on a visual observa�on, following the 
reference images presented on Table 3.
 
Considering the cross-sec�on area analyses, 
sample 6 is the most homogeneous and 
apparently with good "impregna�on" of fibres 
by the polymeric film, which is coherent with the 
thickness analyses results.

TABLE 1
Stra�fica�on of the SRCs developed.

FIGURE 1
Thermogravimetric analysis (TGA) graphs of rPES 
and commercial PET film.

TABLE 2
Average thickness of the SRC fabricated, with 
standard devia�on (S.D.) and coefficient of 
varia�on (C.V.).

Thickness

Size & ShapeMean (mm) C.V. (%)S.D. (mm)

2.420
2.020
1.678
2.328
2.024
1.872
2.090
1.994
1.790

0.181
0.059
0.034
0.226
0.135
0.032
0.052
0.076
0.034

7.5
2.9
2.0
9.7
6.7
1.7
2.5
3.8
1.9
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On samples with cut edges (samples 1, 2, 4, 5, 7, 
8 and 9), this reinforcement layer is dis�nguis-
hed on the cross-sec�onal area. The distribu�on 
of reinforcement within these samples is highly 
heterogeneous, which appears to impact the 
uniformity (and vice-versa) of the composite's 
thickness. Addi�onally, the manual distribu�on 
method used to incorporate cut edges, results in 
lower reproducibility, presen�ng challenges for 
its applica�on in an industrial se�ng. Mecha- 
nical proper�es were tested, and the results are 
represented in Figure 2.

Apparently, there is no consistent rela�onship 
between tensile strength and strain percentage 
across the samples. Some samples exhibit both 
higher tensile strength and higher strain 
percentages, while others show lower tensile 
strength and low strain percentages. This diver- 
sity highlights the unique mechanical proper�es 
of each sample, sugges�ng that both strength 
and flexibility can vary independently.

Duplica�on of polymeric matrix content of the 
samples 1, 2 and 3 demonstrates li�le to no effect 
on the mechanical performance of the samples, 
when compared with samples 4, 5 and 6.

Sample 9 demonstrates the highest tensile 
strength and the highest strain percentage, 
followed by sample 3 and 6.

CONCLUSIONS
In this study, self-reinforced composites (SRCs) 
developed from PES recycled tex�le waste were 
evaluated in preliminary analysis, based on their 
thickness variability, structural homogeneity, 
and mechanical proper�es.

Samples with cut edges reinforcement (samples 
1, 4, and 5) exhibited higher variability in 
thickness, whereas those incorpora�ng needle-
punched NWFs derived from recycled cut edges 
fibres (samples 3 and 6) demonstrated greater 
consistency. Cross-sec�onal analysis confirmed 
that sample 6 possessed the most homogene-
ous structure and what appears to be a good 
impregna�on, which is consistent with its low 
variability in thickness. Similar observa�ons 
were noted for sample 3.

Mechanical tes�ng revealed a diverse range of 
tensile strength and strain percentages across 
the samples, with samples 3 and 6, following 
sample 9, showing the highest mechanical 
performance. Overall, samples 3 and 6 emerged 
as the most promising candidates, combining 
superior structural consistency with enhanced 
mechanical proper�es.

Future work should focus on op�mizing 
reinforcement distribu�on and processing 
techniques to further improve SRC uniformity 
and performance. Addi�onally, subsequent 
developments will priori�ze refining the best 
stra�fica�on method and employing larger 
moulds to produce SRCs with an expanded 
working area.
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Bicycles are an increasingly popular alterna�ve to motorized transporta�on and contribute to reduce 

CO² emissions. However, the produc�on of its components generates waste streams that can cause 

environmental damage, especially because of their high loads of organic ma�er and metals.

Industrial sludge and wastewater, o�en toxic and harmful to the environment, could represent a 

poten�al source of metals for reintroduc�on into industrial processes. On the other hand, their high 

organic content can be further valorised into energy vectors (H² and CO²) through anaerobic treatment 

processes, thus closing the loop towards a more Circular Economy in the two-wheel industry. This work 

aims to characterise effluents generated in the two-wheel industry and to address the importance of 

proper effluent treatment using techniques that minimise environmental impacts.

The Ciclo Fapril company is presented as a case study where effluents have been collected and 

characterized in the scope of the AM2R project.

 INTRODUCTION
The increasing number of bicycle users, rapid 
innova�on in industrial produc�on systems, 
combined with the fact that it is an environmen-
tally friendly means of transport that allows for a 
reduc�on in CO² emissions and the avoidance of 
fossil fuels, have made the bicycle a popular 
solu�on all over the world (Roy et al., 2019). 
However, the produc�on of its components is 
associated with a variety of environmental 
impacts. In the industrial sphere, these impacts 
are related to the accumula�on of raw materials 
and waste produc�on, but also to the ineffici-
ency of produc�on processes and waste 
treatment processes.

Metals such as aluminium (Al), nickel (Ni) or zinc 
(Zn) used in the produc�on of bicycle compo-
nents, can reach the liquid effluents generated, 
damaging public health, the environment and 
ecosystems (Bi�on, 1994; Gray, 2004), especially 
when emission limits values (ELVs) are not 
complied with. Other factors contribu�ng to 
possible non-compliance with the ELVs in 

wastewater include the high organic load 
presented by various streams, including oils and 
greases used in product washing and finishing 
processes, as well as suspended solids.

Industrial effluents from the manufacturing 
process of bicycle components vary according to 
their origin and composi�on, requiring correct 
management in order to minimise possible 
environmental damage. In general, these 
effluents can be: (a) oily, generated by machi- 
ning, lubrica�on and equipment maintenance 
processes, containing oil, grease and other 
petroleum deriva�ves; (b) metal effluents, 
which commonly arise from processes such as 
galvanising, pain�ng, anodising and metal 
surface treatment, and which generally contain 
heavy metals such as copper (Cu), chromium 
(Cr), Ni and Zn, (c) paint and varnish effluents, 
origina�ng from the applica�on of paints and 
varnishes to parts, which may contain organic 
solvents, resins and toxic pigments; and finally, 
(d) cooling water, used to lower the temperature 
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On samples with cut edges (samples 1, 2, 4, 5, 7, 
8 and 9), this reinforcement layer is dis�nguis-
hed on the cross-sec�onal area. The distribu�on 
of reinforcement within these samples is highly 
heterogeneous, which appears to impact the 
uniformity (and vice-versa) of the composite's 
thickness. Addi�onally, the manual distribu�on 
method used to incorporate cut edges, results in 
lower reproducibility, presen�ng challenges for 
its applica�on in an industrial se�ng. Mecha- 
nical proper�es were tested, and the results are 
represented in Figure 2.

Apparently, there is no consistent rela�onship 
between tensile strength and strain percentage 
across the samples. Some samples exhibit both 
higher tensile strength and higher strain 
percentages, while others show lower tensile 
strength and low strain percentages. This diver- 
sity highlights the unique mechanical proper�es 
of each sample, sugges�ng that both strength 
and flexibility can vary independently.

Duplica�on of polymeric matrix content of the 
samples 1, 2 and 3 demonstrates li�le to no effect 
on the mechanical performance of the samples, 
when compared with samples 4, 5 and 6.

Sample 9 demonstrates the highest tensile 
strength and the highest strain percentage, 
followed by sample 3 and 6.

CONCLUSIONS
In this study, self-reinforced composites (SRCs) 
developed from PES recycled tex�le waste were 
evaluated in preliminary analysis, based on their 
thickness variability, structural homogeneity, 
and mechanical proper�es.

Samples with cut edges reinforcement (samples 
1, 4, and 5) exhibited higher variability in 
thickness, whereas those incorpora�ng needle-
punched NWFs derived from recycled cut edges 
fibres (samples 3 and 6) demonstrated greater 
consistency. Cross-sec�onal analysis confirmed 
that sample 6 possessed the most homogene-
ous structure and what appears to be a good 
impregna�on, which is consistent with its low 
variability in thickness. Similar observa�ons 
were noted for sample 3.

Mechanical tes�ng revealed a diverse range of 
tensile strength and strain percentages across 
the samples, with samples 3 and 6, following 
sample 9, showing the highest mechanical 
performance. Overall, samples 3 and 6 emerged 
as the most promising candidates, combining 
superior structural consistency with enhanced 
mechanical proper�es.

Future work should focus on op�mizing 
reinforcement distribu�on and processing 
techniques to further improve SRC uniformity 
and performance. Addi�onally, subsequent 
developments will priori�ze refining the best 
stra�fica�on method and employing larger 
moulds to produce SRCs with an expanded 
working area.
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environmental damage, especially because of their high loads of organic ma�er and metals.

Industrial sludge and wastewater, o�en toxic and harmful to the environment, could represent a 

poten�al source of metals for reintroduc�on into industrial processes. On the other hand, their high 

organic content can be further valorised into energy vectors (H² and CO²) through anaerobic treatment 

processes, thus closing the loop towards a more Circular Economy in the two-wheel industry. This work 

aims to characterise effluents generated in the two-wheel industry and to address the importance of 

proper effluent treatment using techniques that minimise environmental impacts.

The Ciclo Fapril company is presented as a case study where effluents have been collected and 

characterized in the scope of the AM2R project.

 INTRODUCTION
The increasing number of bicycle users, rapid 
innova�on in industrial produc�on systems, 
combined with the fact that it is an environmen-
tally friendly means of transport that allows for a 
reduc�on in CO² emissions and the avoidance of 
fossil fuels, have made the bicycle a popular 
solu�on all over the world (Roy et al., 2019). 
However, the produc�on of its components is 
associated with a variety of environmental 
impacts. In the industrial sphere, these impacts 
are related to the accumula�on of raw materials 
and waste produc�on, but also to the ineffici-
ency of produc�on processes and waste 
treatment processes.

Metals such as aluminium (Al), nickel (Ni) or zinc 
(Zn) used in the produc�on of bicycle compo-
nents, can reach the liquid effluents generated, 
damaging public health, the environment and 
ecosystems (Bi�on, 1994; Gray, 2004), especially 
when emission limits values (ELVs) are not 
complied with. Other factors contribu�ng to 
possible non-compliance with the ELVs in 

wastewater include the high organic load 
presented by various streams, including oils and 
greases used in product washing and finishing 
processes, as well as suspended solids.

Industrial effluents from the manufacturing 
process of bicycle components vary according to 
their origin and composi�on, requiring correct 
management in order to minimise possible 
environmental damage. In general, these 
effluents can be: (a) oily, generated by machi- 
ning, lubrica�on and equipment maintenance 
processes, containing oil, grease and other 
petroleum deriva�ves; (b) metal effluents, 
which commonly arise from processes such as 
galvanising, pain�ng, anodising and metal 
surface treatment, and which generally contain 
heavy metals such as copper (Cu), chromium 
(Cr), Ni and Zn, (c) paint and varnish effluents, 
origina�ng from the applica�on of paints and 
varnishes to parts, which may contain organic 
solvents, resins and toxic pigments; and finally, 
(d) cooling water, used to lower the temperature 
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of parts in processes such as welding or forging, 
which may contain chemical substances used in 
water prepara�on (Pazdzior et al., 2019).

Therefore, it is of utmost importance to 
implement effec�ve processes for trea�ng 
industrially generated effluents. This should be 
done alongside the possibility of valorising some 
of their components and reusing water in the 
produc�on process, thus emphasising a 
sustainable perspec�ve and environmental 
compliance (Al-Mutair et al., 2024).

Each effluent has a set of characteris�cs 
(physical, chemical and biological) that must be 
considered when tes�ng appropriate treatment 
strategies. Effluent treatment methods are 
divided into primary, secondary and ter�-
ary/advanced. Primary treatment removes 
suspended solids and reduces the organic load, 
preparing the effluent for the following stages 
(e.g. sedimenta�on, flota�on, coagula�on; 
Sathya et al., 2022). Secondary treatment uses 
biological processes (e.g. ac�vated sludge, 
anaerobic diges�on) to remove organic ma�er 
and nutrients. Ter�ary/advanced treatment 
removes persistent contaminants through 
membrane filtra�on, adsorp�on with ac�vated 
carbon and advanced oxida�on. The choice of 
method depends on the characteris�cs of the 
effluent to be treated (Woodard, 2001), 
ensuring that pollutants are removed to meet 
strict standards, allowing the water to be reused 
and minimising environmental and human 
health impacts.

This work aims to provide a preliminary 
characterisa�on of the effluents generated in 
the industrial line for metal parts cleaning and 
degreasing at the company Ciclo Fapril - 
Indústrias Metalúrgicas, S.A., addressing 
improvements in treatment methods and the 
possibility of valorising components in the 
effluents produced. 

MATERIALS AND METHODS
CICLO FAPRIL COMPANY
Ciclo Fapril - Indústrias Metalúrgicas, S.A. is a 
company dedicated to producing metal 
components for various industrial areas, such as 
the transport industry (parts for cars and 
bicycles), medical care, and construc�on, among 
others. The company uses Al in most of its 
products. It is dedicated to producing welded 
metal components, based on sheet metal 
stamping/machining, tube/wire cu�ng/ 
bending and turning/machining, focusing on 
innova�on in its products and industrial 
processes.

The company has an industrial wastewater 
treatment plant (IWWTP) based on coagula�on-
floccula�on processes. During the treatment, 
par�cularly during the filtra�on stage, sludge is 
produced, containing appreciable concentra�-
ons of various metals and organic ma�er.

During the process of degreasing and washing 
metal parts to apply powder paint, effluents are 
generated such as alkaline degreasing effluent, 
passiva�on effluent and pressed sludge. Before 
being discharged to the IWWTP, the effluents 
generated are subjected to primary pre-treat- 
ment/treatment: degreasing effluent - degre- 
asing and passiva�on effluent - filtra�on of iron 
precipitates. The pre-treated effluent arrives 
separately by gravity at the IWWTP, where it is 
separated as follows: acid-concentrated 
effluent, alkaline concentrated effluent, diluted 
effluent and reserve effluent. Treatment is then 
carried out discon�nuously in the main reactor 
using a sequen�al coagula�on, neutralisa�on 
and floccula�on process.  Coagula�on-
floccula�on is a highly effec�ve process for 
removing microscopic and submicroscopic 
par�cles suspended in effluents. This process 
allows colloidal par�cles to be transformed into 
larger par�cles with greater sedimenta�on 
capacity. During coagula�on, the suspension or 
solu�on is destabilized, i.e. the stability of the 
system is broken. The coagulant is the chemical 
compound added to promote this destabiliza�-
on. Floccula�on is the process in which the 
destabilized par�cles are induced to form larger 
aggregates. In this phase, the flocculant is added 
to facilitate the agglomera�on of these par�cles 
(Koohestanian et al., 2008). The following 
products are added to this treatment method: 
(1) PAC (polyaluminium chloride) coagulant; (2) 
sulphuric acid; (3) limewater (calcium hydroxi-
de); (4) ST-FLOC flocculant (ST Ibérica). The main 
purpose of adding sulphuric acid and limewater 
during the coagula�on-floccula�on process is to 
adjust the pH, which is crucial for op�mizing the 
efficiency of the treatment process.

The treated effluent is sent for filtra�on in a filter 
press. The filtered water is then subjected to a 
final pH adjustment and final filtra�on through 
quartzite and ac�vated carbon columns. The 
sludge produced in the filter press is discharged 
into containers posi�oned underneath the filter. 
In support of these opera�ons, the University of 
Aveiro collaborates closely with Ciclo Fapril, 
playing a key role in the characteriza�on of 
waste streams and the development of op�- 
mized treatment and recovery strategies, with a 
focus on both energy and material recovery.

SAMPLING

According to the technical informa�on provided 
by the company on the produc�on processes, 
the following streams were iden�fied for the 
characterisa�on of liquid effluent and sludge 
samples at Ciclo Fapril: degreasing effluent 1 
(ED1), degreasing effluent 2 (ED2) and pressed 
sludge. Degreasing effluent 1 results from 
washing and degreasing aluminium parts, while 
degreasing effluent 2 is generated from washing 
and degreasing iron parts. A single representa�-
ve sample was collected from each of the 
streams. The liquid samples were transported in 
1.5 L plas�c bo�les, while the sludge was 
transported in plas�c bags and stored in the 
refrigerator at 4 °C in the Department of 
Environment and Planning and the Department 
of Geosciences at the University of Aveiro.

METHODOLOGY

The liquid effluents and solids sampled were 
characterised by analysing the following 
physicochemical parameters: liquid effluents - 
pH, electrical conduc�vity (EC), total and vola�le 
suspended solids (TSS and VSS, respec�vely), 
total chemical oxygen demand (COD), biochemi-
cal oxygen demand a�er five days (BOD⁵); sludge 
- pH, EC, total solids (TS), vola�le solids (VS), 
chemical analysis of major elements, and 
mineralogy.

The methods and equipment used to analyse 
the various physicochemical, chemical and 
mineralogical parameters determined in this 
work are summarised in Table 1.

Three replicate analyses of each sample were 
systema�cally carried out to determine COD, 
BOD⁵, TSS and VSS in the effluent and TS and VS 
in the sludge.

RESULTS AND DISCUSSION
LIQUID EFFLUENT CHARACTERISATION

Table 2 shows the results of the physicochemical 
characterisa�on of the effluent from washing 
and degreasing metal parts at Ciclo Fapril, as well 
as comparison with a reference study.

The liquid effluents resul�ng from the process of 
washing and degreasing metal parts for the 
applica�on of powder paint show alkaline pH 
values (10.3 and 11.6) and high EC values 
compared to the values of studies carried out on 
effluents from metallurgical industries located 
along the Dombivali Industrial Complex in 
Mumbai, India (Singare and Dhabarde, 2014; 
Table 2) and at the Hayatabad Industrial Estate 
(HIE) in Peshawar, Pakistan (Tariq et al., 2006; 
Table 2). Regarding suspended solids, around 46-
48% of total solids are vola�le, which could 
indicate a considerable organic content in the 

Parameter

TABLE 1
Summary of methods and equipment used to analyse the various physicochemical, chemical and mineralogical 
parameters determined in this work.

Sludges

Method/method reference Equipment

pH meter, model HI 9025; HANNA Instruments

Conduc�vity meter, model 1481-50; Cole-Parmer

Spectrophotometer, CODvario

Oxitop control equipment

Oven WTBbinder

Muffle furnace Carbolite

pH meter, model HI 9025; HANNA Instruments

Conduc�vity meter, model 1481-50; Cole-Parmer

Oven WTBbinder

Muffle furnace Carbolite

Spectrometer AXIOS PW4400/40

FRX-PANaly�cal

Diffractometer PANaly�cal X'Pert Pro

Direct measurement

Direct measurement

5220D*

5210D*

2540D*

2540E*

ISO/FDIS 10390:2020

ISO 11265:1994

2540G*

2540G*

Fused beads; X-ray 

fluorescence (XRF)

X-ray diffrac�on (XRD)

pH

EC

COD

BOD5

TSS

VSS

pH

EC

TS

VS

Chemical analysis of 
major elements
Mineralogy

Liquid
effluents

*Standard methods for the examina�on of water and wastewater (Greenberg et al., 1999)
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TABLE 2
Results of the physicochemical parameters of the liquid effluents.

pH

EC (mS cm-¹)

COD (mg L-¹)

BOD⁵ (mg/L-¹)

TSS (mg L-¹)

VSS (mg L-¹)

Singare and Dhabarde 
(2014)**

Tariq et al.
(2006)*

Degreasing effluent 2
(ED2)

Degreasing effluent 1
(ED1)

10.30

25900

9517±74.26

4903±259.27

400±17.32

190±20.00

11.60

32300

9575±155.80

4219±47.14

482±48.05

220±99.88

4.44

1920

nd

340

521

6400

48.19-10.30

4949-25067

987-13640

356-557

688-1608

nd

*Physicochemical proper�es of effluents discharged by aluminium industries of Hayatabad Industrial Estate (HIE) in Peshawar; 
**Physicochemical proper�es of effluents discharged by metallurgical industries along the Dombivali Industrial Complex in Mumbai (India); nd 
    - not defined.
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sustAINABILITYsustAINABILITY

of parts in processes such as welding or forging, 
which may contain chemical substances used in 
water prepara�on (Pazdzior et al., 2019).

Therefore, it is of utmost importance to 
implement effec�ve processes for trea�ng 
industrially generated effluents. This should be 
done alongside the possibility of valorising some 
of their components and reusing water in the 
produc�on process, thus emphasising a 
sustainable perspec�ve and environmental 
compliance (Al-Mutair et al., 2024).

Each effluent has a set of characteris�cs 
(physical, chemical and biological) that must be 
considered when tes�ng appropriate treatment 
strategies. Effluent treatment methods are 
divided into primary, secondary and ter�-
ary/advanced. Primary treatment removes 
suspended solids and reduces the organic load, 
preparing the effluent for the following stages 
(e.g. sedimenta�on, flota�on, coagula�on; 
Sathya et al., 2022). Secondary treatment uses 
biological processes (e.g. ac�vated sludge, 
anaerobic diges�on) to remove organic ma�er 
and nutrients. Ter�ary/advanced treatment 
removes persistent contaminants through 
membrane filtra�on, adsorp�on with ac�vated 
carbon and advanced oxida�on. The choice of 
method depends on the characteris�cs of the 
effluent to be treated (Woodard, 2001), 
ensuring that pollutants are removed to meet 
strict standards, allowing the water to be reused 
and minimising environmental and human 
health impacts.

This work aims to provide a preliminary 
characterisa�on of the effluents generated in 
the industrial line for metal parts cleaning and 
degreasing at the company Ciclo Fapril - 
Indústrias Metalúrgicas, S.A., addressing 
improvements in treatment methods and the 
possibility of valorising components in the 
effluents produced. 

MATERIALS AND METHODS
CICLO FAPRIL COMPANY
Ciclo Fapril - Indústrias Metalúrgicas, S.A. is a 
company dedicated to producing metal 
components for various industrial areas, such as 
the transport industry (parts for cars and 
bicycles), medical care, and construc�on, among 
others. The company uses Al in most of its 
products. It is dedicated to producing welded 
metal components, based on sheet metal 
stamping/machining, tube/wire cu�ng/ 
bending and turning/machining, focusing on 
innova�on in its products and industrial 
processes.

The company has an industrial wastewater 
treatment plant (IWWTP) based on coagula�on-
floccula�on processes. During the treatment, 
par�cularly during the filtra�on stage, sludge is 
produced, containing appreciable concentra�-
ons of various metals and organic ma�er.

During the process of degreasing and washing 
metal parts to apply powder paint, effluents are 
generated such as alkaline degreasing effluent, 
passiva�on effluent and pressed sludge. Before 
being discharged to the IWWTP, the effluents 
generated are subjected to primary pre-treat- 
ment/treatment: degreasing effluent - degre- 
asing and passiva�on effluent - filtra�on of iron 
precipitates. The pre-treated effluent arrives 
separately by gravity at the IWWTP, where it is 
separated as follows: acid-concentrated 
effluent, alkaline concentrated effluent, diluted 
effluent and reserve effluent. Treatment is then 
carried out discon�nuously in the main reactor 
using a sequen�al coagula�on, neutralisa�on 
and floccula�on process.  Coagula�on-
floccula�on is a highly effec�ve process for 
removing microscopic and submicroscopic 
par�cles suspended in effluents. This process 
allows colloidal par�cles to be transformed into 
larger par�cles with greater sedimenta�on 
capacity. During coagula�on, the suspension or 
solu�on is destabilized, i.e. the stability of the 
system is broken. The coagulant is the chemical 
compound added to promote this destabiliza�-
on. Floccula�on is the process in which the 
destabilized par�cles are induced to form larger 
aggregates. In this phase, the flocculant is added 
to facilitate the agglomera�on of these par�cles 
(Koohestanian et al., 2008). The following 
products are added to this treatment method: 
(1) PAC (polyaluminium chloride) coagulant; (2) 
sulphuric acid; (3) limewater (calcium hydroxi-
de); (4) ST-FLOC flocculant (ST Ibérica). The main 
purpose of adding sulphuric acid and limewater 
during the coagula�on-floccula�on process is to 
adjust the pH, which is crucial for op�mizing the 
efficiency of the treatment process.

The treated effluent is sent for filtra�on in a filter 
press. The filtered water is then subjected to a 
final pH adjustment and final filtra�on through 
quartzite and ac�vated carbon columns. The 
sludge produced in the filter press is discharged 
into containers posi�oned underneath the filter. 
In support of these opera�ons, the University of 
Aveiro collaborates closely with Ciclo Fapril, 
playing a key role in the characteriza�on of 
waste streams and the development of op�- 
mized treatment and recovery strategies, with a 
focus on both energy and material recovery.

SAMPLING

According to the technical informa�on provided 
by the company on the produc�on processes, 
the following streams were iden�fied for the 
characterisa�on of liquid effluent and sludge 
samples at Ciclo Fapril: degreasing effluent 1 
(ED1), degreasing effluent 2 (ED2) and pressed 
sludge. Degreasing effluent 1 results from 
washing and degreasing aluminium parts, while 
degreasing effluent 2 is generated from washing 
and degreasing iron parts. A single representa�-
ve sample was collected from each of the 
streams. The liquid samples were transported in 
1.5 L plas�c bo�les, while the sludge was 
transported in plas�c bags and stored in the 
refrigerator at 4 °C in the Department of 
Environment and Planning and the Department 
of Geosciences at the University of Aveiro.

METHODOLOGY

The liquid effluents and solids sampled were 
characterised by analysing the following 
physicochemical parameters: liquid effluents - 
pH, electrical conduc�vity (EC), total and vola�le 
suspended solids (TSS and VSS, respec�vely), 
total chemical oxygen demand (COD), biochemi-
cal oxygen demand a�er five days (BOD⁵); sludge 
- pH, EC, total solids (TS), vola�le solids (VS), 
chemical analysis of major elements, and 
mineralogy.

The methods and equipment used to analyse 
the various physicochemical, chemical and 
mineralogical parameters determined in this 
work are summarised in Table 1.

Three replicate analyses of each sample were 
systema�cally carried out to determine COD, 
BOD⁵, TSS and VSS in the effluent and TS and VS 
in the sludge.

RESULTS AND DISCUSSION
LIQUID EFFLUENT CHARACTERISATION

Table 2 shows the results of the physicochemical 
characterisa�on of the effluent from washing 
and degreasing metal parts at Ciclo Fapril, as well 
as comparison with a reference study.

The liquid effluents resul�ng from the process of 
washing and degreasing metal parts for the 
applica�on of powder paint show alkaline pH 
values (10.3 and 11.6) and high EC values 
compared to the values of studies carried out on 
effluents from metallurgical industries located 
along the Dombivali Industrial Complex in 
Mumbai, India (Singare and Dhabarde, 2014; 
Table 2) and at the Hayatabad Industrial Estate 
(HIE) in Peshawar, Pakistan (Tariq et al., 2006; 
Table 2). Regarding suspended solids, around 46-
48% of total solids are vola�le, which could 
indicate a considerable organic content in the 

Parameter

TABLE 1
Summary of methods and equipment used to analyse the various physicochemical, chemical and mineralogical 
parameters determined in this work.

Sludges

Method/method reference Equipment

pH meter, model HI 9025; HANNA Instruments

Conduc�vity meter, model 1481-50; Cole-Parmer

Spectrophotometer, CODvario

Oxitop control equipment

Oven WTBbinder

Muffle furnace Carbolite

pH meter, model HI 9025; HANNA Instruments

Conduc�vity meter, model 1481-50; Cole-Parmer

Oven WTBbinder

Muffle furnace Carbolite

Spectrometer AXIOS PW4400/40

FRX-PANaly�cal

Diffractometer PANaly�cal X'Pert Pro

Direct measurement

Direct measurement

5220D*

5210D*

2540D*

2540E*

ISO/FDIS 10390:2020

ISO 11265:1994

2540G*

2540G*

Fused beads; X-ray 

fluorescence (XRF)

X-ray diffrac�on (XRD)

pH

EC

COD

BOD5

TSS

VSS

pH

EC

TS

VS

Chemical analysis of 
major elements
Mineralogy

Liquid
effluents

*Standard methods for the examina�on of water and wastewater (Greenberg et al., 1999)

Parameters

TABLE 2
Results of the physicochemical parameters of the liquid effluents.

pH

EC (mS cm-¹)

COD (mg L-¹)

BOD⁵ (mg/L-¹)

TSS (mg L-¹)

VSS (mg L-¹)

Singare and Dhabarde 
(2014)**

Tariq et al.
(2006)*

Degreasing effluent 2
(ED2)

Degreasing effluent 1
(ED1)

10.30

25900

9517±74.26

4903±259.27

400±17.32

190±20.00

11.60

32300

9575±155.80

4219±47.14

482±48.05

220±99.88

4.44

1920

nd

340

521

6400

48.19-10.30

4949-25067

987-13640

356-557

688-1608

nd

*Physicochemical proper�es of effluents discharged by aluminium industries of Hayatabad Industrial Estate (HIE) in Peshawar; 
**Physicochemical proper�es of effluents discharged by metallurgical industries along the Dombivali Industrial Complex in Mumbai (India); nd 
    - not defined.
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samples. This hypothesis is supported by the 
BOD⁵/COD ra�o, which is considered a good 
proxy for classifying the biodegradability of 
effluents. This ra�o is higher than 0.4 for both 
samples (ED1=0.52 and ED2=0.44), indica�ng 
that these effluents contain a high amount of 
biodegradable organic ma�er that could be 
valorised through biological processes (Esplugas 
et al., 2004). As effluents resul�ng from 
degreasing processes, they are expected to 
contain organic substances, such as oils and fats, 
which are suscep�ble to microbial degrada�on, 
giving them a high tendency to biodegrade 
(Cisterna-Osorio & Arancibia-Ávila, 2019).

SLUDGE CHARACTERISATION

The sludge has an alkaline pH value (8.23), as 
expected due to the marked presence of CaO in 
the sample (Figure 1), and an EC value of 4685 uS 
cm-¹ as shown in Table 2. The sample studied 
had 74% total solids, of which 24.5% were 
vola�le (Table 3).

The major element geochemistry results show 
that the sludge sample mainly comprises a 
carbonate component (CaO = 29.6 wt.%; Loss on 
Igni�on (LOI) = 41.3 wt.%; Figure 1), in 
agreement with the presence of calcite and 
vaterite in the XRD diffractogram (Figure 2). It 
also contains appreciable amounts of Al₂O₃ (11.5 
wt.%; Figure 1) and P₂O₅ (8.0 wt.%; Fig. 1). The 
presence of CaO and Al₂O₃ could possibly be 
related to the addi�on of calcium hydroxide 
[Ca(OH)₂] and aluminium polychloride (coagu-
lant) during the effluent treatment process at 
the IWWTP, indica�ng poten�al metal recovery.

 

CONCLUSION
The treatment and recovery of effluents in the 
two-wheel industry has proved to be essen�al 
prac�ces for minimising the environmental 
impact of the industrial produc�on of bicycle 
components. The use of wastewater treatment 
methods and resource recovery strategies by 
companies linked to the sector not only 
contributes to compliance with legal and 
environmental requirements, but also to 
Circular Economy. Adop�ng more sustainable 
prac�ces can reduce opera�ng costs and 

generate economic value by transforming waste 
into valuable resources.

Regarding the effluents generated at Ciclo Fapril, 
given the high COD concentra�ons of the 
effluents studied (above the discharge limits in 
Portugal - DL 236/98) and the presence of 
biodegradable organic ma�er, biological 
treatments appear to be the first line for this 
type of effluent, due to their effec�veness, 
nature and low-cost opera�on.

Based on the preliminary characterisa�on 
carried out in this study, future work should 
focus on: (a) a more comprehensive physicoche-
mical characterisa�on and the iden�fica�on of 
possible seasonal pa�erns; (b) the analysis of 
metals/metalloids in the sludge to assess the 
poten�al for metal recovery and valorisa�on; 
and (c) the establishment of appropriate 
treatment schemes based on anaerobic 
processes to reduce the organic load and 
valorise its components into energy vectors.
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FIGURE 1
Geochemical results of major and minor elements 
and LOI  in industrial sludge.

FIGURE 2
XRD pa�erns of industrial sludge.
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samples. This hypothesis is supported by the 
BOD⁵/COD ra�o, which is considered a good 
proxy for classifying the biodegradability of 
effluents. This ra�o is higher than 0.4 for both 
samples (ED1=0.52 and ED2=0.44), indica�ng 
that these effluents contain a high amount of 
biodegradable organic ma�er that could be 
valorised through biological processes (Esplugas 
et al., 2004). As effluents resul�ng from 
degreasing processes, they are expected to 
contain organic substances, such as oils and fats, 
which are suscep�ble to microbial degrada�on, 
giving them a high tendency to biodegrade 
(Cisterna-Osorio & Arancibia-Ávila, 2019).

SLUDGE CHARACTERISATION

The sludge has an alkaline pH value (8.23), as 
expected due to the marked presence of CaO in 
the sample (Figure 1), and an EC value of 4685 uS 
cm-¹ as shown in Table 2. The sample studied 
had 74% total solids, of which 24.5% were 
vola�le (Table 3).

The major element geochemistry results show 
that the sludge sample mainly comprises a 
carbonate component (CaO = 29.6 wt.%; Loss on 
Igni�on (LOI) = 41.3 wt.%; Figure 1), in 
agreement with the presence of calcite and 
vaterite in the XRD diffractogram (Figure 2). It 
also contains appreciable amounts of Al₂O₃ (11.5 
wt.%; Figure 1) and P₂O₅ (8.0 wt.%; Fig. 1). The 
presence of CaO and Al₂O₃ could possibly be 
related to the addi�on of calcium hydroxide 
[Ca(OH)₂] and aluminium polychloride (coagu-
lant) during the effluent treatment process at 
the IWWTP, indica�ng poten�al metal recovery.

 

CONCLUSION
The treatment and recovery of effluents in the 
two-wheel industry has proved to be essen�al 
prac�ces for minimising the environmental 
impact of the industrial produc�on of bicycle 
components. The use of wastewater treatment 
methods and resource recovery strategies by 
companies linked to the sector not only 
contributes to compliance with legal and 
environmental requirements, but also to 
Circular Economy. Adop�ng more sustainable 
prac�ces can reduce opera�ng costs and 

generate economic value by transforming waste 
into valuable resources.

Regarding the effluents generated at Ciclo Fapril, 
given the high COD concentra�ons of the 
effluents studied (above the discharge limits in 
Portugal - DL 236/98) and the presence of 
biodegradable organic ma�er, biological 
treatments appear to be the first line for this 
type of effluent, due to their effec�veness, 
nature and low-cost opera�on.

Based on the preliminary characterisa�on 
carried out in this study, future work should 
focus on: (a) a more comprehensive physicoche-
mical characterisa�on and the iden�fica�on of 
possible seasonal pa�erns; (b) the analysis of 
metals/metalloids in the sludge to assess the 
poten�al for metal recovery and valorisa�on; 
and (c) the establishment of appropriate 
treatment schemes based on anaerobic 
processes to reduce the organic load and 
valorise its components into energy vectors.
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sludges.

Parameters

pH
-1EC (uS cm )

TS (%)

VS (%)

Sludge

8.23

4685

74.0

24.5

FIGURE 1
Geochemical results of major and minor elements 
and LOI  in industrial sludge.

FIGURE 2
XRD pa�erns of industrial sludge.
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The bicycle industry has gained significant a�en�on as a sustainable and healthy mode of transporta�-

on, par�cularly following the COVID-19 pandemic. However, balancing economic growth with 

sustainability goals remains a challenge, compounded by the lack of consistency in sustainability 

indicators. This study explores the current state of scien�fic research on sustainability within the two-

wheel industry, analyzing trends, iden�fying challenges, and highligh�ng knowledge gaps. The findings 

reveal that research is predominantly concentrated in countries like China, Taiwan, and the United 

States, with Italy, Germany, and the United Kingdom leading in Europe. Case studies are prevalent, 

emphasizing context-specific inves�ga�ons. The analysis underscores the importance of reducing the 

environmental impacts of bicycles across their lifecycle, advancing electric bicycle technology, and 

op�mizing management prac�ces. Key challenges include waste genera�on, supply chain complexi�es, 

and the need for circular solu�ons. The study also highlights gaps, such as the scarcity of targeted 

sustainability research and inconsistent use of performance indicators, which hinder meaningful 

comparisons and strategic advancements.

INTRODUCTION
The two-wheeler industry plays a significant role 
in global mobility. The popularity of bicycles as a 
sustainable and healthy mode of transporta�on 
has increased considerably in recent years, 
par�cularly a�er the COVID-19 pandemic, thus 
driving the growth and development of this 
sector [1], [2], [3], [4], [5], [6].

The bicycle industry o�en faces the challenge of 
sustainability, balancing economic growth goals 
with climate ac�on plans [7]. As the industry 
grows, so does the pressure to align with global 
sustainability goals, but effec�vely measuring 
and assessing sustainable performance remains 
a complex issue. Measuring sustainable perfor-
mance s�ll faces challenges, such as the diversity 
of indicators used and the lack of consistency. 
This inconsistency hampers the ability to 
develop a clear and unified approach to 
sustainability within the industry.

Given these challenges, this study aims to 
contribute insights toward a more robust and 
comprehensive sustainability evalua�on in the 
two-wheel industry. By analyzing the exis�ng 
body of scien�fic literature on sustainability in 
this sector, the study aims to iden�fy the 
industry's primary obstacles to sustainable 
development. Furthermore, it will explore the 
exis�ng gaps in knowledge and highlight key 
research trends that could lead to more effec�ve 
and standardized sustainability measures within 
the two-wheel industry. 

METHODOLOGY
For this study, a literature review was carried out 
using open-access papers published in the last 7 
years in English in the databases Scopus and 
Web of Science. Ini�al searches using the 
keywords ['bicycle industry' OR 'bike industry'] 
AND 'sustainable resulted in 316 records. A�er 
elimina�ng duplicates (n=42), a category-based 
screening of �tles and abstracts led to the 
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exclusion of 188 studies related to physical 
ac�vity, tourism, physiological and behavioral 
factors, delivery, and sharing. To maintain a focus 
on aspects directly related to bicycle produc�on, 
manufacturing, distribu�on, use, and its impact 
as a sustainable mode of transport, a full-text 
review of the remaining 86 papers was conduc-
ted. This review, based on the applied eligibility 
criteria, resulted in the inclusion of 39 studies. 
These selected papers were categorized into 
several key themes to present the findings 
effec�vely. This categoriza�on serves mul�ple 
purposes cri�cal to the integrity and clarity of 
the research that highlights the diverse aspects 
of sustainability within the bicycle industry. 
These themes include Management and 
Planning, Waste and Recycling, Electric Bicycles, 
Life Cycle Assessment (LCA), Technological 
Innova�ons, COVID-19, and an Overview of the 
Bicycle Industry.

RESULTS
Scien�fic research on the bicycle industry and its 
rela�onship with sustainability has grown with a 
notable focus on countries such as the People's 
Republic of China (n=11), Taiwan (n=7), and the 
United States of America (n=6). In Europe (24% 
of publica�ons), the Netherlands (n=4), 
Denmark (n=3), Italy (n=3), and Germany (n=3), 
stand out in the number of publica�ons.

Figure 1 depicts an overview of the distribu�on 
of papers based on the results provided, and the 
seven themes previously men�oned. 

The prevalence of case studies in bicycle indus-

try research suggests that researchers are 
par�cularly interested in inves�ga�ng specific 
and contextualized phenomena, especially in 
circular economy models, environmental 
impacts throughout the product life cycle, and 
the technological advancements and develop-
ment of electric bicycles.The predominant 
themes emerging from the analyzed publica�-
ons can be broadly categorized into three key 
areas:

(i) Life Cycle Assessment (LCA) - This theme 
inves�gates the environmental impacts of 
bicycles across their en�re lifecycle, from 
raw material extrac�on and manufacturing 
processes to usage and eventual disposal or 
recycling. These studies emphasize the 
importance of reducing carbon footprints 
and improving sustainability prac�ces 
throughout the produc�on chain [8], [9], 
[10], [11], [12], [13], [14], [15], [16];

(ii) Electric Bicycles - Research in this area 
highlights the rapid technological advance-
ments in electric bicycles, examining their 
societal benefits, such as promo�ng 
sustainable urban mobility, reducing traffic 
conges�on, and minimizing air pollu�on. 
Studies also explore challenges related to 
ba�ery technology and infrastructure 
development [17], [18], [19], [20], [21], [22], 
[23]; and,

(iii) Management and Planning - This theme 
focuses on the cri�cal role of efficient 
management and strategic planning in op�mi-
zing produc�on processes, reducing waste, and 
enhancing overall sustainability in the bicycle 

industry. It also addresses supply chain improve-
ments and innova�ve business models tailored 
to meet evolving consumer demands [6], [24], 
[25], [26], [27], [28], [29], [30], [31].

In the past seven years, a few papers have spe-
cifically aimed to study and analyze sustainability 
performance evalua�on through indicators in 
bicycle industries.

In this context, a relevant highlight is a recent 
paper [6] conducted at a bicycle manufacturing 
company case study, which examined sustaina-
ble prac�ces in the context of Industry 4.0. The 
study inves�gated how an industry may use 
Industry 4.0 concepts (such as automa�on, big 
data, and the Internet of Things - IoT) to support 
sustainable development. The study emphasizes 
the significance of several ac�ons, including the 
dedica�on of top management to sustainability, 
corporate conduct, community welfare and 
development, adherence to labor and environ-
mental regula�ons, and calculated investments 
in technology. 

The main results presented by the authors show 
that the adop�on of 4.0 technologies has made 
it possible to op�mize the use of materials and 
minimize waste, integrate clean sources into 
produc�on, reduce the carbon footprint, 
improve working condi�ons and employee 
training, and a compe��ve advantage as 
sustainability has become a market differen�a-
tor.

CONCLUSION
The bicycle industry faces several key challenges 
in its pursuit of sustainability. One significant 
issue is the genera�on of various types of waste 
and the associated difficul�es in implemen�ng 
and overseeing effec�ve circular solu�ons. 
Managing the lifecycle of materials to minimize 
waste and maximize reuse remains a persistent 
obstacle. Addi�onally, reducing the consump�-
on of raw materials, energy, and pollutant 
emissions is another pressing challenge. 
Achieving eco-efficiency and op�mizing 
produc�on processes are cri�cal for crea�ng a 
more sustainable industry while addressing 
environmental concerns.

Another major challenge lies in the complexi�es 
of supply chain logis�cs. Issues such as managing 
stocks, minimizing waste, and addressing 
shipping costs and their associated environmen-
tal impacts are central to reducing the industry's 
carbon footprint. These interconnected factors 
highlight the need for streamlined logis�cs and 
innova�ve approaches to mi�gate environmen-
tal harm.

Despite the progress made in research and 
prac�ce, notable gaps remain. Specific research 
focusing on sustainability within the bicycle 
industry is scarce. This lack of targeted studies 
limits the development of tailored strategies and 
solu�ons. Furthermore, the inconsistency in 
using sustainability indicators across companies 
and studies creates difficul�es in assessing and 
comparing performance. Establishing standardi-
zed metrics is essen�al for fostering transpa-
rency and enabling meaningful comparisons 
within the industry.

Following the trend in other manufacturing 
industries, the sector's moderniza�on will 
con�nue with more and more applica�ons of AI 
and the Internet of Things (IoT), op�mizing 
produc�on, logis�cs, and maintenance. At the 
same �me, the expansion of electric bicycles is 
increasingly evident, and advanced technologies 
will contribute to user safety and more sustaina-
ble urban planning.

In this sense, one of the objec�ves of future 
work is to address these gaps by developing a 
specific framework for assessing sustainability in 
the sector, considering environmental, econo-
mic, and social variables. Future research will 
also analyze sector databases and create 
standardized methodologies for measuring 
sustainability indicators.
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The transport sector accounts for around 25 % of the greenhouse gas emissions in the European Union. 

To reduce these emissions, bicycles are emerging as a sustainable mode of transport, especially in urban 

areas. However, the environmental performance of different bicycle-use types s�ll lacks research. This 

review employs a life cycle assessment perspec�ve to analyse how methodological choices influence 

the environmental impacts of bicycles, i.e., global warming impacts. Results indicate that conven�onal 

private bicycles (CPB) have lower impacts than electric private bicycles (EPB). However, when conside-

ring the sharing type of use, the conven�onal shared bicycle (CSB) has higher environmental impacts 

than the electric shared bicycle (ESB). Future research should i) integrate the environmental evalua�on 

with economic indicators, and ii) explore alterna�ves to conven�onal sharing systems to improve the 

environmental performance of sharing systems.

INTRODUCTION
In 2022, the transport sector was responsible for 
approximately a quarter of the European Union 
(EU) total greenhouse gas (GHG) emissions [1]. 
Bicycles represent one of the most sustainable, 
health-promo�ng, and efficient modes of 
transporta�on. They hold significant poten�al to 
contribute to the decarboniza�on of urban 
mobility and support the achievement of the EU 
goal to reduce net GHG emissions by at least 55 
% by 2030 compared to 1990 levels and to reach 
climate neutrality by 2050, as outlined in the 
European Climate Law and the European 
declara�on on cycling [2-3].

Life Cycle Assessment (LCA) is a methodology for 
evalua�ng the environmental impacts of 
products and systems over their en�re life cycle, 
including produc�on, use, and end-of-life stages 
[4-5].

The LCA methodology has been applied to 
evaluate and compare the environmental 
impacts of bicycles. Bicycles can be classified 
based on their propulsion mechanism into 
conven�onal [6] and electric bicycles [7] but also 
categorised according to the type of use: i) 
conven�onal private bicycle (CPB); ii) conven�o-

nal shared bicycle (CSB); iii) electric private 
bicycle (EPB); and iv) electric shared bicycle 
(ESB).

Some bicycle LCA studies analyse different 
methodological approaches. For instance, Falgas 
et al. [8] compared the CPB, CSB, EPB, and ESB, 
concluding that the CSB has higher environmen-
tal impacts than the CPB, EPB and ESB. While [9-
12], compared the environmental performance 
of CPB and EPB, highligh�ng that EPB has higher 
environmental impacts. Calan et al. [13] 
reviewed the environmental impacts of different 
shared electric micro-mobility modes and 
compared different ESBs. The review concluded 
that dockless systems have higher environmen-
tal impacts than dock systems. 

However, further research is needed to assess 
the environmental impact of the specific 
components of bicycles, their assembly, and the 
end-of-life of bicycle components [9],[14].
This review of LCA-based studies of conven�onal 
and electric bicycles advances the current 
literature by providing a thorough analysis of 
methodological choices (e.g., func�onal unit, 
system boundary, impact assessment method, 
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The transport sector accounts for around 25 % of the greenhouse gas emissions in the European Union. 

To reduce these emissions, bicycles are emerging as a sustainable mode of transport, especially in urban 

areas. However, the environmental performance of different bicycle-use types s�ll lacks research. This 

review employs a life cycle assessment perspec�ve to analyse how methodological choices influence 

the environmental impacts of bicycles, i.e., global warming impacts. Results indicate that conven�onal 

private bicycles (CPB) have lower impacts than electric private bicycles (EPB). However, when conside-

ring the sharing type of use, the conven�onal shared bicycle (CSB) has higher environmental impacts 

than the electric shared bicycle (ESB). Future research should i) integrate the environmental evalua�on 

with economic indicators, and ii) explore alterna�ves to conven�onal sharing systems to improve the 

environmental performance of sharing systems.

INTRODUCTION
In 2022, the transport sector was responsible for 
approximately a quarter of the European Union 
(EU) total greenhouse gas (GHG) emissions [1]. 
Bicycles represent one of the most sustainable, 
health-promo�ng, and efficient modes of 
transporta�on. They hold significant poten�al to 
contribute to the decarboniza�on of urban 
mobility and support the achievement of the EU 
goal to reduce net GHG emissions by at least 55 
% by 2030 compared to 1990 levels and to reach 
climate neutrality by 2050, as outlined in the 
European Climate Law and the European 
declara�on on cycling [2-3].

Life Cycle Assessment (LCA) is a methodology for 
evalua�ng the environmental impacts of 
products and systems over their en�re life cycle, 
including produc�on, use, and end-of-life stages 
[4-5].

The LCA methodology has been applied to 
evaluate and compare the environmental 
impacts of bicycles. Bicycles can be classified 
based on their propulsion mechanism into 
conven�onal [6] and electric bicycles [7] but also 
categorised according to the type of use: i) 
conven�onal private bicycle (CPB); ii) conven�o-

nal shared bicycle (CSB); iii) electric private 
bicycle (EPB); and iv) electric shared bicycle 
(ESB).

Some bicycle LCA studies analyse different 
methodological approaches. For instance, Falgas 
et al. [8] compared the CPB, CSB, EPB, and ESB, 
concluding that the CSB has higher environmen-
tal impacts than the CPB, EPB and ESB. While [9-
12], compared the environmental performance 
of CPB and EPB, highligh�ng that EPB has higher 
environmental impacts. Calan et al. [13] 
reviewed the environmental impacts of different 
shared electric micro-mobility modes and 
compared different ESBs. The review concluded 
that dockless systems have higher environmen-
tal impacts than dock systems. 

However, further research is needed to assess 
the environmental impact of the specific 
components of bicycles, their assembly, and the 
end-of-life of bicycle components [9],[14].
This review of LCA-based studies of conven�onal 
and electric bicycles advances the current 
literature by providing a thorough analysis of 
methodological choices (e.g., func�onal unit, 
system boundary, impact assessment method, 
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etc.), analysing how they affect the global 
warming (GW) impacts of the categorised 
bicycle type and highligh�ng the difference 
between the bicycle types. 

METHODOLOGY
The systema�c review used Web of Science and 
Scopus electronic databases, focusing on papers 
published in peer-reviewed journals un�l 
February 2025. A combina�on of search terms 
was considered on the �tle, abstract, and 
keywords: "Life cycle assessment" OR "Environ-
mental impact assessment" OR "LCA" OR 
"Carbon footprint" AND "Bicycle" OR "Bike". A 
total of 519 papers were iden�fied (314 from 
Scopus and 251 from Web of Science). The 
sample was filtered to remove duplicates, 
ar�cles that did not specifically address the 
environmental impacts of bicycles, conference 
papers, opinion papers, ar�cles that were not 
retrievable, and those not wri�en in English. A 
final sample of 28 papers was obtained, 
encompassing 26 case studies, one overview 
and one review.

RESULTS
In the 26 case study papers, each paper can 
encompass different scenarios, varying in bicycle 
types, and types of use, expressed in this review 
as occurrences. In the sample reviewed, 65 
occurrences were iden�fied, 66 % from conven- 
�onal bicycles and 34 % from electric bicycles. 

The defini�on of func�onal unit (FU) is crucial for 
the study's development, as it dictates all the 

input and output flows. In the sample reviewed, 
most case study papers (19 out of 26) used the 
distance travelled by one person over one 
kilometre (km) as the FU.

Regarding the system boundaries, 92 % of the 
studies applied the cradle-to-grave approach, 
which encompasses all life cycle stages from the 
extrac�on of raw materials to the end-of-life. 
The remaining 8 % of the studies applied the 
cradle-to-user approach, which includes all 
stages from the extrac�on of raw materials up to 
the use stage. 

Fig. 1 illustrates the authors' most frequently 
used keywords, with "Life Cycle Assessment" 
being the most prevalent, followed by "gree-
nhouse gas emissions," "sustainability," "envi-
ronmental impact," and "bicycle sharing." These 
results suggest that the central research theme 
is the LCA, which focuses on addressing GHG 
emissions.

Regarding the life cycle inventory, it iden�fies all 
the inputs (raw and ancillary materials, and 
energy) and outputs (mainly the final product, 
and emission to soil, water, and air). In the 
sample reviewed, 58 % of the case studies were 
conducted exclusively based on secondary data, 
e.g. Ecoinvent database [15]. The remaining 42 
% conducted the study based on primary (site-
specific data) and secondary data. Several 
impact assessment methods can be applied to 
conduct an LCA, in the sample reviewed, ReCiPe 
was applied in 46 % of the papers, followed by 

IPCC (23 %), CML (8 %), and the remaining 23 % 
applied other impact assessment methods. 

The methodological choices presented can 
influence the GW results of bicycles, as shown in 
Table 1. The sample reviewed encompasses 55 
occurrences, considering the FU of pkm, i.e. GW 
results expressed in kg CO₂eq/pkm. The 
occurrences encompass: i) 36 conven�onal 
bicycles (12 CPB and 24 CSB); ii) 9 electric 
bicycles (6 EPB and 3 ESB); and iii) 10 did not 
specify the type of use. 

GW results ranged from 0.0015 to 0.32 kg 
CO₂eq/pkm for conven�onal bicycles and 0.016 
to 0.15 kg CO₂eq/pkm for electric bicycles. 
Overall, considering the higher GW, private 
bicycles have a lower environmental impact 
(0.017 kg CO₂eq/pkm for CPB and 0.031 kg 
CO₂eq/pkm for EPB) compared to shared 
bicycles (0.32 kg CO₂eq/pkm for CSB and 0.15 kg 
CO₂eq/pkm for ESB). 

When compared with CPB, EPB presents the 
worst GW performance, mainly due to the 
addi�onal electronic components (e.g. printed 
circuit boards, ba�eries, motor) used by EPB.
Shared-use bicycles (CSB and EBS) presented 
worse GW than private bicycles (CPB and EPB), 
which can be mainly a�ributed to the 
rebalancing processes and the reduced distance 
travelled over the bicycle lifespan, which is 
around 38 % shorter than private use [9], [16]. 
The oversupply of shared bicycles rela�ve to 
demand also impacts environmental perfor-
mance, mainly resul�ng from their produc�on 
and less use during their lifespan [14].

CONCLUSION
This review encompasses 26 LCA case studies on 
bicycles published in peer-reviewed literature. 
Given the different methodological choices 
applied, global warming was used to establish 
comparison as it was the only impact category 
addressed in all the reviewed publica�ons. The 
FU was harmonised in some case studies. This 
work found that shared use of bicycles (CSB and 
ESB) presented the highest global warming 
impacts. This work highlights the importance of 

collec�ng primary data within the considered 
system and pursuing consensual impact 
assessment methods for obtaining comparable 
environmental results. Further research should 
be carried out to integrate the environmental 
assessment with socio-economic indicators, 
considering the specifici�es of the different 
types of bicycle use. 

ACKNOWLEDGEMENTS
This study was funded by the "PRR Plano de 
Recuperação e Resiliência" and by the "Next 
Genera�on EU funds at Universidade de Aveiro", 
through the scope of the Agenda for Business 
Innova�on "AM2R Agenda Mobilizadora para a 
inovação empresarial do setor das Duas Rodas" 
(Project nº 15 with the applica�on C 644866475-
00000012). This work was funded by na�onal 
funds through FCT - Fundação para a Ciência e a 
Tecnologia I.P., under the project CESAM - Centro 
de Estudos do Ambiente e do Mar, references 
UID/0017/2025 (doi.org/10.54499/UID/ 50017/ 
2025) and LA/P/0094/2020 (doi.org/10.54499/ 
LA/P/0094/2020) Paula Quinteiro also thanks FCT 
for  the contract  2023.06946.  CEECIND, 
h�ps://doi.org/10.54499/ 2023. 06946. CEECIND/ 
CP2840/CT0013.

REFERENCES 
[1] European Environment Agency (EEA), (2024). 

Sustainability of Europe's mobility systems. Web 
report no. 01/2024, Copenhagen, Denmark. 

[2] European Commission, (2020). The European 
climate law. Directorate-General for Commu-
nica�on, Publica�ons Office of the European 
Union. 

[3] European Commission, (2024). European Decla-
ra�on on Cycling, (C/2024/2377). Communica-
�on from the Commission to the European 
Parliament, the European Council, the Council, 
the European Economic and Social Commi�ee 
and the Commi�ee of the Regions.

[4] ISO, (2006). Environmental management - life 
cycle assessment - principles and frameworks. In: 
ISO 14040. Interna�onal Organiza�on for Stan-
dardiza�on, Geneva, Switzerland.

[5] ISO, (2006). Environmental management - life 
cycle assessment - requirements and guidelines. 
In: ISO 14044. Interna�onal Organiza�on for 
Standardiza�on, Geneva, Switzerland.

[6] ISO, (2023). Part 1: Vocabulary, Cycles Safety 
requirements for bicycles. In: ISO 4210-1. 
Interna�onal Organiza�on for Standardiza�on, 
Geneva, Switzerland.

[7] ISO, (2020). Part 10: Safety requirements for 
electrically power assisted cycles (EPACs). In: ISO 
4210-10. Interna�onal Organiza�on for Stan-
dardiza�on, Geneva, Switzerland.

[8]  Felipe-Falgas, P., Madrid-Lopez, C., Marquet, O., 
(2022). Assessing environmental performance of 
micromobility using LCA and self-reported modal 
Change: The case of shared e-bikes, e-scooters, 
and e-mopeds in Barcelona. Sustainability 14, 
4139. 

FIGURE 1
Network of authors' keywords.

TABLE 1
Global warming results in different types of bicycle 
use per FU (one person over one km).

Type of
bicycle use
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(kg CO₂eq/pkm) References
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ESB

CPB

EPB

Not specified*
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0.020 - 0.087
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[18], [20-22], [24], [26]

*Refers to case studies that do not specify the type of bicycle use.
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specify the type of use. 

GW results ranged from 0.0015 to 0.32 kg 
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Given the different methodological choices 
applied, global warming was used to establish 
comparison as it was the only impact category 
addressed in all the reviewed publica�ons. The 
FU was harmonised in some case studies. This 
work found that shared use of bicycles (CSB and 
ESB) presented the highest global warming 
impacts. This work highlights the importance of 

collec�ng primary data within the considered 
system and pursuing consensual impact 
assessment methods for obtaining comparable 
environmental results. Further research should 
be carried out to integrate the environmental 
assessment with socio-economic indicators, 
considering the specifici�es of the different 
types of bicycle use. 
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In emerging economic models, microorganisms are central elements of development, serving as the 

basis for bioeconomy products and as essen�al tools for nature-based solu�ons. Genome mining and 

biological databases play a key role in promo�ng corporate sustainability by enabling the discovery and 

development of bio-based solu�ons across a range of sectors, including manufacturing. This work aims 

to demonstrate the usefulness of performing genome mining in bacteria with phenotypically relevant 

characteris�cs to clarify the metabolic pathway(s) and iden�fy opportuni�es for gene�c engineering 

and biotechnological applica�ons. A compara�ve genomic analysis of Diaphorobacter polyhydroxy-

butyra�vorans B2A2W2 with D. nitroreducens SL-205 and D. aerolatus 8604S-37 revealed how genome 

mining of a strain previously considered promising by classical techniques has significantly deepened 

our understanding of its capabili�es. Biological resources collec�ons, such as the University of Coimbra 

Bacterial Culture Collec�on are invaluable resources for sustainability in industry, leveraging microbial 

diversity to support innova�ve, eco-friendly solu�ons.

INTRODUCTION
In recent decades, various ideas and concepts 
have emerged from academia, industry or 
poli�cal movements to support sustainability 
transforma�ons, trying to reconcile economic, 
social and environmental objec�ves. In these 
new economic models, microorganisms are 
central elements of development, being the 
basis for bioeconomy products, and as essen�al 
tools for nature-based solu�ons [1]. They also 
provide the resources needed to achieve 
circularity in the produc�on systems [2], [3].

Since the �me of Pasteur, microorganisms have 
been isolated from natural habitats yet only a 
small frac�on has been preserved globally [4]. To 
address this limita�on, culture collec�ons or 
microbiological biological resource collec�ons 
have been established. One of the essen�al roles 
of microbial collec�ons such as the University of 
Coimbra Bacterial Culture Collec�on - UCCCB, is 
to make isolated microorganisms available to 
the research community. Simultaneously, these 
collec�ons conduct research to characterize and 
inves�gate these microorganisms providing 
valuable tools for industry [5]. 

Understanding the metabolic and evolu�onary 
pa�erns of microorganisms has played a pivotal 
role in the development of several industrial 
sectors, including healthcare, environment and 
the produc�on of new materials [6], [7], [8]. 
Therefore, for the ex-situ conserva�on of micro-
bial diversity, microbial culture collec�ons 
remain the most important scien�fic infra-
structure.

In the realm of innova�on, the industry relies on 
culture collec�ons to access patented micro-
organisms. Microorganisms that are used in 
patented processes or materials produc�on may 
be deposited in Interna�onal Depository 
Authori�es (IDAs) which operate under the 
Budapest Treaty on the Interna�onal Recogni-
�on of the Deposit of Microorganisms for the 
Purposes of Patent Procedure. The Portuguese 
government has recognized the UCCCB as its 
representa�ve at the World Intellectual Property 
Organiza�on (WIPO), in Geneva, Switzerland.

Following its goal as a biological resource 
infrastructure, UCCCB focuses not only on 
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microbial preserva�on but is also dedicated to 
the research and characteriza�on of promising 
strains for biotechnological applica�ons. 
Therefore, its research efforts focus on genome 
analysis and proteomic studies, aiming to 
iden�fy bioac�ve molecules and biological 
markers that can be used in the produc�on of 
new drugs or in innova�ve biotechnological 
processes.

Genome mining involves the use of genomic 
informa�on to iden�fy biosynthe�c pathways of 
natural products and explore their poten�al 
interac�ons. This process relies heavily on 
computa�onal technology and bioinforma�cs 
tools, using extensive datasets, such as DNA 
sequences and annota�ons, available in 
genomic databases. By applying data mining 
algorithms, researchers can extract valuable 
insights that contribute to fields such as 
medicinal chemistry, including the discovery of 
novel natural products. The concept of genome 
mining has emerged as a discipline a�er whole-
genome sequencing of Streptomyces coelicolor 
which revealed that it encodes far more 
secondary metabolites than previously 
an�cipated from decades of study [9]. Genome 
mining can also reveal microbial pathways 
responsible for the synthesis of biodegradable 
plas�cs and the presence of enzymes that 
degrade these bioplas�cs [10]. The iden�fica�-
on of genes that encode proteins is useful to 
promote business innova�on across different 
industries including reducing fossil fuel con-
sump�on, minimizing waste produc�on and 
op�mizing produc�on processes. This work aims 
to demonstrate the usefulness of performing 
genome mining in bacteria with phenotypically 
relevant characteris�cs to clarify the metabolic 
pathway(s) and iden�fy opportuni�es for 
gene�c engineering and biotechnological 
applica�ons.

METHODOLOGY
BACTERIAL STRAIN SELECTION
Diaphorobacter polyhydroxybutyra�vorans 
strain B2A2W2, was selected for genome 
mining. This strain is a gram-nega�ve and facul-
ta�vely aerobic bacterium, that was isolated 
from Panasqueira mine tailings in Basin 2 (B2)13 
in Reasoner's 2A (R2A) medium (Oxoid) and it is 
cryopreserved at UCCCB, at -80ºC, in Tryp�c Soy 
Broth with 15% glycerol [11]. Characteriza�on of 
the strain at the �me of its inclusion in the 
culture collec�on showed that D. polyhydroxy-
butyra�vorans B2A2W2 was able to produce 
siderophores and degrade poly(3-hydroxy-
butyrate) (PHB). The genomes of strains 
Diaphorobacter nitroreducens SL-205 and 
Diaphorobacter aerolatus 8604S-37 were 

obtained from the Na�onal Center for 
Biotechnology Informa�on (NCBI) database 
(h�ps://www.ncbi.nlm.nih.gov). 

GENOME MINING
To iden�fy genes involved in the synthesis, 
degrada�on and regula�on of bioplas�c in 
bacterial strains from UCCCB culture collec�on, 
a set of validated reference genes was selected 
from the Na�onal Center for Biotechnology 
Informa�on (NCBI) database. This public 
database is one of the most comprehensive and 
up-to-date repositories of gene�c and protein 
sequences across all domains of life.

Using a genome mining approach, these 
reference genes served as query sequences for 
compara�ve analysis with BLAST+ [12], a 
sequence alignment tool, developed by the 
NCBI, to perform local sequence alignments 
with private databases. All the bacterial strains 
included in the UCCCB with an available 
annotated genome, are compiled in a private 
database integrated with BLAST+ (Figure 1). 
Homologous sequences within the genomes of 
UCCCB bacterial strains were iden�fied and the 
genes from the Diaphorobacter strain B2A2W2, 
known for its ability to produce PHB biopolymer 
precursor substances [13], were selected for 
further analysis.

GENOME VISUALIZATION
To visualize the rela�ve posi�ons of the genes 
within the genome of the selected bacterial 
strain, the Microbial Genome Circular Plo�er 
(MGCplo�er) was used [14] with default 
parameters. This so�ware integrates a fast 
sequence alignment tool (MMseqs2) [15], 
dis�nct from BLAST+, to accurately map the 
loca�ons of the iden�fied genes onto a circular 
representa�on of the strain's genome (genes 
posi�oning indicated by labels).

Addi�onally, the alignment of genomes from the 
three most related bacterial strains (defined by 
BLAST) was performed using also MGCplo�er. 
The strains considered in this alignment were 
Diaphorobacter nitroreducens SL-205, Diapho-
robacter nitroreducens B2A2W2 and Diapho-
robacter aerolatus 8604S-37. A gradient of 
colors represen�ng the percentage of iden�ty 
between the selected strains and Diapho-
robacter B2A2W2 was constructed to enable 
visual comparison. This strategy enabled an 
ini�al insight into whether the iden�fied genes 
are present in the genomes of the strains.

In addi�on to gene posi�oning and sequence 
alignment, MGCplo�er was used to compute 
and display the genes for several genome chara-

cteris�cs as 1) genes classifica�on by Clusters of 
Orthologous Groups (COG) [16] with the 
func�onal categories of genes at specific 
genome posi�ons; 2) the GC skew, highligh�ng 
the over- or under-abundance of guanine (G) 
and cytosine (C) nucleo�des; 3) help to deter-
mine the loca�on of the origin of replica�on and 
assess whether genomic segments are correctly 
ordered.

RESULTS
The genome of Diaphorobacter B2A2W2 was 
sequenced by Illumina [17] and the assembled 
con�gs were submi�ed to the RAST annota�on 
server for subsystem classifica�on and func�-
onal annota�on [18]. This informa�on was kept 
private to the UCCCB.

Figure 2 illustrates the results of the bioinforma-
�c analysis of the Diaphorobacter B2A2W2 
genome alongside two other Diaphorobacter 
strains. The circles in the graph are organized to 
present different types of informa�on, pro-
gressing from the periphery to the center: the 
genome percentage similarity of the NCBI 
Diaphorobacter strains compared to B2A2W2, 
the orienta�on and func�onal classifica�on of 
protein-coding sequences, and the nucleo�de 
distor�on. In the same direc�on, the first 
genome represented is from Diaphorobacter 
aerolatus 8604S-37, the second is from Diapho-
robacter nitroreducens B2A2W2 and the third 
one is from Diaphorobacter nitroreducens SL-
205.

The compara�ve genomic atlas including strain 
B2A2W2 reveals a dra� genome of approxima-
tely 4M nucleo�de base pairs. It indicates also 
that the genome of the strain was not correctly 

organized before analysis, sugges�ng poten�al 
issues with genome assembly or structural 
rearrangements. Typically, a well-assembled 
bacterial genome exhibits a predictable GC skew 
pa�ern, with one-half of the genome showing a 
rela�ve overabundance of Guanine over 
Cytosine and the other half exhibi�ng the 
opposite trend. This expected pa�ern is absent 
in the current analysis, highligh�ng the need for 
further analysis. 

The presence and organiza�on of genes involved 
in the produc�on and degrada�on of PHAs, 
which are bioplas�c precursor molecules, are 
indicated on the periphery of the atlas. The 
genes iden�fied in the strain genome include 
PhaA, PhaB, PhaC, iPhaZ, ePhaZ, PhaY, Bdha, 
AcsA2, PhaF, and PhbF. These genes are 
associated with PHA synthesis (PhaA, PhaB, 
PhaC), PHA degrada�on (iPhaZ, ePhaZ, PhaY, 
Bdha, AcsA2) and PHA regula�on (PhaF, PhbF). 
This informa�on complements previous studies 
showing that other strains from the species D. 
nitroreducens have the capacity to degrade 
poly(3-120 hydroxybutyrate) (PHB) and poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) 
or 121 PHBV, respec�vely.

CONCLUSION
The bio-based economy is a key sector that 
stands to benefit from the rapid advancements 
in scien�fic discoveries and technological 
developments. It is characterized as one of the 
most investment and human-capital-intensive 
sectors, as well as the fastest-growing, profita-

FIGURE 1
Schema�c representa�on of the genome mining 
approach.

FIGURE 2
Representa�ve atlas of the chromosome of 
Diaphorobacter sp. B2A2W2. The periphery shows 
the presence and organiza�on of genes that 
produce, degrade, and regulate PHAs. The circles 
on the graph have been grouped to show different 
informa�on (from the periphery to the centre): the 
percentage of similarity of Diaphorobacter strains 
compared to strain B2A2W2, the orienta�on and 
func�onal classifica�on of protein-coding sequences 
and nucleo�de distor�on, respec�vely.
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microbial preserva�on but is also dedicated to 
the research and characteriza�on of promising 
strains for biotechnological applica�ons. 
Therefore, its research efforts focus on genome 
analysis and proteomic studies, aiming to 
iden�fy bioac�ve molecules and biological 
markers that can be used in the produc�on of 
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obtained from the Na�onal Center for 
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UCCCB bacterial strains were iden�fied and the 
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mine the loca�on of the origin of replica�on and 
assess whether genomic segments are correctly 
ordered.

RESULTS
The genome of Diaphorobacter B2A2W2 was 
sequenced by Illumina [17] and the assembled 
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protein-coding sequences, and the nucleo�de 
distor�on. In the same direc�on, the first 
genome represented is from Diaphorobacter 
aerolatus 8604S-37, the second is from Diapho-
robacter nitroreducens B2A2W2 and the third 
one is from Diaphorobacter nitroreducens SL-
205.

The compara�ve genomic atlas including strain 
B2A2W2 reveals a dra� genome of approxima-
tely 4M nucleo�de base pairs. It indicates also 
that the genome of the strain was not correctly 

organized before analysis, sugges�ng poten�al 
issues with genome assembly or structural 
rearrangements. Typically, a well-assembled 
bacterial genome exhibits a predictable GC skew 
pa�ern, with one-half of the genome showing a 
rela�ve overabundance of Guanine over 
Cytosine and the other half exhibi�ng the 
opposite trend. This expected pa�ern is absent 
in the current analysis, highligh�ng the need for 
further analysis. 

The presence and organiza�on of genes involved 
in the produc�on and degrada�on of PHAs, 
which are bioplas�c precursor molecules, are 
indicated on the periphery of the atlas. The 
genes iden�fied in the strain genome include 
PhaA, PhaB, PhaC, iPhaZ, ePhaZ, PhaY, Bdha, 
AcsA2, PhaF, and PhbF. These genes are 
associated with PHA synthesis (PhaA, PhaB, 
PhaC), PHA degrada�on (iPhaZ, ePhaZ, PhaY, 
Bdha, AcsA2) and PHA regula�on (PhaF, PhbF). 
This informa�on complements previous studies 
showing that other strains from the species D. 
nitroreducens have the capacity to degrade 
poly(3-120 hydroxybutyrate) (PHB) and poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) 
or 121 PHBV, respec�vely.

CONCLUSION
The bio-based economy is a key sector that 
stands to benefit from the rapid advancements 
in scien�fic discoveries and technological 
developments. It is characterized as one of the 
most investment and human-capital-intensive 
sectors, as well as the fastest-growing, profita-

FIGURE 1
Schema�c representa�on of the genome mining 
approach.

FIGURE 2
Representa�ve atlas of the chromosome of 
Diaphorobacter sp. B2A2W2. The periphery shows 
the presence and organiza�on of genes that 
produce, degrade, and regulate PHAs. The circles 
on the graph have been grouped to show different 
informa�on (from the periphery to the centre): the 
percentage of similarity of Diaphorobacter strains 
compared to strain B2A2W2, the orienta�on and 
func�onal classifica�on of protein-coding sequences 
and nucleo�de distor�on, respec�vely.
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ble, and flexible innova�on sectors. Globally, 
according to the projec�ons, the bio-based 
economy is expected to grow by at least 50% by 
2030 [19]. A crucial driver of this growth is the 
use of tools such as genome mining and 
biological databases, which facilitate sustainable 
innova�on by enabling more efficient use of 
biological resources. These tools assist compani-
es in rethinking their produc�on processes, 
promote ecological alterna�ves and contribute 
to a reduced environmental impact. Never-
theless, analyses conducted using bioinforma-
�cs tools depend on publicly available data, 
which may be incomplete or contain inaccuraci-
es. Therefore, valida�ng the iden�fied genes 
through laboratory experiments is essen�al to 
confirm their predicted func�ons.

The present study illustrates how genome 
mining of a strain that was previously considered 
interes�ng significantly enhanced our under-
standing of its capabili�es. Ini�al classical culture 
techniques demonstrated that the strain could 
degrade PHB. However, genomic analysis unco-
vered the strain's poten�al to degrade not only 
PHB but also PHBV. Furthermore, genome 
analysis iden�fied genes responsible for the 
produc�on of polyhydroxyalkanoates (PHA). To 
validate these abili�es of the strain, the classical 
approach would necessitate cul�va�ng the 
strain under various condi�ons for extended 
periods. 

The University of Coimbra Bacterial Culture 
Collec�on serves as a dynamic resource for 
driving sustainability in industry. By leveraging 
microbial diversity, it supports innova�ve 
solu�ons that pave the way for a greener future.
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ble, and flexible innova�on sectors. Globally, 
according to the projec�ons, the bio-based 
economy is expected to grow by at least 50% by 
2030 [19]. A crucial driver of this growth is the 
use of tools such as genome mining and 
biological databases, which facilitate sustainable 
innova�on by enabling more efficient use of 
biological resources. These tools assist compani-
es in rethinking their produc�on processes, 
promote ecological alterna�ves and contribute 
to a reduced environmental impact. Never-
theless, analyses conducted using bioinforma-
�cs tools depend on publicly available data, 
which may be incomplete or contain inaccuraci-
es. Therefore, valida�ng the iden�fied genes 
through laboratory experiments is essen�al to 
confirm their predicted func�ons.

The present study illustrates how genome 
mining of a strain that was previously considered 
interes�ng significantly enhanced our under-
standing of its capabili�es. Ini�al classical culture 
techniques demonstrated that the strain could 
degrade PHB. However, genomic analysis unco-
vered the strain's poten�al to degrade not only 
PHB but also PHBV. Furthermore, genome 
analysis iden�fied genes responsible for the 
produc�on of polyhydroxyalkanoates (PHA). To 
validate these abili�es of the strain, the classical 
approach would necessitate cul�va�ng the 
strain under various condi�ons for extended 
periods. 

The University of Coimbra Bacterial Culture 
Collec�on serves as a dynamic resource for 
driving sustainability in industry. By leveraging 
microbial diversity, it supports innova�ve 
solu�ons that pave the way for a greener future.
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The decarboniza�on of industrial processes is crucial for achieving carbon neutrality by 2050. One of the 

most effec�ve strategies to reduce energy waste and enhance efficiency is waste heat recovery. This 

study evaluates the performance of two different Organic Rankine Cycle (ORC) configura�ons for 

industrial waste heat recovery, with a par�cular focus on heat treatment furnaces in the metal industry. 

Basic ORC and Regenera�ve ORC were analysed using sixteen low Global Warming Poten�al and zero 

Ozone Deple�on Poten�al working fluids. The op�miza�on func�on targeted exergy efficiency 

maximiza�on, while thermodynamic efficiency and heat recovery effec�veness were also assessed.

Results indicate that while the inclusion of a recuperator improved thermal efficiency, it had minimal 

impact on exergy efficiency due to pinch-point limita�ons. The BORC and RORC configura�ons 

exhibited comparable performance. Among the working fluids, R1234yf achieved the highest exergy 

efficiency. This research highlights the poten�al of ORC systems for waste heat recovery and suggests 

that economic feasibility should be considered in future studies to determine the most viable solu�ons 

for industrial applica�ons. 
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INTRODUCTION
The global energy landscape is experiencing 
increasing demand due to popula�on growth, 
economic expansion, and higher standards of 
living. At the same �me, the urgent need to 
reduce greenhouse gas emissions has become 
crucial in mi�ga�ng climate change. Addi�o-
nally, concerns over energy security, availability, 
and cost predictability have become major 
challenges. The energy sector must address 
these issues by balancing demand growth with 
environmental sustainability and transi�oning 
toward a secure, decarbonized energy system.
Achieving carbon neutrality by 2050 requires 
moving away from a fossil fuel-dependent linear 
economy toward a circular economy based on 
renewable energy and resource efficiency. 
Enhancing the penetra�on of renewables into 
na�onal energy systems necessitates maximi-
zing energy efficiency across all sectors. One of 
the key strategies outlined in PNEC 2030 [1] and 
RNC 2050 [2] involves improving industrial 

energy efficiency through waste heat recovery 
and recycling, which have been proven effec�ve 
in reducing energy losses.

Portugal's geographical condi�ons allow for the 
development of a fully decarbonized electricity 
sector, leveraging hydropower, wind, solar, 
biomass, and geothermal energy. However, 
transi�oning to renewables is a gradual process 
requiring technological advancements, par�cu-
larly in energy-intensive industries, where 
electrifica�on is o�en imprac�cal. In such cases, 
improving industrial energy efficiency remains a 
priority.

Waste heat, present in both sensible and latent 
forms, represents unused energy within indus-
trial processes. Tradi�onally overlooked due to 
economic and technological constraints, waste 
heat recovery has gained significance with the 
increasing emphasis on decarboniza�on efforts 
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and technological advancements. According to 
Eurostat data [3], the EU's industrial sector 
consumes approximately 1820.73 TWh/year for 
heat produc�on, with an addi�onal 1400 
TWh/year used for space hea�ng, cooling, and 
electricity consump�on. The total waste heat 
recovery poten�al in the EU is es�mated at 
304.13 TWh/year, represen�ng 16.7% of 
industrial heat consump�on and 9.5% of total 
industrial energy use [4].

Among the most promising technologies for 
waste heat recovery is the Organic Rankine Cycle 
(ORC), a varia�on of the conven�onal Rankine 
cycle that uses organic fluids with low boiling 
points [5]. This characteris�c makes ORC 
systems well-suited for low- and medium-
temperature heat sources, such as industrial 
waste heat, geothermal energy, and biomass. 
For small-scale applica�ons, i.e., up to 10 MW, 
ORC technology has demonstrated higher 
efficiency and be�er performance than conven-
�onal Rankine cycles [6]. 

METHODOLOGY
This sec�on provides an overview of the main 
components of the waste heat recovery facility. 
Figure 1 illustrates the three primary parts of the 
system. The first component is the heat capture 
unit, which u�lizes a heat exchanger to transfer 
heat from flue gases to a heat transfer fluid 
(thermal oil), which then circulates to the ORC 
circuit. The second component is the ORC circuit, 
represented in Figure 1 as the basic configura�-
on. However, in this study, two addi�onal confi-
gura�ons will be tested. The third component is 
the cooling circuit, which is responsible for 
dissipa�ng heat from the working fluid in the 
condenser, achieved in this case using a cooling 
tower.

ORGANIC RANKINE CYCLE (ORC)
The first configura�on under considera�on is 
the Basic Organic Rankine Cycle (BORC), which 
operates below the cri�cal temperature and 
pressure for a given working fluid. The schema�c 
of this system is depicted in Figure 1. In addi�on 
to the working fluid circuit, the indirect 

evapora�on ORC includes a supplementary heat 
transfer fluid (HTF) circuit. The HTF is designed 
to always remain in a liquid state, ensuring 
thermodynamic stability and facilita�ng efficient 
heat transfer.

In this cycle, the working fluid is pressurized 
from point 1 to point 2 via a pump. It then enters 
the heat exchanger (evaporator), where it 
absorbs heat and transi�ons to a superheated 
vapor state at point 3. The vapor is expanded in 
the expander, reducing its temperature and 
pressure at point 4, genera�ng mechanical work 
that is subsequently converted into electricity 
through a generator. Finally, the fluid enters the 
condenser, where it releases heat and returns to 
a liquid state at point 1.
A common enhancement of the ORC is the 
addi�on of an intermediate heat exchanger, 
known as  a  recuperator,  forming the 
Recupera�ve Organic Rankine Cycle (RORC). The 
recuperator recovers residual heat from the 
expansion process, specifically the transi�on 
from superheated vapor to saturated vapor. This 
configura�on enhances thermal efficiency by 
prehea�ng the working fluid before it enters the 
evaporator, thereby reducing the addi�onal 
heat required for vaporiza�on and increasing 
overall efficiency [7].

THERMAL OIL CIRCUIT
This applica�on involves recovering waste heat 
from exhaust gases generated by a metal heat 
treatment furnace, specifically from natural gas 
combus�on. Indirect hea�ng of the working 
fluid is employed to enhance safety by 
preven�ng direct contact between the heat 
source and the working fluid. Addi�onally, as 
waste heat streams o�en experience fluctua�-
ons in both mass flow and temperature, indirect 
hea�ng is advantageous in stabilizing these 
varia�ons [8]. However, such fluctua�ons can 
s�ll pose challenges for ORC performance, 
including reduced evaporator effec�veness, 
instability of the working fluid, and difficulty in 
maintaining op�mal opera�ng condi�ons. To 
address these issues, strategies such as thermal 
energy buffering (e.g., via a thermal oil circuit or 
heat storage tank), real-�me control of working 
fluid flow rate, or adap�ve control of the 
expander can be implemented to enhance the 
robustness and responsiveness of the ORC 
system.

The recovery facility primarily consists of a flue 
gas recuperator heat exchanger installed in the 
bypass of the furnace exhaust and a thermal oil 
transfer loop, which transports thermal energy 
from the heat source to the ORC module. Figure 
2a shows the measured temperature of the 

exhaust gases, where the recuperator heat 
exchanger will be installed. The temperature 
fluctuates between 100°C and 160°C, with an 
average value of 130°C, which is used as the heat 
source temperature for calcula�ons. Figure 2b 
illustrates the temperature interac�on between 
the exhaust gases, thermal oil, and ORC working 
fluid, highligh�ng the irreversibility's associated 
with the isothermal evapora�on stage of the 
working fluid.

COOLING CIRCUIT
As is typical for ORC power genera�on modules, 
heat dissipa�on is managed through a cooling 
tower. This method minimizes the impact of 
ambient temperature varia�ons compared to air 
condensers, simplifying system control.

EXERGY EFFICIENCY
For this analysis, a steady-state opera�on of the 
power cycle was assumed, with pressure and 
thermal losses in the heat exchangers conside-
red negligible. The power cycles were modelled 
using MATLAB and the CoolProp database. This 
study focuses solely on technical comparisons of 
the different Rankine-based configura�ons and 
does not include economic indicators. To assess 
ORC performance, thermodynamic efficiency 
(First Law efficiency) is defined by Equa�on 1:

         (1)

Where W  represents the net power output net

(work produced by the expander minus work 
consumed by the pump), and Q  denotes the in,wf

thermal power input to the ORC. For waste heat 
recovery (WHR) applica�ons, thermodynamic 
efficiency alone is insufficient, as maximizing 
waste energy u�liza�on is also a goal. Thus, heat 
recovery efficiency is introduced, as defined by 
Equa�on 2:

       (2)

Where the m  is the mass flow of the heat hs

source, h  is the specific enthalpy of the heat hs,in

source at the inlet temperature, and h  is the hs,0

specific enthalpy at the reference temperature. 
Exergy efficiency (Second Law efficiency) 
provides a measure of the amount of mechani-
cal work that can be extracted from the available 
waste heat. For the same heat source inlet 
condi�ons and reference temperature, exergy 
efficiency is propor�onal to the product of 
thermal and heat recovery efficiency, as shown 
in Equa�on 3 [9]:

 (3)

Where T  is the reference temperature and s  0 hs,in

and s  are the specific entropy values of the hs,0

heat source at the inlet and reference tempera-
tures, respec�vely. 

For this study, exergy efficiency was selected as 
the primary performance metric for comparing 
different configura�ons and working fluids. The 
input parameters used in the thermodynamic 
model are summarized in Table 1, chosen in 
accordance with typical WHR opera�ng condi�-
ons and values adopted in similar studies.

WORKING FLUIDS
The selec�on of working fluids (WF) was based 
on their global warming poten�al (GWP) and 
ozone deple�on poten�al (ODP). The latest 
genera�on of fluids should have a GWP lower 
than 150 and a null ODP. The chosen fluids were 
selected based on Bahrami et al. work [10] and 
their availability in the CoolProp open-source 
library. The full  list  includes Benzene, 
Cyclohexane, Cyclopropane, Dimethyl ether, 
Isopentane, n-Butane, Neopentane, R1233zd(E), 
R1234yf, R1234ze(E), R1234ze(Z), R1243zf, 
R1270, R290, R600a, and Toluene.

RESULTS
Two configura�ons and sixteen working fluids 
were evaluated for the waste heat temperature 

FIGURE 1
Generic schema�c of a waste heat recovery system 
with an Organic Rankine Cycle.

FIGURE 2
a) Heat source temperature profile across �me 
b) T-s diagram of the RORC for R1234yf.

TABLE 1
Inputs set in the thermodynamic mode.

ηpump

(-)
 ΔTpp,cd

(K)
 ΔTpp,ev

(K)
 ΔTpp,reg

(K)
 Tcd

(°C)

0.70 0.70 10 10 5 30

ηexp

(-)
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measured at the furnace exit. The op�miza�on 
func�on considered in this study was the 
maximiza�on of the exergy efficiency of the 
cycle. The BORC and RORC configura�ons 
op�miza�on parameter is the evapora�on 
pressure, p . Figure 3 illustrates the results of ev

the thermodynamic efficiency hth and the 

exergy efficiency hex, respec�vely, for each 
configura�on and working fluid.

One of the primary limita�ons of the ORC is the 
irreversibility associated with the isothermal 
evapora�on stage of the working fluid. 
According to Schuster et al. [11], the temperatu-
re mismatch between the working fluid and the 
heat carrier medium, par�cularly during the 
evapora�on stage, results in exergy destruc�on 
and subsequently increases process irreversibi-
lity's, as depicted in Figure 2b.

Regarding the inclusion of a recuperator, the 
observed gains were minimal, and in some 
cases, the addi�on of this heat exchanger had a 
nega�ve impact on cycle performance. The 
recuperator raises the inlet temperature of the 
working fluid in the evaporator, poten�ally 
limi�ng the amount of heat recovered from the 
heat source due to pinch-point restric�ons. 
Thus, while thermal efficiency increases, heat 
recovery efficiency declines. Since exergy 
efficiency is propor�onal to the product of these 

two factors, the overall impact may be negligi-
ble. Furthermore, from a prac�cal perspec�ve, 
incorpora�ng a recuperator introduces addi�-
onal system complexity, increases capital costs, 
and may require more frequent maintenance 
due to concerns about fouling or pressure drop. 
These trade-offs can outweigh the marginal 
efficiency gains in many industrial se�ngs, 
especially when opera�onal simplicity and 
reliability are priori�zed.

An interes�ng observa�on is that R1234yf 
yielded the highest exergy efficiency for both 
BORC and RORC configura�ons. However, it was 
not the most thermodynamically efficient fluid. 
In terms of thermodynamic efficiency, all fluids 
performed be�er with the addi�on of a 
regenerator when compared to the basic 
configura�on.

CONCLUSION
A compara�ve analysis was performed for two 
Rankine-based configura�ons, tes�ng sixteen 
working fluids at the measured waste heat 
temperature from the heat treatment furnace 
exit. The op�mal working fluid for each 
configura�on was selected from a group of 
sixteen low-GWP and zero-ODP working fluids.
The findings indicate that the incorpora�on of a 
recuperator heat exchanger did not result in 
significant improvements in exergy efficiency. 

FIGURE 3
Thermodynamic efficiency and exergy efficiency for each configura�on and working fluid.

The BORC and RORC configura�ons exhibited 
comparable performance. Addi�onally, a direct 
correla�on was observed between the cri�cal 
temperature of the working fluid and the exergy 
efficiency obtained. If only thermodynamic 
efficiency were considered, the op�mal 
combina�on would be a regenera�ve ORC with 
n-pentane as the working fluid. However, in 
terms of exergy efficiency, the preferred 
combina�on would be a basic ORC using 
R1234yf as the working fluid.

This study focused exclusively on technical 
performance; however, the economic viability of 
each configura�on should not be overlooked. 
Future research should evaluate the financial 
feasibility of the various configura�ons to 
complement the thermodynamic assessment. 
Moreover, although the focus was placed on 
low-GWP and zero-ODP fluids to ensure 
environmental compliance, future studies could 
expand the analysis to include fluids with higher 
GWP but superior thermodynamic proper�es, 
especially for applica�ons where environmental 
regula�ons are less stringent or where perfor-
mance under highly variable industrial condi�-
ons is cri�cal. This could help extend the 
applicability of the findings to a broader range of 
ORC systems. 
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the thermodynamic efficiency hth and the 
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two factors, the overall impact may be negligi-
ble. Furthermore, from a prac�cal perspec�ve, 
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The findings indicate that the incorpora�on of a 
recuperator heat exchanger did not result in 
significant improvements in exergy efficiency. 
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Ultra-Wideband (UWB) technology is increasingly crucial in industrial applica�ons for precise real-�me 

asset tracking and spa�al awareness in complex environments. UWB offers significant advantages, 

including high accuracy in distance measurement and resilience in challenging indoor se�ngs, making 

it ideal for asset supervision systems. This paper outlines the development of a real-�me asset loca�on 

system using UWB technology for indoor environments. The system integrates Qorvo specialized 

hardware and custom algorithms designed to es�mate asset posi�ons with high precision. The 

approach emphasizes scalability and robustness in real-world industrial scenarios, with a focus on 

ensuring reliable asset tracking. To conclude, tests were conducted to evaluate system performance 

and assess the impact of anchor count on accuracy. Although UWB outperforms alterna�ve technologi-

es, its higher costs and infrastructure requirements remain a challenge to widespread adop�on.

TRACKING; ULTRA-WIDEBAND; INDOOR LOCALIZATION; CALIBRATION.

INTRODUCTION
Digitaliza�on and supervision of assets have 
become increasingly vital across industries such 
as logis�cs, healthcare, and manufacturing. This 
digital transforma�on enhances resource mana-
gement efficiency, leading to significant redu-
c�ons in opera�onal �me and costs. One of the 
key enablers of this transforma�on is real-�me 
asset tracking, which offers several advantages, 
including op�mized workflows, faster asset 
retrieval, and improved inventory management. 
However, indoor environments present unique 
challenges for real-�me localiza�on due to the 
limita�ons of GPS and interference from physical 
obstacles, such as walls and machinery [1].

Recent technological advancements have 
posi�oned Ultra-Wideband (UWB) as a promi-

sing solu�on for precise indoor localiza�on. 
Unlike GPS, UWB employs short high-bandwidth 
pulses to measure distances with excep�onal 
accuracy (typically within 10-30 cm). This 
technology is highly resistant to interference and 
performs reliably in complex indoor environ-
ments, such as warehouses, hospitals, and 
manufacturing plants. These characteris�cs 
make UWB a superior choice for asset tracking, 
par�cularly where tradi�onal solu�ons fall short 
[2].

To address the growing demand for reliable 
indoor localiza�on, various radio frequencies 
(RF), sound waves (ultrasound), and light waves 
(infrared) technologies have been explored. 
Among RF-based approaches, Wi-Fi, Bluetooth, 
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RFID, and UWB are the most widely studied [2], 
[3], [4], [5]. Wi-Fi is readily available in most 
buildings and offers a cost-effec�ve localiza�on 
solu�on. However, its low accuracy (5-15 
meters) makes it unsuitable for applica�ons 
requiring high precision [5]. Bluetooth Low 
Energy (BLE) provides a longer range (70-100 
meters) and low power consump�on, but its 
accuracy (1-2 meters) remains insufficient for 
precise tracking [6], [3], [7]. RFID is commonly 
used for object iden�fica�on, with passive tags 
having a limited range (1-2 meters) and ac�ve 
tags offering longer range but lower accuracy 
compared to UWB [8]. UWB stands out due to its 
high precision, interference resistance, and low 
power consump�on, making it the preferred 
choice for real-�me indoor asset tracking in 
complex environments. While UWB offers 
significant advantages in accuracy and reliability, 
it comes with higher implementa�on costs 
compared to other alterna�ves. However, for 
applica�ons that require high-precision tracking, 
the benefits of UWB jus�fy its adop�on.

Various techniques have been developed for 
indoor posi�oning systems, each with their own 
strengths and limita�ons:

Time of Arrival (ToA): Es�mates posi�on based 
on the �me taken for a signal to travel between a 
tag and an anchor, o�en used with trilatera�on 
algorithms.

Time Difference of Arrival (TDoA): Determines 
posi�on by calcula�ng the difference in signal 
arrival �mes at mul�ple anchors.

Two-Way Ranging (TWR): Measures the round-
trip �me of signals, elimina�ng the need for 
devices synchroniza�on while maintaining high 

accuracy and rela�vely low complexity.

Angle of Arrival (AoA): Uses antenna arrays to 
determine signal direc�on, providing precise 
loca�on es�mates but requiring more complex 
hardware.

Received Signal Strength Indicator (RSSI): 
Es�mates distance based on signal strength, 
though it is prone to errors due to environmen-
tal interference.

For this research, the TWR technique was 
selected due to its simplicity, accuracy, and lack 
of complex synchroniza�on requirements. In 
contrast, RSSI was avoided due to its suscep�bi-
lity to interference, which could compromise the 
system's precision.

METHODOLOGY
A real-�me localiza�on system based on Ultra-
Wideband (UWB) technology consists of several 
interconnected components that work together 
to provide accurate posi�on tracking of mobile 
tags within a predefined space. This sec�on 
outlines the architecture and roles of key system 
components, including anchors, tags, and a 
central server, all integrated to enable precise 
real-�me localiza�on. The system described in 
this ar�cle was developed with the aim of 
tracking the forks of a forkli�, in order to 
automa�cally record the storage posi�on of 
each product in a warehouse. This aims to solve 
a problem that exists in a company where the 
warehouse operator forgets to record the 
posi�on where the products are stored, such a 
failure results in wasted �me searching for the 
products when they are needed for shipping. 
Figure 1 shows what is to be achieved by 
developing this system.

TRACKING SYSTEM ARCHITECTURE
At the core of the system are the anchors, which 
are sta�onary devices placed at fixed posi�ons 
within the monitored area. Unlike other 
localiza�on systems where anchors perform 
distance calcula�ons, in this implementa�on, 
the anchors only receive requests from the 
mobile tag and respond with �mestamps. Each 
anchor is equipped with a UWB module and a 
microcontroller, enabling it to transmit and 
receive signals, but it does not directly compute 
distances. The strategic placement of anchors is 
crucial to ensuring high localiza�on accuracy, as 
each tag must interact with enough anchors to 
compute its posi�on precisely. Thus, the anchors 
were distributed in such a way as to ensure total 
coverage of the space to be monitored, 
considering the need to minimize interference 
and maximize measurement accuracy. To this 
end, the anchors were posi�oned in elevated 
loca�ons, away from physical obstacles such as 
walls, furniture, or other structural elements 
that could cause a�enua�on or unwanted 
reflec�ons of the UWB signal. The selec�on of 
installa�on points also took into account the 
main trajectories and circula�on areas of the 
tags, avoiding the placement of anchors in areas 
with high poten�al for obstruc�on. This 
approach reduces the mul�path effect and 
increases the probability of direct line of sight 
(LOS) between each tag and the anchors.

Conversely, the tags are mobile devices whose 
posi�ons need to be tracked in real �me. These 
tags ac�vely send distance measurement 
requests to the anchors. Upon receiving these 
requests, the anchors log the request �mes-
tamps and reply with the �me the request was 
received and the exact �me of their response. 
The tags then compute the distances to each 
anchor based on the round-trip �me (RTT) of the 
signals. Once the distances are calculated, the 
tag forwards them to the central server for 
posi�on es�ma�on.

The central server func�ons as the computa�o-
nal core of the system. It receives distance 
measurements from the tags and determines 
their precise loca�ons using trilatera�on 
algorithms [9]. Addi�onally, the central server 
can handle data visualiza�on, integra�on with 
external applica�ons, or further processing for 
tracking and automa�on systems. Figure 2 
shows the overall schema�c of implementa�on. 
 
For accurate localiza�on, the tag must gather 
distance data from at least three well-placed 
anchors before forwarding it to the central 
server. Localiza�on accuracy depends on factors 
such as anchors placement, measurement 

precision, and environmental condi�ons like 
interference from obstacles. Only one tag was 
used for this system, but the principle of 
opera�on is the same for mul�ple tags.

HARDWARE INTEGRATION
The hardware components play a vital role in 
ensuring the accuracy and efficiency of the 
tracking system.

The anchors are equipped with Qorvo 
DWM3001CDK modules, which provide UWB 
communica�on capabili�es. The module also 
contains a microcontroller that manages 
communica�on control with the tags, allowing 
them to take accurate distance measurements.
The mobile tags use Qorvo DWM3000EVB 
modules for UWB communica�on, paired with 
ESP32-WROOM-32D microcontrollers. These 
microcontrollers manage the tag's communica�-
on with the anchors, process the data sent by 
the anchors, calcula�ng the distance at which 
each anchor is located, and send these distances 
to the central server via Wi-Fi communica�on.
The central server is implemented on a windows 
11 computer which processes the data received 
and es�mates the posi�on of the tag.

RESULTS AND DISCUSSION
A�er comple�ng the implementa�on of the 
system presented, two types of tests were 
carried out: one to assess whether the number 
of anchors used to es�mate the posi�on of the 
tag influences the accuracy of this es�mate and 
the second test to assess the performance of the 
system, thus evalua�ng its accuracy. The results 
of the tests carried out are presented below.

NUMBER OF ANCHORS EVALUATION
To determine whether the number of anchors 
used to es�mate the posi�on of the tag affects 
the system's accuracy, tests were conducted 

FIGURE 1
Representa�on of the system installa�on in a warehouse.

FIGURE 2
Implementa�on Overview: UWB-based Asset 
Tracking System.
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on the �me taken for a signal to travel between a 
tag and an anchor, o�en used with trilatera�on 
algorithms.

Time Difference of Arrival (TDoA): Determines 
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products when they are needed for shipping. 
Figure 1 shows what is to be achieved by 
developing this system.

TRACKING SYSTEM ARCHITECTURE
At the core of the system are the anchors, which 
are sta�onary devices placed at fixed posi�ons 
within the monitored area. Unlike other 
localiza�on systems where anchors perform 
distance calcula�ons, in this implementa�on, 
the anchors only receive requests from the 
mobile tag and respond with �mestamps. Each 
anchor is equipped with a UWB module and a 
microcontroller, enabling it to transmit and 
receive signals, but it does not directly compute 
distances. The strategic placement of anchors is 
crucial to ensuring high localiza�on accuracy, as 
each tag must interact with enough anchors to 
compute its posi�on precisely. Thus, the anchors 
were distributed in such a way as to ensure total 
coverage of the space to be monitored, 
considering the need to minimize interference 
and maximize measurement accuracy. To this 
end, the anchors were posi�oned in elevated 
loca�ons, away from physical obstacles such as 
walls, furniture, or other structural elements 
that could cause a�enua�on or unwanted 
reflec�ons of the UWB signal. The selec�on of 
installa�on points also took into account the 
main trajectories and circula�on areas of the 
tags, avoiding the placement of anchors in areas 
with high poten�al for obstruc�on. This 
approach reduces the mul�path effect and 
increases the probability of direct line of sight 
(LOS) between each tag and the anchors.

Conversely, the tags are mobile devices whose 
posi�ons need to be tracked in real �me. These 
tags ac�vely send distance measurement 
requests to the anchors. Upon receiving these 
requests, the anchors log the request �mes-
tamps and reply with the �me the request was 
received and the exact �me of their response. 
The tags then compute the distances to each 
anchor based on the round-trip �me (RTT) of the 
signals. Once the distances are calculated, the 
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contains a microcontroller that manages 
communica�on control with the tags, allowing 
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modules for UWB communica�on, paired with 
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each anchor is located, and send these distances 
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The central server is implemented on a windows 
11 computer which processes the data received 
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using three randomly selected posi�ons within 
the traceable space. For each posi�on, 500 
samples were collected with configura�ons 
employing four, five, six, and seven anchors. The 
average error of the 500 samples was then 
analyzed to assess the influence of the number 
of anchors. Figure 3 illustrates the results for one 
of the selected posi�ons, with similar findings 
observed for the other two.
 

The tests carried out show that increasing the 
number of anchors used to es�mate the tag's 
posi�on does not significantly improve the 
accuracy of the system. On the contrary, it was 
observed that using a larger number of anchors 
can, in some cases, reduce the accuracy of the 
posi�on es�mate. This phenomenon may be 
a�ributed to the fact that addi�onal anchors 
tend to be further away from the tag, which can 
lead to increased measurement errors due to 
greater signal a�enua�on, interference, or non-
line-of-sight condi�ons. As a result, distance 

measurements from these farther anchors are 
generally less reliable and can introduce 
addi�onal error into the posi�on es�ma�on 
process. For this reason, only four anchors were 
selected for posi�on es�ma�on, priori�zing 
those that are geographically closest to the tag 
and offer the best line-of-sight condi�ons. This 
approach helps to minimize poten�al sources of 
error and ensures a more robust and accurate 
localiza�on performance. 

PERFORMANCE EVALUATION
To evaluate the system performance (system 
accuracy), a real-�me mo�on tracking system 
developed and validated by Intel Corpora�on, 
called "Intel RealSense Tracking Camera T265", 
which is considered as ground truth, was used in 
parallel. With the two systems a�ached to a 
support, a trajectory was defined in the 
laboratory to extract posi�on samples, so that at 
the end it would be possible to calculate the 
average error between the two systems, thus 
allowing an understanding of the accuracy of the 
developed loca�on system. Figure 4 shows the 
layout of the laboratory, the posi�on of the 
anchors and the trajectory taken.

A�er performing the trajectory shown in the 
image above, 31743 sample posi�ons were 
obtained. With this data, the average error 
between the two systems was calculated, thus 
obtaining the accuracy of the system developed. 
The system developed has an average error of 
7.8 cm for the X axis, 11.6 cm for the Y axis and 
15.4 cm for the Z axis.

CONCLUSION AND FUTURE WORK
The demand for accurate and efficient loca�on 
of goods indoors has driven the adop�on of 
various loca�on technologies. This paper pre-
sents an overview of a real-�me asset tracking 
system using UWB, demonstra�ng its superior 
accuracy, reliability, and robustness to Wi-Fi, 
Bluetooth, and RFID technologies. The system, 
which includes anchors, mobile tags, and a 

central server, achieves precise loca�on through 
Two-Way Ranging (TWR) and trilatera�on, 
providing posi�oning accuracy of 5-30 cm. 
Although UWB outperforms alterna�ve 
technologies, its higher costs and infrastructure 
requirements remain a challenge to widespread 
adop�on.

Despite its advantages, limita�ons such as low 
ver�cal accuracy, environmental interference 
and deployment costs require further op�miza-
�on. Future research should focus on increasing 
tracking accuracy by using machine learning 
models to improve tag posi�on es�ma�on. 
Integra�ng UWB with iner�al measurement 
units (IMUs) or computer vision can improve 
robustness in complex environments. And the 
use of algorithms to place anchors in op�mized 
loca�ons can reduce infrastructure require-
ments. Solving these challenges will allow for 
more cost-effec�ve, scalable and widely 
adopted UWB-based localiza�on systems, 
ensuring their role as a key technology in the 
future of real-�me indoor localiza�on.
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of the selected posi�ons, with similar findings 
observed for the other two.
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providing posi�oning accuracy of 5-30 cm. 
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requirements remain a challenge to widespread 
adop�on.

Despite its advantages, limita�ons such as low 
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and deployment costs require further op�miza-
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tracking accuracy by using machine learning 
models to improve tag posi�on es�ma�on. 
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In the context of Industry 4.0, the increasing demands for flexibility, customiza�on, and efficiency in 
manufacturing have driven the development of innova�ve assistance systems to support human 
operators in complex assembly processes. This work presents vision-based system designed to monitor 
and improve manual assembly processes in industrial environments. By leveraging an OAK-D Pro PoE 
camera and a trained YOLO object detec�on model, the system analyses opera�onal ac�ons in real 
�me, detec�ng assembly phases, measuring task dura�ons, and iden�fying errors. A simple Human-
Machine Interface (HMI) was developed to provide workers with performance feedback, including Key 
Performance Indicators (KPIs) such as total assembly �me, phase-specific �mes, and error counts. 
Experimental tests with mul�ple operators demonstrated the system's ability to accurately track 
assembly tasks, iden�fy inefficiencies, and highlight areas for process improvement.
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INTRODUCTION
The success of industrial enterprises in Industry 
4.0 is closely �ed to their ability to adapt to 
emerging social, technological, and economic 
condi�ons. Key drivers include high flexibility, 
increased customiza�on, variable produc�on 
batches, and shorter product life cycles, 
necessita�ng a shi� to Next Genera�on 
Produc�on Systems (NGPSs) [1], [2]. Within 
these systems, human operators play a pivotal 
role. As the most adaptable resource in manufa-
cturing, they respond dynamically to complex 
work condi�ons[3].

On the shop floor, operators face increased 
product complexity, accelerated development 
cycles, and numerous product variants. These 
factors impact manual opera�ons, making 
assembly processes more prone to human 
errors such as delays and defects[4]. Addressing 
these challenges requires qualifica�on mea-
sures at both organiza�onal and technological 
levels. Such measures aim to equip operators 
with the tools and skills needed to efficiently 
perform their tasks while minimizing errors and 
defects during manufacturing and assembly 
processes.

Exis�ng assistance systems designed to support 
manual assembly opera�ons can be broadly 
categorized into Pick-by-Light and Pick-by-Vision 
systems. In Pick-by-Light systems, lights are 
affixed to each component's storage loca�on on 
the rack, providing visual guidance to operators 
regarding the specific parts to pick and their 
quan��es[5].

In contrast, Pick-by-Vision systems u�lize 
Human-Machine Interfaces (HMIs) and 
Augmented Reality (AR) technologies. AR 
enables the augmenta�on of the physical world 
with virtual overlays, offering operators the 
advantage of receiving virtual instruc�ons 
directly within their field of view [6], [7]. 

These systems o�en employ smart glasses to 
display the components to be picked, elimina-
�ng the need for physical installa�ons on racks 
and allowing monitoring of larger picking areas 
with a single device [8]. However, they lack 
feedback on the correctness of operator ac�ons.
Recent advancements focus on marker-less 
systems leveraging computer vision and depth 
cameras [9], [10]. These systems aim to evaluate 
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In the context of Industry 4.0, the increasing demands for flexibility, customiza�on, and efficiency in 
manufacturing have driven the development of innova�ve assistance systems to support human 
operators in complex assembly processes. This work presents vision-based system designed to monitor 
and improve manual assembly processes in industrial environments. By leveraging an OAK-D Pro PoE 
camera and a trained YOLO object detec�on model, the system analyses opera�onal ac�ons in real 
�me, detec�ng assembly phases, measuring task dura�ons, and iden�fying errors. A simple Human-
Machine Interface (HMI) was developed to provide workers with performance feedback, including Key 
Performance Indicators (KPIs) such as total assembly �me, phase-specific �mes, and error counts. 
Experimental tests with mul�ple operators demonstrated the system's ability to accurately track 
assembly tasks, iden�fy inefficiencies, and highlight areas for process improvement.
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4.0 is closely �ed to their ability to adapt to 
emerging social, technological, and economic 
condi�ons. Key drivers include high flexibility, 
increased customiza�on, variable produc�on 
batches, and shorter product life cycles, 
necessita�ng a shi� to Next Genera�on 
Produc�on Systems (NGPSs) [1], [2]. Within 
these systems, human operators play a pivotal 
role. As the most adaptable resource in manufa-
cturing, they respond dynamically to complex 
work condi�ons[3].

On the shop floor, operators face increased 
product complexity, accelerated development 
cycles, and numerous product variants. These 
factors impact manual opera�ons, making 
assembly processes more prone to human 
errors such as delays and defects[4]. Addressing 
these challenges requires qualifica�on mea-
sures at both organiza�onal and technological 
levels. Such measures aim to equip operators 
with the tools and skills needed to efficiently 
perform their tasks while minimizing errors and 
defects during manufacturing and assembly 
processes.

Exis�ng assistance systems designed to support 
manual assembly opera�ons can be broadly 
categorized into Pick-by-Light and Pick-by-Vision 
systems. In Pick-by-Light systems, lights are 
affixed to each component's storage loca�on on 
the rack, providing visual guidance to operators 
regarding the specific parts to pick and their 
quan��es[5].

In contrast, Pick-by-Vision systems u�lize 
Human-Machine Interfaces (HMIs) and 
Augmented Reality (AR) technologies. AR 
enables the augmenta�on of the physical world 
with virtual overlays, offering operators the 
advantage of receiving virtual instruc�ons 
directly within their field of view [6], [7]. 

These systems o�en employ smart glasses to 
display the components to be picked, elimina-
�ng the need for physical installa�ons on racks 
and allowing monitoring of larger picking areas 
with a single device [8]. However, they lack 
feedback on the correctness of operator ac�ons.
Recent advancements focus on marker-less 
systems leveraging computer vision and depth 
cameras [9], [10]. These systems aim to evaluate 
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operator interac�ons with their surroundings in 
real-�me, enhancing the precision and 
effec�veness of assembly and manufacturing 
processes.

Therefore, this paper proposes a Pick-by-Vision 
hardware/so�ware system that guides and 
provides real-�me feedback through an HMI. By 
tracking assembly stages, it extracts key 
performance indicators (KPIs) such as total �me, 
cycle �mes, phase dura�ons, and errors. This 
data enables workers to op�mize processes, 
improving efficiency, and reducing mistakes.

METHODOLOGY
A so�ware solu�on was developed to monitor 
the assembly process, as shown in Figure 1 (A). It 
integrates the OAK-D Pro PoE RGB camera for 
image acquisi�on, which are then processed by 
the YOLOv11 Nano model for object detec�on 
and KPI computa�on. The results, including KPIs 
and processed images, are displayed on an HMI, 
enabling real-�me monitoring and operator 
interac�on during assembly.

The assembly process consists of five stages and 
involves key objects: a red base, four nuts, a gear, 
the spider, and four screws. The detec�on of 
each stage relies on iden�fying these objects, 
allowing the system to track progress and detect 
errors, such as misplaced components. To 
ensure accurate detec�on, a YOLOv11 Nano 
model was trained using a synthe�c dataset of 
~50k annotated images, generated via a virtual 
environment with CAD models. The dataset was 

divided by assembly stages (5) as shown in 
Figure 1 (B), and training included a batch size of 
32 with data augmenta�on techniques like 
flipping, shearing, mosaic augmenta�on, and 
color altera�on. The trained model achieved 
high accuracy when tested on real images, with 
a precision of 0.86, recall of 0.88, and an F1-
score of 0.87. By replica�ng real-world 
condi�ons in training, the system can generalize 
to different assembly processes using 
corresponding trained models.

EXPERIMENTS 

These tests were executed in laboratory 
environment mimicking industrial condi�ons, 
such as variable lights, where 4 individuals were 
requested to assemble the part, everyone made 
5 assembly runs to obtain sufficient and valid 
data to get credible results. From these 
assembly runs, it was possible to extract 3 KPI 
values, these being, the total �me for the 
assembly of the part, the �me it takes per phase 
of the assembly process, and the mistakes that 
were made during the runs. With this informa�-
on, it is also possible to determine some 
resolu�ons that can be made to improve the 
process at hand. In addi�on, a simple HMI was 
built to communicate with the operator 
performing the assembly task, presen�ng the 
metrics retrieved by the system. 

RESULTS
Figure 2 (a) illustrates the evolu�on of the 
assembly �me of the component as a func�on 
of the number of execu�ons/cycles of the 

process. As expected, a decreasing trend in 
assembly �me is observed as the number of 
cycles increases, sugges�ng a learning effect. 
However, a significant variability in the perfor-
mance of one of the individuals is noted, 
characterized by pronounced fluctua�ons in 
assembly �me. These varia�ons may be 
associated with difficul�es in handling the 
components or addi�onal �me required for 
screw �ghtening.

In the next phase of the data analyses, we 
analyzed the �me taken on each phase of the 
assembly,  as shown in Figure 2(b), there are two 
points on the process that take no�ceably more 

�me. Based on the Anova sta�s�cal analysis we 
can see significant differences in assembly �mes 
across phases (F = 58.52, p = 5.67e-09). 

Tukey's post-hoc also test showed phase 4 had 
significantly higher �mes than all others (e.g., 
Phase 1 vs. Phase 4 has a mean difference of 
19.5, with a 95% Confidence Interval. In 
contrast, Phase 1 vs. Phase 2 showed no 
significant difference. Average �mes were the 
highest in Phase 4 (28.06 seconds) and lowest in 
Phase 2 (2.84 seconds).

Also based in the average values and standard 
devia�on of each phase, phase 4 is the one that 
presents the greatest devia�on from the average 
(3.83 seconds), presen�ng itself as the most 
cri�cal phase and the one with most poten�al 
for improvement. If these data were related to a 
process captured in the industrial environment, 
phase 4 should be evaluated to reduce �me and 
boost produc�vity.

The error measuring part of the system that can 
be evaluated in Figure 2 ©, the colors of the lines 
present in the graph also correspond to the 
same lines on the Total �me graph in Figure 2 (a) 
previously men�oned. As should be expected, 
the number of mistakes commi�ed also 
correspond to the cycles that take more �me to 
assemble the part, despite this being clear, this 
may not be true for all assembly processes, 
because there is one tester (the one that 
corresponds to the orange line) where this fact is 
not true.

The HMI built presents all the necessary data, to 
help the worker and retrieve all the necessary 
informa�on of the assembly process, as shown 
in Figure 3.

CONCLUSION
Promising results and valuable insights were 
obtained from key performance indicators, 

FIGURE 1
Schema�c of the designed system for monitoring the assembly process, consis�ng of a camera, a computer 
handling AI tasks, and an HMI for operator communica�on and feedback (A). Addi�onally, an example of the 
assembly process is shown, detailing its phases and the correct assembly sequence (B).

FIGURE 2
Comprehensive analysis of assembly performance: The 
Graph (a) compares the total �me taken by four testers 
across five assembly cycles. 
The graph (b) provides a detailed breakdown of the �me 
spent on each phase of the assembly cycle by a single 
tester. 
The graph (c) highlights the number of errors commi�ed 
by different testers throughout all test cycles.

FIGURE 3
Example of the HMI developed, in blue is the alerts 
in case of occurrence of an error. In red the video 
feed of the assembly process giving of informa�on 
of what objects are present, and in green are the 
KPI metrics that are been retrieved by the system.
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operator interac�ons with their surroundings in 
real-�me, enhancing the precision and 
effec�veness of assembly and manufacturing 
processes.

Therefore, this paper proposes a Pick-by-Vision 
hardware/so�ware system that guides and 
provides real-�me feedback through an HMI. By 
tracking assembly stages, it extracts key 
performance indicators (KPIs) such as total �me, 
cycle �mes, phase dura�ons, and errors. This 
data enables workers to op�mize processes, 
improving efficiency, and reducing mistakes.

METHODOLOGY
A so�ware solu�on was developed to monitor 
the assembly process, as shown in Figure 1 (A). It 
integrates the OAK-D Pro PoE RGB camera for 
image acquisi�on, which are then processed by 
the YOLOv11 Nano model for object detec�on 
and KPI computa�on. The results, including KPIs 
and processed images, are displayed on an HMI, 
enabling real-�me monitoring and operator 
interac�on during assembly.

The assembly process consists of five stages and 
involves key objects: a red base, four nuts, a gear, 
the spider, and four screws. The detec�on of 
each stage relies on iden�fying these objects, 
allowing the system to track progress and detect 
errors, such as misplaced components. To 
ensure accurate detec�on, a YOLOv11 Nano 
model was trained using a synthe�c dataset of 
~50k annotated images, generated via a virtual 
environment with CAD models. The dataset was 

divided by assembly stages (5) as shown in 
Figure 1 (B), and training included a batch size of 
32 with data augmenta�on techniques like 
flipping, shearing, mosaic augmenta�on, and 
color altera�on. The trained model achieved 
high accuracy when tested on real images, with 
a precision of 0.86, recall of 0.88, and an F1-
score of 0.87. By replica�ng real-world 
condi�ons in training, the system can generalize 
to different assembly processes using 
corresponding trained models.

EXPERIMENTS 

These tests were executed in laboratory 
environment mimicking industrial condi�ons, 
such as variable lights, where 4 individuals were 
requested to assemble the part, everyone made 
5 assembly runs to obtain sufficient and valid 
data to get credible results. From these 
assembly runs, it was possible to extract 3 KPI 
values, these being, the total �me for the 
assembly of the part, the �me it takes per phase 
of the assembly process, and the mistakes that 
were made during the runs. With this informa�-
on, it is also possible to determine some 
resolu�ons that can be made to improve the 
process at hand. In addi�on, a simple HMI was 
built to communicate with the operator 
performing the assembly task, presen�ng the 
metrics retrieved by the system. 

RESULTS
Figure 2 (a) illustrates the evolu�on of the 
assembly �me of the component as a func�on 
of the number of execu�ons/cycles of the 

process. As expected, a decreasing trend in 
assembly �me is observed as the number of 
cycles increases, sugges�ng a learning effect. 
However, a significant variability in the perfor-
mance of one of the individuals is noted, 
characterized by pronounced fluctua�ons in 
assembly �me. These varia�ons may be 
associated with difficul�es in handling the 
components or addi�onal �me required for 
screw �ghtening.

In the next phase of the data analyses, we 
analyzed the �me taken on each phase of the 
assembly,  as shown in Figure 2(b), there are two 
points on the process that take no�ceably more 

�me. Based on the Anova sta�s�cal analysis we 
can see significant differences in assembly �mes 
across phases (F = 58.52, p = 5.67e-09). 

Tukey's post-hoc also test showed phase 4 had 
significantly higher �mes than all others (e.g., 
Phase 1 vs. Phase 4 has a mean difference of 
19.5, with a 95% Confidence Interval. In 
contrast, Phase 1 vs. Phase 2 showed no 
significant difference. Average �mes were the 
highest in Phase 4 (28.06 seconds) and lowest in 
Phase 2 (2.84 seconds).

Also based in the average values and standard 
devia�on of each phase, phase 4 is the one that 
presents the greatest devia�on from the average 
(3.83 seconds), presen�ng itself as the most 
cri�cal phase and the one with most poten�al 
for improvement. If these data were related to a 
process captured in the industrial environment, 
phase 4 should be evaluated to reduce �me and 
boost produc�vity.

The error measuring part of the system that can 
be evaluated in Figure 2 ©, the colors of the lines 
present in the graph also correspond to the 
same lines on the Total �me graph in Figure 2 (a) 
previously men�oned. As should be expected, 
the number of mistakes commi�ed also 
correspond to the cycles that take more �me to 
assemble the part, despite this being clear, this 
may not be true for all assembly processes, 
because there is one tester (the one that 
corresponds to the orange line) where this fact is 
not true.

The HMI built presents all the necessary data, to 
help the worker and retrieve all the necessary 
informa�on of the assembly process, as shown 
in Figure 3.

CONCLUSION
Promising results and valuable insights were 
obtained from key performance indicators, 

FIGURE 1
Schema�c of the designed system for monitoring the assembly process, consis�ng of a camera, a computer 
handling AI tasks, and an HMI for operator communica�on and feedback (A). Addi�onally, an example of the 
assembly process is shown, detailing its phases and the correct assembly sequence (B).

FIGURE 2
Comprehensive analysis of assembly performance: The 
Graph (a) compares the total �me taken by four testers 
across five assembly cycles. 
The graph (b) provides a detailed breakdown of the �me 
spent on each phase of the assembly cycle by a single 
tester. 
The graph (c) highlights the number of errors commi�ed 
by different testers throughout all test cycles.

FIGURE 3
Example of the HMI developed, in blue is the alerts 
in case of occurrence of an error. In red the video 
feed of the assembly process giving of informa�on 
of what objects are present, and in green are the 
KPI metrics that are been retrieved by the system.
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par�cularly in compu�ng essen�al metrics like 
cycle �mes and total assembly �mes. However, 
improvements are needed. Enhancing the HMI 
with clearer error visualiza�on and a more user-
friendly design will be�er assist operators, while 
increasing the accuracy of the YOLO model is 
crucial for reducing detec�on inconsistencies 
and improving system reliability. Future 
improvements include refining the model with a 
more diverse dataset, op�mizing real-�me 
performance, and adap�ng the system to 
industrial environments, where unforeseen 
challenges may arise. Addi�onally, expanding 
error detec�on, generalizing key performance 
metrics across different assemblies and stages, 
and increasing the number of testers will 
contribute to more robust and reliable results.
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Passive RFID systems have become essen�al in various industries for iden�fica�on, inventory control, 

and tracking applica�ons. Despite their widespread adop�on, RFID tag readability is substan�ally 

influenced by the materials surrounding the tags, presen�ng challenges in diverse opera�onal 

environments. This study systema�cally inves�gates how common industrial and everyday materials, 

including metals, liquids, and dielectric substances, impact RFID signal propaga�on and tag detec�on 

performance. Through controlled laboratory experiments, we measured signal behavior and tag 

visibility across mul�ple trials per material. Results show that while materials like aluminum clearly 

degraded signal reach and detec�on rates, others such as iron and water introduced complex signal 

distor�ons that resulted in moderate impacts on tag detec�on. These included effects such as 

reflec�on-based amplifica�on and signal absorp�on. In contrast, acrylic, cardboard, fabric, and wood 

exhibited minimal signal interference. These findings confirm the presence of dis�nct material-specific 

signatures and highlight the usefulness of prac�cal metrics like tag count and RSSI analysis for 

evalua�ng RFID signal distor�on. The study provides insights for improving RFID system reliability in 

environments with varied electromagne�c proper�es.

PASSIVE RFID; SIGNAL DISTORTION; MATERIAL INTERFERENCE; ELECTROMAGNETIC INTERFERENCE; 
TAG DETECTION; SIGNAL PROPAGATION.

INTRODUCTION
Radio Frequency Iden�fica�on (RFID) has 
become a fundamental technology for object 
tracking, inventory control, and automa�on in 
both industrial and commercial environments. 
Passive RFID tags, in par�cular, offer a low-cost, 
low-maintenance solu�on for iden�fica�on 
tasks across a wide range of sectors, including 
supply chain management, manufacturing, and 
retail. Despite their prac�cal benefits, the 
performance of RFID systems remains sensi�ve 
to environmental condi�ons, par�cularly the 
influence of materials surrounding the tag or 
obstruc�ng the signal path.

Material-induced interference is a well-docu-
mented challenge in RFID deployments. Subs-
tances such as metals, liquids, and dense 
packaging materials can reflect, absorb, or 
sca�er electromagne�c signals, leading to 
reduced read range, unstable communica�on, 
and missed detec�ons. Metals typically reflect 
signals, causing destruc�ve interference and 
detuning of the tag antenna. Liquids tend to 
absorb high-frequency signals, especially in the 
UHF band, while other materials with varying 
dielectric proper�es introduce unpredictable 
phase shi�s and a�enua�on. These physical 
interac�ons have been recognized as cri�cal 
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par�cularly in compu�ng essen�al metrics like 
cycle �mes and total assembly �mes. However, 
improvements are needed. Enhancing the HMI 
with clearer error visualiza�on and a more user-
friendly design will be�er assist operators, while 
increasing the accuracy of the YOLO model is 
crucial for reducing detec�on inconsistencies 
and improving system reliability. Future 
improvements include refining the model with a 
more diverse dataset, op�mizing real-�me 
performance, and adap�ng the system to 
industrial environments, where unforeseen 
challenges may arise. Addi�onally, expanding 
error detec�on, generalizing key performance 
metrics across different assemblies and stages, 
and increasing the number of testers will 
contribute to more robust and reliable results.
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Passive RFID systems have become essen�al in various industries for iden�fica�on, inventory control, 

and tracking applica�ons. Despite their widespread adop�on, RFID tag readability is substan�ally 

influenced by the materials surrounding the tags, presen�ng challenges in diverse opera�onal 

environments. This study systema�cally inves�gates how common industrial and everyday materials, 

including metals, liquids, and dielectric substances, impact RFID signal propaga�on and tag detec�on 

performance. Through controlled laboratory experiments, we measured signal behavior and tag 

visibility across mul�ple trials per material. Results show that while materials like aluminum clearly 

degraded signal reach and detec�on rates, others such as iron and water introduced complex signal 

distor�ons that resulted in moderate impacts on tag detec�on. These included effects such as 

reflec�on-based amplifica�on and signal absorp�on. In contrast, acrylic, cardboard, fabric, and wood 

exhibited minimal signal interference. These findings confirm the presence of dis�nct material-specific 

signatures and highlight the usefulness of prac�cal metrics like tag count and RSSI analysis for 

evalua�ng RFID signal distor�on. The study provides insights for improving RFID system reliability in 

environments with varied electromagne�c proper�es.

PASSIVE RFID; SIGNAL DISTORTION; MATERIAL INTERFERENCE; ELECTROMAGNETIC INTERFERENCE; 
TAG DETECTION; SIGNAL PROPAGATION.

INTRODUCTION
Radio Frequency Iden�fica�on (RFID) has 
become a fundamental technology for object 
tracking, inventory control, and automa�on in 
both industrial and commercial environments. 
Passive RFID tags, in par�cular, offer a low-cost, 
low-maintenance solu�on for iden�fica�on 
tasks across a wide range of sectors, including 
supply chain management, manufacturing, and 
retail. Despite their prac�cal benefits, the 
performance of RFID systems remains sensi�ve 
to environmental condi�ons, par�cularly the 
influence of materials surrounding the tag or 
obstruc�ng the signal path.

Material-induced interference is a well-docu-
mented challenge in RFID deployments. Subs-
tances such as metals, liquids, and dense 
packaging materials can reflect, absorb, or 
sca�er electromagne�c signals, leading to 
reduced read range, unstable communica�on, 
and missed detec�ons. Metals typically reflect 
signals, causing destruc�ve interference and 
detuning of the tag antenna. Liquids tend to 
absorb high-frequency signals, especially in the 
UHF band, while other materials with varying 
dielectric proper�es introduce unpredictable 
phase shi�s and a�enua�on. These physical 
interac�ons have been recognized as cri�cal 
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barriers to the reliable implementa�on of RFID 
systems in complex logis�cs and produc�on 
environments [1], [2], [3].

Several studies have proposed strategies to 
address material interference, ranging from 
custom antenna designs and shielding techni-
ques to adap�ve reader configura�ons and the 
use of frequency hopping. With the advent of 
machine learning and ar�ficial intelligence, new 
approaches are being explored that aim to 
characterize the environment and material 
condi�ons through signal analysis. Recent 
research has shown that AI-enhanced RFID 
systems can improve detec�on accuracy in 
dynamic and clu�ered se�ngs, par�cularly in 
retail and manufacturing scenarios [4], [5]. 
These developments point toward the possibi-
lity of using signal pa�erns themselves as 
indicators of the physical context.

In this context, our research inves�gates 
whether different materials can be dis�nguished 
based on the unique distor�ons they introduce 
into RFID signal parameters, namely the 
Received Signal Strength Indicator (RSSI) and 
Phase. The central hypothesis of this study is 
that each material leaves a measurable 
"signature" on the RFID signal, and that these 
signatures can be detected, analyzed, and 
poten�ally used for material iden�fica�on. This 
aligns with broader efforts to improve smart 
manufacturing through the characteriza�on and 
predic�on of RFID tag behavior in real-world 
condi�ons [6].

In this paper, we specialize in analyzing the signal 
behavior of individual materials. Rather than 
comparing all materials simultaneously, we 
focus on profiling one material at a �me across 
mul�ple trials. This approach allows for a more 
detailed understanding of signal consistency, 
interference pa�erns, and material impact on 
RFID readability. The results from this single-
material analysis form the basis for a future 
classifica�on framework and provide deeper 
insight into how materials distort passive RFID 
signals.

EXPERIMENTAL SETUP AND DATASET
To inves�gate the impact of different materials 
on RFID signal behavior, we designed a control-
led experiment in which passive UHF RFID tags 
were exposed to a selected set of materials 
under repeated and standardized condi�ons. 
The objec�ve was to observe how each material 
influences the Received Signal Strength Indicator 
(RSSI) and to collect sufficient data to support 
sta�s�cal analysis and poten�al signal-based 
material profiling.

EXPERIMENTAL DESIGN
The experiment was structured to evaluate how 
different materials affect RFID signal strength. A 
passive UHF RFID system was employed, 
consis�ng of a fixed RFID reader and a dire-
c�onal antenna opera�ng under consistent 
environmental and spa�al condi�ons. The RFID 
tags remained sta�onary throughout the 
experiment, while each material was placed in 
the center of the setup, posi�oned between the 
reader and the tags. This configura�on was 
designed to simulate real-world scenarios 
involving signal interference and a�enua�on.

Eight materials were selected for tes�ng: acrylic, 
water, aluminum, cardboard, iron, wood, fabric, 
and a control condi�on labeled "nothing," in 
which no material was present. These materials 
were chosen to represent a broad range of 
electromagne�c proper�es, including reflec�-
vity, absorp�on, and dielectric variability, all of 
which are known to influence RFID system 
performance [1], [2].

Each material was tested in three independent 
sessions, referred to as Trial 1 (T1), Trial 2 (T2), 
and Trial 3 (T3). During each session, the RFID 
system collected data con�nuously over a one-
minute interval. This protocol was repeated 
under iden�cal condi�ons to ensure repeata-
bility and to observe intra-material variability 
across trials.

DATA COLLECTION
The RFID reader con�nuously polled for tag 
responses throughout each trial. Each tag 
detec�on was logged along with mul�ple signal-
related a�ributes. The raw data was recorded in 
CSV format, with each file corresponding to a 
specific material and trial. A total of twenty-four 
files were generated, one for each combina�on 
of material and trial.

For each tag read, the following parameters 
were recorded: the IP address of the RFID 
reader, the unique Electronic Product Code 
(EPC) of the tag, the antenna port used, the RSSI 
value (in dBm), and �mestamps indica�ng the 
first and last detec�on events. During prepro-
cessing, addi�onal metadata columns iden�fy-
ing the material and trial were appended to each 
record.

DATA PREPROCESSING
Data prepara�on was conducted using Python in 
the Google Colab pla�orm. All CSV files were 
loaded from Google Drive, parsed, and merged 
into a unified dataset to facilitate centralized 
analysis. The preprocessing pipeline included 
the removal of forma�ng ar�facts, standardi-

za�on of column headers, conversion of �mes-
tamp strings to date�me objects, and the 
elimina�on of duplicate entries to ensure data 
quality.

The final dataset included 579,081 entries and 
was structured to enable per-material analysis, 
�me-series evalua�on, and assessment of signal 
variability. The analysis presented in the 
following sec�ons focuses primarily on the RSSI 
data, which serves as the key indicator of signal 
performance and material-induced distor�on in 
passive RFID systems.

DATASET ANALYSIS
The dataset collected during the experimental 
trials was analyzed to evaluate the behavior of 
the RFID signal under different material 
condi�ons. The focus of this analysis is the 
Received Signal Strength Indicator (RSSI), as it 
serves as the primary indicator of signal quality 
and material-induced distor�on.

RSSI DISTRIBUTION PER MATERIAL

The analysis of RSSI distribu�ons across the 
tested materials reveals clear and measurable 
differences in signal a�enua�on behavior. As 
shown in Figure 1 , the control condi�on with no 
obstruc�ng material (None) produced a 
consistently strong and rela�vely stable signal, 
with modest variability and few outliers. While 
some materials, such as Iron, exhibited higher 
median RSSI values, these are likely a�ributable 
to reflec�ve signal reinforcement rather than 
genuine signal clarity. The control condi�on thus 
establishes a clean baseline for assessing mate-
rial-induced distor�on under ideal condi�ons.

In contrast, materials such as Aluminum and 
Water consistently resulted in lower median 
RSSI values and exhibited wider signal variance. 
These materials are known for their strong 
interac�on with electromagne�c fields, with 
aluminum primarily causing reflec�on and 
detuning effects, and water absorbing the signal. 
Both mechanisms degrade signal reliability. Iron, 
however, showed a rela�vely high median RSSI, 

even surpassing the control condi�on. While this 
may ini�ally seem inconsistent with classical 
expecta�ons of metallic a�enua�on, the 
elevated RSSI values are consistent with well-
documented mul�path effects. In such cases, 
reflected signals from metallic surfaces arrive at 
the reader with construc�ve phase alignment, 
temporarily reinforcing the received power [7]. 
This effect causes localized signal amplifica�on 
without enhancing signal clarity or tag readabi-
lity. Accordingly, the higher RSSI observed for 
Iron and Aluminum reflects electromagne�c 
distor�on rather than reliable signal transmissi-
on, aligning with theore�cal models of interfe-
rence caused by conduc�ve materials.

Materials such as Acrylic, Cardboard, and Wood 
produced mid-range RSSI values with rela�vely 
low variability. These materials are generally 
considered RFID-friendly due to their low 
dielectric constants and low levels of signal 
reflec�on or absorp�on. Fabric presented a 
moderate level of a�enua�on, likely due to its 
flexibility and inconsistent density, which may 
have affected how the signal passed through it 
during the trial.

The overall distribu�on pa�erns support the 
hypothesis that each material interacts with the 
RFID signal in a dis�nct manner. These differen-
ces, par�cularly in median RSSI and spread, 
serve as the founda�on for iden�fying material-
specific signal signatures.

TIME-BASED SIGNAL TRENDS

To inves�gate the temporal characteris�cs of the 
RFID signal, RSSI values were plo�ed over �me 
for selected materials. Figure 2 illustrates the 
signal behavior for aluminum across Trials 1, 2, 
and 3. Aluminum was chosen due to its known 
tendency to interfere strongly with radio signals 
through reflec�on and shielding effects.

The plot reveals notable fluctua�ons in RSSI 
within each trial. Signal strength varied signifi-
cantly over short �me intervals, with visible dips 
and spikes occurring even under controlled, 
sta�c condi�ons. This suggests that aluminum 
does not only a�enuate the signal but also 

FIGURE 1
RSSI Distribu�on per material.

FIGURE 2
RSSI Over �me for Aluminium Across Trials T1-T3.
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barriers to the reliable implementa�on of RFID 
systems in complex logis�cs and produc�on 
environments [1], [2], [3].

Several studies have proposed strategies to 
address material interference, ranging from 
custom antenna designs and shielding techni-
ques to adap�ve reader configura�ons and the 
use of frequency hopping. With the advent of 
machine learning and ar�ficial intelligence, new 
approaches are being explored that aim to 
characterize the environment and material 
condi�ons through signal analysis. Recent 
research has shown that AI-enhanced RFID 
systems can improve detec�on accuracy in 
dynamic and clu�ered se�ngs, par�cularly in 
retail and manufacturing scenarios [4], [5]. 
These developments point toward the possibi-
lity of using signal pa�erns themselves as 
indicators of the physical context.

In this context, our research inves�gates 
whether different materials can be dis�nguished 
based on the unique distor�ons they introduce 
into RFID signal parameters, namely the 
Received Signal Strength Indicator (RSSI) and 
Phase. The central hypothesis of this study is 
that each material leaves a measurable 
"signature" on the RFID signal, and that these 
signatures can be detected, analyzed, and 
poten�ally used for material iden�fica�on. This 
aligns with broader efforts to improve smart 
manufacturing through the characteriza�on and 
predic�on of RFID tag behavior in real-world 
condi�ons [6].

In this paper, we specialize in analyzing the signal 
behavior of individual materials. Rather than 
comparing all materials simultaneously, we 
focus on profiling one material at a �me across 
mul�ple trials. This approach allows for a more 
detailed understanding of signal consistency, 
interference pa�erns, and material impact on 
RFID readability. The results from this single-
material analysis form the basis for a future 
classifica�on framework and provide deeper 
insight into how materials distort passive RFID 
signals.

EXPERIMENTAL SETUP AND DATASET
To inves�gate the impact of different materials 
on RFID signal behavior, we designed a control-
led experiment in which passive UHF RFID tags 
were exposed to a selected set of materials 
under repeated and standardized condi�ons. 
The objec�ve was to observe how each material 
influences the Received Signal Strength Indicator 
(RSSI) and to collect sufficient data to support 
sta�s�cal analysis and poten�al signal-based 
material profiling.

EXPERIMENTAL DESIGN
The experiment was structured to evaluate how 
different materials affect RFID signal strength. A 
passive UHF RFID system was employed, 
consis�ng of a fixed RFID reader and a dire-
c�onal antenna opera�ng under consistent 
environmental and spa�al condi�ons. The RFID 
tags remained sta�onary throughout the 
experiment, while each material was placed in 
the center of the setup, posi�oned between the 
reader and the tags. This configura�on was 
designed to simulate real-world scenarios 
involving signal interference and a�enua�on.

Eight materials were selected for tes�ng: acrylic, 
water, aluminum, cardboard, iron, wood, fabric, 
and a control condi�on labeled "nothing," in 
which no material was present. These materials 
were chosen to represent a broad range of 
electromagne�c proper�es, including reflec�-
vity, absorp�on, and dielectric variability, all of 
which are known to influence RFID system 
performance [1], [2].

Each material was tested in three independent 
sessions, referred to as Trial 1 (T1), Trial 2 (T2), 
and Trial 3 (T3). During each session, the RFID 
system collected data con�nuously over a one-
minute interval. This protocol was repeated 
under iden�cal condi�ons to ensure repeata-
bility and to observe intra-material variability 
across trials.

DATA COLLECTION
The RFID reader con�nuously polled for tag 
responses throughout each trial. Each tag 
detec�on was logged along with mul�ple signal-
related a�ributes. The raw data was recorded in 
CSV format, with each file corresponding to a 
specific material and trial. A total of twenty-four 
files were generated, one for each combina�on 
of material and trial.

For each tag read, the following parameters 
were recorded: the IP address of the RFID 
reader, the unique Electronic Product Code 
(EPC) of the tag, the antenna port used, the RSSI 
value (in dBm), and �mestamps indica�ng the 
first and last detec�on events. During prepro-
cessing, addi�onal metadata columns iden�fy-
ing the material and trial were appended to each 
record.

DATA PREPROCESSING
Data prepara�on was conducted using Python in 
the Google Colab pla�orm. All CSV files were 
loaded from Google Drive, parsed, and merged 
into a unified dataset to facilitate centralized 
analysis. The preprocessing pipeline included 
the removal of forma�ng ar�facts, standardi-

za�on of column headers, conversion of �mes-
tamp strings to date�me objects, and the 
elimina�on of duplicate entries to ensure data 
quality.

The final dataset included 579,081 entries and 
was structured to enable per-material analysis, 
�me-series evalua�on, and assessment of signal 
variability. The analysis presented in the 
following sec�ons focuses primarily on the RSSI 
data, which serves as the key indicator of signal 
performance and material-induced distor�on in 
passive RFID systems.

DATASET ANALYSIS
The dataset collected during the experimental 
trials was analyzed to evaluate the behavior of 
the RFID signal under different material 
condi�ons. The focus of this analysis is the 
Received Signal Strength Indicator (RSSI), as it 
serves as the primary indicator of signal quality 
and material-induced distor�on.

RSSI DISTRIBUTION PER MATERIAL

The analysis of RSSI distribu�ons across the 
tested materials reveals clear and measurable 
differences in signal a�enua�on behavior. As 
shown in Figure 1 , the control condi�on with no 
obstruc�ng material (None) produced a 
consistently strong and rela�vely stable signal, 
with modest variability and few outliers. While 
some materials, such as Iron, exhibited higher 
median RSSI values, these are likely a�ributable 
to reflec�ve signal reinforcement rather than 
genuine signal clarity. The control condi�on thus 
establishes a clean baseline for assessing mate-
rial-induced distor�on under ideal condi�ons.

In contrast, materials such as Aluminum and 
Water consistently resulted in lower median 
RSSI values and exhibited wider signal variance. 
These materials are known for their strong 
interac�on with electromagne�c fields, with 
aluminum primarily causing reflec�on and 
detuning effects, and water absorbing the signal. 
Both mechanisms degrade signal reliability. Iron, 
however, showed a rela�vely high median RSSI, 

even surpassing the control condi�on. While this 
may ini�ally seem inconsistent with classical 
expecta�ons of metallic a�enua�on, the 
elevated RSSI values are consistent with well-
documented mul�path effects. In such cases, 
reflected signals from metallic surfaces arrive at 
the reader with construc�ve phase alignment, 
temporarily reinforcing the received power [7]. 
This effect causes localized signal amplifica�on 
without enhancing signal clarity or tag readabi-
lity. Accordingly, the higher RSSI observed for 
Iron and Aluminum reflects electromagne�c 
distor�on rather than reliable signal transmissi-
on, aligning with theore�cal models of interfe-
rence caused by conduc�ve materials.

Materials such as Acrylic, Cardboard, and Wood 
produced mid-range RSSI values with rela�vely 
low variability. These materials are generally 
considered RFID-friendly due to their low 
dielectric constants and low levels of signal 
reflec�on or absorp�on. Fabric presented a 
moderate level of a�enua�on, likely due to its 
flexibility and inconsistent density, which may 
have affected how the signal passed through it 
during the trial.

The overall distribu�on pa�erns support the 
hypothesis that each material interacts with the 
RFID signal in a dis�nct manner. These differen-
ces, par�cularly in median RSSI and spread, 
serve as the founda�on for iden�fying material-
specific signal signatures.

TIME-BASED SIGNAL TRENDS

To inves�gate the temporal characteris�cs of the 
RFID signal, RSSI values were plo�ed over �me 
for selected materials. Figure 2 illustrates the 
signal behavior for aluminum across Trials 1, 2, 
and 3. Aluminum was chosen due to its known 
tendency to interfere strongly with radio signals 
through reflec�on and shielding effects.

The plot reveals notable fluctua�ons in RSSI 
within each trial. Signal strength varied signifi-
cantly over short �me intervals, with visible dips 
and spikes occurring even under controlled, 
sta�c condi�ons. This suggests that aluminum 
does not only a�enuate the signal but also 

FIGURE 1
RSSI Distribu�on per material.

FIGURE 2
RSSI Over �me for Aluminium Across Trials T1-T3.
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introduces instability in signal propaga�on. The 
varia�on observed may be a�ributed to 
mul�path effects, minor environmental intera-
c�ons, or internal reflec�ons within the alumi-
num block itself.

Despite these fluctua�ons, the three trials show 
similar overall behavior, reinforcing the consis-
tency of aluminum's impact on the signal. The 
amplitude and rhythm of the RSSI oscilla�ons 
appear comparable across trials, which supports 
the hypothesis that such materials introduce a 
repeatable yet variable interference pa�ern.
These �me-based trends provide addi�onal 
insight beyond sta�c signal strength values, 
revealing how materials may influence signal 
stability during con�nuous reading. This infor-
ma�on is par�cularly relevant for applica�ons 
that rely on real-�me or repeated RFID scanning, 
where not only signal strength, but also its 
temporal consistency, affects system reliability.

TRIAL CONSISTENCY AND REPRODUCIBILITY
The reproducibility of results across the three 
trials was assessed by comparing summary 
sta�s�cs for each material. Materials such as 
acrylic and cardboard demonstrated high 
consistency between trials. Conversely, mate-
rials like fabric and iron exhibited more no�cea-
ble shi�s in signal strength between sessions.

Although varia�on was present, the overall 
shape and range of the RSSI distribu�ons 
remained consistent for each material, sugges-
�ng that while environmental noise may affect 
individual reads, the material-induced signature 
is stable across trials.

SIGNAL FEATURE SUMMARY AND 
SIGNATURE POTENTIAL
To further examine the unique impact of each 
material on RFID signal behavior, descrip�ve 
sta�s�cal features were extracted from the RSSI 
values. These include the mean, standard 
devia�on, minimum, and maximum signal 
strength per material. The results are presented 
in Table 1, which highlights the varia�on in signal 
characteris�cs across the tested materials.

The control condi�on (None) exhibited rela�vely 
low signal variability and served as a stable 
baseline. While its mean RSSI was lower than 
that of some metallic materials, such as Iron and 
Aluminum, those stronger signals were accom-
panied by greater fluctua�on and are likely the 
result of reflec�ve interference rather than 
genuine signal clarity. In contrast, materials such 
as Aluminum and Iron demonstrated lower 
average RSSI values and higher standard 
devia�on, indica�ng both a�enua�on and signal 

instability. Water also caused significant 
a�enua�on, though it displayed rela�vely less 
variability than metallic materials.

Materials like Acrylic and Cardboard maintained 
intermediate mean RSSI values with rela�vely 
narrow distribu�ons, sugges�ng a weaker 
interac�on with the electromagne�c signal. 
Fabric, while similar in mean RSSI to cardboard, 
exhibited slightly more variability, which may be 
a�ributed to its flexible and non-uniform 
physical structure.

These signal profiles support the idea that each 
material imposes a consistent and dis�nguisha-
ble effect on RFID signal strength. The 
differences in central tendency and dispersion 
provide a quan�ta�ve founda�on for iden�fying 
materials based on their electromagne�c 
interac�on. This analysis serves as a basis for the 
machine learning approach that follows, where 
these features are used to train a classifica�on 
model capable of predic�ng the material type 
from signal observa�ons.

TAG VISIBILITY ANALYSIS BY MATERIAL
To evaluate the effect of different materials on 
RFID signal propaga�on, we analyzed the 
number of unique RFID tags detected during 
each one-minute trial. This approach offers a 
straigh�orward proxy for signal obstruc�on: 
materials that a�enuate, reflect, or absorb the 
radio signal tend to reduce the number of tags 
successfully read.

For each material and trial, we computed the 
count of dis�nct tags observed. The results, 
shown in Figure 3, demonstrate consistent 
pa�erns. Materials such as Acrylic, Cardboard, 
and Wood allowed nearly all 55 tags to be read 
in every trial, indica�ng minimal interference. 
On the other hand, Aluminum led to a clear 

reduc�on in tag visibility, consistent with its 
known signal reflec�on and shielding effects. 
Water caused a moderate decrease in tag 
detec�on, likely due to its absorp�ve interac�on 
with UHF signals. Fabric showed a slight and 
consistent reduc�on in the number of tags 
detected across trials, though its overall 
performance remained rela�vely close to that of 
low-interference materials like Acrylic and 
Cardboard.

These pa�erns align well with the expected 
physical proper�es of the materials: metals and 
liquids are known to degrade UHF RFID 
performance through reflec�on, absorp�on, or 
detuning effects, while low-dielectric materials 
permit more reliable transmission.

This analysis demonstrates that even a simple 
tag count metric can effec�vely capture 
material-induced distor�on and provide 
valuable insight into signal behavior.

RESULTS AND DISCUSSION
The tag count analysis confirms that different 
materials consistently impact RFID signal beha-
vior in measurable ways. Materials such as 
Aluminum caused a notable reduc�on in tag 
visibility, while Water and Iron introduced signal 
variability and moderate decreases in detec�on 
rates.

These results are consistent with known electro-
magne�c proper�es: metals reflect and distort 
radio signals, while liquids absorb them, both 
leading to lower detec�on rates. Conversely, 
dielectric materials such as plas�cs and paper-
based composites have li�le effect on UHF RFID 
propaga�on.

It is important to note that higher RSSI values 
observed for some metals, such as Iron, do not 
necessarily indicate stronger or more reliable 
signal transmission. These elevated values are 
o�en the result of mul�path reflec�ons, as 
previously discussed, and may obscure underl-

ying instability in tag detec�on.

The ability to differen�ate materials based on 
signal loss alone provides a prac�cal and 
interpretable metric for system designers. 
Rather than relying on complex models or 
sensor fusion, basic visibility metrics may offer 
enough insight to adjust system parameters or 
trigger environment-aware behavior.

However, this approach also has limita�ons. Tag 
visibility is sensi�ve not only to material 
proper�es but also to environmental factors, tag 
placement, and reader configura�on. Further 
studies would be required to isolate these 
variables and enhance the robustness of 
detec�on.

CONCLUSION AND FUTURE WORK
This study examined how different materials 
distort RFID passive tag signals by analyzing 
varia�ons in tag visibility under controlled 
condi�ons. Using a simple metric, the number of 
tags successfully read per trial, we showed that 
aluminum consistently reduced signal reach, 
while water and iron introduced distor�on 
effects that moderately impacted detec�on 
reliability. In contrast, materials like acrylic and 
cardboard allowed for near-complete tag 
detec�on. These findings support the idea that 
each material introduces a measurable signatu-
re into the RFID signal environment.

Although this work focused on tag count as a 
proxy for signal distor�on, future research will 
build on these findings by exploring mul�-tag 
feature aggrega�on, �me-based signal behavior, 
and advanced classifica�on models. Further 
inves�ga�ons will also consider factors such as 
antenna orienta�on, reader pow aluminum 
consistently reduced signal reach, while water 
and iron introduced distor�on effects that 
moderately impacted detec�on reliability. 
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TABLE 1
Signal Summary Per Material (dBm).

Material
Mean 
RSSI

Standard
Devia�on

Min
RSSI

Max
RSSI

Acrylic

Aluminum

Cardboard

Fabric

Iron

None

Water

Wood

- 52.7761

-50.9009

- 53.1852

-53.1283

-50.6424

-53.1069

-51.514

-52.9278

4.155943

5.842091

4.543199

4.528449

5.936125

4.421201

5.128941

4.268933

-66

-67

-68

-69

-68

-69

-69

-68

-43

-41

-42

-42

-41

-42

-42

-43

FIGURE 3
Average number of RFID tags detected per material. 
Signal-blocking materials like Aluminum and Water 
reduce tag visibility.
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that rely on real-�me or repeated RFID scanning, 
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trials was assessed by comparing summary 
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acrylic and cardboard demonstrated high 
consistency between trials. Conversely, mate-
rials like fabric and iron exhibited more no�cea-
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shape and range of the RSSI distribu�ons 
remained consistent for each material, sugges-
�ng that while environmental noise may affect 
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is stable across trials.
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average RSSI values and higher standard 
devia�on, indica�ng both a�enua�on and signal 
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machine learning approach that follows, where 
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from signal observa�ons.
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To evaluate the effect of different materials on 
RFID signal propaga�on, we analyzed the 
number of unique RFID tags detected during 
each one-minute trial. This approach offers a 
straigh�orward proxy for signal obstruc�on: 
materials that a�enuate, reflect, or absorb the 
radio signal tend to reduce the number of tags 
successfully read.

For each material and trial, we computed the 
count of dis�nct tags observed. The results, 
shown in Figure 3, demonstrate consistent 
pa�erns. Materials such as Acrylic, Cardboard, 
and Wood allowed nearly all 55 tags to be read 
in every trial, indica�ng minimal interference. 
On the other hand, Aluminum led to a clear 

reduc�on in tag visibility, consistent with its 
known signal reflec�on and shielding effects. 
Water caused a moderate decrease in tag 
detec�on, likely due to its absorp�ve interac�on 
with UHF signals. Fabric showed a slight and 
consistent reduc�on in the number of tags 
detected across trials, though its overall 
performance remained rela�vely close to that of 
low-interference materials like Acrylic and 
Cardboard.

These pa�erns align well with the expected 
physical proper�es of the materials: metals and 
liquids are known to degrade UHF RFID 
performance through reflec�on, absorp�on, or 
detuning effects, while low-dielectric materials 
permit more reliable transmission.

This analysis demonstrates that even a simple 
tag count metric can effec�vely capture 
material-induced distor�on and provide 
valuable insight into signal behavior.

RESULTS AND DISCUSSION
The tag count analysis confirms that different 
materials consistently impact RFID signal beha-
vior in measurable ways. Materials such as 
Aluminum caused a notable reduc�on in tag 
visibility, while Water and Iron introduced signal 
variability and moderate decreases in detec�on 
rates.

These results are consistent with known electro-
magne�c proper�es: metals reflect and distort 
radio signals, while liquids absorb them, both 
leading to lower detec�on rates. Conversely, 
dielectric materials such as plas�cs and paper-
based composites have li�le effect on UHF RFID 
propaga�on.

It is important to note that higher RSSI values 
observed for some metals, such as Iron, do not 
necessarily indicate stronger or more reliable 
signal transmission. These elevated values are 
o�en the result of mul�path reflec�ons, as 
previously discussed, and may obscure underl-

ying instability in tag detec�on.

The ability to differen�ate materials based on 
signal loss alone provides a prac�cal and 
interpretable metric for system designers. 
Rather than relying on complex models or 
sensor fusion, basic visibility metrics may offer 
enough insight to adjust system parameters or 
trigger environment-aware behavior.

However, this approach also has limita�ons. Tag 
visibility is sensi�ve not only to material 
proper�es but also to environmental factors, tag 
placement, and reader configura�on. Further 
studies would be required to isolate these 
variables and enhance the robustness of 
detec�on.

CONCLUSION AND FUTURE WORK
This study examined how different materials 
distort RFID passive tag signals by analyzing 
varia�ons in tag visibility under controlled 
condi�ons. Using a simple metric, the number of 
tags successfully read per trial, we showed that 
aluminum consistently reduced signal reach, 
while water and iron introduced distor�on 
effects that moderately impacted detec�on 
reliability. In contrast, materials like acrylic and 
cardboard allowed for near-complete tag 
detec�on. These findings support the idea that 
each material introduces a measurable signatu-
re into the RFID signal environment.

Although this work focused on tag count as a 
proxy for signal distor�on, future research will 
build on these findings by exploring mul�-tag 
feature aggrega�on, �me-based signal behavior, 
and advanced classifica�on models. Further 
inves�ga�ons will also consider factors such as 
antenna orienta�on, reader pow aluminum 
consistently reduced signal reach, while water 
and iron introduced distor�on effects that 
moderately impacted detec�on reliability. 
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In recent years, robo�cs has experienced significant advancements driven by the integra�on of ar�ficial 

intelligence and imita�on learning techniques. This paper presents a comprehensive methodology for 

training a robo�c system to manipulate unstructured bicycle cranks and place them in predefined 

posi�ons. The approach combines digital training using high-fidelity simula�on with real-world 

valida�on. A detailed training pipeline, including demonstra�on collec�on, dataset annota�on, data 

augmenta�on, and itera�ve fine-tuning, is employed to develop a robust grasping and placement 

model. Furthermore, domain adapta�on techniques are u�lized to bridge the simula�on-to-real gap. 

Experimental results in the simulated environment, using a cube as a test object, are compared to 

preliminary trials with a bicycle crank. The study underscores the poten�al of imita�on learning for 

flexible industrial robo�c manipula�on and outlines future work to further enhance system 

performance and generaliza�on for mul�ple tasks in shop-floor.

INTRODUCTION
Recent advances in robo�cs have been marked 
by the increasing incorpora�on of ar�ficial 
intelligence techniques and imita�on learning 
methods. In industrial applica�ons, where tasks 
such as object manipula�on and component 
assembly require excep�onal precision and 
flexibility, these developments are par�cularly 
cri�cal. Modern robo�c systems must not only 
execute preprogrammed tasks with accuracy but 
also adapt to dynamic and unstructured envi-
ronments. As robots become more sophis�ca-
ted, challenges emerge regarding their ability to 
generalize and adapt to new scenarios without 
extensive reprogramming.

Imita�on learning has emerged as a promising 
paradigm to overcome these challenges. By 
enabling robots to learn complex tasks through 
human demonstra�ons, imita�on learning 
reduces the reliance on random explora�on, a 

common drawback in reinforcement learning, 
and accelerates the overall learning process. 
Early approaches, such as the DAgger algorithm 
introduced by Ross et al. [1], were designed to 
mi�gate distribu�onal shi�s between training 
data and real-world execu�on. More recent 
methods, including one-shot imita�on learning 
and meta-learning frameworks proposed by 
Finn et al. [2], have further advanced the field by 
enabling robots to generalize new tasks from 
very limited demonstra�ons. Addi�onally, the 
work by Duan et al. [3] reinforces the viability of 
one-shot imita�on learning, offering alterna�ve 
strategies for rapid skill acquisi�on.

In object manipula�on tasks, several works have 
contributed to enhancing the robustness and 
adaptability of imita�on learning. Research has 
underscored the importance of developing 
implicit visual representa�ons for reconstruc�ng 
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intelligence and imita�on learning techniques. This paper presents a comprehensive methodology for 
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also adapt to dynamic and unstructured envi-
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ted, challenges emerge regarding their ability to 
generalize and adapt to new scenarios without 
extensive reprogramming.

Imita�on learning has emerged as a promising 
paradigm to overcome these challenges. By 
enabling robots to learn complex tasks through 
human demonstra�ons, imita�on learning 
reduces the reliance on random explora�on, a 

common drawback in reinforcement learning, 
and accelerates the overall learning process. 
Early approaches, such as the DAgger algorithm 
introduced by Ross et al. [1], were designed to 
mi�gate distribu�onal shi�s between training 
data and real-world execu�on. More recent 
methods, including one-shot imita�on learning 
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Finn et al. [2], have further advanced the field by 
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object shapes, as demonstrated in Visual 
Imita�on Learning of Task-Oriented Object 
Grasping and Rearrangement [4]. Other studies 
have integrated tac�le sensors to execute 
delicate grasping ac�ons, as shown in Learning 
Fine Pinch-Grasp Skills using Tac�le Sensing from 
A Few Real-world Demonstra�ons [5]. 
Moreover, wearable systems have been 
employed to capture human demonstra�ons 
more naturally, as described in A Wearable 
Robo�c Hand for Hand-over-Hand Imita�on 
Learning [6]. Advances in mul�sensory data 
fusion and the emergence of generalist models, 
such as the: A Vision-Language-Ac�on Flow 
Model for General Robot Control [7], further 
enhance robo�c autonomy in industrial 
contexts.  In addi�on, approaches that 
incorporate bilateral control have improved the 
grasping of both so� and rigid objects, as 
evidenced by So� and Rigid Object Grasping 
with Cross-Structure Hand Using Bilateral 
Control-Based Imita�on Learning [8]. Finally, 
data-efficient strategies for industrial assembly 
tasks are exemplified by the JUICER framework 
[9], which reduces the dependency on large 
training datasets while maintaining high 
performance.

This research addresses the challenge of 
grasping unstructured bicycle cranks, a challen-
ge in both industrial and logis�cs environments. 
The goal is to develop a system that uses 
imita�on learning to teach a robot to efficiently 
manipulate these cranks and place them in 
predefined posi�ons. To achieve this, a 
structured training pipeline is proposed that 
includes the collec�on of demonstra�ons, 
annota�on of datasets, applica�on of data 
augmenta�on, and itera�ve fine-tuning of the 
model. In addi�on, the research combines 
digital training in simula�on with real-world 
experimenta�on to validate and refine the 
solu�on.

In summary, this work contributes to exploring 
imita�on learning techniques in industrial 
robo�cs applica�on by providing a structured 
and adaptable approach for transferring 
knowledge from simulated environments to 
real-world applica�ons. The paper is organized 
as follows: Sec�on 2 details the methodology, 
including both digital training and real-world 
applica�on, while Sec�on 3 presents the 
conclusions and outlines direc�ons for future 
research.

METHODOLOGY
This study presents a structured methodology 
for training a robo�c system to manipulate 
unstructured bicycle cranks and place them in 

predefined posi�ons. The approach integrates 
both digital training and real-world, u�lizing 
imita�on learning techniques to develop a 
flexible and robust manipula�on model. The 
methodology is divided into three primary 
phases: digital training, real-world applica�on, 
and performance evalua�on.

DIGITAL TRAINING AND SIMULATION
The digital training phase is conducted in the 
Isaac Sim simulator, which provides a realis�c 
and controlled environment for modeling 
robo�c interac�ons. This phase forms the 
founda�on for training and op�mizing the 
robo�c system before real-world deployment.

· Simula�on Environment: Isaac Sim is used to 
create high-fidelity scenarios that accurately 
model the physics of object interac�ons. To 
promote robustness and generaliza�on of the 
trained model, varia�ons in ligh�ng, textures, 
and physical proper�es are introduced during 
simula�on.

· Training Objects: The training begins with a 
simple 10 cm³ cube and progresses to more 
complex shapes, such as bicycle cranks (20.5 
cm in length), to enhance the model's 
adaptability to different geometries.

· Scenario Variability: A total of 4,000 simula�-
on runs include randomized object posi�ons, 
occlusions, and external disturbances to 
reflect real-world variability.

· Domain Randomiza�on: To improve the 
model's robustness against real-world 
inconsistencies, domain randomiza�on is 
applied in 30% of the simula�ons. This 
technique introduces random perturba�ons 
in textures, ligh�ng condi�ons, and fric�on 
coefficients, enabling the model to learn 
invariant features that generalize be�er to 
unseen environments.

· Robo�c Arm Configura�on: The setup uses a 
Franka Emika Panda robo�c manipulator 
equipped with a parallel gripper and an Intel 
RealSense D435 camera for percep�on and 
feedback.

Figure 1 illustrates the experimental setup, 
including the picking zone (red) and placing zone 
(green), where the robo�c arm performs 
manipula�on tasks.
 
TRAINING PIPELINE 
The training pipeline follows a structured 
sequence designed to enhance the robot's 
capability to consistently grasp and posi�on 
bicycle cranks in varying scenarios. As illustrated 
in Figure 2, the process comprises four main 
phases: human teleopera�on and data collec�-
on, dataset annota�on, dataset augmenta�on, 
and training and deployment.

The pipeline begins with human teleopera�on, 
where operators manually control the robo�c 
arm to perform pick-and-place tasks. This phase 
produces 200-500 demonstra�on trajectories, 
each capturing object mo�on, gripper control, 
and relevant robot ac�ons across diverse 
interac�on contexts. This dataset introduces 
behavioral variability, which is essen�al for 
robust model generaliza�on.

In the annota�on phase, each trajectory is 
segmented into key stages: grasping, li�ing, 
reposi�oning, and placing. These labeled 
segments help the model learn context-
dependent behaviors and decision-making 
pa�erns.

During dataset augmenta�on, addi�onal 
variability is synthe�cally introduced to increase 
the robustness of the learning process. 
Augmenta�on includes temporal perturba�ons 
(e.g., altering ac�on �ming slightly), spa�al ji�er 
(e.g., minor offsets in object posi�ons or 
orienta�ons), and sensor noise simula�on (e.g., 
small pixel-level distor�ons or par�al occlusions 
in depth maps). These transforma�ons simulate 
real-world inconsistencies, allowing the model 
to generalize beyond the limited scope of the 
original demonstra�ons.

Once augmented, the dataset is expanded 
further by collec�ng demonstra�ons in mul�ple 
randomized simula�on environments, each 
ini�alized with different seeds. This itera�ve 
process con�nues un�l 4,000 successful task 
execu�ons are recorded across diverse 
condi�ons.

The training phase begins with supervised 
learning over 200 epochs. Checkpoints are saved 
every 50 epochs to monitor progress. During 
training, metrics such as grasp success rate, 
object placement accuracy, and overall task 
comple�on �me are logged to track model 
performance.

Following supervised learning, the model is fine-
tuned using reinforcement learning (RL) to 
improve task performance in dynamic or 
ambiguous condi�ons. The RL fine-tuning stage 
incorporates an actor-cri�c algorithm that 
refines the grasping policy through trial and 
error. The reward func�on is designed to 
balance three objec�ves:

· Grasp stability: posi�ve reward for firm, non-
slipping grasps.

· Placement accuracy: higher reward for precise 
alignment with the target zone.

· Execu�on efficiency: penaliza�on for excessive 
�me or unnecessary movements.

This mul�-objec�ve reward func�on encourages 
the robot to develop a policy that is not only 
effec�ve but also efficient and repeatable under 
variable condi�ons. As learning progresses, the 
reward-weighted op�miza�on leads to improve-
ments in both precision and execu�on speed, 
enabling reliable autonomous performance.

Once the model reaches a stable threshold 
across all metrics, it is deployed to enable auto-
nomous execu�on of grasping and placement 
tasks.

FIGURE 1
Experimental setup illustra�ng the robo�c system 
used for pick-and-place opera�ons. The picking zone 
(red) is where objects are ini�ally located, while the 
placing zone (green) represents the designated 
target area. The robo�c arm performs manipula�on 
tasks, and an external camera captures visual data 
for percep�on and model training.

FIGURE 2
Training pipeline for robo�c grasping and placement. 
The le� panel shows the robot's mo�on path: the 
unstructured picking zone (green), the conifica�on 
machine (blue), and the placement zone (black). 
The right panel outlines the four key phases of the 
training process, from data collec�on via human 
teleopera�on to autonomous deployment.

Challenges in 
Digitalization 
and Supply
Chain

Challenges in
Digitalization

and Supply 
Chain



126 127

SOCIEDADE
PORTUGUESA de
MATERIAIS

SOCIEDADE
PORTUGUESA de
MATERIAIS

object shapes, as demonstrated in Visual 
Imita�on Learning of Task-Oriented Object 
Grasping and Rearrangement [4]. Other studies 
have integrated tac�le sensors to execute 
delicate grasping ac�ons, as shown in Learning 
Fine Pinch-Grasp Skills using Tac�le Sensing from 
A Few Real-world Demonstra�ons [5]. 
Moreover, wearable systems have been 
employed to capture human demonstra�ons 
more naturally, as described in A Wearable 
Robo�c Hand for Hand-over-Hand Imita�on 
Learning [6]. Advances in mul�sensory data 
fusion and the emergence of generalist models, 
such as the: A Vision-Language-Ac�on Flow 
Model for General Robot Control [7], further 
enhance robo�c autonomy in industrial 
contexts.  In addi�on, approaches that 
incorporate bilateral control have improved the 
grasping of both so� and rigid objects, as 
evidenced by So� and Rigid Object Grasping 
with Cross-Structure Hand Using Bilateral 
Control-Based Imita�on Learning [8]. Finally, 
data-efficient strategies for industrial assembly 
tasks are exemplified by the JUICER framework 
[9], which reduces the dependency on large 
training datasets while maintaining high 
performance.

This research addresses the challenge of 
grasping unstructured bicycle cranks, a challen-
ge in both industrial and logis�cs environments. 
The goal is to develop a system that uses 
imita�on learning to teach a robot to efficiently 
manipulate these cranks and place them in 
predefined posi�ons. To achieve this, a 
structured training pipeline is proposed that 
includes the collec�on of demonstra�ons, 
annota�on of datasets, applica�on of data 
augmenta�on, and itera�ve fine-tuning of the 
model. In addi�on, the research combines 
digital training in simula�on with real-world 
experimenta�on to validate and refine the 
solu�on.

In summary, this work contributes to exploring 
imita�on learning techniques in industrial 
robo�cs applica�on by providing a structured 
and adaptable approach for transferring 
knowledge from simulated environments to 
real-world applica�ons. The paper is organized 
as follows: Sec�on 2 details the methodology, 
including both digital training and real-world 
applica�on, while Sec�on 3 presents the 
conclusions and outlines direc�ons for future 
research.

METHODOLOGY
This study presents a structured methodology 
for training a robo�c system to manipulate 
unstructured bicycle cranks and place them in 

predefined posi�ons. The approach integrates 
both digital training and real-world, u�lizing 
imita�on learning techniques to develop a 
flexible and robust manipula�on model. The 
methodology is divided into three primary 
phases: digital training, real-world applica�on, 
and performance evalua�on.

DIGITAL TRAINING AND SIMULATION
The digital training phase is conducted in the 
Isaac Sim simulator, which provides a realis�c 
and controlled environment for modeling 
robo�c interac�ons. This phase forms the 
founda�on for training and op�mizing the 
robo�c system before real-world deployment.

· Simula�on Environment: Isaac Sim is used to 
create high-fidelity scenarios that accurately 
model the physics of object interac�ons. To 
promote robustness and generaliza�on of the 
trained model, varia�ons in ligh�ng, textures, 
and physical proper�es are introduced during 
simula�on.

· Training Objects: The training begins with a 
simple 10 cm³ cube and progresses to more 
complex shapes, such as bicycle cranks (20.5 
cm in length), to enhance the model's 
adaptability to different geometries.

· Scenario Variability: A total of 4,000 simula�-
on runs include randomized object posi�ons, 
occlusions, and external disturbances to 
reflect real-world variability.

· Domain Randomiza�on: To improve the 
model's robustness against real-world 
inconsistencies, domain randomiza�on is 
applied in 30% of the simula�ons. This 
technique introduces random perturba�ons 
in textures, ligh�ng condi�ons, and fric�on 
coefficients, enabling the model to learn 
invariant features that generalize be�er to 
unseen environments.

· Robo�c Arm Configura�on: The setup uses a 
Franka Emika Panda robo�c manipulator 
equipped with a parallel gripper and an Intel 
RealSense D435 camera for percep�on and 
feedback.

Figure 1 illustrates the experimental setup, 
including the picking zone (red) and placing zone 
(green), where the robo�c arm performs 
manipula�on tasks.
 
TRAINING PIPELINE 
The training pipeline follows a structured 
sequence designed to enhance the robot's 
capability to consistently grasp and posi�on 
bicycle cranks in varying scenarios. As illustrated 
in Figure 2, the process comprises four main 
phases: human teleopera�on and data collec�-
on, dataset annota�on, dataset augmenta�on, 
and training and deployment.

The pipeline begins with human teleopera�on, 
where operators manually control the robo�c 
arm to perform pick-and-place tasks. This phase 
produces 200-500 demonstra�on trajectories, 
each capturing object mo�on, gripper control, 
and relevant robot ac�ons across diverse 
interac�on contexts. This dataset introduces 
behavioral variability, which is essen�al for 
robust model generaliza�on.

In the annota�on phase, each trajectory is 
segmented into key stages: grasping, li�ing, 
reposi�oning, and placing. These labeled 
segments help the model learn context-
dependent behaviors and decision-making 
pa�erns.

During dataset augmenta�on, addi�onal 
variability is synthe�cally introduced to increase 
the robustness of the learning process. 
Augmenta�on includes temporal perturba�ons 
(e.g., altering ac�on �ming slightly), spa�al ji�er 
(e.g., minor offsets in object posi�ons or 
orienta�ons), and sensor noise simula�on (e.g., 
small pixel-level distor�ons or par�al occlusions 
in depth maps). These transforma�ons simulate 
real-world inconsistencies, allowing the model 
to generalize beyond the limited scope of the 
original demonstra�ons.

Once augmented, the dataset is expanded 
further by collec�ng demonstra�ons in mul�ple 
randomized simula�on environments, each 
ini�alized with different seeds. This itera�ve 
process con�nues un�l 4,000 successful task 
execu�ons are recorded across diverse 
condi�ons.

The training phase begins with supervised 
learning over 200 epochs. Checkpoints are saved 
every 50 epochs to monitor progress. During 
training, metrics such as grasp success rate, 
object placement accuracy, and overall task 
comple�on �me are logged to track model 
performance.

Following supervised learning, the model is fine-
tuned using reinforcement learning (RL) to 
improve task performance in dynamic or 
ambiguous condi�ons. The RL fine-tuning stage 
incorporates an actor-cri�c algorithm that 
refines the grasping policy through trial and 
error. The reward func�on is designed to 
balance three objec�ves:

· Grasp stability: posi�ve reward for firm, non-
slipping grasps.

· Placement accuracy: higher reward for precise 
alignment with the target zone.

· Execu�on efficiency: penaliza�on for excessive 
�me or unnecessary movements.

This mul�-objec�ve reward func�on encourages 
the robot to develop a policy that is not only 
effec�ve but also efficient and repeatable under 
variable condi�ons. As learning progresses, the 
reward-weighted op�miza�on leads to improve-
ments in both precision and execu�on speed, 
enabling reliable autonomous performance.

Once the model reaches a stable threshold 
across all metrics, it is deployed to enable auto-
nomous execu�on of grasping and placement 
tasks.

FIGURE 1
Experimental setup illustra�ng the robo�c system 
used for pick-and-place opera�ons. The picking zone 
(red) is where objects are ini�ally located, while the 
placing zone (green) represents the designated 
target area. The robo�c arm performs manipula�on 
tasks, and an external camera captures visual data 
for percep�on and model training.

FIGURE 2
Training pipeline for robo�c grasping and placement. 
The le� panel shows the robot's mo�on path: the 
unstructured picking zone (green), the conifica�on 
machine (blue), and the placement zone (black). 
The right panel outlines the four key phases of the 
training process, from data collec�on via human 
teleopera�on to autonomous deployment.
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 Figure 2 illustrates the process, with the le� side 
showing the robot's movement path, including 
the unstructured picking zone (green), the 
conifica�on machine (blue), and the placement 
zone (black). The right side outlines the four 
training phases, from human teleopera�on to 
autonomous execu�on. This structured 
approach ensures a robust manipula�on policy 
capable of handling complex scenarios.

REAL-WORLD APPLICATION
Once the model demonstrates consistent 
performance in simula�on, it is deployed on a 
physical robo�c pla�orm for real-world tes�ng.

· Physical Setup: The deployment uses a 7-
degree-of-freedom (7-DOF) Franka Emika 
Panda robo�c arm (payload: 3 kg, reach: 855 
mm), fi�ed with a parallel gripper (grip force: 
20-70 N, maximum opening: 8 cm) and an 
integrated vision system for object detec�on 
and localiza�on.

· Task Execu�on: The robot performs over 500 
grasp-and-place opera�ons involving bicycle 
cranks under a variety of real-world condi�-
ons, including changes in ligh�ng, occlusion, 
and object posi�oning. This evalua�on phase 
tests the robustness and adaptability of the 
trained policy.

· Sim-to-Real Adapta�on: To account for real-
world varia�ons not captured in simula�on, 
such as sensor noise and slight mechanical 
devia�ons, addi�onal fine-tuning is perfor-
med in approximately 20% of the trials. This 
helps refine the model's responsiveness and 
reliability when interac�ng with unpredictable 
condi�ons.

· Latency Considera�ons: The robo�c control 
loop runs at 500 Hz, ensuring rapid and stable 
low-level actua�on. However, the vision 
system processes at 30 frames per second 
(FPS), introducing a percep�on latency of ~33 
milliseconds per frame. This temporal gap can 
affect task execu�on, par�cularly during 
dynamic interac�ons, such as when the crank 
is rota�ng or shi�ing slightly due to mecha-
nical play. To mi�gate this, the system incorpo-
rates predic�ve smoothing and a short ac�on 
buffer, allowing it to an�cipate object mo�on 
between frames. Addi�onally, �me synchro-
niza�on between the control and percep�on 
subsystems is op�mized to reduce misalign-
ment, ensuring that visual input corresponds 
closely with the robot's physical ac�ons. This 
coordina�on is cri�cal for achieving reliable 
grasps and precise placements, especially in 
fast or fine manipula�on tasks.

EVALUATION OF METRICS
Figure 3 presents an overview of the model's 
training behavior across 200 epochs, revealing 
key indicators of learning progression. In the le� 

panel, the log-likelihood curve increases rapidly 
during the first 50 epochs before plateauing, 
indica�ng that the model learns core represen-
ta�ons early and then shi�s toward fine-tuning. 
The right panel shows the training loss decrea-
sing sharply in the ini�al stages and con�nuing 
to decline gradually, sugges�ng steady improve-
ments in predic�ve accuracy and model 
robustness over �me. Together, these trends 
confirm that the learning process is stable and 
converging as expected. 

To evaluate the system's real-world performan-
ce, several metrics were tracked. The grasp 
success rate reached 50% across 4,000 simula�-
on trials. While this result demonstrates basic 
func�onality, it highlights a significant margin for 
improvement. Failure cases typically involved 
minor misalignments, par�cularly in occluded or 
clu�ered scenes, and were more frequent with 
the irregular geometry of bicycle cranks. These 
insights underscore the importance of further 
refinement in percep�on and trajectory 
planning.

The average task execu�on �me currently 
stands at around seven seconds for a complete 
grasp-and-place cycle. This dura�on includes 
object detec�on, mo�on planning, and actu-
a�on. Further profiling will isolate latency 
sources in the control and percep�on loops to 
support future op�miza�on, especially in scena-
rios requiring quicker responses.

Posi�oning accuracy, while generally acceptable in 
qualita�ve observa�ons, has not yet been 
quan�fied with precise metrics. A detailed 
assessment is planned using external tracking 
systems to measure placement devia�on and 
verify sub-cen�meter precision. Similarly, the sim-
to-real transfer gap is under ac�ve evalua�on. 
Ini�al real-world tests suggest a drop in per-
formance, especially in environments with 
unstructured ligh�ng or surface inconsistencies. 
These results indicate the need for further fine-
tuning and poten�ally addi�onal domain ada-
pta�on techniques to improve generaliza�on.
 
Future evalua�ons will focus on expanding the 
breadth and depth of tes�ng. This includes scaling 
real-world trials across diverse condi�ons to 
validate robustness, conduc�ng abla�on studies 
to measure the contribu�on of individual 
components (such as data augmenta�on and 
domain randomiza�on), and analyzing how 
varia�ons in the reinforcement learning reward 
func�on influence task performance. Addi�onal 
experiments will test the model's ability to 
generalize new object types with similar geome-
tries, such as wrenches or rods, thereby evalua-
�ng its versa�lity beyond the trained domain.

CONCLUSION AND FUTURE WORK
This work presents a structured methodology 
that combines high-fidelity digital simula�on 
with real-world tes�ng to develop a robust 
robo�c manipula�on system. The approach 
demonstrates the effec�veness of imita�on 
learning, supported by domain randomiza�on 
and reinforcement fine-tuning, for grasping and 
placing unstructured objects in semi-structured 
environments. The training pipeline enabled the 
robot to learn consistent manipula�on 
behaviors through demonstra�on and itera�ve 
policy refinement.

The integra�on of domain adapta�on strategies 
and reinforcement learning significantly 
improved the model's performance in physical 
deployment, helping bridge the gap between 
simula�on and reality. Preliminary results 
indicate that training success depends not only 
on the quan�ty but also on the quality of 
demonstra�ons. Well-executed and consistent 
demonstra�ons were associated with improved 
generaliza�on and execu�on stability across 
varied scenarios.

Future work will focus on expanding the dataset 
by incorpora�ng addi�onal object types and 
increasing the number of high-quality demons-
tra�ons. Planned improvements also include 
refining domain adapta�on methods to reduce 
the sim-to-real performance gap observed in 
early evalua�ons, and integra�ng force and 
tac�le feedback to enhance grasp robustness. 
Execu�on efficiency will also be addressed 
through control and percep�on op�miza�on, 
with the goal of reducing overall task cycle �me. 
These efforts aim to advance the reliability, 
adaptability, and speed of autonomous robo�c 
manipula�on systems for prac�cal deployment.
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FIGURE 3
Training Performance Metrics Over 200 Epochs. The le� panel displays the log-likelihood progression, showing a 
rapid increase in the ini�al epochs before stabilizing, indica�ng improved predic�ve capability. The right panel 
illustrates the training loss evolu�on, which decreases steadily, reflec�ng enhanced model op�miza�on.
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 Figure 2 illustrates the process, with the le� side 
showing the robot's movement path, including 
the unstructured picking zone (green), the 
conifica�on machine (blue), and the placement 
zone (black). The right side outlines the four 
training phases, from human teleopera�on to 
autonomous execu�on. This structured 
approach ensures a robust manipula�on policy 
capable of handling complex scenarios.

REAL-WORLD APPLICATION
Once the model demonstrates consistent 
performance in simula�on, it is deployed on a 
physical robo�c pla�orm for real-world tes�ng.

· Physical Setup: The deployment uses a 7-
degree-of-freedom (7-DOF) Franka Emika 
Panda robo�c arm (payload: 3 kg, reach: 855 
mm), fi�ed with a parallel gripper (grip force: 
20-70 N, maximum opening: 8 cm) and an 
integrated vision system for object detec�on 
and localiza�on.

· Task Execu�on: The robot performs over 500 
grasp-and-place opera�ons involving bicycle 
cranks under a variety of real-world condi�-
ons, including changes in ligh�ng, occlusion, 
and object posi�oning. This evalua�on phase 
tests the robustness and adaptability of the 
trained policy.

· Sim-to-Real Adapta�on: To account for real-
world varia�ons not captured in simula�on, 
such as sensor noise and slight mechanical 
devia�ons, addi�onal fine-tuning is perfor-
med in approximately 20% of the trials. This 
helps refine the model's responsiveness and 
reliability when interac�ng with unpredictable 
condi�ons.

· Latency Considera�ons: The robo�c control 
loop runs at 500 Hz, ensuring rapid and stable 
low-level actua�on. However, the vision 
system processes at 30 frames per second 
(FPS), introducing a percep�on latency of ~33 
milliseconds per frame. This temporal gap can 
affect task execu�on, par�cularly during 
dynamic interac�ons, such as when the crank 
is rota�ng or shi�ing slightly due to mecha-
nical play. To mi�gate this, the system incorpo-
rates predic�ve smoothing and a short ac�on 
buffer, allowing it to an�cipate object mo�on 
between frames. Addi�onally, �me synchro-
niza�on between the control and percep�on 
subsystems is op�mized to reduce misalign-
ment, ensuring that visual input corresponds 
closely with the robot's physical ac�ons. This 
coordina�on is cri�cal for achieving reliable 
grasps and precise placements, especially in 
fast or fine manipula�on tasks.

EVALUATION OF METRICS
Figure 3 presents an overview of the model's 
training behavior across 200 epochs, revealing 
key indicators of learning progression. In the le� 

panel, the log-likelihood curve increases rapidly 
during the first 50 epochs before plateauing, 
indica�ng that the model learns core represen-
ta�ons early and then shi�s toward fine-tuning. 
The right panel shows the training loss decrea-
sing sharply in the ini�al stages and con�nuing 
to decline gradually, sugges�ng steady improve-
ments in predic�ve accuracy and model 
robustness over �me. Together, these trends 
confirm that the learning process is stable and 
converging as expected. 

To evaluate the system's real-world performan-
ce, several metrics were tracked. The grasp 
success rate reached 50% across 4,000 simula�-
on trials. While this result demonstrates basic 
func�onality, it highlights a significant margin for 
improvement. Failure cases typically involved 
minor misalignments, par�cularly in occluded or 
clu�ered scenes, and were more frequent with 
the irregular geometry of bicycle cranks. These 
insights underscore the importance of further 
refinement in percep�on and trajectory 
planning.

The average task execu�on �me currently 
stands at around seven seconds for a complete 
grasp-and-place cycle. This dura�on includes 
object detec�on, mo�on planning, and actu-
a�on. Further profiling will isolate latency 
sources in the control and percep�on loops to 
support future op�miza�on, especially in scena-
rios requiring quicker responses.

Posi�oning accuracy, while generally acceptable in 
qualita�ve observa�ons, has not yet been 
quan�fied with precise metrics. A detailed 
assessment is planned using external tracking 
systems to measure placement devia�on and 
verify sub-cen�meter precision. Similarly, the sim-
to-real transfer gap is under ac�ve evalua�on. 
Ini�al real-world tests suggest a drop in per-
formance, especially in environments with 
unstructured ligh�ng or surface inconsistencies. 
These results indicate the need for further fine-
tuning and poten�ally addi�onal domain ada-
pta�on techniques to improve generaliza�on.
 
Future evalua�ons will focus on expanding the 
breadth and depth of tes�ng. This includes scaling 
real-world trials across diverse condi�ons to 
validate robustness, conduc�ng abla�on studies 
to measure the contribu�on of individual 
components (such as data augmenta�on and 
domain randomiza�on), and analyzing how 
varia�ons in the reinforcement learning reward 
func�on influence task performance. Addi�onal 
experiments will test the model's ability to 
generalize new object types with similar geome-
tries, such as wrenches or rods, thereby evalua-
�ng its versa�lity beyond the trained domain.

CONCLUSION AND FUTURE WORK
This work presents a structured methodology 
that combines high-fidelity digital simula�on 
with real-world tes�ng to develop a robust 
robo�c manipula�on system. The approach 
demonstrates the effec�veness of imita�on 
learning, supported by domain randomiza�on 
and reinforcement fine-tuning, for grasping and 
placing unstructured objects in semi-structured 
environments. The training pipeline enabled the 
robot to learn consistent manipula�on 
behaviors through demonstra�on and itera�ve 
policy refinement.

The integra�on of domain adapta�on strategies 
and reinforcement learning significantly 
improved the model's performance in physical 
deployment, helping bridge the gap between 
simula�on and reality. Preliminary results 
indicate that training success depends not only 
on the quan�ty but also on the quality of 
demonstra�ons. Well-executed and consistent 
demonstra�ons were associated with improved 
generaliza�on and execu�on stability across 
varied scenarios.

Future work will focus on expanding the dataset 
by incorpora�ng addi�onal object types and 
increasing the number of high-quality demons-
tra�ons. Planned improvements also include 
refining domain adapta�on methods to reduce 
the sim-to-real performance gap observed in 
early evalua�ons, and integra�ng force and 
tac�le feedback to enhance grasp robustness. 
Execu�on efficiency will also be addressed 
through control and percep�on op�miza�on, 
with the goal of reducing overall task cycle �me. 
These efforts aim to advance the reliability, 
adaptability, and speed of autonomous robo�c 
manipula�on systems for prac�cal deployment.
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This study explores the impact of digital pla�orms (DP) on resource management in the two-wheel 

industry, focusing on Portuguese companies. It highlights opera�onal challenges like organiza�onal 

resistance and data security issues, while also emphasizing opportuni�es for innova�on. Key findings 

show that DPs can reduce machine idleness, enable raw material sharing, and support sustainability. 

The proposed collabora�ve digital ecosystem aims to improve produc�on efficiency, drive innova�on, 

and enhance compe��veness through resource op�miza�on and collabora�on, ul�mately 

contribu�ng to sustainable industrial growth.
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SUSTAINABILITY; RESOURCE OPTIMIZATION; INDUSTRIAL INNOVATION.

INTRODUCTION
Digital transforma�on and the collabora�ve 
economy (CE) drive innova�on and sustainability 
across various sectors, including industry and 
urban mobility. Portugal stands out in bicycle 
manufacturing, producing 1.8 million bicycles in 
2023, which accounts for 18.6% of EU produc�-
on [1]. 

The growing demand for sustainable solu�ons is 
fostering new business models, where DPs play a 
key role in resource op�miza�on and collabora�-
on.

These pla�orms boost compe��veness by 
reshaping value chains, promo�ng resource 
sharing, and improving opera�onal efficiency. 
Previous studies [2], [3] highlight the poten�al of 
these solu�ons in op�mizing produc�on, impro-
ving sustainability, and reducing waste.
This ar�cle explores the impact of DPs on the 
industrial CE, focusing on the two-wheel sector in 
Portugal. Based on a case study with interviews

and observa�ons, the research aims to under-
stand how digitaliza�on can enhance resource 
management, innova�on, and efficiency.

The methodology adopts a mixed approach to 
iden�fy challenges and opportuni�es in imple-
men�ng DPs for op�mizing industrial capacity 
and fostering coopera�on. The ar�cle includes 
theore�cal founda�ons, methodology, results, 
conclusions, and future perspec�ves.

THEORETICAL FRAMEWORK
The CE and DPs drive industrial digital transfor-
ma�on, enabling new interac�ons and 
redefining value chains. In Portugal's two-wheel 
sector, their integra�on op�mizes resources, 
reduces waste, and improves efficiency.

CE AND DIGITAL PLATFORMS
The CE is based on resource sharing and 
decentralized produc�on, enabling be�er 
u�liza�on of installed capacity [2]. DPs facilitate 
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across various sectors, including industry and 
urban mobility. Portugal stands out in bicycle 
manufacturing, producing 1.8 million bicycles in 
2023, which accounts for 18.6% of EU produc�-
on [1]. 

The growing demand for sustainable solu�ons is 
fostering new business models, where DPs play a 
key role in resource op�miza�on and collabora�-
on.

These pla�orms boost compe��veness by 
reshaping value chains, promo�ng resource 
sharing, and improving opera�onal efficiency. 
Previous studies [2], [3] highlight the poten�al of 
these solu�ons in op�mizing produc�on, impro-
ving sustainability, and reducing waste.
This ar�cle explores the impact of DPs on the 
industrial CE, focusing on the two-wheel sector in 
Portugal. Based on a case study with interviews

and observa�ons, the research aims to under-
stand how digitaliza�on can enhance resource 
management, innova�on, and efficiency.

The methodology adopts a mixed approach to 
iden�fy challenges and opportuni�es in imple-
men�ng DPs for op�mizing industrial capacity 
and fostering coopera�on. The ar�cle includes 
theore�cal founda�ons, methodology, results, 
conclusions, and future perspec�ves.

THEORETICAL FRAMEWORK
The CE and DPs drive industrial digital transfor-
ma�on, enabling new interac�ons and 
redefining value chains. In Portugal's two-wheel 
sector, their integra�on op�mizes resources, 
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u�liza�on of installed capacity [2]. DPs facilitate 
this collabora�on by connec�ng different 
industry stakeholders [3].

In the industrial sector, B2B pla�orms impact the 
reconfigura�on of value chains by fostering 
strategic partnerships and increasing produc�on 
flexibility [4]. One of the main benefits of these 
pla�orms is the reduc�on of opera�onal ineffi-
ciencies, such as equipment idleness - a recur-
ring issue in factories, including those analyzed 
in this study.

Xometry is a B2B DP that connects businesses 
with suppliers for services like machining and 3D 
prin�ng. It provides real-�me quotes for custom 
parts, reducing inventory and equipment needs. 
By linking companies to a broad network of 
manufacturers, it offers flexibility in supplier 
choice based on cost, delivery, and quality, 
op�mizing produc�on, and reducing inefficien-
cies. A similar approach could enhance resource 
u�liza�on and efficiency in the two-wheel 
industry.

Addi�onally, digitaliza�on enhances transpa-
rency and traceability, strengthening trust 
among par�cipants [5]. However, a cri�cal 
challenge remains data security. The adop�on of 
Non-Disclosure Agreements (NDAs) has been 
iden�fied as essen�al for ensuring the prote-
c�on of sensi�ve informa�on.

RESEARCH CLUSTERS IN THE CE
The literature iden�fies five key areas influen-
cing DPs in the CE:

· Gig Economy and Digital Labor - Pla�orms 
enable flexible workforce alloca�on, as seen 
with Uber, where drivers choose their working 
hours, enhancing labor efficiency [6].

· Digital Transforma�on and Pla�orm Economy 
- DPs, like Xometry, op�mize manufacturing by 
connec�ng businesses with a network of 
suppliers, streamlining opera�ons through 
real-�me data and resource sharing  [7].

· Sharing Economy and Trust - Trust is essen�al, 
as demonstrated by Airbnb, which uses 
reviews and verifica�on to ensure transpa-
rency and reliability between hosts and guests 
[5].

· Business Models and DPs - Pla�orms like Ama-
zon Web Services allow companies to access 
third-party resources, reducing entry barriers 
and fostering innova�on through scalable 
cloud services [8].

· Pla�orm Capitalism and Collabora�on - Etsy 
exemplifies how a pla�orm can balance profit 
with value crea�on, helping small businesses 
reach global markets while genera�ng shared 
benefits [9], [10].

 SUSTAINABILITY AND CIRCULAR ECONOMY
Digitaliza�on plays a crucial role in sustainability 
and the circular economy by reducing waste 
through the sharing of equipment and surplus 
raw materials [9].

In the two-wheel industry, op�mizing produ-
c�on capacity is a challenge, with companies 
o�en facing machine inac�vity due to fluctu-
a�ng demand. A DP could address this by 
reducing idleness and improving resource 
u�liza�on. Some companies are already using 
recyclable materials like aluminum and sustaina-
ble plas�cs, and a collabora�ve pla�orm could 
enhance sustainability by promo�ng resource 
sharing and circular economy prac�ces across 
the sector.

FINAL CONSIDERATIONS OF THE 
LITERATURE REVIEW
DPs can transform the industry by improving 
efficiency, reducing costs, and promo�ng 
sustainability. However, challenges like data 
security, trust, and cultural adapta�on must be 
addressed for successful adop�on. This study, 
part of WP8 of AM2R, examines the two-wheel 
sector to assess how these concepts apply to the 
Portuguese industrial context. The next sec�on 
outlines the research methodology.

METHODOLOGY
This study uses a qualita�ve approach, analyzing 
business cases to understand the impact of DPs 
on the CE in the two-wheel sector. The research 
involved technical visits and semi-structured 
interviews with two representa�ves from 
Portuguese industrial companies, each with 
extensive knowledge of mul�ple enterprises.

APPROACH AND JUSTIFICATION
A mul�ple case study approach was used to 
capture diverse perspec�ves on adop�ng DPs 
for collabora�ve resource management.
Companies were selected based on their sector 
significance and digital transforma�on strate-
gies. Data collec�on methods included direct 
observa�on, document analysis, and interviews 
with industry professionals, leading to the 
development of a research matrix to iden�fy 
challenges and opportuni�es in implemen�ng a 
collabora�ve pla�orm.

ANALYSIS CRITERIA
The analysis was structured around three key 
dimensions:

· Opera�onal Challenges – These included orga-
niza�onal resistance, security, and confiden�al-
ity concerns. Interviews focused on undestan-
ding how companies perceive the adop�on of 
DPs, specifically in terms of internal barriers, 

such as reluctance to change, as well as 
concerns regarding data protec�on and the 
safeguarding of proprietary informa�on.

· Collabora�on Opportuni�es – This dimension 
examined resource sharing and produc�on 
efficiency. Interviews explored how companies 
view the poten�al for collabora�ng with other 
industry players through DPs, including sharing 
underu�lized machinery, surplus materials, 
and capacity. Discussion points included the 
expected benefits of greater opera�onal 
flexibility and cost reduc�on through such 
collabora�ons.

· Sustainability and Circular Economy - The  inter-
views delved into how companies are incorpo-
ra�ng sustainability prac�ces and the role of DPs 
in facilita�ng these efforts. Inter-viewees were 
asked about their experiences with reducing 
produc�on waste and op�mizing the use of raw 
materials through digital resources.

The research is ongoing, and the number of 
companies analyzed will be expanded to reflect 
the diversity of industrial processes within the 
sector. The interviews were semi-structured, 
allowing for a combina�on of standardized 
ques�ons and open-ended discussions. This 
structure enabled the collec�on of both 
quan�ta�ve data on current prac�ces and 
qualita�ve insights into the companies' strategic 
visions. The following sec�on presents the 
profile of the studied companies and the main 
findings.

INDUSTRIAL CONTEXT AND 
COMPANY PROFILE
PORTUGAL'S ROLE IN THE TWO-WHEEL 
INDUSTRY
Portugal is a leading bicycle producer in the EU, 
manufacturing 1.8 million units in 2023, 
represen�ng 18.6% of the EU's total produc�on, 
despite a 24% decline in produc�on across 
Europe [1].

The Águeda region is a key industrial hub, home 
to companies like Epedal and CicloFapril, which 
are involved in this research. The growing 
demand for efficiency has driven companies to 
explore collabora�ve solu�ons, including DPs for 
capacity management. This ar�cle is part of a 
mul�-case study on the sector's industrial 
capacity, with the first phase involving Epedal 
and CicloFapril, and the research will expand to 
include more companies.

PROFILES OF THE STUDIED COMPANIES
Epedal
Founded in 1981 in Sangalhos (Anadia), Epedal 
produces metal components for the automo�ve 

and two-wheel sectors using stamping, tube 
forming, robo�c welding, and assembly.

During the site visit, the interviewee highlighted 
industrial equipment idleness as a significant 
challenge, primarily due to the 5-to-6-year 
produc�on cycles in the automo�ve industry. 
The collabora�ve pla�orm is seen as a poten�al 
solu�on to maximize the u�liza�on of idle 
machinery and op�mize produc�ve resources.
However, the company expressed concerns 
regarding security and confiden�ality, empha-
sizing the need for NDAs to safeguard strategic 
informa�on.

CicloFapril Group
Established in 1965 in Águeda, CicloFapril Group 
manufactures metal and plas�c components for 
various industries, including automo�ve and 
renewable energy.

The interviewee expressed interest in the DP as a 
tool for op�mizing industrial capacity and 
sharing surplus raw materials. Advantages were 
iden�fied in collabora�ng with the Technology 
and Innova�on Center and the Na�onal Associ-
a�on of the Two-Wheel Industry, organiza�ons 
that could provide services such as prototyping 
and product tes�ng.

Regarding the pla�orm's membership model, 
the interviewee suggested that associated 
companies should have free access for the first 
two years, while non-associated companies 
would be required to pay a membership fee.

Both companies acknowledge the benefits of 
resource sharing and highlight the need for a 
new capacity-sharing model. The next sec�on 
examines the barriers and opportuni�es in 
implemen�ng this solu�on.

RESEARCH FINDINGS
The research matrix, developed through 
observa�ons during site visits and interviews, 
enabled the iden�fica�on of challenges, oppor-
tuni�es, and expecta�ons regarding the imple-
menta�on of a collabora�ve DP for industrial 
resource sharing. 

OPERATIONAL CHALLENGES AND 
BARRIERS TO ADOPTION
Three main challenges may hinder the imple-
menta�on of the pla�orm:

· Cultural and Organiza�onal Resistance - In-
dustrial companies tend to be cau�ous in 
adop�ng collabora�ve models, fearing loss of 
compe��veness and exposure of strategic 
data. A possible solu�on is to start with pilot 
projects and gradually integrate the pla�orm 
to build trust and reduce disrup�on.
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u�liza�on of installed capacity [2]. DPs facilitate 
this collabora�on by connec�ng different 
industry stakeholders [3].

In the industrial sector, B2B pla�orms impact the 
reconfigura�on of value chains by fostering 
strategic partnerships and increasing produc�on 
flexibility [4]. One of the main benefits of these 
pla�orms is the reduc�on of opera�onal ineffi-
ciencies, such as equipment idleness - a recur-
ring issue in factories, including those analyzed 
in this study.

Xometry is a B2B DP that connects businesses 
with suppliers for services like machining and 3D 
prin�ng. It provides real-�me quotes for custom 
parts, reducing inventory and equipment needs. 
By linking companies to a broad network of 
manufacturers, it offers flexibility in supplier 
choice based on cost, delivery, and quality, 
op�mizing produc�on, and reducing inefficien-
cies. A similar approach could enhance resource 
u�liza�on and efficiency in the two-wheel 
industry.

Addi�onally, digitaliza�on enhances transpa-
rency and traceability, strengthening trust 
among par�cipants [5]. However, a cri�cal 
challenge remains data security. The adop�on of 
Non-Disclosure Agreements (NDAs) has been 
iden�fied as essen�al for ensuring the prote-
c�on of sensi�ve informa�on.

RESEARCH CLUSTERS IN THE CE
The literature iden�fies five key areas influen-
cing DPs in the CE:

· Gig Economy and Digital Labor - Pla�orms 
enable flexible workforce alloca�on, as seen 
with Uber, where drivers choose their working 
hours, enhancing labor efficiency [6].

· Digital Transforma�on and Pla�orm Economy 
- DPs, like Xometry, op�mize manufacturing by 
connec�ng businesses with a network of 
suppliers, streamlining opera�ons through 
real-�me data and resource sharing  [7].

· Sharing Economy and Trust - Trust is essen�al, 
as demonstrated by Airbnb, which uses 
reviews and verifica�on to ensure transpa-
rency and reliability between hosts and guests 
[5].

· Business Models and DPs - Pla�orms like Ama-
zon Web Services allow companies to access 
third-party resources, reducing entry barriers 
and fostering innova�on through scalable 
cloud services [8].

· Pla�orm Capitalism and Collabora�on - Etsy 
exemplifies how a pla�orm can balance profit 
with value crea�on, helping small businesses 
reach global markets while genera�ng shared 
benefits [9], [10].

 SUSTAINABILITY AND CIRCULAR ECONOMY
Digitaliza�on plays a crucial role in sustainability 
and the circular economy by reducing waste 
through the sharing of equipment and surplus 
raw materials [9].

In the two-wheel industry, op�mizing produ-
c�on capacity is a challenge, with companies 
o�en facing machine inac�vity due to fluctu-
a�ng demand. A DP could address this by 
reducing idleness and improving resource 
u�liza�on. Some companies are already using 
recyclable materials like aluminum and sustaina-
ble plas�cs, and a collabora�ve pla�orm could 
enhance sustainability by promo�ng resource 
sharing and circular economy prac�ces across 
the sector.

FINAL CONSIDERATIONS OF THE 
LITERATURE REVIEW
DPs can transform the industry by improving 
efficiency, reducing costs, and promo�ng 
sustainability. However, challenges like data 
security, trust, and cultural adapta�on must be 
addressed for successful adop�on. This study, 
part of WP8 of AM2R, examines the two-wheel 
sector to assess how these concepts apply to the 
Portuguese industrial context. The next sec�on 
outlines the research methodology.

METHODOLOGY
This study uses a qualita�ve approach, analyzing 
business cases to understand the impact of DPs 
on the CE in the two-wheel sector. The research 
involved technical visits and semi-structured 
interviews with two representa�ves from 
Portuguese industrial companies, each with 
extensive knowledge of mul�ple enterprises.

APPROACH AND JUSTIFICATION
A mul�ple case study approach was used to 
capture diverse perspec�ves on adop�ng DPs 
for collabora�ve resource management.
Companies were selected based on their sector 
significance and digital transforma�on strate-
gies. Data collec�on methods included direct 
observa�on, document analysis, and interviews 
with industry professionals, leading to the 
development of a research matrix to iden�fy 
challenges and opportuni�es in implemen�ng a 
collabora�ve pla�orm.

ANALYSIS CRITERIA
The analysis was structured around three key 
dimensions:

· Opera�onal Challenges – These included orga-
niza�onal resistance, security, and confiden�al-
ity concerns. Interviews focused on undestan-
ding how companies perceive the adop�on of 
DPs, specifically in terms of internal barriers, 

such as reluctance to change, as well as 
concerns regarding data protec�on and the 
safeguarding of proprietary informa�on.

· Collabora�on Opportuni�es – This dimension 
examined resource sharing and produc�on 
efficiency. Interviews explored how companies 
view the poten�al for collabora�ng with other 
industry players through DPs, including sharing 
underu�lized machinery, surplus materials, 
and capacity. Discussion points included the 
expected benefits of greater opera�onal 
flexibility and cost reduc�on through such 
collabora�ons.

· Sustainability and Circular Economy - The  inter-
views delved into how companies are incorpo-
ra�ng sustainability prac�ces and the role of DPs 
in facilita�ng these efforts. Inter-viewees were 
asked about their experiences with reducing 
produc�on waste and op�mizing the use of raw 
materials through digital resources.

The research is ongoing, and the number of 
companies analyzed will be expanded to reflect 
the diversity of industrial processes within the 
sector. The interviews were semi-structured, 
allowing for a combina�on of standardized 
ques�ons and open-ended discussions. This 
structure enabled the collec�on of both 
quan�ta�ve data on current prac�ces and 
qualita�ve insights into the companies' strategic 
visions. The following sec�on presents the 
profile of the studied companies and the main 
findings.

INDUSTRIAL CONTEXT AND 
COMPANY PROFILE
PORTUGAL'S ROLE IN THE TWO-WHEEL 
INDUSTRY
Portugal is a leading bicycle producer in the EU, 
manufacturing 1.8 million units in 2023, 
represen�ng 18.6% of the EU's total produc�on, 
despite a 24% decline in produc�on across 
Europe [1].

The Águeda region is a key industrial hub, home 
to companies like Epedal and CicloFapril, which 
are involved in this research. The growing 
demand for efficiency has driven companies to 
explore collabora�ve solu�ons, including DPs for 
capacity management. This ar�cle is part of a 
mul�-case study on the sector's industrial 
capacity, with the first phase involving Epedal 
and CicloFapril, and the research will expand to 
include more companies.

PROFILES OF THE STUDIED COMPANIES
Epedal
Founded in 1981 in Sangalhos (Anadia), Epedal 
produces metal components for the automo�ve 

and two-wheel sectors using stamping, tube 
forming, robo�c welding, and assembly.

During the site visit, the interviewee highlighted 
industrial equipment idleness as a significant 
challenge, primarily due to the 5-to-6-year 
produc�on cycles in the automo�ve industry. 
The collabora�ve pla�orm is seen as a poten�al 
solu�on to maximize the u�liza�on of idle 
machinery and op�mize produc�ve resources.
However, the company expressed concerns 
regarding security and confiden�ality, empha-
sizing the need for NDAs to safeguard strategic 
informa�on.

CicloFapril Group
Established in 1965 in Águeda, CicloFapril Group 
manufactures metal and plas�c components for 
various industries, including automo�ve and 
renewable energy.

The interviewee expressed interest in the DP as a 
tool for op�mizing industrial capacity and 
sharing surplus raw materials. Advantages were 
iden�fied in collabora�ng with the Technology 
and Innova�on Center and the Na�onal Associ-
a�on of the Two-Wheel Industry, organiza�ons 
that could provide services such as prototyping 
and product tes�ng.

Regarding the pla�orm's membership model, 
the interviewee suggested that associated 
companies should have free access for the first 
two years, while non-associated companies 
would be required to pay a membership fee.

Both companies acknowledge the benefits of 
resource sharing and highlight the need for a 
new capacity-sharing model. The next sec�on 
examines the barriers and opportuni�es in 
implemen�ng this solu�on.

RESEARCH FINDINGS
The research matrix, developed through 
observa�ons during site visits and interviews, 
enabled the iden�fica�on of challenges, oppor-
tuni�es, and expecta�ons regarding the imple-
menta�on of a collabora�ve DP for industrial 
resource sharing. 

OPERATIONAL CHALLENGES AND 
BARRIERS TO ADOPTION
Three main challenges may hinder the imple-
menta�on of the pla�orm:

· Cultural and Organiza�onal Resistance - In-
dustrial companies tend to be cau�ous in 
adop�ng collabora�ve models, fearing loss of 
compe��veness and exposure of strategic 
data. A possible solu�on is to start with pilot 
projects and gradually integrate the pla�orm 
to build trust and reduce disrup�on.
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· Security and Confiden�ality – The shared use 
of resources raises concerns about the 
protec�on of industrial informa�on. To 
address this, companies could use blockchain 
or encryp�on for secure data exchange and 
implement NDAs with role-based access 
controls to ensure only authorized users 
access sensi�ve informa�on.

· Pla�orm Management Complexity – Usability 
is key to adop�on. To improve this, the 
pla�orm should have an intui�ve interface, 
customizable dashboards, and easy naviga�on 
for machine reserva�ons. Addi�onally, offe-
ring training and ongoing support can help 
ease the transi�on for users unfamiliar with 
digital tools.

COLLABORATION OPPORTUNITIES 
AND PLATFORM 
Benefits
Despite the challenges, the pla�orm offers 
strategic benefits, including:

· Reduc�on of Machine Idleness - Enabling ma-
chine �me rentals to op�mize resources and 
generate addi�onal revenue.

· Sharing of Raw Materials – Repurposing sur-
plus materials to reduce waste and lower 
costs.

· Efficiency and Sustainability – Promo�ng cir-
cular economy prac�ces by minimizing the 
need for new acquisi�ons and transport, thus 
enhancing resource efficiency.

· Integra�on with Other En��es – Collabora-
�on with Technology and Innova�on Centers 
and the Na�onal Industry Associa�on to offer 
prototyping, product tes�ng, and cer�fica�on 
services.

PROPOSED MODEL FOR THE PLATFORM
The ini�al model of the pla�orm includes the 
following key features:

· Resource Management – Companies can list 
available machines with details on their type, 
capabili�es, and availability. A search func�on 
will allow users to filter by machine type, 
loca�on, and availability, ensuring efficient 
resource sharing.

· Material Marketplace – A dedicated space 
where companies can list surplus raw mate-
rials for sale or exchange, specifying material 
type, quan�ty, and quality. This feature 
reduces waste and promotes resource 
op�miza�on, with real-�me inventory tracking 
ensuring accuracy.

· Reserva�on and Payment System – A user-
friendly reserva�on system with hourly pricing 
for equipment rentals and a service fee for 
pla�orm maintenance. Secure payment 
proces-sing ensures seamless transac�ons.

· Security and Confiden�ality – NDAs will be 

mandatory to protect sensi�ve data. Advanced 
encryp�on protocols will safeguard data storage 
and transfer, with access controls based on user 
roles.

· Progressive Adop�on Strategy – Associated 
companies receive free access for the first two 
years, encouraging gradual adop�on. A�erward, 
a �ered subscrip�on model will be introduced 
based on usage levels.

Addi�onally, the pla�orm will be scalable, 
suppor�ng the addi�on of new companies, 
machines, and materials, with a cloud-based 
infrastructure for robust data storage and 
flexibility to accommodate growing traffic and 
users.
The findings indicate that a collabora�ve DP 
could revolu�onize industrial resource mana-
gement, reducing machine idleness, facilita�ng 
the sharing of surplus materials, and op�mizing 
produc�on efficiency. However, challenges such 
as data security, cultural resistance, and usability 
must be addressed to ensure successful 
adop�on.

The next sec�on discusses these challenges and 
how digital strategies, and the CE can help 
overcome them.

DISCUSSION OF FINDINGS
The research findings show that digitaliza�on 
and the CE can op�mize industrial capacity in 
the two-wheel sector. The Research Matrix 
analysis iden�fied both challenges and opportu-
ni�es in implemen�ng a collabora�ve DP, 
providing insights into sustainable business 
models and digital strategies [2], [3].

The proposed pla�orm addresses two key 
inefficiencies in the CE [5], [9]:

· Reducing machine idleness to improve 
equipment u�liza�on.

· Minimizing raw material underu�liza�on 
through material sharing and waste reduc�on.

However, the pla�orm's viability depends on 
three cri�cal factors:
1. Trust between companies – Ensuring 
transparency and reliability to encourage 
par�cipa�on.
2. Informa�on security – Implemen�ng robust 
data protec�on measures, including mandatory 
NDAs.
3. Gradual adop�on – Encouraging early 
par�cipa�on through incen�ves for associated 
companies.

The next sec�on explores how digital strategies 
and collabora�ve business models can address 
these challenges and enhance the pla�orm's 

effec�veness.
INTEGRATION WITH THE LITERATURE
The literature review iden�fies five key research 
clusters on DPs in the CE [8], [10]:

· Digital Transforma�on & Pla�orm Economy – 
Digitaliza�on improves produc�on but 
requires cultural adapta�on, as seen in 
organiza�onal resistance during interviews.

· Sharing Economy & Trust – NDAs are crucial 
for security and confiden�ality, ensuring trust 
in collabora�on.

· Sustainability & Circular Economy – The 
pla�orm can reduce waste and promote 
material reuse, aligning with the UN's 2030 
SDGs.

· DPs & Business Models – A progressive 
subscrip�on model, with ini�al free access for 
associated companies, encourages adop�on.

· Pla�orm Capitalism & Collabora�on – A 
balance is needed between resource-sharing 
and commercial sustainability to prevent 
excessive commodifica�on.

These insights highlight the role of digital 
strategies and collabora�ve business models in 
overcoming barriers and maximizing opportuni-
�es in the two-wheel sector.

IMPLICATIONS FOR THE INDUSTRIAL SECTOR
The adop�on of DPs can boost the compe��ve-
ness of the industrial sector by reducing costs and 
strengthening collabora�on networks. To ensure 
successful implementa�on, it is essen�al to:

· Establish robust security mechanisms to pro-
tect industrial data and ensure confiden�ality.

· Implement a progressive membership model 
that minimizes ini�al adop�on costs to encou-
rage par�cipa�on.

· Develop an intui�ve, user-friendly interface to 
allow efficient lis�ng, reserva�on, and mana-
gement of shared resources.

Addi�onally, integra�ng Technology and Innova-
�on Centers and Na�onal Industry Associa�ons 
could expand the pla�orm's value proposi�on, 
offering prototyping, cer�fica�on, and product 
tes�ng services to enhance industrial efficiency 
and innova�on.

LIMITATIONS AND FUTURE PERSPECTIVES
Despite the valuable insights, there are several 
limita�ons to address:

· Limited sector data – More research is needed 
to include a wider range of industrial pro-
cesses, company sizes, and regions for diverse 
perspec�ves on pla�orm adop�on.

· Poten�al biases – Self-reported data from in-
terviews may introduce biases. Future 
research should include quan�ta�ve data and 
external expert opinions to balance these 
views.

· Scalability & market acceptance – The 
pla�orm will be evaluated with users, applying 
Lean UX principles to refine usability.

· Technical & regulatory challenges – Integra-
�on and compliance need alignment with 
na�onal and EU policies.

Future research will expand company analysis 
for be�er representa�veness, with a pilot 
project to assess pla�orm feasibility before full 
deployment. The pla�orm's approach to resou-
rce op�miza�on could also apply to other 
sectors, such as metal furniture and hardware, 
promo�ng cross-industry collabora�on and 
innova�on.

FINAL CONCLUSION
This study explored how DPs can enhance 
efficiency and foster collabora�on in the two-
wheel sector. The key findings show that colla-
bora�ve pla�orms can reduce costs, promote 
sustainability, and strengthen industry networks, 
but only if challenges like data security, cultural 
resistance, and gradual adop�on are managed.

The research highlights the poten�al of DPs to 
op�mize resource use and encourage collabora-
�on, par�cularly in sectors like metal furniture 
and hardware, where similar challenges exist. By 
addressing iden�fied barriers, the pla�orm 
could improve produc�vity in the two-wheel 
industry and serve as a model for other sectors 
facing similar efficiency and resource op�miza-
�on needs.

The prac�cal implica�ons extend beyond the 
two-wheel sector, with the pla�orm poten�ally 
driving broader industry collabora�on, reducing 
waste, and enabling sustainable scaling. Future 
applica�ons could expand the pla�orm's featu-
res to meet the needs of different industries, 
promo�ng cross-sector innova�on.
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· Security and Confiden�ality – The shared use 
of resources raises concerns about the 
protec�on of industrial informa�on. To 
address this, companies could use blockchain 
or encryp�on for secure data exchange and 
implement NDAs with role-based access 
controls to ensure only authorized users 
access sensi�ve informa�on.

· Pla�orm Management Complexity – Usability 
is key to adop�on. To improve this, the 
pla�orm should have an intui�ve interface, 
customizable dashboards, and easy naviga�on 
for machine reserva�ons. Addi�onally, offe-
ring training and ongoing support can help 
ease the transi�on for users unfamiliar with 
digital tools.

COLLABORATION OPPORTUNITIES 
AND PLATFORM 
Benefits
Despite the challenges, the pla�orm offers 
strategic benefits, including:

· Reduc�on of Machine Idleness - Enabling ma-
chine �me rentals to op�mize resources and 
generate addi�onal revenue.

· Sharing of Raw Materials – Repurposing sur-
plus materials to reduce waste and lower 
costs.

· Efficiency and Sustainability – Promo�ng cir-
cular economy prac�ces by minimizing the 
need for new acquisi�ons and transport, thus 
enhancing resource efficiency.

· Integra�on with Other En��es – Collabora-
�on with Technology and Innova�on Centers 
and the Na�onal Industry Associa�on to offer 
prototyping, product tes�ng, and cer�fica�on 
services.

PROPOSED MODEL FOR THE PLATFORM
The ini�al model of the pla�orm includes the 
following key features:

· Resource Management – Companies can list 
available machines with details on their type, 
capabili�es, and availability. A search func�on 
will allow users to filter by machine type, 
loca�on, and availability, ensuring efficient 
resource sharing.

· Material Marketplace – A dedicated space 
where companies can list surplus raw mate-
rials for sale or exchange, specifying material 
type, quan�ty, and quality. This feature 
reduces waste and promotes resource 
op�miza�on, with real-�me inventory tracking 
ensuring accuracy.

· Reserva�on and Payment System – A user-
friendly reserva�on system with hourly pricing 
for equipment rentals and a service fee for 
pla�orm maintenance. Secure payment 
proces-sing ensures seamless transac�ons.

· Security and Confiden�ality – NDAs will be 

mandatory to protect sensi�ve data. Advanced 
encryp�on protocols will safeguard data storage 
and transfer, with access controls based on user 
roles.

· Progressive Adop�on Strategy – Associated 
companies receive free access for the first two 
years, encouraging gradual adop�on. A�erward, 
a �ered subscrip�on model will be introduced 
based on usage levels.

Addi�onally, the pla�orm will be scalable, 
suppor�ng the addi�on of new companies, 
machines, and materials, with a cloud-based 
infrastructure for robust data storage and 
flexibility to accommodate growing traffic and 
users.
The findings indicate that a collabora�ve DP 
could revolu�onize industrial resource mana-
gement, reducing machine idleness, facilita�ng 
the sharing of surplus materials, and op�mizing 
produc�on efficiency. However, challenges such 
as data security, cultural resistance, and usability 
must be addressed to ensure successful 
adop�on.

The next sec�on discusses these challenges and 
how digital strategies, and the CE can help 
overcome them.

DISCUSSION OF FINDINGS
The research findings show that digitaliza�on 
and the CE can op�mize industrial capacity in 
the two-wheel sector. The Research Matrix 
analysis iden�fied both challenges and opportu-
ni�es in implemen�ng a collabora�ve DP, 
providing insights into sustainable business 
models and digital strategies [2], [3].

The proposed pla�orm addresses two key 
inefficiencies in the CE [5], [9]:

· Reducing machine idleness to improve 
equipment u�liza�on.

· Minimizing raw material underu�liza�on 
through material sharing and waste reduc�on.

However, the pla�orm's viability depends on 
three cri�cal factors:
1. Trust between companies – Ensuring 
transparency and reliability to encourage 
par�cipa�on.
2. Informa�on security – Implemen�ng robust 
data protec�on measures, including mandatory 
NDAs.
3. Gradual adop�on – Encouraging early 
par�cipa�on through incen�ves for associated 
companies.

The next sec�on explores how digital strategies 
and collabora�ve business models can address 
these challenges and enhance the pla�orm's 

effec�veness.
INTEGRATION WITH THE LITERATURE
The literature review iden�fies five key research 
clusters on DPs in the CE [8], [10]:

· Digital Transforma�on & Pla�orm Economy – 
Digitaliza�on improves produc�on but 
requires cultural adapta�on, as seen in 
organiza�onal resistance during interviews.

· Sharing Economy & Trust – NDAs are crucial 
for security and confiden�ality, ensuring trust 
in collabora�on.

· Sustainability & Circular Economy – The 
pla�orm can reduce waste and promote 
material reuse, aligning with the UN's 2030 
SDGs.

· DPs & Business Models – A progressive 
subscrip�on model, with ini�al free access for 
associated companies, encourages adop�on.

· Pla�orm Capitalism & Collabora�on – A 
balance is needed between resource-sharing 
and commercial sustainability to prevent 
excessive commodifica�on.

These insights highlight the role of digital 
strategies and collabora�ve business models in 
overcoming barriers and maximizing opportuni-
�es in the two-wheel sector.

IMPLICATIONS FOR THE INDUSTRIAL SECTOR
The adop�on of DPs can boost the compe��ve-
ness of the industrial sector by reducing costs and 
strengthening collabora�on networks. To ensure 
successful implementa�on, it is essen�al to:

· Establish robust security mechanisms to pro-
tect industrial data and ensure confiden�ality.

· Implement a progressive membership model 
that minimizes ini�al adop�on costs to encou-
rage par�cipa�on.

· Develop an intui�ve, user-friendly interface to 
allow efficient lis�ng, reserva�on, and mana-
gement of shared resources.

Addi�onally, integra�ng Technology and Innova-
�on Centers and Na�onal Industry Associa�ons 
could expand the pla�orm's value proposi�on, 
offering prototyping, cer�fica�on, and product 
tes�ng services to enhance industrial efficiency 
and innova�on.

LIMITATIONS AND FUTURE PERSPECTIVES
Despite the valuable insights, there are several 
limita�ons to address:

· Limited sector data – More research is needed 
to include a wider range of industrial pro-
cesses, company sizes, and regions for diverse 
perspec�ves on pla�orm adop�on.

· Poten�al biases – Self-reported data from in-
terviews may introduce biases. Future 
research should include quan�ta�ve data and 
external expert opinions to balance these 
views.

· Scalability & market acceptance – The 
pla�orm will be evaluated with users, applying 
Lean UX principles to refine usability.

· Technical & regulatory challenges – Integra-
�on and compliance need alignment with 
na�onal and EU policies.

Future research will expand company analysis 
for be�er representa�veness, with a pilot 
project to assess pla�orm feasibility before full 
deployment. The pla�orm's approach to resou-
rce op�miza�on could also apply to other 
sectors, such as metal furniture and hardware, 
promo�ng cross-industry collabora�on and 
innova�on.

FINAL CONCLUSION
This study explored how DPs can enhance 
efficiency and foster collabora�on in the two-
wheel sector. The key findings show that colla-
bora�ve pla�orms can reduce costs, promote 
sustainability, and strengthen industry networks, 
but only if challenges like data security, cultural 
resistance, and gradual adop�on are managed.

The research highlights the poten�al of DPs to 
op�mize resource use and encourage collabora-
�on, par�cularly in sectors like metal furniture 
and hardware, where similar challenges exist. By 
addressing iden�fied barriers, the pla�orm 
could improve produc�vity in the two-wheel 
industry and serve as a model for other sectors 
facing similar efficiency and resource op�miza-
�on needs.

The prac�cal implica�ons extend beyond the 
two-wheel sector, with the pla�orm poten�ally 
driving broader industry collabora�on, reducing 
waste, and enabling sustainable scaling. Future 
applica�ons could expand the pla�orm's featu-
res to meet the needs of different industries, 
promo�ng cross-sector innova�on.
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INTRODUCTION
Lithium-ion ba�eries (LIBs) are highly advanta-
geous components for energy storage systems, 
u�lizing electrochemical processes to deliver 
their func�onality. Key characteris�cs of these 
systems include high energy density, long life 
cycles, low self-discharge rates, and minimal 
memory effect. These a�ributes jus�fy their 
widespread use in the market, par�cularly in 
portable electronic devices such as smartphones 

_and laptops. However, the mobility sector  
encompassing electric vehicles, aircra�, and 

_bicycles  has seen a sharp increase in the 
adop�on of LIBs, driven by efforts to electrify 
systems and reduce the carbon footprint 
associated with fossil fuel consump�on. Despite 
the technological maturity of LIBs, ongoing 
research and development aim to mi�gate the 
nega�ve effects associated with these energy 
storage systems. One cri�cal area of focus is 
understanding the mechanisms of degrada�on 
and aging in cells, which are highly dependent 
on opera�ng condi�ons such as charge and 
discharge cycles, state of charge, temperature, 
and other factors [1], [2], [3]. Therefore, it is 
crucial to develop diagnos�c methods capable 

of gathering as much informa�on as possible 
about the ba�ery's condi�on to enhance the 
interpreta�on of its state of health. One reason 
to interpret the effects that different parameters 
may have on cell characteriza�on in an ini�al 
phase (as presented in this paper) is to establish 
references and baselines. These can later be 
compared with other stages of their lifecycle, 
improving diagnos�c capabili�es at a later stage.

ELECTROCHEMICAL IMPEDANCE 
SPECTROSCOPY FOR LITHIUM-ION 
BATTERIES.
Electrochemical Impedance Spectroscopy (EIS) is 
a technique that enables the study of electro-
chemical reac�ons in ba�eries by measuring the 
transport and dielectric proper�es of materials 
and analysing the characteris�cs of porous 
electrodes. Impedance is determined by 
applying an alterna�ng voltage signal to the cell 
and measuring its corresponding current 
response. The applied signal is sinusoidal, which 
means the current response to this s�mulus will 
consist of a combina�on of sinusoidal func�ons 
[4].
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system can be expressed as follows [5]:

Equa�on 1

, where v(t) is the sinusoidal signal of the applied 
voltage, i(t) is the measured electric current, Z  is 0

the absolute value of the impedance (represen-
�ng the ra�o between the amplitudes of the 

voltage and current signals), and p is the phase 
difference between the voltage and current 
signals.

From Equa�on 1, it can be stated that the 
impedance spectrum is a complex curve 
obtained across different frequencies and 
corresponds to the sum of a real part, referred to 
as the system's resistance (R), and an imaginary 
part, referred to as the system's reactance (X)[6]. 
Using EIS data, a Nyquist plot can be construc-
ted, where the nega�ve of the reactance is 
plo�ed on the y-axis, and the resistance is 
plo�ed on the x-axis (Figure 1 a).

Typically, the Nyquist plot of a lithium-ion 
ba�ery consists of two semicircles, which 
represent the effects occurring at the electro-
des. The semicircle for the anode is observed at 
high frequencies, while the semicircle for the 
cathode appears at medium frequencies. This 
response results from the charge transfer effect 
at the electrodes, which is strongly dependent 

on the effects associated with the ba�ery's 
state, it is necessary to consider an equivalent 
circuit that can fit the obtained spectrum. In 
Figure 1b and Figure 1c, the circuits considered 
for represen�ng the effects in lithium-ion 
ba�eries are shown. Typically, when considering 
temperatures close to 20 °C and higher states of 
charge, a parallel circuit is sufficient to model the 
effects.
In Table 1, the descrip�on of the different 
components of the equivalent circuit can be 
observed. For cases of low temperatures and 
low states of charge, the more complex circuit is 
used to represent the electrochemical effects at 
the electrodes.

EXPERIMENTAL WORK
Cells - Commercial lithium-ion cells with NMC 
chemistry were selected, specifically the 
Samsung INR21700-50E model. The cells were 
brand new and were kept under controlled 
condi�ons.

State of Charge Control - Four state of charge 
(SOC) levels were tested: 25%, 50%, 75%, and 
100%. In the laboratory, a sourcemeter was used 
to charge the cells un�l they were fully charged, 
and then the desired SOC was reached by 
discharging the cells.

Cell Temperature Control - Four temperatures 
between 10° C and 25° C were selected. The 
choice of this range of temperatures was 
jus�fied by the need of understanding the EIS 
response of a cell stored inside a building, to 
simulate the effect of environment temperature 
during tes�ng. Using a clima�c chamber, the 
cells were set to the desired temperature and 
then transported in an insulated container to 
thermally isolate the cell. Throughout this 
process, the cell's temperature was recorded 
using a thermocouple.

Impedance Spectroscopy - Impedance spectra 
were measured using a poten�ostat. The 
frequency range from 0.1 Hz to 100 kHz was 
selected for the impedance measurements. 
During the measurement the temperature of 
the cell was controlled through the previously 
men�oned thermocouple. The test seemed to 
generate heat which increased the temperature 
of the cell by 1 degree during all measurements. 
So, it was considered the temperature at the 
start of the measurement with one degree of 
uncertainty as the tes�ng temperature.

Determina�on of equivalent circuit - Using the
impedance values, a fi�ng was done to deter-
mine the best parameters that can be used to 
assemble the equivalent circuit model of the cell 

FIGURE 1
(a) Representa�ve Nyquist plot of the EIS for a 
lithium-ion cell [6]. (b) and (c) Equivalent circuits 
used as models to determine the parameters from
EIS [2], [7].

for each set of condi�ons. Because the focus was 
in the nega�ve part of the reactance the fi�ng 
dismisses the induc�ve part to reduce variables.

Considering condi�ons of temperature above 
10° C and state of charges superior to 25%, one 
assumes to be possible to use the simplest 
equivalent circuit to model the cells, therefore 
the expression used when fi�ng the parameters 
should be:

Equa�on 2

Every parameter presented in Equa�on 2 is 

described in Table 1, except for a. This value is 
associated with the electrode capacity, which is 
normally described as a constant phase element 
(CPE), this means that it is not represented as a 

perfect capacitor. This constant phase a can be 
between 0 and 1, where the first one represents 
a perfect resistance and the last one the perfect 
capacitor. When the value is 0.5 it usually is 
associated with the Warburg impedance.
 

RESULTS AND DISCUSSION
A�er performing EIS under different ambient 
condi�ons, it was possible to construct the 
graphs in Figure 3, which illustrate the effect of 

these condi�ons on the impedance spectrum. At 
first glance the presence of a semicircle was 
evident in every Nyquist plot, which is expected 
from [2].

TABLE 1
Descrip�on of the components used in the equivalent circuits as models for the cells [2], [7].

Component

L

R0

R1

Q1

W

Parameter

Inductance resul�ng from wiring 
and connec�ons

Ohmic or internal resistance

Charge transfer resistance

Electrode capacitance

Warburg impedance

Associated Effect

Dependent on the cables and 
connectors used

Dependent on the conduc�vity of the 
electrolyte (ion transport)

Associated with the charge transfer 
occurring at the electrodes

Related to the accumula�on of charges 
at the electrodes

Related to the diffusion of ions in 
the electrodes

Impedance

FIGURE 2
Schema�c of the methodology adopted for the study.

FIGURE 3
EIS Nyquists for the different states of charge and 
temperatures.
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Secondly, the values of Resistance and 
Reactance do not seem to vary much between 
the different SOC. This could mean that the SOC 
does not affect the electrochemical processes 
involved in the cell opera�on. On the other 
hand, the temperature of the cell seems to 
change the Nyquist plots. The resistance and 
decreasing temperature, subsequently increa-
sing charge transfer resistance and therefore 
overall ba�ery impedance [10].

Through fi�ng of the impedance spectra, the 
rela�onship between the fi�ng parameters and 
the tes�ng condi�ons was analysed. 

Figure 4 illustrates the varia�ons in the fi�ng 
parameter values across all tested temperatures 
and states of charge (SoC).
 
The internal resistance of the cell shows minimal 
varia�on with temperature, although it tends to 
decrease at higher states of charge (SoC). The 
charge transfer resistance decreases as 
temperature increases, with no no�ceable 

dependency on SoC. Electrode capacitance 
exhibits a clear dependence on temperature, 
decreasing as the temperature rises, while 
showing li�le varia�on with SoC. The phase 
value remains consistently above 0.7 for these 
cells and increases with temperature; at higher 
temperatures, it closely resembles the behavi-
our of an ideal capacitor. The Warburg constant 
ranges between 300 and 475 for these cells, 
slightly increasing with temperature but 
decreasing for SoC levels above 50%. Notably, 
the data for 100% SoC shows some devia�on 
from the general trends observed for other 
states of charge.

CONCLUSION
This study provided valuable insights into the 
importance of using electrochemical impedance 
spectroscopy as a method for analysing 
electrochemical systems, par�cularly in lithium-
ion ba�eries. These electrochemical systems, 
according to previous works, are highly 
dependent on the external condi�ons in which 
they are exposed. In this study, virgin cells were 

tested as a case study, while carefully conside-
ring their state of charge and the range of 
temperatures they may experience.

The state-of-the-art review iden�fied some 
methods for analysing lithium-ion ba�eries with 
NMC chemistry. For this study, the simplest 
equivalent circuit model was selected to 
minimize variables and provide a focused 
approach for evalua�ng new, unused cells. The 
resistances in these equivalent circuits are 
directly linked to energy dissipa�on during cell 
opera�on. Minimizing these resistances is 
cri�cal, especially for commercial cylindrical 
cells, where typical values are in the range of 
tens of milliohms, as demonstrated by the 
results of this work. Lower resistances diminish 
the cell's inherent hea�ng during normal 
opera�on, reducing its degrada�on therefore 
increasing its lifespan. Temperature significantly 
impacts the efficiency of charge transfer at the 
electrodes, with higher temperatures enhancing 
the transfer coefficient. Conversely, the SoC 
influences the internal resistance of the cell, 
which increases as the cell approaches a 
depleted state. These results suggest that a 
restricted voltage opera�ng window might be 
beneficial for long term cycling of the cell. 

Further insights into these phenomena could be 
obtained from improving on this study through 
higher sampling, both in terms of number of 
samples and number of cells with different 
chemistry, providing a more faithful view of the 
reality of the temperature's impact on internal 
resistance. Furthermore, maintaining a constant 
temperature by performing the measurements 
inside a clima�c chamber instead of requiring an 
insulated container will allow more certainty in 
the findings.

This work emphasizes the importance of 
controlling cell  condi�ons for accurate 
characteriza�on. Repor�ng and quan�fying 
these effects help establish a solid founda�on 
for developing reliable ba�ery diagnos�cs. One 
good example of applica�on could be the 
determina�on of the state-of-health of ba�eries 
in two-wheeled vehicles which are more 
suscep�ble to atmospheric condi�ons, such as 
temperature varia�ons,  than those in 
automobiles. This study can contribute to the 
determina�on of how temperature affects 
ba�ery durability under adverse thermal 
condi�ons.
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3 | Can you briefly explain the topic of your PhD and its impact on the Two-Wheel sector?
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European patent, 1 provisional Portuguese patent (from my thesis), several oral contribu�ons 
and posters at interna�onal conferences and was part of the organising commi�ee of 1 
interna�onal conference (FEMS Junior EUROMAT 2022).

2 | What mo�vated you to pursue a PhD?
      Since childhood, I've been curious about how the world works, and I desire to improve people's 

lives through my knowledge and experience. A PhD aligns with my desires, allowing me to add 
more capabili�es to use science as an advancing tool for the world's sake. 

3 | Can you briefly explain the topic of your PhD and its impact on the Two-Wheel sector?
      My PhD topic is to develop a mul�func�onal advanced coa�ng that gathers an�corrosion, 

an�biofouling, and reliable mechanical proper�es. The original objec�ve applica�on was to 
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innova�ve approach, the ins�tu�on's reputa�on, and the city's quality of life. I was eager to 
expand my energy and climate change knowledge-topics I consider crucial in today's global 
context.

3 | Can you briefly explain the topic of your PhD and its impact on the Two-Wheel sector?
      In my PhD research, I aim to develop a sustainability framework through an integrated 

indicator capable of assessing and improving the sustainable performance of the two-wheel 
industry. The goal is to provide a prac�cal tool that helps companies and policymakers make 
more sustainable decisions, promo�ng innova�on and efficiency in the sector.

      My research can lead to more sustainable prac�ces in the industry, encouraging cleaner 
produc�on processes, more efficient material use, and a reduced carbon footprint. 
Implemen�ng this framework could help the sector comply with increasingly strict 
environmental regula�ons, enhance its compe��veness in the global market, and accelerate 
the transi�on to more eco-friendly mobility solu�ons.

4 | What would you like to do a�er comple�ng your PhD?
      A�er comple�ng my PhD, I intend to con�nue working on sustainability in academia and the 

corporate sector. I believe that scien�fic research conducted in educa�onal ins�tu�ons should 
have real applica�ons in society, improving quality of life and reducing the impact of human 
ac�vi�es on the planet.

5 | Do you use any vehicle from the two-wheel sector ? If so, for what purpose ?
Unfortunately, I rarely use two-wheel vehicles, mainly due to the lack of 

proper infrastructure where I live now, such as bike lanes and 
safe spaces for this type of transporta�on. If be�er condi�ons 

were available, I would use so� mobility to commute to the 
university, daily ac�vi�es, and leisure.

1 | Biography 
      I'm José Castro, and currently, I'm coursing my last year at UC for my PhD in mechanical 

engineering. I'm from Colombia and have a bachelor's and master's in mechanical engineering. 
Before admission to UC, I worked as a service customer and project engineer for the HVAC 
industry for 5 years (MAYEKAWA MYCOM) and as a lecturer in two universi�es (Colombian 
universi�es) for 2.5 years. I have also received two grants for the ON-Surf and KERAMOS 
projects. I received an FCT doctoral grant during the 2020/2021 academic period. During my 
PhD, I have published 17 papers in indexed journals, 9 of them from my doctoral thesis, 1 
European patent, 1 provisional Portuguese patent (from my thesis), several oral contribu�ons 
and posters at interna�onal conferences and was part of the organising commi�ee of 1 
interna�onal conference (FEMS Junior EUROMAT 2022).

2 | What mo�vated you to pursue a PhD?
      Since childhood, I've been curious about how the world works, and I desire to improve people's 

lives through my knowledge and experience. A PhD aligns with my desires, allowing me to add 
more capabili�es to use science as an advancing tool for the world's sake. 

3 | Can you briefly explain the topic of your PhD and its impact on the Two-Wheel sector?
      My PhD topic is to develop a mul�func�onal advanced coa�ng that gathers an�corrosion, 

an�biofouling, and reliable mechanical proper�es. The original objec�ve applica�on was to 
provide a solu�on in this line for small components for ships with a harsh working regime 
(exposure to moving seawater, several environmental condi�ons and biological agents), being 
one of the most challenging engineering applica�ons. However, par�al results of my work 
demonstrated a poten�al material for bike chains as ZrN-based coa�ng by DCMS, which 
possesses reliable mechanical proper�es, good tribological performance, and a good-looking 
aspect desirable for this applica�on.

4 | What would you like to do a�er comple�ng your PhD?
      A�er comple�ng my PhD, I would like to follow in research, focusing on improving corrosion 

resistance in some specialised engineering components and green energy produc�on. 
Addi�onally, I would like to collaborate with the industry to apply my advanced coa�ngs 
knowledge to real working applica�ons, solve possible problems, improve exis�ng products, or 
develop new ones.  

5 | Do you use any vehicle from the two-wheel sector ? If so, for what purpose ?
      Currently, I use a bicycle for leisure and physical condi�oning. 
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1 | Biography 
      My name is Mariana Pinto, I am 25 years old and I was born in São João da Madeira, a city with 

strong industrial �es, where I s�ll live today and where I studied from elementary to high school. In 
addi�on, I prac�ced rhythmic gymnas�cs for 6 years at the Associação Despor�va Sanjoanense, and 
I am part of the local volunteer bank, promoted by the Associação de Jovens Ecos Urbanos.

      My university career began with the integrated Master's degree in Metallurgical and Materials 
Engineering, at the Faculty of Engineering of the University of Porto, currently divided into Bachelor's 
and Master's Degrees in Materials Engineering. This path ended with a research grant under the 
AARM 4.0 project (High Strength Steels in Metalworking), co-promoted by the Mar�fer group, 
which gave rise to my disserta�on: "Evalua�on and Metallurgical Characteriza�on of Welded Joints 
of High Strength Structural Steels".

      A�er comple�ng the master's degree, specializing in metallurgy, I had the opportunity to start a 
professional internship at DURIT, in Albergaria-a-Velha, already aiming to do a PhD in an industrial 
environment.

2 | What mo�vated you to pursue a PhD?
      Doing a PhD was never part of my plans, at least in the short term, but it was always like a very 

distant dream. However, due to the strong encouragement of several professors and following the 
example of Doctor Pedro Pereira (former student of FEUP), I decided to start my PhD earlier, right 
a�er comple�ng my master's degree.

      The opportunity to carry out my PhD in an industrial environment, at DURIT, was undoubtedly 
determinant for my decision-making, supported by the recent experience in the research field in a 
project (AARM 4.0) with a strong industrial connec�on.

      In short, I dare to update the popular saying "be�er late than never"  to "be�er sooner than never".

3 | Can you briefly explain the topic of your PhD and its impact on the Two-Wheel sector?
      My research focuses on the development of new binder composi�ons for industrial hardmetal 

grades for wear resistance and metal forming applica�ons.
      Although it is not part of bicycles, hardmetal is essen�al in the manufacturing process of their 

various metallic components, such as the transmission chain links. The high hardness, wear 
resistance, and high dimensional accuracy make hardmetals an effec�ve material for steel-forming 
tools.

      The goal of my PhD is to develop new hardmetal composi�ons, with a high content of alterna�ve 
binders, with improved proper�es, namely the wear resistance and the response to fa�gue. 
Simultaneously, this project aims to reduce the dependence on cobalt, which remains the most 
common binder and is considered a cri�cal raw material. Fundamentally, this work aims to create 
more reliable and durable metal forming dies, and therefore more sustainable, thus promo�ng 
innova�on in the so� mobility sector.

4 | What would you like to do a�er comple�ng your PhD? 
      Although I am not sure at the moment, a�er comple�ng my PhD I 

would like to con�nue working directly with the industry in the field 
of Materials Engineering, which I have always been passionate 

about.
      I also hope to be able to achieve all my professional goals in 

Portugal, where I believe there is enormous poten�al for 
innova�on in materials and manufacturing processes.

5 | Do you use any vehicle from the two-wheel sector ? If so, 
for what purpose ?

      I currently don't use any, most of my trips are made by 
car and for shorter trips I prefer to walk, since I don't 
feel safe enough to circulate on the exis�ng bike lanes.

      As for sports, I only use exercise bikes, at the gym or at 
home, especially during the 2020 confinement, in 
which it was my main way to stay ac�ve.

1 | Biography 
      My name is Paulino Duarte. I was born on July 14, 1991, in the village of São Pedro, in the 

municipality of Figueira da Foz. My academic journey (mandatory educa�on) began and was 
completed in the city of Anadia, where I lived most of my life. I started higher educa�on at the 
University of Coimbra in 2012, where I completed my master's degree in physical geography - 
environment, and spa�al planning. In 2023, the opportunity arose to begin my PhD in 
environmental science and engineering at the University of Aveiro. I am currently developing a 
project to assess the environmental impact of bicycles using the life cycle assessment 
methodology. Currently, on the professional level, I work for the municipality of Porto. 

2 | What mo�vated you to pursue a PhD?
      My mo�va�on to start a PhD stems from my love for learning and studying. A�er taking a 

break of approximately seven years from academic life, I felt that I needed to complete one of 
the most significant challenges of my life, the final step in higher educa�on. In 2023 I decided it 
was the right �me to take on this challenge. I see the PhD as an opportunity to enhance my 
academic and professional skills while contribu�ng to academia through my research. Since I 
began my journey in higher educa�on, earning a PhD has always been a personal goal, and I 
can confidently say that I am fulfilling a dream.

3 | Can you briefly explain your PhD topic and its impact on the Two-Wheel sector?
      My PhD goal is to analyse the environmental impact of conven�onal and electric bicycles using 

the life cycle assessment methodology. It also seeks to conduct a socio-economic analysis of 
bicycle use in urban areas. The expected impact on the two-wheeler sector is to understand the 
impact of bicycle produc�on in Portugal, iden�fying which components and stages have the 
highest environmental impact. Addi�onally, the socio-economic study and analysis aims to 
increase the acceptance levels of bicycle usage.

4 | What would you like to do a�er comple�ng your PhD?
      A�er comple�ng my PhD, I intend to return to the municipality of Porto and contribute to the 

development and improvement of the cycling network, as well as to consider policies to 
promote bicycle use within the city.

5 | Do you use any vehicle from the two-wheel sector ? If so, what purpose ?
      I own two bicycles-one for mountain biking and another for road cycling. I frequently cycle with 

friends on weekends, combining leisure with physical ac�vity.

mariana pinto paulino duarte
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professional internship at DURIT, in Albergaria-a-Velha, already aiming to do a PhD in an industrial 
environment.
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distant dream. However, due to the strong encouragement of several professors and following the 
example of Doctor Pedro Pereira (former student of FEUP), I decided to start my PhD earlier, right 
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1 | Biography 
      My name is Tiago Teixeira. I was born in Portugal, in a small village surrounded by nature, and 

from an early age, I realised that Earth sciences could play an important role in my life. My 
academic background is mainly focused on Geosciences but also includes some aspects of 
Biology, through the degrees I pursued at the University of Aveiro and at the Faculty of 
Sciences of the University of Porto. In recent years, my work has been centred on 
environmental geochemistry, with a focus on sustainability and the search for innova�ve 
solu�ons to minimise environmental impacts. I am currently pursuing a PhD focused on the 
treatment and valorisa�on of industrial effluents, aiming to develop more efficient and 
sustainable approaches for be�er industrial waste management.

2 | What mo�vated you to pursue a PhD?
      The decision to pursue a PhD stemmed from my desire to go beyond the knowledge I had 

acquired, and to make a more significant impact in the field of environmental sustainability. I 
have always been highly self-taught and eager to delve into challenging topics, and my current 
work allows me to explore new techniques and innova�ve approaches. Moreover, 
collabora�ng with the industry through BIKiNNOV provides a unique opportunity to bridge 
science with real-world societal challenges, enabling the search for more effec�ve and 
sustainable solu�ons for an ever-growing industrial sector that is a benchmark in our country. I 
believe that this interac�on between academia and the industrial sector is essen�al to 
transforming knowledge into prac�cal innova�on, contribu�ng to a more environmentally 
responsible future.

3 | Can you briefly explain the topic of your PhD and its impact on the Two-Wheel sector?
      My PhD focuses on the treatment and valorisa�on of industrial effluents from the produc�on 

of bicycle components. The goal is to develop innova�ve and sustainable solu�ons that not 
only reduce the environmental impact of these wastes but also transform them into by-
products with poten�al for reuse in the industry. In a sector where sustainability and process 
efficiency are increasingly valued, this research contributes to fostering a circular economy 
within the two-wheeled industry.

4 | What would you like to do a�er comple�ng your PhD?
      A�er comple�ng my PhD, I would like to see some of the ideas currently being developed put 

into prac�ce, as well as feel that I have contributed to strengthening a healthy partnership 
between academic research and industry. Addi�onally, I aspire to explore opportuni�es that 
allow me to con�nue learning and developing new techniques, whether through applied 

research, collabora�on with companies in the sector, or 
even the crea�on of new projects that can play a 

relevant role in the transi�on to a more 
environmentally friendly industry.

5 | Do you use any vehicle from the two-wheel sector ?   
      If so, for what purpose ?
      I have been a bicycle user since I was young. In the 

past, I prac�ced cycling sports, but nowadays, I 
mainly use my bicycle for leisure, taking advantage 
of the benefits of a city like Aveiro, which offers a 

good network of bike lanes and cycling routes 
surrounded by nature. During the summer, I 

also use my bicycle for some trips 
between home and university, making 

my journeys more enjoyable and 
sustainable.

KEYWORDS

From Portugal Bike Value to 
BIKINNOV: The Growth of the 
Two-Wheel Cluster

1
Gil Nadais
1 BIKiNNOV - Bike Value Innova�on Center Associa�on, Rua da Indústria, 369, Covão, 3750-792, Águeda, Portugal
E-mail: geral@bikinnov.pt

Portugal has established itself as one of the leading bicycle producers in Europe, driven by the success of 

Portugal Bike Value (PBV), an ini�a�ve that has promoted the na�onal industry beyond its borders. 

However, the sector's growth required a transi�on towards a model more focused on innova�on and 

technological development. This led to the crea�on of BIKINNOV, a Technology and Innova�on Center 

aimed at posi�oning Portugal not only as a manufacturer but also as a leader in the design and 

development of innova�ve solu�ons for sustainable mobility.

BIKINNOV addresses strategic challenges such as the need for technological infrastructure, the 

commitment to sustainability and digitaliza�on, the development of human resources, and the 

interna�onaliza�on of the sector. This ini�a�ve represents a paradigm shi� for the Portuguese industry, 

fostering the evolu�on from an OEM (Original Equipment Manufacturer) model to ODM (Original 

Design Manufacturer) and OBM (Original Brand Manufacturer) models, ensuring the country's 

compe��veness in a rapidly transforming global market.

The future of sustainable mobility relies on increasingly efficient and integrated solu�ons, and 

BIKINNOV posi�ons itself as a driving force of this revolu�on, ensuring that Portugal remains at the 

forefront of innova�on in the two-wheel sector.

BICYCLE INDUSTRY; INNOVATION; SUSTAINABLE MOBILITY; PORTUGAL BIKE VALUE; BIKINNOV; 
TECHNOLOGICAL DEVELOPMENT; DIGITALIZATION.

INTRODUCTION
In recent years, Portugal has solidified its 
posi�on as one of the leading bicycle producers 
in Europe. Portugal Bike Value (PBV), a project 
that evolved into an interna�onal brand, played 
a crucial role in this growth, placing the na�onal 
industry in the spotlight and promo�ng its 
manufacturing capabili�es beyond borders. 
However, the sector's evolu�on required more 
than large-scale produc�on; it became 
impera�ve to advance towards a knowledge- 
and innova�on-based model. In this context, 
BIKINNOV emerged - a Technology and 
Innova�on Center that embodies the ambi�on 
of industry players to transform Portugal from a 
mere manufacturer into a leader in technologi-
cal development within the two-wheel industry.

THE SUCCESS OF PORTUGAL
BIKE VALUE
Portugal Bike Value was launched as a strategy to 
enhance and promote the na�onal bicycle 
industry, leveraging its exis�ng produc�on 

capacity and the growing demand for sustaina-
ble mobility solu�ons. Led by ABIMOTA, the 
na�onal associa�on represen�ng the sector, this 
ini�a�ve enabled Portugal to achieve significant 
milestones, including becoming the leading 
bicycle producer in Europe, experiencing 
exponen�al growth in exports, and gaining 
recogni�on as a benchmark for quality and 
efficiency.

However, as the industry evolved, reliance on a 
business model based solely on OEM (Original 
Equipment Manufacturer) produc�on became a 
limi�ng factor. Portuguese companies needed to 
posi�on themselves at higher levels of the value 
chain, ac�vely contribu�ng to the design and 
development of innova�ve products. Thus, 
while Portugal Bike Value fulfilled its ini�al 
mission, it also made clear that the next step was 
to strengthen the sector's Research and 
Development (R&D) capabili�es.

tiago teixeira
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than large-scale produc�on; it became 
impera�ve to advance towards a knowledge- 
and innova�on-based model. In this context, 
BIKINNOV emerged - a Technology and 
Innova�on Center that embodies the ambi�on 
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mere manufacturer into a leader in technologi-
cal development within the two-wheel industry.

THE SUCCESS OF PORTUGAL
BIKE VALUE
Portugal Bike Value was launched as a strategy to 
enhance and promote the na�onal bicycle 
industry, leveraging its exis�ng produc�on 

capacity and the growing demand for sustaina-
ble mobility solu�ons. Led by ABIMOTA, the 
na�onal associa�on represen�ng the sector, this 
ini�a�ve enabled Portugal to achieve significant 
milestones, including becoming the leading 
bicycle producer in Europe, experiencing 
exponen�al growth in exports, and gaining 
recogni�on as a benchmark for quality and 
efficiency.

However, as the industry evolved, reliance on a 
business model based solely on OEM (Original 
Equipment Manufacturer) produc�on became a 
limi�ng factor. Portuguese companies needed to 
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development of innova�ve products. Thus, 
while Portugal Bike Value fulfilled its ini�al 
mission, it also made clear that the next step was 
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Development (R&D) capabili�es.
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THE TRANSITION TO BIKINNOV
BIKINNOV emerges as a response to this 
necessity. More than just a new name, it 
represents a structural and strategic shi�. The 
objec�ve is to enable Portugal to transi�on from 
a predominantly OEM (Original Equipment 
Manufacturer) model to ODM (Original Design 
Manufacturer) and, eventually, OBM (Original 
Brand Manufacturer). In other words, the goal is 
not only to manufacture bicycles but also to 
develop new concepts, technologies, and 
products that will define the future of sustaina-
ble mobility.

The crea�on of BIKINNOV was driven by several 
key factors:
a) Need for Technological Infrastructure - 
Portugal's two-wheel industry had already 
demonstrated strong produc�on capabili�es but 
lacked dedicated research and development 
centers. BIKINNOV addresses this gap by 
establishing state-of-the-art laboratories to test 
new materials, industrial processes, and 
emerging technologies.
b) Focus on Sustainability and Digitaliza�on - 
The sector faces challenges such as transi�oning 
to more sustainable materials and integra�ng 
digitaliza�on into the produc�on chain. 
BIKINNOV is structured with a cross-cu�ng 
approach, ensuring that innova�on and 
environmental responsibility go hand in hand.
c) Capacity Building and Knowledge Transfer - 
The new center acts as a catalyst for knowledge, 
promo�ng the training of highly skilled human 
resources and facilita�ng technological transfer 
between universi�es, research centers, and the 
industry.
d) Strengthening Interna�onal Presence - With 
the support of interna�onal networks, 
BIKINNOV posi�ons itself as a global player in 
two-wheel mobility innova�on, integra�ng 
strategic partnerships and contribu�ng to the 
defini�on of interna�onal technical standards.

BIKINNOV was born from the industry itself, 
resul�ng from the union of 35 founding 
companies, later joined by 16 addi�onal en��es, 
bringing the total to 51 members. This ini�a�ve 
arose from the collec�ve efforts of companies in 
the sector that, recognizing the importance of 
innova�on and technological development, 
sought support from the Portuguese Cycling 
Federa�on, technology centers, educa�onal and 
research ins�tu�ons, industry associa�ons, and 
municipal councils. With such a diverse 
membership base, BIKINNOV has become a 
solid and representa�ve ecosystem, fostering 
coopera�on between business and non-
business en��es and consolida�ng an 
environment conducive to the sustainable 

growth of Portugal's bicycle industry.

THE TRANSFORMATION OF THE 
NATIONAL INDUSTRY
The significance of BIKINNOV goes beyond 
technological innova�on; it represents a para-
digm shi� in the posi�oning of the na�onal 
industry, transi�oning from a subcontrac�ng 
role to a leadership posi�on in the design and 
development of new solu�ons. This transi�on 

_does not occur in isola�on  it requires the 
mobiliza�on of resources, strategic financing, 
and a cultural shi� within companies, fostering 
the recogni�on of Research and Development 
(R&D) as a key value driver.

Portugal has been establishing itself as a country 
with unique exper�se in the sector, a result of 
decades of specializa�on. However, global 
compe��on necessitates the con�nuous 
enhancement of both produc�on and techno-
logical capabili�es. BIKINNOV aligns with this 
dynamic by providing na�onal companies with 
access to cu�ng-edge infrastructure and 
fron�er knowledge, ensuring that Portugal 
remains compe��ve in a rapidly evolving 
industry.

Furthermore, BIKINNOV promotes collabora�on 
across different industrial sectors, fostering 
synergies between the mobility industry, 
advanced materials, digitaliza�on, and ar�ficial 
intelligence. This integrated approach will 
enable the development of innova�ve solu�ons 
that address the demands of future mobility.

ELECTRIFICATION OF MOBILITY AND 
ITS IMPACT ON THE TWO-WHEEL 
SECTOR
The electrifica�on of mobility is one of the most 
significant transforma�ons in the transport 
sector, driven by the need to reduce emissions, 
improve energy efficiency, and meet new urban 
demands. The growth of electric mobility has 
been supported by stricter environmental 
regula�ons, technological advancements in 
energy storage, and government incen�ves 
favoring more sustainable transport solu�ons. In 
the two-wheel sector, this evolu�on is 
redefining the concept of mobility and 
posi�oning Portugal as a hub for innova�on and 
development.

Urban challenges such as conges�on, pollu�on, 
and fossil fuel dependency are increasingly 
pressing issues. Electric bicycles (e-bikes) have 
emerged as an efficient alterna�ve, enabling fast 
and accessible travel with a reduced environ-
mental impact. According to a Deloi�e study 
commissioned by BIKINNOV, e-Cargo Bikes 

could replace up to 50% of short-distance 
commercial trips, promo�ng more efficient 
urban logis�cs. This trend reflects a structural 
shi� in mobility pa�erns, where electrifica�on is 
becoming essen�al for a more sustainable 
transporta�on model.

Several factors are driving this change. Public 
policies have been a key catalyst, offering 
subsidies and tax incen�ves for the purchase of 
electric bicycles. At the same �me, the expan-
sion of dedicated cycling infrastructure and 
charging sta�ons has facilitated the integra�on 
of e-bikes into urban ecosystems. Changing 
consumer habits have also contributed to this 
growth, with increased adop�on of shared and 
flexible mobility solu�ons, reflec�ng a growing 
commitment to sustainability and transport 
efficiency.

Technological innova�on has been a crucial 
factor in the adop�on of electric bicycles. 
Advances in lithium-ion ba�eries have 
significantly increased range and reduced 
charging �mes, making these vehicles more 
compe��ve. Addi�onally, digitaliza�on and 
connec�vity have enhanced the user experien-
ce, with IoT sensors enabling real-�me moni-
toring of bicycle performance and pre-dic�ve 
maintenance. These improvements have led to 
the diversifica�on of business models, driven by 
the increasing adop�on of electrifica�on.

The two-wheel sector has witnessed a rise in 
electric bicycles for shared mobility and urban 
logis�cs. Last-mile delivery companies have 
heavily invested in e-Cargo Bike fleets, leve-
raging their efficiency, low opera�onal costs, and 
environmental advantages to op�mize delivery 
services. According to Deloi�e forecasts, the 
global e-Cargo Bike market is expected to grow 
by 7.6% annually un�l 2030, with Europe 
accoun�ng for 34% of this market. Portugal, with 
its strong industrial cluster, has a strategic 
opportunity to posi�on itself as a key player in 
this expanding sector.

Despite the opportuni�es generated by electri-
fica�on, certain challenges remain. Suppor�ng 
infrastructure is s�ll insufficient, with a need for 
more charging points and adapted cycling lanes. 
Regulatory frameworks also pose an obstacle, as 
the lack of uniform standards for e-Cargo Bikes 
can hinder their integra�on into urban eco-
systems. Another challenge is the high ini�al 
purchase cost, which, despite long-term bene-
fits, remains a barrier for many consumers and 
businesses.

BIKINNOV plays a key role in this transforma�on, 

ac�ng as a driver of innova�on in the two-wheel 
sector. The center focuses on Research and 
Development (R&D), fostering collabora�on 
between industry, universi�es, and research 
centers to develop more efficient and compe-
��ve products. Moreover, its efforts to interna-
�onalize the Portuguese industry contribute to 
consolida�ng the country's posi�on as a 
European leader in sustainable mobility.

Electrifica�on of mobility is not just a trend, but 
a necessity in addressing environmental and 
urban challenges of the 21st century. Portugal 
has the opportunity to leverage its exper�se in 
the two-wheel sector and strengthen its posi�on 
in the transi�on towards more efficient, 
accessible, and eco-friendly mobility. The 
success of this transforma�on will depend on 
con�nued investment in innova�on, infra-
structure, and public policies that encourage the 
adop�on of electric and sustainable solu�ons. If 
these condi�ons are met, Portugal can establish 
itself as a global reference in electric and 
sustainable mobility, securing a compe��ve 
posi�on in a rapidly evolving global market.

THE FUTURE OF SUSTAINABLE 
MOBILITY
Sustainable mobility has become a central 
theme in urban and environmental develop-
ment policies. The European Union has set 
ambi�ous targets for reducing the carbon 
footprint and transi�oning to more eco-friendly 
transport solu�ons. In this context, the bicycle 
plays a strategic role, not only as an efficient 
means of transporta�on but also as a viable 
solu�on to urban mobility challenges.

The rise of electric bicycles (e-bikes) exemplifies 
the sector's evolu�on and its ability to adapt to 
new consumer demands. The integra�on of 
smart technologies, such as performance sen-
sors, connec�vity, and energy op�miza�on, 
reinforces the importance of digitaliza�on in 
mobility. BIKINNOV posi�ons itself as a driving 
force behind these transforma�ons, suppor�ng 
research and the implementa�on of new solu-
�ons that make bicycles increasingly efficient 
and seamlessly integrated into urban ecosy-
stems.

CONCLUSION: A NEW CHAPTER FOR 
THE PORTUGUESE INDUSTRY
The transi�on from Portugal Bike Value to 
BIKINNOV represents the maturity of the sector. 
The path forward is now clear: inves�ng in R&D, 
strengthening companies' capacity to develop 
proprietary products, and consolida�ng Portugal 
as a center of excellence in sustainable mobility 
innova�on.



150 151

SOCIEDADE
PORTUGUESA de
MATERIAIS

SOCIEDADE
PORTUGUESA de
MATERIAIS

Opinion
Articles

Opinion
Articles

THE TRANSITION TO BIKINNOV
BIKINNOV emerges as a response to this 
necessity. More than just a new name, it 
represents a structural and strategic shi�. The 
objec�ve is to enable Portugal to transi�on from 
a predominantly OEM (Original Equipment 
Manufacturer) model to ODM (Original Design 
Manufacturer) and, eventually, OBM (Original 
Brand Manufacturer). In other words, the goal is 
not only to manufacture bicycles but also to 
develop new concepts, technologies, and 
products that will define the future of sustaina-
ble mobility.

The crea�on of BIKINNOV was driven by several 
key factors:
a) Need for Technological Infrastructure - 
Portugal's two-wheel industry had already 
demonstrated strong produc�on capabili�es but 
lacked dedicated research and development 
centers. BIKINNOV addresses this gap by 
establishing state-of-the-art laboratories to test 
new materials, industrial processes, and 
emerging technologies.
b) Focus on Sustainability and Digitaliza�on - 
The sector faces challenges such as transi�oning 
to more sustainable materials and integra�ng 
digitaliza�on into the produc�on chain. 
BIKINNOV is structured with a cross-cu�ng 
approach, ensuring that innova�on and 
environmental responsibility go hand in hand.
c) Capacity Building and Knowledge Transfer - 
The new center acts as a catalyst for knowledge, 
promo�ng the training of highly skilled human 
resources and facilita�ng technological transfer 
between universi�es, research centers, and the 
industry.
d) Strengthening Interna�onal Presence - With 
the support of interna�onal networks, 
BIKINNOV posi�ons itself as a global player in 
two-wheel mobility innova�on, integra�ng 
strategic partnerships and contribu�ng to the 
defini�on of interna�onal technical standards.

BIKINNOV was born from the industry itself, 
resul�ng from the union of 35 founding 
companies, later joined by 16 addi�onal en��es, 
bringing the total to 51 members. This ini�a�ve 
arose from the collec�ve efforts of companies in 
the sector that, recognizing the importance of 
innova�on and technological development, 
sought support from the Portuguese Cycling 
Federa�on, technology centers, educa�onal and 
research ins�tu�ons, industry associa�ons, and 
municipal councils. With such a diverse 
membership base, BIKINNOV has become a 
solid and representa�ve ecosystem, fostering 
coopera�on between business and non-
business en��es and consolida�ng an 
environment conducive to the sustainable 

growth of Portugal's bicycle industry.

THE TRANSFORMATION OF THE 
NATIONAL INDUSTRY
The significance of BIKINNOV goes beyond 
technological innova�on; it represents a para-
digm shi� in the posi�oning of the na�onal 
industry, transi�oning from a subcontrac�ng 
role to a leadership posi�on in the design and 
development of new solu�ons. This transi�on 

_does not occur in isola�on  it requires the 
mobiliza�on of resources, strategic financing, 
and a cultural shi� within companies, fostering 
the recogni�on of Research and Development 
(R&D) as a key value driver.

Portugal has been establishing itself as a country 
with unique exper�se in the sector, a result of 
decades of specializa�on. However, global 
compe��on necessitates the con�nuous 
enhancement of both produc�on and techno-
logical capabili�es. BIKINNOV aligns with this 
dynamic by providing na�onal companies with 
access to cu�ng-edge infrastructure and 
fron�er knowledge, ensuring that Portugal 
remains compe��ve in a rapidly evolving 
industry.

Furthermore, BIKINNOV promotes collabora�on 
across different industrial sectors, fostering 
synergies between the mobility industry, 
advanced materials, digitaliza�on, and ar�ficial 
intelligence. This integrated approach will 
enable the development of innova�ve solu�ons 
that address the demands of future mobility.

ELECTRIFICATION OF MOBILITY AND 
ITS IMPACT ON THE TWO-WHEEL 
SECTOR
The electrifica�on of mobility is one of the most 
significant transforma�ons in the transport 
sector, driven by the need to reduce emissions, 
improve energy efficiency, and meet new urban 
demands. The growth of electric mobility has 
been supported by stricter environmental 
regula�ons, technological advancements in 
energy storage, and government incen�ves 
favoring more sustainable transport solu�ons. In 
the two-wheel sector, this evolu�on is 
redefining the concept of mobility and 
posi�oning Portugal as a hub for innova�on and 
development.

Urban challenges such as conges�on, pollu�on, 
and fossil fuel dependency are increasingly 
pressing issues. Electric bicycles (e-bikes) have 
emerged as an efficient alterna�ve, enabling fast 
and accessible travel with a reduced environ-
mental impact. According to a Deloi�e study 
commissioned by BIKINNOV, e-Cargo Bikes 

could replace up to 50% of short-distance 
commercial trips, promo�ng more efficient 
urban logis�cs. This trend reflects a structural 
shi� in mobility pa�erns, where electrifica�on is 
becoming essen�al for a more sustainable 
transporta�on model.

Several factors are driving this change. Public 
policies have been a key catalyst, offering 
subsidies and tax incen�ves for the purchase of 
electric bicycles. At the same �me, the expan-
sion of dedicated cycling infrastructure and 
charging sta�ons has facilitated the integra�on 
of e-bikes into urban ecosystems. Changing 
consumer habits have also contributed to this 
growth, with increased adop�on of shared and 
flexible mobility solu�ons, reflec�ng a growing 
commitment to sustainability and transport 
efficiency.

Technological innova�on has been a crucial 
factor in the adop�on of electric bicycles. 
Advances in lithium-ion ba�eries have 
significantly increased range and reduced 
charging �mes, making these vehicles more 
compe��ve. Addi�onally, digitaliza�on and 
connec�vity have enhanced the user experien-
ce, with IoT sensors enabling real-�me moni-
toring of bicycle performance and pre-dic�ve 
maintenance. These improvements have led to 
the diversifica�on of business models, driven by 
the increasing adop�on of electrifica�on.

The two-wheel sector has witnessed a rise in 
electric bicycles for shared mobility and urban 
logis�cs. Last-mile delivery companies have 
heavily invested in e-Cargo Bike fleets, leve-
raging their efficiency, low opera�onal costs, and 
environmental advantages to op�mize delivery 
services. According to Deloi�e forecasts, the 
global e-Cargo Bike market is expected to grow 
by 7.6% annually un�l 2030, with Europe 
accoun�ng for 34% of this market. Portugal, with 
its strong industrial cluster, has a strategic 
opportunity to posi�on itself as a key player in 
this expanding sector.

Despite the opportuni�es generated by electri-
fica�on, certain challenges remain. Suppor�ng 
infrastructure is s�ll insufficient, with a need for 
more charging points and adapted cycling lanes. 
Regulatory frameworks also pose an obstacle, as 
the lack of uniform standards for e-Cargo Bikes 
can hinder their integra�on into urban eco-
systems. Another challenge is the high ini�al 
purchase cost, which, despite long-term bene-
fits, remains a barrier for many consumers and 
businesses.

BIKINNOV plays a key role in this transforma�on, 

ac�ng as a driver of innova�on in the two-wheel 
sector. The center focuses on Research and 
Development (R&D), fostering collabora�on 
between industry, universi�es, and research 
centers to develop more efficient and compe-
��ve products. Moreover, its efforts to interna-
�onalize the Portuguese industry contribute to 
consolida�ng the country's posi�on as a 
European leader in sustainable mobility.

Electrifica�on of mobility is not just a trend, but 
a necessity in addressing environmental and 
urban challenges of the 21st century. Portugal 
has the opportunity to leverage its exper�se in 
the two-wheel sector and strengthen its posi�on 
in the transi�on towards more efficient, 
accessible, and eco-friendly mobility. The 
success of this transforma�on will depend on 
con�nued investment in innova�on, infra-
structure, and public policies that encourage the 
adop�on of electric and sustainable solu�ons. If 
these condi�ons are met, Portugal can establish 
itself as a global reference in electric and 
sustainable mobility, securing a compe��ve 
posi�on in a rapidly evolving global market.

THE FUTURE OF SUSTAINABLE 
MOBILITY
Sustainable mobility has become a central 
theme in urban and environmental develop-
ment policies. The European Union has set 
ambi�ous targets for reducing the carbon 
footprint and transi�oning to more eco-friendly 
transport solu�ons. In this context, the bicycle 
plays a strategic role, not only as an efficient 
means of transporta�on but also as a viable 
solu�on to urban mobility challenges.

The rise of electric bicycles (e-bikes) exemplifies 
the sector's evolu�on and its ability to adapt to 
new consumer demands. The integra�on of 
smart technologies, such as performance sen-
sors, connec�vity, and energy op�miza�on, 
reinforces the importance of digitaliza�on in 
mobility. BIKINNOV posi�ons itself as a driving 
force behind these transforma�ons, suppor�ng 
research and the implementa�on of new solu-
�ons that make bicycles increasingly efficient 
and seamlessly integrated into urban ecosy-
stems.

CONCLUSION: A NEW CHAPTER FOR 
THE PORTUGUESE INDUSTRY
The transi�on from Portugal Bike Value to 
BIKINNOV represents the maturity of the sector. 
The path forward is now clear: inves�ng in R&D, 
strengthening companies' capacity to develop 
proprietary products, and consolida�ng Portugal 
as a center of excellence in sustainable mobility 
innova�on.



152 153

SOCIEDADE
PORTUGUESA de
MATERIAIS

SOCIEDADE
PORTUGUESA de
MATERIAIS

If Portugal Bike Value demonstrated to the world 
that Portugal is a leader in bicycle manufactu-
ring, BIKiNNOV is here to prove that this success 
can be expanded through innova�on, ensuring a 
future where the country not only follows 
industry trends but also defines them. The 
revolu�on of Portugal's two-wheel industry has 

_already begun  and BIKiNNOV is at the heart of 
this transforma�on.

The challenge now is to ensure that this tran-
si�on is supported by an ecosystem conducive 
to innova�on. This requires:

· Strengthening collabora�on between compa-
nies and academic ins�tu�ons,

· Public policies that encourage research and de-
velopment, and

· A con�nuous commitment to excellence.

If these condi�ons are met, Portugal will not 
only maintain its leadership posi�on in bicycle 
produc�on but also establish itself as a global 
benchmark for innova�on in sustainable 
mobility.

The Portuguese Two-Wheeler 
Industry: A Cornerstone of 
Europe's Mobility Future
The European two-wheeler sector has undergone a significant transforma�on over the past decade, 
driven by the demand for sustainable transport solu�ons, technological innova�on, and changing 
consumer preferences. At the heart of this evolu�on lies Portugal, an increasingly vital player in the 
produc�on, assembly, and export of bicycles, e-bikes, and motorcycles within Europe.

PORTUGAL'S ROLE IN THE EUROPEAN TWO-WHEEL MARKET
Portugal has established itself as a manufacturing powerhouse in the European two-wheeler industry, 
par�cularly in the cycling segment. Portugal is the largest producer of bicycles in the European Union, a 
status achieved through strategic investments in produc�on capacity, automa�on, and sustainable 
manufacturing processes.

The country's success can be a�ributed to its robust industrial base, skilled workforce, and commitment 
to innova�on. The Agueda region, o�en referred to as the "Bike Valley" of Europe, has become a hub for 
two-wheeler produc�on, housing major industry players and fostering a dynamic ecosystem of suppliers, 
component manufacturers, and research ins�tu�ons.

The Portuguese two-wheeler industry is not only mee�ng domes�c demand but also playing a crucial 
role in strengthening Europe's supply chain. With increasing concerns over global supply chain disrup�-
ons, Portugal's capacity to produce high-quality two-wheelers domes�cally has provided brands with a 
reliable alterna�ve.

INNOVATION AND SUSTAINABILITY: DRIVING THE INDUSTRY FORWARD
Innova�on is central to Portugal's success in the two-wheeler sector. The industry is embracing new 
technologies, from lightweight materials to the new innova�on tes�ng centre BIKiNNOV and modern 
machineries in industrial processes. The integra�on of these innova�ons has enabled Portuguese 
manufacturers to compete on a global scale while contribu�ng to Europe's push for sustainable mobility 
solu�ons.
Sustainability is another key pillar of Portugal's two-wheeler industry. Many manufacturers have adopted 
eco-friendly produc�on processes, including the use of recycled materials, energy-efficient facili�es, and 
reduced carbon footprints. This aligns with the European Union's Green Deal objec�ves and strengthens 
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the industry's appeal among environmentally 
conscious consumers.

Furthermore, the growth of the electric bicycle 
market has been a game-changer for Portugal's 
two-wheeler industry. E-bikes have surged in 
popularity across Europe as consumers seek 
convenient, low-emission transport op�ons. 
Portuguese manufacturers have been quick to 
adapt to this trend, inves�ng in the development 
and produc�on of electric bicycles.

THE ROLE OF CONEBI IN SUPPORTING 
THE SECTOR
The Confedera�on of the European Bicycle 
Industry (CONEBI) has played a role in suppor-
�ng and advoca�ng for the growth of the cycling 
sector in Europe. As a key Industry associa�on, 
CONEBI works to ensure that policies and 
regula�ons are conducive to the development of 
the industry, promo�ng investments in sustaina-
ble mobility and manufacturing.

Portugal benefits from CONEBI's efforts in 
several ways. Firstly, the organiza�on's advocacy 
for pro-cycling policies at the European level has 
helped drive demand for bicycles and e-bikes, 
directly boos�ng the Portuguese industry. Se-
condly, CONEBI facilitates collabora�on between 
different stakeholders, including manufacturers, 
policymakers, and research ins�tu�ons, crea�ng 
opportuni�es for knowledge-sharing and 
industry growth.

At the EU level, moreover, fair trade policies that 
protect European manufacturers from unfair 
compe��on and market distor�ons have been 
crucial in ensuring that Portuguese producers 
can thrive in an increasingly compe��ve global 
market.

The Crucial Role of EU Regula�ons
CONEBI is ac�vely involved in advoca�ng for EU 
regula�ons that have a considerable impact on 
the cycling industry. Some of the key areas of 
regulatory focus include:

· Personal Mobility Devices (PMD) and Safety 
Regula�ons: To ensure consumer confidence, 
CONEBI is working on safety requirements 
across EU member states, reducing the risk of 
unsafe products flooding the market. More-
over, with the rise of electric e-kick steps and 
other personal mobility devices, CONEBI is 
working to ensure clear and fair regula�ons 
that support innova�on while priori�zing 
safety and sustainability, marking a substan�al 
cleavage between Pedal Assist E-Bikes and 
passive mobility, open thro�le vehicles and 
devices.  Finally, 

· Ba�ery Regula�ons: Given the growing impor-
tance of e-bikes, ba�ery safety, recycling, and 
environmental impact are major topics. 

CONEBI is advoca�ng for EU requirements that 
are industrially feasible and appropriate in 
terms of consumer-safety. 

· Ecodesign Forum: Sustainable product design 
is crucial for the future of the industry. 
CONEBI's involvement in the Ecodesign Forum 
aims at ensuring that bicycles, e-bikes, parts & 
accessories will have the right framework 
requirements to comply with European sustai-
nability goals, promo�ng durability, reparabi-
lity, and lower environmental impact. 

  These regula�ons not only enhance the sus-
tainability of the industry but also strengthen 
Portugal's posi�on as a leading manufacturer 
within Europe by ensuring that produc�on 
aligns with high environmental and safety 
standards.

CHALLENGES AND FUTURE OUTLOOK
Despite its impressive growth, the Portuguese 
two-wheeler industry faces challenges that must 
be addressed to maintain its upward trajectory. 
Rising interna�onal raw material costs, for 
example, are a possible obstacle to the indus-
try's long-term full growth.

Addi�onally, while Portugal's industrial capabi-
li�es are strong, further investment in research 
and development will be crucial to maintaining 
its compe��ve edge. Strengthening collabora�-
on between the industry and academic ins�tu-
�ons could foster more technological breakt-
hroughs and enhance produc�on efficiency.

Looking ahead, Portugal is well-posi�oned to 
play an even greater role in shaping the future of 
Europe's two-wheeler sector. By con�nuing to 
innovate, inves�ng in sustainability, and 
leveraging support from organiza�ons like 
CONEBI, Portugal can solidify its reputa�on as a 
key player in the global mobility revolu�on.

CONCLUSION
The Portuguese two-wheeler industry has 
become an integral part of Europe's mobility 
landscape, contribu�ng significantly to econo-
mic growth, technological advancement, and 
sustainability efforts. As demand for bicycles and 
e-bikes con�nues to rise, Portugal's role in 
mee�ng this demand is more relevant than ever.
With con�nued support from industry asso-
cia�ons like CONEBI and a commitment to 
innova�on and sustainability, Portugal is not 
only securing its place as a leading manufacturer 
but also shaping the future of two-wheeled 
mobility in Europe and beyond.

Former CONEBI President
Massimo Panzeri

interview
pedro araújo
by isabel
moreira

OPINION
ARTICLES

"AM2R will transform the 
  two-wheel sector and 
  establish Portugal as a 
  leader in sustainable 
  mobility

Pedro Araújo, CEO of Polisport Plás�cos S.A., leader of the AM2R consor�um, reveals the ambi�ous 

objec�ves of the Mobilizing Agenda for Business Innova�on in the Two-Wheel Sector (AM2R). The 

ini�a�ve aims to drive innova�on, promote sustainable mobility, and make Portugal a center of 

excellence in the produc�on of bicycles and electric motorcycles, with a focus on crea�ng skilled jobs 

and enhancing industrial autonomy. With 65 new products and a projected turnover of 336 million 

euros by 2027, AM2R is shaping the future of the two-wheel sector in Portugal.

What are the main objec�ves of AM2R, and how does the agenda aim to transform the two-wheel 
sector in Portugal?
The main objec�ve of AM2R is to drive innova�on in the two-wheel sector in Portugal. To achieve this, we 
are developing 65 new products, including bicycles and electric motorcycles, promo�ng sustainable 
mobility by replacing tradi�onal delivery vehicles and reducing CO₂ emissions, noise, and urban 
conges�on.
We aim to empower the na�onal industry to produce all the necessary components, ensuring the 
country's industrial autonomy, crea�ng the first 100% Portuguese bicycle, and reducing dependence on 
the Asian market.
Addi�onally, we are strengthening the connec�on between businesses and the scien�fic-technological 
system, fostering research and development to increase the sector's compe��veness and resilience.

How did Polisport Plás�cos become the leader of the AM2R 
consor�um?

Polisport Plás�cos was chosen to lead the AM2R 
consor�um due to its leadership posi�on and uniqueness 

in the two-wheel sector. With 46 years of market 
experience, a solid interna�onal presence, and a 

con�nuous commitment to innova�on, the Polisport Group 
has a solid founda�on and significant strength in this sector.

The company is capable of coordina�ng the efforts of the 
efforts of 42 co-promoters, including 34 companies, 8 en��es 

from the Scien�fic and Technological System and an 
Associa�on, thanks to its ability to integrate and drive 

strategic partnerships.
With a unique business model, Polisport plays a crucial 

role in the two-wheel cluster. Its broad business 
scope, combined with the group's solidity and the 
por�olio of 'Made in Europe' brands, reinforces its 
posi�on as a leader and reference in this market.

PEDRO ARAÚJO 
CEO of Polisport Plás�cos S.A.
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What have been the main challenges and responsibili�es of leading such a diverse consor�um?

The main challenges and responsibili�es of leading such a diverse consor�um mainly involve defending 

the common objec�ves of the Agenda, ensuring that the individual needs of each member, including 

IAPMEI and government en��es, are respected. This requires con�nuous coordina�on and effec�ve 

communica�on, with the responsibility to maintain cohesion among all par�es involved while keeping the 

focus on achieving the objec�ves and deadlines.

Effec�ve management of collabora�on between mul�ple en��es, each with its own organiza�onal 

culture and objec�ves, requires systema�c effort and dedica�on, especially from the Execu�ve 

Commi�ee of the Agenda. In this context, ABIMOTA and its team play a fundamental role in strategic 

coordina�on, facilita�ng communica�on, and ensuring that collabora�on between par�cipants occurs 

efficiently and aligned with the consor�um's objec�ves. Clear communica�on and knowledge sharing are 

crucial factors for the success of the ini�a�ve.

MAIN EXPECTED RESULTS OF AM2R 
What are the main expected results of AM2R by 2026?

The main expected results of AM2R by 2026 include the comple�on and launch of 65 new products, such 

as accessories, bicycles, electric motorcycles, and cargo bikes, with the aim of revolu�onizing individual, 

family, and service mobility.

Addi�onally, it is expected that 1,114 jobs will be created, of which 238 are high-skilled posi�ons, helping 

retain talent in Portugal.

The consor�um also aims to achieve a turnover of 336 million euros, with an export rate of 73%, 

corresponding to 245.28 million euros in interna�onal sales.

How do you assess the collabora�on between the consor�um companies and the Non-business 

En��es of the Research and Innova�on System ?

The collabora�on between the consor�um companies and the Non-business En��es of the Research and 

Innova�on System has been very posi�ve, crea�ng important synergies and promo�ng knowledge 

sharing. This collabora�on has driven innova�on, resul�ng in advanced and compe��ve solu�ons for the 

market.

The interac�on between the par�es has strengthened the ability to respond to sector demands, especially 

in global trends for sustainable mobility. Moreover, it allows for the capture and reten�on of talent from 

universi�es for the two-wheel industry, providing an excellent opportunity to bridge that gap.

It is crucial that companies, industries, and universi�es grow closer, with internships, consul�ng, and 

systema�c collabora�on-not isolated and occasional. This flexibility and proximity are essen�al for the 

con�nuous success of the sector.

How would you assess the "Sustainable Mobility Future, from Portugal to the World" technical-

scien�fic conference, held on December 10-11, at the Leixões Cruise Terminal?

The technical-scien�fic conference was a great success. The event was highly a�ended, bringing together 

experts, researchers, and professionals from the sector, crea�ng a dynamic and comprehensive space to 

discuss the challenges and opportuni�es in sustainable mobility.

The presence of people genuinely interested in the topics elevated the quality of the debates, highligh�ng 

the importance of technological innova�on and environmental sustainability as drivers of development.

During the conference, the latest innova�ons and ongoing projects were presented, reinforcing Portugal's 

role as a leader in sustainable mobility, making it a key moment on the agenda.

How important is this collabora�on between companies and scien�fic en��es for driving innova�on 

and advancing the development of the sector?

Collabora�on between companies and scien�fic en��es is essen�al for developing innova�ve solu�ons 

that address real market needs. This partnership allows for the sharing of resources, knowledge, and 

experiences, accelera�ng the innova�on process and strengthening both the sector's and the country's 

compe��veness.

Crea�ng business synergies and strengthening clusters, like Portugal Bike Value, is crucial to maintain and 

expand Portugal's leadership in bicycle produc�on. However, it is essen�al to highlight the importance of 

this brand, as well as the valuable contribu�on of ini�a�ves like ABIMOTA and the BIKiNNOV Lab. These 

ini�a�ves, which involve academia, technical exper�se, and research, are fundamental for posi�oning 

the sector as an interna�onal benchmark.

KEY RESULTS EXPECTED FROM AM2R BY 2025
What are your expecta�ons for the future of the two-wheeler sector in Portugal once the AM2R 

project is completed?

Our expecta�ons are very posi�ve. We believe that the country will establish itself as a leader in the 

produc�on of accessories, bicycles, and electric motorcycles, with a complete and independent value 

chain, reinforcing 'Made in Europe' and promo�ng the decentraliza�on of Asian produc�on.

We also expect a significant increase in exports, which will further solidify Portugal's presence in 

interna�onal markets. Addi�onally, we are confident that the con�nued collabora�on between 

companies and scien�fic en��es will remain and be strengthened, which is essen�al for promo�ng a 

culture of constant innova�on in the sector. One of the main goals is to retain qualified resources in 

Portugal, preven�ng early migra�on abroad.

This project is strategic for the country, crea�ng skilled jobs, promo�ng innova�on, and strengthening 

Portugal's leadership posi�on in the sector.
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"AM2R will position Portugal 
  as a center of excellence in 
  the two-wheel sector" 

Gil Nadais, Secretary-General of ABIMOTA, outlines the objec�ves and challenges of the Mobilizing 

Agenda for the Two-Wheel Sector (AM2R), emphasizing the importance of innova�on and sustainabi-

lity to transform Portugal into a global leader and reduce dependency on the Asian market. 

What are the main objec�ves of the Mobilizing Agenda for the Two-Wheel Sector (AM2R), and how is 
the Na�onal Associa�on of Two-Wheel Industries, Hardware, Furniture, and Related Ac�vi�es 
(ABIMOTA) contribu�ng to achieving them? 
The AM2R's central objec�ves are to transform the na�onal produc�on profile, establish a new 
specializa�on alignment in the two-wheeled sector, and increase the compe��veness of Portuguese 
companies. ABIMOTA is responsible for the interna�onal promo�on of the consor�um and, 
simultaneously, for coordina�ng AM2R by delega�on of powers and func�ons from the consor�um 
leader. 
 
What is ABIMOTA's role as the coordinator of AM2R? 
As men�oned, ABIMOTA coordinates AM2R by delega�on of powers, ensuring the effec�ve 
implementa�on of the agenda's objec�ves. Our mission is to guarantee that AM2R's goals, which aim to 
consolidate the connec�on between the business fabric and the scien�fic-technological system, are fully 
achieved. We drive innova�on through R&D projects, facilita�ng the crea�on of disrup�ve solu�ons, and 
ensuring that innova�ons are rapidly valued and industrialized, strengthening the sector's 
compe��veness and promo�ng the interna�onaliza�on of their solu�ons. 
 
What are the main challenges ABIMOTA has faced in coordina�ng AM2R? 
Coordina�ng AM2R involves significant challenges due to the large number of partners. The biggest 
challenge has been coordina�ng partners from different areas of ac�vity and interests, which requires 
constant communica�on and rigorous management. Addi�onally, ensuring the mee�ng of deadlines and 
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simultaneously, for coordina�ng AM2R by delega�on of powers and func�ons from the consor�um 
leader. 
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efficient use of financial resources, given the complexity of technological innova�ons, is an ongoing 
challenge. Another obstacle is the limita�on on direct commercial rela�onships between consor�um 
members, which, while necessary to avoid conflicts of interest, may hinder the spirit of quick and direct 
collabora�on, which is essen�al for the development of innova�ve solu�ons. However, ABIMOTA has 
managed to overcome these challenges through disciplined management and the commitment of 
partners who are aligned with the Agenda's objec�ves. 
 

OPPORTUNITIES AND ECONOMIC IMPACT OF AM2R 

What are the biggest opportuni�es the Agenda offers for the two-wheeler sector in Portugal? 
AM2R provides a unique opportunity to posi�on Portugal as a center of excellence in the two-wheeler 
sector by crea�ng an innova�on ecosystem based on disrup�ve products, processes, and services. The 
Agenda aims not only to increase the interna�onal compe��veness of the sector but also to reduce 
dependence on the Asian market. Focusing on sustainability, digitaliza�on, and innova�on, AM2R 
strengthens Portugal's posi�on in the global market and drives the sector's development both na�onally 
and interna�onally. 
 
What is the expected impact of AM2R on the regional and na�onal economy? 
AM2R is expected to generate a business volume of 336 million euros by 2027, with an export rate of 73%. 
This growth will reflect the enormous interna�onaliza�on poten�al of the solu�ons developed, while also 
contribu�ng to increasing compe��veness and reducing dependence on imports, especially from Asia. 
The agenda will also strengthen the sector's capacity and create highly specialized jobs, promo�ng 
economic sustainability within the na�onal business fabric. 
AM2R will further foster the transfer of knowledge and the sector's capacity building, contribu�ng to 
sustainable growth and the crea�on of value within the na�onal business fabric. 
 

JOB CREATION AND SECTOR CAPACITY BUILDING 
 
How is the agenda contribu�ng to job crea�on and skills development in the sector? 
AM2R is having a direct impact on job crea�on by driving new ini�a�ves and expanding the opera�ons of 
companies in the sector. The agenda is also promo�ng skills development by encouraging con�nuous 
training, the crea�on of new curricula, and the sharing of knowledge between companies and 
universi�es. The crea�on of new PPS (Products, Processes, and Services), and the sector's ability to 
produce a 100% Portuguese bicycle, will increase qualifica�ons and specialized employment. The 
development of these innova�ons will allow the industry to reduce dependence on external suppliers and 
increase na�onal capacity, with strong prospects for economic and export growth. 

 
How does the agenda intend to increase exports and reduce dependence on the Asian market? 
AM2R is boos�ng the compe��veness of companies in the two-wheeler sector by developing innova�ve 
solu�ons that meet the needs of the interna�onal market. The crea�on of 65 new PPS has strong export 
poten�al, contribu�ng to market diversifica�on and reducing dependence on Asian suppliers. The 
Agenda aims to promote independence from the Asian market by enabling Portuguese companies to 
produce essen�al components, allowing for the crea�on of a 100% Portuguese bicycle. With an export 
forecast of 73% by 2027, AM2R is strengthening Portugal's posi�on in the global market, posi�oning it as 
a leader in advanced and sustainable solu�ons in the two-wheeler sector. 
 

THE FUTURE OF THE TWO-WHEELER SECTOR IN PORTUGAL 
 
What are your expecta�ons for the two-wheeler sector in Portugal once the AM2R ini�a�ve has been 
fully implemented? 
Once AM2R is completed, the expecta�ons for the future of the two-wheeler sector in Portugal are 

extremely posi�ve. The agenda will provide a solid founda�on of technological innova�on and 
sustainability, enabling companies in the sector to be more compe��ve in the global market. The 
solu�ons developed under AM2R, par�cularly the crea�on of new products, processes, and services, will 
posi�on Portuguese companies with a differen�ated and higher value-added offering. We expect 
substan�al growth in exports, reinforcing the sector's interna�onal presence. Addi�onally, the skills 
development and capacity building driven by AM2R will create qualified jobs, contribu�ng to the 
moderniza�on and strengthening of the na�onal economy. Independence from the Asian market, 
achieved through the na�onal ability to produce all the necessary components for a 100% Portuguese 
bicycle, will be another key milestone, ensuring the sector's autonomy and sustainability. 
 
How does ABIMOTA intend to con�nue suppor�ng innova�on and the development of the two-
wheeler sector in the future? 
ABIMOTA will con�nue to support innova�on and the development of the two-wheeler sector by 
maintaining the crea�on of strategic partnerships with companies, research centers, and academic 
ins�tu�ons as one of its main priori�es. We will strengthen the encouragement of research and 
development (R&D) to ensure that companies in the sector con�nue to innovate and improve their 
processes. Facilita�ng access to funding for innova�ve projects will also be a priority. A clear example of 
our commitment to innova�on is BIKiNNOV - Bike Value Innova�on Center - Associa�on, which aims to 
promote the development of advanced technological solu�ons in the two-wheeler sector. Our mission is 
to con�nually strengthen collabora�on between all stakeholders in the sector, ensuring that companies 
are prepared to face future challenges with a solid founda�on in technology, sustainability, and 
innova�on. 
 

INTERNATIONAL PROMOTION: ABIMOTA'S ROLE ̛
 
What has been ABIMOTA's role in promo�ng the two-wheeler sector in Portugal? 
ABIMOTA has played a strategic role in promo�ng the two-wheeler sector in Portugal. We have 
maintained a constant presence at interna�onal fairs, giving Portuguese companies greater visibility and 
contribu�ng to the sector's global compe��veness. A significant example of this promo�on is Portugal 
Bike Value, an ABIMOTA ini�a�ve aimed at posi�oning Portugal as a center of excellence in produc�on 
and innova�on in the two-wheeler sector. Portugal Bike Value highlights the Portugal brand at 
interna�onal fairs, promo�ng the innova�ve solu�ons of na�onal companies and consolida�ng the 
country's image as a leader in sustainable mobility. This promo�on is crucial to strengthen exports, a�ract 
new investments, and establish strategic partnerships, thus contribu�ng to the growth and 
compe��veness of the sector. 
 
How do you evaluate the impact of the technical-scien�fic conference "The Future of Sustainable 
Mobility: From Portugal to the World," held in December 2024 at the Porto de Leixões Cruise Terminal? 
The conference was a great success and an excellent opportunity to discuss the future of sustainable 
mobility and Portugal's role in this context. We brought together experts, companies, and scien�fic 
ins�tu�ons who shared knowledge, presented innova�ons, and strengthened strategic partnerships. The 
feedback from par�cipants was extremely posi�ve, highligh�ng the relevance of the discussions for the 
advancement of the two-wheeler sector and for posi�oning Portugal as a leader in sustainable mobility 
solu�ons. The conference also facilitated the exchange of experiences and iden�fica�on of new paths for 
the development and interna�onaliza�on of the sector, which will have a direct and posi�ve impact on 
the future of companies and the global compe��veness of the sector. 

"ABIMOTA has played a strategic role in promo�ng the two-wheeled sector, 
with ini�a�ves such as 'Portugal Bike Value,' posi�oning the country 

as a leader in innova�on and sustainable mobility." 

"Extending the execu�on deadline for the mobilizing agendas would be 
essen�al to ensure the full realiza�on of the export poten�al of the 

innova�ons developed." 
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"Once AM2R is completed, Portuguese companies will become more
compe��ve,offering a differen�ated range of products with higher 
added value, which will enhanceour presence in the global market."
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  1. New e-bikes for the high-end segment and cargo bikes on display at the entrance of the Leixões Cruise Terminal building. 
  2. The conference secretariat was efficiently managed by the students of Escola Superior de Tecnologia e Gestão de Águeda (ESTGA)'s 
      Secretarial and Business Communica�on course.
  3. Distribu�on of AM2R tote bags to par�cipants. 
  4. Par�cipants had the opportunity to explore the various prototypes developed within the framework of the Agenda. 
  5. The exhibited products and services captured the interest of the par�cipants. 
  6. Bicycle nipples for spokes, which will be produced for the first �me in Portugal. 
  7. The conference introduced new products developed by consor�um members. 
  8. Pedro Araújo from Polisport Plás�cos, leader of the AM2R Consor�um, at the opening of the conference. 
  9. Gil Nadais from ABIMOTA presented AM2R. 
10. Ana Reis from INEGI shared the key figures and results related to Research and Development (R&D) within the Agenda. 
11. "This is one of the agendas whose success is already recognized by many," stated the Secretary of State for Planning and Regional 
      Development, Hélder Reis, at the opening of the conference. 
13. Frames for e-cargo bikes & long tail e-bikes, and full-suspension carbon e-bike frames for high-end models.

14. SAFOOS, a low-energy ligh�ng and sensor system for micromobility vehicle infrastructures, was also highlighted.
15. New tools for manufacturing two-wheeled vehicle chains.
16. Recycled aluminum.
17. Full-suspension carbon e-bike frames for high-end models captured the interest of INEGI par�cipants.
18. IoT module for Bikesharing & fleet management & vehicle communica�on, bikesharing pla�orm, and "Long John" cargo bike 
      on display.
19. Gil Nadais, Pedro Araújo, and Secretary of State Hélder Reis, during the visit to the prototypes' exhibi�on.
20. Gil Nadais, Secretary of State Hélder Reis, Miguel Cruz from ESAN (UA), and João Vidal from LIGHTMOBIE.
21. Maria Bike was exhibi�ed in the Conference.
22. Marta Midão from CeNTI presents the work developed to Secretary of State Hélder Reis.
23. Inês Matos describes the developments in ba�ery technology.
24. Jorge Laranjeira (DURIT), Gil Nadais, and Hélder Reis.
25. New products by HYDRO.
26. Pedro Sá presented the PPS of POLINTER.
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27. PPS from POLISPORT PLÁSTICOS.
28. Isabel Gomes from SRAMPORT with the PPS "New Transmission Components for Bicycles".
29. PPS "Motor Bracket - light electric mobility".
30. Par�cipants had the opportunity to learn about the products and services being developed in AM2R.
31. Detail of the "Long John" cargo bike. 
32. New e-bikes for the high-end segment and conven�onal and electric bicycles with new configura�ons.
33. Manuel Marsílio (CONEBI), Gil Nadais (ABIMOTA), Diogo Fula (BATPOWER), and Miguel Araújo (MOBINOV).
34. The event was a�ended by over two hundred par�cipants.
36. Roundtable on Metals and Surface Treatments in the Mobility Sector, moderated by João Paulo Dias from Ins�tuto Pedro Nunes. 
37. Eduardo Bianchi de Aguiar (TRIANGLE'S) and Isabel Gomes (SRAMPORT). 
39. At the end of each panel, par�cipants had the opportunity to ask ques�ons to the speakers.
40. César Cou�nho introduced BIKiNNOV - Bike Value Innova�on Center.
41. Collabora�ve innova�on / perspec�ves and challenges of a technology and innova�on center.
42. Sharing experiences from the user's perspec�ve.
43. Presenta�ons on the theme "Metals and Surface Treatments in the Mobility Sector".

44. Manuel Marsílio, Pedro Araújo, and Eduardo Bianchi de Aguiar.
45. Hubs by RODI.
46. César Cou�nho, represen�ng BIKiNNOV, presented the new facili�es of the CTI.
47. Paulo Alves from EDMTECH on module and pack assembly and BMS development.
48. Various conference speakers presented the technical-scien�fic developments of the Agenda.
49. During coffee breaks, par�cipants were invited to visit the exhibi�on of demonstrators and posters from consor�um en��es.
50. Paula Quinteiro's presenta�on on Life Cycle, in the panel "Sustainability: Challenges and Opportuni�es in the Two-Wheeled Sector".
51. Apresenta�ons on Sustainability.
52. José Baranda Ribeiro from UC on energy efficiency in produc�on processes.
53. Ramon Carvalho presented the status of the development of the Sustainability Framework.
55. Roundtables involved ENESII and companies.
56. The challenges of digi�za�on and logis�cs were the topic of one of the many roundtables.
57. The synergies between ENESII and the industry were one of the many topics discussed.
58. The event organizing team.
59. The poster "Cemented and Nitrided Steels for Bicycle Freehub Gears" was voted the best of the conference.
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Representam importantes Áreas do conhecimento e desenvolvimento em Ciência e Tecnologia de 
Materiais, proporcionando aos membros ações no seio das várias comunidades profissionais 
específicas, reuniões técnico-cien�ficas e recursos, oportunidades de educação, de par�cipação e 
formação de redes e plataformas e divulgação nas respe�vas áreas do conhecimento. 

166

SO
CI

ED
AD

E 
PO

RT
UG

UE
SA

 D
E 

M
AT

ER
IA

IS
peritos   

junte-se a esta lista!

Para mais informações consulte o nosso site:
h�p://www.spmateriais.pt/socios/bolsa-de-peritos

A SPM disponibiliza no seu site uma lista de peritos que pode

consultar se necessitar de apoio, colaboração ou serviço.

• Abílio de Jesus

• Abílio Manuel Pereira da Silva 

• Adriana Cavaco

• Aida Beatriz Vieira Moreira

• Albano Cavaleiro

• Alice Tavares

• André Ferreira Costa Vieira

• Andrei Kholkin

• Andreia Ruivo

• Andreia F. Sousa

• Ana Cabral

• Ana Rosanete Lourenço Reis

• Ana Sofia Figueira Ramos

• António José Vilela Pontes

• António Paulo Cerqueira Duarte

• António Torres Marques

• Artur Jorge dos Santos Mateus

• Bruno Araújo de Almeida

• Carlos Manuel da Fonseca Dias

• Carlos Miguel Marto

• Celeste Pereira 

• Clara Rodrigues Pereira

• Cláudia Lopes

• Cláudia Ranito

• Edmundo Manuel Tavares Marques

• Fernando de Almeida Costa Oliveira

• Frederico Calheiros Maia

• Georgina Miranda

• Guilherme Nuno Carvalho

• Hugo Águas

• Inês Rondão

• João Alexandre Costa Gomes da 

   Peixinha

• João Carlos Velosa Pereira

• João C.C. Abrantes

• João Pedro Nunes Pereira

• João Pedro Oliveira

• João Salvador Fernandes

• Joana Filipa dos Santos Teixeira 

• Jingzhong Xiao

• José Cruz Oliveira

• José David Castro Castro

• José Luís de Sousa Amorim do Vale Quaresma

• José Manuel Antelo

• Jorge Fernando Jordão Coelho

• Jorge Lino Alves

• José Manuel Monteiro da Costa

• José Ramiro Afonso Fernandes

• Luís Gil

• Luís Manuel Lopes de Carvalho

• Maria de Fá�ma Reis Vaz

• Maria do Carmo Henriques Lança

• Mariana Sofia Peixoto Fernandes

• Manuel João Mendes

• Mar�nho Oliveira

• Nuno Ferreira

• Paulo Mourão

• Pedro A.R. Rosa

• Pedro Barquinha

• Pedro Salomé

• Penka Girginova

• Regina Santos

• Rosa Marat Mendes

• Sónia Simões

• Susana França de Sá 

• Teresa Leonor Ribeiro Cardoso Mar�ns 

   Morgado 

• Teresa Monteiro

• Vanessa Cardoso

• Virgínia Infante

• Vitor Sencadas

• Zohra Benzar�

Corrosão e Proteção de Materiais, 
coordenada por Teresa Diaman�no (LNEG) Isabel Tissot (Universidade Nova de Lisboa), 
contempla conhecimento e a a�vidade no domínio da Corrosão e Proteção de Materiais.

Engenharia de Superfícies, 
coordenada por Fábio Ferreira (FCTUC) Cláudia Lopes (TEMA, Universidade de Aveiro), agrega: 
Eletroquímica de Materiais, Tratamentos Térmicos e Engenharia de Super�cies, Tribologia e 
áreas afins Materiais.

Materiais Estruturais, 
coordenada por Ana Reis (FEUP), Rui L. Amaral (INEGI/FEUP), Tiago Silva (INEGI/FEUP), 
tem como principal missão o estudo, desenvolvimento e aplicação de materiais u�lizados em 
estruturas que exigem elevada resistência mecânica, durabilidade e desempenho em condições 
extremas. Estes materiais são fundamentais para setores como a construção civil, indústria 
automóvel, aeroespacial, naval e energé�ca.

Materiais Funcionais, 
coordenada por Diana Gaspar (CENIMAT-UNL) Vítor Sencadas (DEMaC-UA), abrange áreas de 
Nanotecnologias e Biomateriais, Materiais para a Eletrónica, Optoeletrónica e Disposi�vos 
Médicos.

Materiais para a Energia, 
coordenada por Filipe Neves (LNEG) Jennifer Teixeira (INL), agrega: Materiais a serem usados 
em aplicações energé�cas de conversão, armazenamento e para o aumento de eficiência 
energé�ca de vários processos.

Polímeros e Compósitos, 
coordenada por Jorge Coelho (FCTUC), A. Torres Marques (FEUP), J. C. Bordado (IST e UTIS), 
A. Correia Diogo (IST), agrega: termoplás�cos, elastómeros, termoendurecíveis, polímeros 
funcionais e respec�vos sistemas compósitos.

Tecnologia e Processamento de Materiais, 
coordenada por Abílio de Jesus (FEUP), Hélder Puga (UM) e Pedro Rosa (IST) tem como principal 
obje�vo contribuir para a dinamização da inves�gação e disseminação em tecnologias de 
produção de componentes mecânicos num enquadramento de constante evolução dos materiais 
e consideração pela sustentabilidade ambiental e social.

J-SPM, 
coordenada por Inês Prata, Bernardo Ribeiro, João Miranda e Fábio Brandão integra os sócios 
da SPM com menos de 35 anos e tem como principal obje�vo representar os pontos de vista, as 
necessidades e expecta�vas dos sócios jovens.

Comunicação e Divulgação, 
Coordenada por Paula Vilarinho (U Aveiro), conta com a colaboração de Manuela Oliveira e 
Joana Sousa foi criada em julho de 2019, pretende ser o veículo da SPM por excelência, através 
do qual se dará mais voz à área de Materiais.

Materiais e Património Cultural,
Coordenada por João Pedro Veiga e Márcia Vilarigues foi criada na Assembleia Geral da SPM 
de dezembro de 2022, tendo como obje�vo ser um fórum dinâmico na promoção e divulgação 
do conhecimento aa área dos materiais do património cultural. Através da dinamização de 
ações para o público em geral e especializado, assim como para empresas que operam no sector 
e ins�tuições de Ensino que oferecem formação na área, seja através de palestras, workshops, 
conferências, exposições ou no�cias, pretende-se incen�var novos estudos e uma melhor 
compreensão do papel desempenhado pelos materiais no património cultural.



te
cn

ol
og

ia
, m

at
er

ia
is

 e
 d

es
af

io
s

SOCIEDADE
PORTUGUESA de
MATERIAIS

167

SOCIEDADE
PORTUGUESA de
MATERIAIS

SO
CI

ED
AD

E 
PO

RT
UG

UE
SA

 D
E 

M
AT

ER
IA

IS

divisões técnicas
Representam importantes Áreas do conhecimento e desenvolvimento em Ciência e Tecnologia de 
Materiais, proporcionando aos membros ações no seio das várias comunidades profissionais 
específicas, reuniões técnico-cien�ficas e recursos, oportunidades de educação, de par�cipação e 
formação de redes e plataformas e divulgação nas respe�vas áreas do conhecimento. 

166

SO
CI

ED
AD

E 
PO

RT
UG

UE
SA

 D
E 

M
AT

ER
IA

IS

peritos   

junte-se a esta lista!

Para mais informações consulte o nosso site:
h�p://www.spmateriais.pt/socios/bolsa-de-peritos

A SPM disponibiliza no seu site uma lista de peritos que pode

consultar se necessitar de apoio, colaboração ou serviço.

• Abílio de Jesus

• Abílio Manuel Pereira da Silva 

• Adriana Cavaco

• Aida Beatriz Vieira Moreira

• Albano Cavaleiro

• Alice Tavares

• André Ferreira Costa Vieira

• Andrei Kholkin

• Andreia Ruivo

• Andreia F. Sousa

• Ana Cabral

• Ana Rosanete Lourenço Reis

• Ana Sofia Figueira Ramos

• António José Vilela Pontes

• António Paulo Cerqueira Duarte

• António Torres Marques

• Artur Jorge dos Santos Mateus

• Bruno Araújo de Almeida

• Carlos Manuel da Fonseca Dias

• Carlos Miguel Marto

• Celeste Pereira 

• Clara Rodrigues Pereira

• Cláudia Lopes

• Cláudia Ranito

• Edmundo Manuel Tavares Marques

• Fernando de Almeida Costa Oliveira

• Frederico Calheiros Maia

• Georgina Miranda

• Guilherme Nuno Carvalho

• Hugo Águas

• Inês Rondão

• João Alexandre Costa Gomes da 

   Peixinha

• João Carlos Velosa Pereira

• João C.C. Abrantes

• João Pedro Nunes Pereira

• João Pedro Oliveira

• João Salvador Fernandes

• Joana Filipa dos Santos Teixeira 

• Jingzhong Xiao

• José Cruz Oliveira

• José David Castro Castro

• José Luís de Sousa Amorim do Vale Quaresma

• José Manuel Antelo

• Jorge Fernando Jordão Coelho

• Jorge Lino Alves

• José Manuel Monteiro da Costa

• José Ramiro Afonso Fernandes

• Luís Gil

• Luís Manuel Lopes de Carvalho

• Maria de Fá�ma Reis Vaz

• Maria do Carmo Henriques Lança

• Mariana Sofia Peixoto Fernandes

• Manuel João Mendes

• Mar�nho Oliveira

• Nuno Ferreira

• Paulo Mourão

• Pedro A.R. Rosa

• Pedro Barquinha

• Pedro Salomé

• Penka Girginova

• Regina Santos

• Rosa Marat Mendes

• Sónia Simões

• Susana França de Sá 

• Teresa Leonor Ribeiro Cardoso Mar�ns 

   Morgado 

• Teresa Monteiro

• Vanessa Cardoso

• Virgínia Infante

• Vitor Sencadas

• Zohra Benzar�

Corrosão e Proteção de Materiais, 
coordenada por Teresa Diaman�no (LNEG) Isabel Tissot (Universidade Nova de Lisboa), 
contempla conhecimento e a a�vidade no domínio da Corrosão e Proteção de Materiais.

Engenharia de Superfícies, 
coordenada por Fábio Ferreira (FCTUC) Cláudia Lopes (TEMA, Universidade de Aveiro), agrega: 
Eletroquímica de Materiais, Tratamentos Térmicos e Engenharia de Super�cies, Tribologia e 
áreas afins Materiais.

Materiais Estruturais, 
coordenada por Ana Reis (FEUP), Rui L. Amaral (INEGI/FEUP), Tiago Silva (INEGI/FEUP), 
tem como principal missão o estudo, desenvolvimento e aplicação de materiais u�lizados em 
estruturas que exigem elevada resistência mecânica, durabilidade e desempenho em condições 
extremas. Estes materiais são fundamentais para setores como a construção civil, indústria 
automóvel, aeroespacial, naval e energé�ca.

Materiais Funcionais, 
coordenada por Diana Gaspar (CENIMAT-UNL) Vítor Sencadas (DEMaC-UA), abrange áreas de 
Nanotecnologias e Biomateriais, Materiais para a Eletrónica, Optoeletrónica e Disposi�vos 
Médicos.

Materiais para a Energia, 
coordenada por Filipe Neves (LNEG) Jennifer Teixeira (INL), agrega: Materiais a serem usados 
em aplicações energé�cas de conversão, armazenamento e para o aumento de eficiência 
energé�ca de vários processos.

Polímeros e Compósitos, 
coordenada por Jorge Coelho (FCTUC), A. Torres Marques (FEUP), J. C. Bordado (IST e UTIS), 
A. Correia Diogo (IST), agrega: termoplás�cos, elastómeros, termoendurecíveis, polímeros 
funcionais e respec�vos sistemas compósitos.

Tecnologia e Processamento de Materiais, 
coordenada por Abílio de Jesus (FEUP), Hélder Puga (UM) e Pedro Rosa (IST) tem como principal 
obje�vo contribuir para a dinamização da inves�gação e disseminação em tecnologias de 
produção de componentes mecânicos num enquadramento de constante evolução dos materiais 
e consideração pela sustentabilidade ambiental e social.

J-SPM, 
coordenada por Inês Prata, Bernardo Ribeiro, João Miranda e Fábio Brandão integra os sócios 
da SPM com menos de 35 anos e tem como principal obje�vo representar os pontos de vista, as 
necessidades e expecta�vas dos sócios jovens.

Comunicação e Divulgação, 
Coordenada por Paula Vilarinho (U Aveiro), conta com a colaboração de Manuela Oliveira e 
Joana Sousa foi criada em julho de 2019, pretende ser o veículo da SPM por excelência, através 
do qual se dará mais voz à área de Materiais.

Materiais e Património Cultural,
Coordenada por João Pedro Veiga e Márcia Vilarigues foi criada na Assembleia Geral da SPM 
de dezembro de 2022, tendo como obje�vo ser um fórum dinâmico na promoção e divulgação 
do conhecimento aa área dos materiais do património cultural. Através da dinamização de 
ações para o público em geral e especializado, assim como para empresas que operam no sector 
e ins�tuições de Ensino que oferecem formação na área, seja através de palestras, workshops, 
conferências, exposições ou no�cias, pretende-se incen�var novos estudos e uma melhor 
compreensão do papel desempenhado pelos materiais no património cultural.
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DIRECÇÃO DE NAVIOS

DURIT

EUROGALVA

feup

Filsat Equipamentos Médico-Científicos, Lda

Gravimeta-equipamentos para laboratorio,lda

ICTPOL  

ILC - Instrumentos Laboratório e Científicos, LDACENIMAT - UNL  NOVA.ID.FCT
ASSOCIACAO PARA A INOVACAO

AIMMAp

AlmaScience Colab

AMORIM CORK COMPOSITES  

C5Lab - Sustainable Construction Materials Association

CATIM 

CELOPLÁS - PLÁSTICOS P/A INDÚSTRIA, S.A.

CEMMPRE - Universidade de Coimbra

IMMAS
Instituto de Materiais, Manutenção, Ambiente e Segurança

sócios coletivos

CeNTI - Centre for Nanotechnology and Smart Materials

ChemiTek - Quimica Avançada, S.A

CIN - CORPORAÇÃO INDUSTRIAL DO NORTE, S.A.

CIRES

Codeplas - Engª de Peças Plásticas, S.A.

coficab portugal

CTCV  

Dias de Sousa - Instrumentação Analítica e Científica S.A.

INEGI

Inl

instituto superior de engenharia do porto

IPN 

Leica - Aparelhos Ópticos de Precisão, S.A.

Lisnave Estaleiros Navais SA

M A Silva Cortiças Lda  
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sócios coletivos am2r consortium

PLASTIFA - Plásticos Técnicos, Lda

relacre

Repsol Polímeros, Unipessoal, Lda

SMALLMATEK

SRAMPORT

UBI  

ULTRAPRECISÃO LDA  

Universidade de Aveiro/CICECO

Vista Alegre Atlantis SA

PIEP Associação
Pólo de Inovação em Engenharia de Polímeros

M.T.Brandão

MEDBONE

PALBIT,SA

PARALAB, SA  

M E T A L D U R O

SANTIAGO & TAVARES, LDA 
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