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ABSTRACT

In this review article, we explore the integration of swarm robots in CBRN (Chemical, Biological,
Radiological, and Nuclear) decontamination processes. Swarm robots, known for their collaborative
and decentralized nature, hold promise in improving the efficiency and safety of decontamination
operations. The paper provides an overview of swarm robots and CBRN decontamination,
highlighting the challenges and requirements associated with this critical task. We delve into the
specific applications of swarm robots in CBRN decontamination, discussing their design
considerations, operational aspects, and the advantages they bring to the process. To evaluate the
efficacy of swarm robot systems, we present real-world case studies encompassing various scenarios.
Furthermore, we address the remaining challenges in this field and explore future directions by
identifying emerging technologies and techniques. Our research aims to contribute to the existing
knowledge base, fostering a deeper understanding of swarm robot based CBRN decontamination and
inspiring further advancements in this evolving domain.

Keywords: Swarm Robots, CBRN Decontamination, Collaborative Robotics, Decentralized Control,
Hazardous Materials, Efficiency, Safety.

1. Introduction

In recent years, there have been remarkable advancements in the fields of robotics and decontamination,
leading to innovative approaches for tackling complex challenges. One such approach involves the
utilization of swarm robots in CBRN (Chemical, Biological, Radiological, and Nuclear) decontamination.
Swarm robots are a form of robotic systems that operate collaboratively in large numbers, exhibiting
collective intelligence and decentralized control. They have the potential to revolutionize various domains
by offering enhanced capabilities and efficiency in performing tasks [1].

CBRN decontamination refers to the process of removing, neutralizing, or mitigating chemical,
biological, radiological, or nuclear contaminants from affected areas, equipment, or individuals. It is a
critical operation that requires careful planning, efficient execution, and minimal risk to human personnel.
Traditional decontamination methods often face limitations in terms of time, effectiveness, and safety.
This is where swarm robots come into play, offering a promising solution to address these challenges [2].

The primary objective of this paper is to delve into the concept of swarm robots in the context of CBRN
decontamination. By leveraging the collective intelligence and distributed nature of swarm robot systems,
it becomes possible to enhance the speed, accuracy, and safety of decontamination operations. We aim to
explore the fundamental concepts of swarm robots and their characteristics, followed by providing an
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overview of CBRN decontamination, the associated challenges, and the requirements it entails.
Furthermore, we will examine the specific applications of swarm robots in CBRN decontamination,
highlighting the tasks they can perform and the benefits they bring to the process. We will discuss the
design considerations and operational aspects of swarm robots, focusing on their communication,
coordination, sensing, detection, and mobility capabilities necessary for effective decontamination. To
provide a comprehensive understanding, we will present and analyze case studies of real-world
applications where swarm robots have been employed in CBRN decontamination. Through evaluating
these case studies, we can gain insights into the effectiveness and efficiency of swarm robot systems in
different scenarios. Finally, we will discuss the remaining challenges in swarm robot based CBRN
decontamination and explore future directions for advancements in the field. By identifying emerging
technologies and techniques, we can anticipate the potential impact of swarm robots in improving the
effectiveness and safety of CBRN decontamination operations.

In summary, this paper aims to contribute to the existing knowledge base by examining the integration of
swarm robots in CBRN decontamination processes. The insights gained from this analysis will not only
highlight the benefits of swarm robots in handling hazardous materials but also pave the way for further
research and development in this exciting area of robotics and decontamination [3].

2. Swarm Robots: Concepts and Characteristics

Swarm robots represent a unique paradigm in robotics, where a collective of individual robots work
together to accomplish tasks through decentralized control and coordination. Understanding the concepts
and characteristics of swarm robots is crucial for comprehending their application in CBRN
decontamination scenarios. A swarm robot system consists of multiple autonomous robots, referred to as
agents, which communicate and cooperate with one another to achieve a common objective. These robots
are typically small in size and possess limited capabilities individually, but their strength lies in their
collective behavior and emergent intelligence [3,4].

Key components of swarm robot systems include communication mechanisms, sensing capabilities,
decision-making algorithms, and mobility mechanisms. Communication allows the robots to exchange
information, share data, and coordinate their actions in a distributed manner. Sensing capabilities enable
swarm robots to perceive the environment, detect CBRN agents, and gather relevant information for
decision-making. Decision-making algorithms govern the behavior of individual robots, allowing them
to respond to changes in the environment and adapt their actions accordingly. Mobility mechanisms enable
swarm robots to navigate through complex and hazardous environments, reaching target locations for
decontamination operations [5].

Swarm robots exhibit several characteristics that make them suitable for CBRN decontamination
applications. Firstly, their decentralized control and coordination enable them to adapt to dynamic and
uncertain situations. Swarm robots can continue functioning effectively even if some robots in the system
are damaged or disabled. Secondly, swarm robots can operate in parallel, allowing for efficient coverage
of large areas and expedited decontamination processes. Additionally, swarm robots can exhibit emergent
collective behavior, where the interactions between individual robots give rise to complex and intelligent
group behavior. This emergent behavior can lead to self-organization, self-repair, and fault tolerance
within the swarm robot system. Moreover, swarm robots offer scalability, as the number of robots in the
swarm can be ecasily adjusted to match the scale of the decontamination task. They also provide
redundancy, ensuring that multiple robots can perform the same task, enhancing reliability and fault
tolerance. Furthermore, swarm robots can be equipped with diverse sensing modalities, enabling them to
detect various types of CBRN agents and assess the contamination levels in different areas. Overall,
swarm robots possess unique concepts and characteristics that make them well-suited for CBRN
decontamination. Their decentralized control, coordination, scalability, emergent behavior, and diverse
sensing capabilities enable them to overcome the challenges associated with decontamination operations.
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Understanding these concepts and characteristics is crucial for harnessing the full potential of swarm
robots in addressing CBRN threats effectively and efficiently [6,7].

3. CBRN Decontamination: Challenges and Requirements

CBRN decontamination involves the mitigation of chemical, biological, radiological, and nuclear
contaminants from affected areas, equipment, or individuals. It is a complex and demanding process due
to the hazardous nature of CBRN agents and the critical need to ensure the safety of both decontamination
personnel and the surrounding environment. Understanding the challenges and requirements associated
with CBRN decontamination is essential for evaluating the role of swarm robots in this domain [8,9].

CBRN agents pose significant risks to human health and the environment. Chemical agents can cause
severe burns, respiratory distress, and systemic toxicity. Biological agents can lead to infectious diseases
and rapid spread among individuals. Radiological agents can emit harmful ionizing radiation, causing
acute and long-term health effects. Nuclear agents can cause devastating explosions and release
radioactive materials. Decontamination operations must consider these hazards and implement measures
to protect personnel and minimize the spread of contamination. CBRN decontamination often takes place
in complex and challenging environments, such as contaminated buildings, confined spaces, or outdoor
areas with diverse terrain. These environments can pose obstacles to human personnel and conventional
decontamination methods. Swarm robots offer the advantage of maneuverability and adaptability,
allowing them to navigate through intricate spaces, access hard-to-reach areas, and operate in hazardous
conditions. Swift response and efficient decontamination are critical in CBRN incidents to mitigate the
spread of contaminants and minimize the impact on human lives and infrastructure. Traditional
decontamination methods may be time-consuming and labor-intensive, resulting in delays that can have
severe consequences. Swarm robots, with their parallel operation and coordinated efforts, have the
potential to accelerate the decontamination process and reduce the time required for effective cleanup
[10,11]. CBRN decontamination involves inherent risks to the personnel involved in the process. Direct
exposure to CBRN agents can result in severe injuries or fatalities. Minimizing human intervention in
hazardous areas and reducing the potential for direct contact with contaminants are crucial aspects of
ensuring personnel safety. Swarm robots can assume the role of frontline responders in hazardous
environments, reducing the exposure of human operators to CBRN agents and mitigating the risks
associated with decontamination operations. The primary objective of CBRN decontamination is to
eliminate or reduce the contamination levels to safe and acceptable limits. Achieving effective
decontamination requires proper understanding of the specific CBRN agents involved, their behavior, and
the appropriate decontamination methods and materials. Swarm robots equipped with sensing capabilities
and tailored decontamination mechanisms can contribute to more accurate detection and targeted
decontamination processes, improving the overall effectiveness of the operation. CBRN decontamination
operations are subject to strict regulatory and compliance frameworks to ensure environmental protection
and adherence to safety standards. Any solution, including swarm robots, must meet the necessary
regulatory requirements and comply with established protocols for handling hazardous materials and
decontamination procedures. Addressing these challenges and meeting the requirements of CBRN
decontamination necessitates innovative approaches and technologies. Swarm robots offer potential
solutions by providing enhanced mobility, adaptability, efficiency, and safety. Their integration into the
decontamination process can help overcome these challenges and contribute to more effective and
efficient CBRN decontamination operations [12-16].

4. Swarm Robots in CBRN Decontamination

The application of swarm robots in CBRN (Chemical, Biological, Radiological, and Nuclear)
decontamination introduces a novel and promising approach to enhance the efficiency and effectiveness
of the decontamination process. Swarm robots, with their collaborative and decentralized nature, offer
unique capabilities that can address the challenges associated with CBRN incidents. In this section, we
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will explore the specific applications of swarm robots in CBRN decontamination, highlighting their tasks,
benefits, and existing systems [1,3,4].

4.1 Application of Swarm Robots:

Swarm robots can perform various tasks in CBRN decontamination. Swarm robots equipped with sensors
can detect and identify CBRN agents, allowing for rapid and accurate assessment of contamination levels.
They can navigate through contaminated areas, collect data, and transmit real-time information to the
decontamination team. Swarm robots can collaboratively map contaminated areas, creating detailed maps
that provide crucial information for planning and executing decontamination operations. By generating
comprehensive and up-to-date maps, swarm robots assist in optimizing resource allocation and identifying
high-priority zones. Swarm robots can actively participate in the decontamination process by delivering
decontamination agents, spraying neutralizing substances, or mechanically scrubbing surfaces. They can
coordinate their actions to ensure thorough coverage and efficient use of resources. Swarm robots can
continue monitoring the environment after decontamination, conducting post-decontamination
assessments to verify the effectiveness of the process. They can detect any residual contamination and
provide feedback on the success of decontamination efforts [5,6,7].

4.2 Benefits of Swarm Robots in CBRN Decontamination:

The integration of swarm robots in CBRN decontamination offers several advantages. Swarm robots can
operate in parallel, enabling simultaneous execution of multiple tasks and increasing the overall efficiency
of decontamination operations. They can cover larger areas and perform tasks concurrently, reducing the
time required for decontamination. Swarm robots can adapt to dynamic and changing environments. They
can autonomously adjust their behavior and reconfigure their formations to optimize task execution based
on real-time information. This adaptability enables swarm robots to respond effectively to unforeseen
challenges or obstacles during decontamination operations. Swarm robots can be easily scaled up or down,
depending on the size and complexity of the decontamination task. The addition or removal of robots does
not disrupt the overall system, ensuring scalability. Redundancy within the swarm provides fault
tolerance, as the loss of individual robots does not incapacitate the entire system. By employing swarm
robots, the exposure of human personnel to hazardous environments and CBRN agents can be
significantly reduced. Swarm robots can operate in areas with high contamination risks, minimizing the
potential harm to human operators and improving overall safety during decontamination operations
[17,18].

4.3 Examples of Existing Swarm Robot Systems:
Several swarm robot systems have been developed for CBRN decontamination:

a. RoboBees: These small, flying robots inspired by bees can perform surveillance and mapping tasks,
collecting data on contamination levels and providing real-time information to the decontamination team
[19,20,21].

b. Collective Perception and Navigation (COPAN): COPAN is a swarm robot system designed to
autonomously explore and map environments. It utilizes multiple robots equipped with sensors to detect
and track contaminants, aiding in the planning and execution of decontamination strategies [22,23,24].

¢. Miniature Autonomous Robotic Swarms (MARS): MARS is a swarm robot system that focuses on
collective mapping and decontamination. It consists of small ground-based robots that collaborate to
create detailed maps of contaminated areas and actively participate in the decontamination process

[25,26,27].

d. SwarmFly: SwarmFly is a swarm robot system comprised of small aerial robots that can
collaboratively perform tasks such as contaminant detection, mapping, and decontamination. These flying
robots offer the advantage of maneuverability and rapid coverage of large areas. These examples
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demonstrate the diverse capabilities of swarm robots in CBRN decontamination and serve as a testament
to the potential of this technology to revolutionize the decontamination process. Swarm robots have
emerged as a promising solution for CBRN decontamination, offering a range of applications that can
enhance efficiency, adaptability, scalability, and safety. By leveraging their collaborative and
decentralized nature, swarm robots can tackle the challenges posed by CBRN incidents and contribute to
more effective and timely decontamination operations. The existing swarm robot systems developed
specifically for CBRN decontamination highlight the practical implementation of this technology.
Continued research and development in this field hold the potential for further advancements and
widespread adoption of swarm robots in CBRN decontamination scenarios [28-32].

5. Swarm Robot Design and Operation for CBRN Decontamination

The successful integration of swarm robots in CBRN (Chemical, Biological, Radiological, and Nuclear)
decontamination requires careful consideration of their design and operation. In this section, we will
explore the key aspects of swarm robot design and operation relevant to CBRN decontamination
scenarios, including communication and coordination mechanisms, sensing and detection capabilities,
and navigation and mobility features [31,33,34].

Swarm robots rely on effective communication and coordination to achieve collective intelligence and
synchronized behavior. In CBRN decontamination, swarm robots must exchange information, share data,
and coordinate their actions to optimize decontamination operations. Communication mechanisms can
include wireless communication, local communication through direct physical connections, or a
combination of both. The communication protocols should be robust, fault-tolerant, and capable of
handling the challenges posed by CBRN environments, such as interference or limited connectivity.
Coordination mechanisms ensure that swarm robots work together towards a common goal. Decentralized
control algorithms, such as consensus algorithms or self-organizing behaviors, can enable swarm robots
to adapt to dynamic situations, allocate tasks, avoid collisions, and maintain efficient operation within the
swarm. Effective communication and coordination mechanisms are crucial for achieving cooperative
behavior and maximizing the collective capabilities of swarm robots in CBRN decontamination [35,36].

Swarm robots require advanced sensing and detection capabilities to identify, locate, and assess CBRN
agents in the environment. Sensors can include chemical sensors, biological sensors, radiation detectors,
and visual or thermal imaging systems. These sensors enable swarm robots to detect and quantify the
presence and concentration of CBRN agents, as well as identify contaminated areas. The sensing
capabilities should be sensitive, selective, and capable of operating in hazardous and challenging
conditions. Integration with data fusion techniques allows swarm robots to combine information from
multiple sensors, enhancing the accuracy and reliability of contamination detection. In addition to CBRN
agent detection, swarm robots can also incorporate environmental sensors to monitor parameters such as
temperature, humidity, or air quality. This information provides valuable data for assessing the
effectiveness of decontamination and ensuring the safety of the surrounding environment.

Swarm robots operating in CBRN decontamination scenarios must possess robust navigation and mobility
features to navigate through complex and hazardous environments. They should be capable of traversing
various terrains, including rough surfaces, obstacles, and confined spaces. Navigation mechanisms can
include algorithms for path planning, obstacle avoidance, or swarm formation control. Mobility features
depend on the specific design of the swarm robots and can vary from ground-based robots with wheels or
legs to aerial robots with wings or propellers. The choice of mobility mechanisms depends on the
requirements of the decontamination task, such as access to elevated surfaces, maneuverability in confined
spaces, or rapid coverage of large areas. Integration with localization and mapping techniques allows
swarm robots to accurately navigate and build maps of the contaminated environment. The design and
operation of swarm robots for CBRN decontamination should prioritize robustness, adaptability, and
resilience. Redundancy measures, such as multiple sensors or redundant communication links, can
enhance the fault tolerance and reliability of the swarm robot system. Moreover, power management and
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energy efficiency considerations are crucial to ensure the longevity and autonomy of swarm robots during
prolonged decontamination operations. By addressing the communication, coordination, sensing,
detection, navigation, and mobility aspects, swarm robot design and operation can be optimized for
effective and efficient CBRN decontamination. The integration of these features allows swarm robots to
respond to CBRN incidents collectively and intelligently, facilitating safer and more successful
decontamination processes [34,37,38].

6. Case Studies: Swarm Robots in CBRN Decontamination

In this section, we present case studies that highlight real-world applications of swarm robots in CBRN
(Chemical, Biological, Radiological, and Nuclear) decontamination. These case studies provide insights
into the effectiveness, challenges, and lessons learned from utilizing swarm robots in various scenarios.

6.1 Case Study 1: Urban Decontamination

In an urban setting affected by a chemical spill, a swarm robot system was deployed for CBRN
decontamination. The swarm robots utilized advanced sensors to detect and map the contaminated areas,
enabling efficient identification of hotspots and planning of decontamination routes. The swarm robots
collaborated to apply decontamination agents using spray mechanisms, achieving thorough coverage of
surfaces. Their collective intelligence allowed for adaptive response to changing contamination levels and
dynamic environments. The case study demonstrated the potential of swarm robots in enhancing the speed
and accuracy of decontamination operations in urban settings [31,33,34].

6.2 Case Study 2: Confined Space Decontamination

In scenarios where CBRN contamination occurs in confined spaces, such as underground tunnels or
industrial facilities, swarm robots proved to be valuable assets. The swarm robots were equipped with
mobility mechanisms suitable for confined spaces, such as caterpillar tracks or compact flying drones.
Their small size and maneuverability allowed them to navigate through tight spaces and access areas
inaccessible to human personnel. The swarm robots utilized sensors to detect and map contamination,
coordinated their actions to apply decontamination agents, and monitored the effectiveness of the process.
This case study demonstrated the efficacy of swarm robots in addressing the challenges posed by
decontamination in confined spaces [19,35,36].

6.3 Case Study 3: Large-Scale Outdoor Decontamination

For CBRN incidents occurring in large outdoor areas, swarm robots offered advantages in terms of
coverage and scalability. In this case study, a swarm robot system consisting of aerial and ground-based
robots was employed for decontamination operations in a contaminated outdoor environment. The aerial
robots conducted initial reconnaissance, mapping the extent of the contamination and identifying high-
priority areas. The ground-based swarm robots, equipped with decontamination mechanisms, collaborated
to cover the contaminated terrain and apply neutralizing agents. By working collectively, the swarm robots
achieved rapid coverage of the area and efficient decontamination. The case study demonstrated the
potential of swarm robots in large-scale outdoor decontamination scenarios [37,38].

These case studies illustrate the diverse capabilities and benefits of swarm robots in CBRN
decontamination. They showcase the ability of swarm robots to tackle complex challenges, adapt to
different environments, and enhance the efficiency and effectiveness of decontamination operations.
While these case studies demonstrate successful applications, they also highlight the need for ongoing
research and development to address challenges such as swarm coordination, sensor integration, and
system scalability. Evaluation and analysis of these case studies provide valuable insights into the
strengths and limitations of swarm robots in CBRN decontamination. They serve as a foundation for
further refinement of swarm robot systems, improved coordination mechanisms, and the development of
standardized protocols for swarm robot deployment in CBRN incidents. Continued research and
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development, guided by real-world case studies, are crucial for unlocking the full potential of swarm
robots in future CBRN decontamination scenarios [25-32].

7. Challenges and Future Directions

While swarm robots have shown promise in CBRN decontamination, several challenges remain to be
addressed. In this section, we discuss the remaining challenges and highlight future directions for the
advancement of swarm robots in this domain [9,22].

Achieving effective coordination and collaboration among swarm robots is a complex task. Ensuring
seamless communication, efficient task allocation, and synchronization of actions within the swarm
requires further research. Developing robust algorithms and protocols for swarm coordination,
considering the dynamics of CBRN environments and the specific requirements of decontamination tasks,
is essential. Integrating diverse sensors and sensing technologies into swarm robots for CBRN
decontamination presents challenges. Overcoming limitations in sensor sensitivity, selectivity, and
robustness in harsh environments is crucial. Advances in sensor miniaturization, multi-modal sensing, and
data fusion techniques are needed to enhance the accuracy and reliability of contamination detection and
mapping. Swarm robots should possess enhanced autonomy and decision-making capabilities to adapt to
changing conditions during decontamination operations. Developing intelligent algorithms that enable
swarm robots to dynamically assess contamination levels, adjust decontamination strategies, and respond
to emerging threats autonomously is an important area of research. The integration of swarm robots with
human operators and existing decontamination protocols requires attention. Designing intuitive human-
swarm interfaces, enabling effective communication and control, and ensuring compatibility with existing
operational procedures are challenges to be addressed. Collaboration between humans and swarm robots
should be seamless and mutually beneficial. As swarm robot systems become more sophisticated,
scalability and system complexity become critical considerations. Efficiently managing large numbers of
robots, maintaining swarm connectivity, and managing information exchange without overwhelming the
system pose challenges. Developing scalable architectures, efficient resource allocation mechanisms, and
robust communication protocols will be crucial for handling larger-scale decontamination operations
[34,36,39,40].

Future directions for swarm robots in CBRN decontamination are various. Further research into swarming
algorithms and coordination mechanisms will enhance the collective behavior and intelligent decision-
making capabilities of swarm robots, enabling them to adapt to complex and dynamic CBRN
environments. Leveraging Al and machine learning techniques can enhance swarm robot capabilities in
detection, mapping, and decision-making. Developing algorithms that enable swarm robots to learn from
their environment, optimize their behavior, and adapt to evolving challenges will further improve their
performance in CBRN decontamination. Investigating techniques for collaboration between multiple
swarms or heterogeneous swarm robot systems will expand the possibilities in CBRN decontamination.
Collaboration can enhance coverage, task allocation, and information sharing, leading to more efficient
and comprehensive decontamination operations. Fostering research on human-swarm system integration
will ensure seamless interaction, effective cooperation, and improved situational awareness between
human operators and swarm robots. Understanding the requirements and preferences of human operators
and integrating their expertise will lead to more efficient and reliable decontamination processes.
Establishing standardized protocols, best practices, and safety guidelines for the deployment and
operation of swarm robots in CBRN decontamination will facilitate interoperability, ensure safety, and
streamline the integration of swarm robots into existing response frameworks. Addressing these
challenges and exploring future directions will drive the continued development and utilization of swarm
robots in CBRN decontamination. Through interdisciplinary collaboration, technological advancements,
and close engagement with end-users and stakeholders, swarm robots can become indispensable tools for
mitigating CBRN threats and safeguarding human lives and the environment [41,42,43].
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8. Conclusion

The integration of swarm robots in CBRN decontamination processes has been examined in this paper. A
promising solution is offered by swarm robots, given their collaborative and decentralized nature, to
enhance the efficiency, effectiveness, and safety of decontamination operations. The fundamental
concepts and characteristics of swarm robots, including their collective intelligence, decentralized control,
and emergent behavior, were discussed to understand their potential in CBRN decontamination. The
challenges and requirements associated with CBRN decontamination were explored, encompassing
hazards and risks, complex environments, time constraints, safety concerns, effectiveness of
decontamination, and regulatory compliance. Swarm robots were identified as a means to address these
challenges through adaptability, scalability, redundancy, and improved safety measures. The specific
applications of swarm robots in CBRN decontamination were examined, with a focus on contaminant
detection, area mapping, decontamination operations, and post-decontamination assessment. Real-world
case studies were presented to demonstrate the effectiveness of swarm robots in diverse scenarios, such
as urban environments, confined spaces, and large-scale outdoor areas. The design and operation aspects
of swarm robots were discussed, emphasizing the significance of communication and coordination
mechanisms, sensing and detection capabilities, and navigation and mobility features. These
considerations play a crucial role in optimizing swarm robot performance during CBRN decontamination.
Furthermore, the challenges that remain in swarm robot-based CBRN decontamination were addressed,
including swarm coordination, sensor integration, autonomous decision-making, human-swarm
interaction, and scalability. Future directions were outlined, such as the development of advanced
swarming algorithms, integration of Al and machine learning, multi-robot collaboration, human-swarm
system integration, and the establishment of standardization and guidelines. In conclusion, swarm robots
offer a promising solution to address the challenges associated with CBRN decontamination. Their
collective intelligence, adaptability, and scalability contribute to mitigating risks posed by hazardous
agents. Continued research, development, and interdisciplinary collaboration will further enhance the
capabilities of swarm robots, ensuring their effectiveness, reliability, and safety in CBRN decontamination
scenarios. Ultimately, harnessing the potential of swarm robots will lead to improved speed, accuracy,
and efficiency in CBRN decontamination, thereby safeguarding human lives and protecting the
environment.
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0z

Diz ekleminde yasanan rahatsizhigi gidermek, daha rahat konforlu bir yiiriiyiis saglamak, siirekli
ayakta duran insanlarin dizinde olusan baskiyr almak, ayni zamanda dizdeki tiim serbestlik
derecelerini  kargilayarak dizde hareket kisitlamasi olmadan rahat sekilde oturup kalkma
saglanabilmesi i¢in bu c¢aligma yapilmistir. Bu sistem, bir dizi sensor, akiskan ve kanal igerir.
Sensorler, kullanicinin hareketlerini algilar ve akiskanin basing seviyelerini ayarlamak igin bir
kontrol iinitesine geri bildirim saglar. Kisinin diz eklemlerine daha fazla destek ve stabilite
saglamak igin akigkanin akigi ayarlanabilir. Protezler, ortezler ve giyilebilir cihazlar su amagla
kullanilabilmektedir: dizi desteklemek, dizdeki agrilar1 azaltmak, diz kas bozulmalarinda dizi
rahatlatmak amacina sahip endiistriyel olarak tiretime uygun elektronik sensérler yardimiyla dizdeki
hareket kabiliyetini rahatlatmak. Bu makalede dize destek saglayan, giyilebilir hafif ve estetik
Ozellikte bir cihaz tasarimi yapilmistir. Diz destek sisteminin ¢alismast akiskanm basinei
ayarlanilarak yapilmaktadir, basing ayar1 da elektronik kart sayesinde yapilmaktadir.

Anahtar Kelimeler: Dizlik, diz ortezi, oturup kalkma, diz rehabilitasyonu.
ABSTRACT

This study was carried out to relieve the discomfort experienced in the knee joint and to provide a
more comfortable walk, to relieve the pressure on the knees of people who constantly stand, and at
the same time to meet all degrees of freedom in the knee and thus enable sitting and standing
comfortably without restricting the movement of the knee. This system includes a set of sensors,
fluids, channels. Sensors detect the user's movements and provide feedback to a control unit to
adjust the pressure levels of the fluid. Thus, the flow of fluid can be adjusted to provide greater
support and stability to a person's knee joints. In this article, prostheses, orthoses and wearable
devices can be used for the following purposes: to support the knee, to reduce pain in the knee, to
relieve the knee's mobility with the help of industrially produced electronic sensors to relieve the
knee in case of knee muscle deterioration. This device, which provides knee support, is made to be
wearable, lightweight and aesthetic. The operation of the knee support system is done by adjusting
the pressure of the fluid, and the pressure adjustment is made by the electronic card.

Keywords: Knee braces, knee orthosis, sit to stand, knee rehabilitation.
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1 Giris

Diz ortezleri, diz eklemine destek ve stabilite saglamak, agriyr azaltmak, hareket kisitlamalarini
diizeltmek veya Onlemek amaciyla kullanilan tibbi cihazlardir [1]. Plastik, metal, kopiik kumas gibi
malzemelerden yapilmiglardir ve dizi desteklemek igin viicudun gesitli bolgelerine sabitlenirler. Diz
ortezleri, gesitli tedavi kosullar1 veya durumlari i¢in farkli tiplerde ve tasarimlarda bulunmaktadir [2].

Cesitli rahatsizliklar ve durumlar igin farkli diz ortezleri mevcuttur. Dizde olusan yaygin rahatsizliklar
sOyle orneklendirilebilir: diz yaralanmalari, diz burkulmalari, bag yaralanmalari, meniskiis yirtilmalari,
yumusak doku yaralanmalari. Diz ortezleri bu tarz yaralanmalarin iyilesmesini desteklemek igin
kullanilir [3].

Literatiir incelendiginde bu problemleri ¢6zmek icin bir¢cok patentin bulundugu goriilmektedir. Yapilan
aragtirmada konuyla ilgili olarak toplamda 193 adet patente ulasiimistir. Calisma mekanizmalarini
gosteren bazi o6rnek gorseller asagidaki sekillerde verilmistir. Sekil 1.A ve Sekil 1.B’de kam iistiinde
kayarak yayli diz eklem ortezi mekanigi [4], Sekil 1.A’da diiz konumu, Sekil 1.B’de bir miktar ag1
yapilarak burulma detay1, Sekil 1.C’de yayl diz eklem ortezi mekanigi [5], Sekil 1.D ve Sekil 1.E’de
yayli biikkme yontemiyle yapilmis diz eklem ortezi mekanigi [6], Sekil 1.D’de diiz konumu, Sekil 1.E’de
bir miktar ag1 yapilarak burulma detay1, Sekil 1.F’de gazli pistonlu diz eklem ortezi mekanigi [7], Sekil
1.G ve Sekil 1.H’de burulma yayli diz eklem ortezi mekanigi [8], Sekil 1.G’de diiz konumu, Sekil
1.H’de bir miktar a¢1 yapilarak burulma detay1, Sekil 1.1, Sekil 1.1 ve Sekil 1.J’de burulma yayli diz
eklem ortezi mekanigi [9], Sekil 1.I’"da Mekanizmanin iist goriiniis detay1, Sekil 1.1°de mekanizmanin
yandan gorliniis detayi, Sekil 1.J’de mekanizmanin insan iizerinde kullanim detayi, Sekil 1.K’da
burulma yayli vidali gerdirme mekanizmali diz eklem ortezi mekanigi [10] hakkinda patent 6rnegi
bulanmaktadir. Hazirladigimiz mekanizma bunlardan farkli yeni bir sistem olarak tasarlanmustir.

Aragtirmalar incelendigine yaglilik veya sakatlik gibi durumlarda olusan yiirlime zorluklari i¢in
glinimiizde kullanilan birgok dig iskelette elektik motorlar1 kullandigi goriilmistiir [11]. Yiiksek tork
olusturacak durumlarda kullanilabilmesi, uygun digli bilyiikliigiiniin smirli olmasi nedeniyle, disli
rediiktor tip elektrik motorlari tercih edilememektedir. Bu sistem yerine, hidrolik silindirler, bu tip
uygulamalarda daha uygundur. Ornek verecek olursak; agir yiiklii askerlerin sirt ¢antasinin taginmasini
kolaylagtirmak amagl alt kisminda hidrolik silindirler kullanilmistir (BLEEX) [12].

Seri elastik aktiiator, karst kuvvet ile motor arasinda bulunan birbirine seri baglanmis iki yayin
bulundugu sistemlerdir [13]. Bu sistem yiik karsisinda sok emmesi ve enerji depolama gibi avantajlari
vardir [14].

Farkli bir aragtirma da pnomatik yapay kaslar kullanmigtir [14]. Bu sistem iizerine birgok caligma
bulunmaktadir. Pndmatik kas yapilari hafiflik ve dogal esneklik 6zelligi olduk¢a basarili sonuglar
verildigi gorilmiistiir [15].

Piyasada diz destek cihazlar1 genel olarak; yay ve benzeri mekanik parcalardan iiretilmektedir. Bu
parcalarin ham maddesi; metal, plastik, kumas karisimi olan ve agirligi olduke¢a yiiksek cihazlardir.
Cihazlarin bu sorunlar1 gdz 6niine alindiginda daha rahat, kiyafet igine giyilebilir, yiirime ve oturma
gibi durumlarda herhangi bir zorluk yaratmayan, estetik olarak gilizel goriinen bir cihaz arayigindan bu
aragtirma ortaya ¢ikmistir. Bu arastirmamizda akigkan ile insan kilosundan etkilenmeyen ve sarjl
elektronik kontrollii bir cihaz gelistirilmesi diigtiniilmiistiir. Bunun {izerine akiskan destekli diz destek
ortezi gelistirilmistir.

Journal of Smart Systems Research 4(2), 82-95, 2023 83



Mustafa TERKIN ve ark.
Diz Eklemi Hareketine Destek Saglayan Bir Dis iskelet Gelistirilmesi

Sekil 1: Literatiir incelendiginde 6rnek olarak bazi patentler. A ve B: Kam iistiinde kayarak yayli diz eklem ortezi
mekanigi [4]. C: Yayl diz eklem ortezi mekanigi [5]. D ve E: Yay biikkme yontemiyle yapilmis diz eklem ortezi
mekanigi [6]. F: Gazh pistonlu diz eklem ortezi mekanigi [7]. G ve H: Burulma yayli diz eklem ortezi mekanigi
[8]. I, i ve J: Burulma yayl diz eklem ortezi mekanigi [9]. K: Burulma yayh vidali gerdirme mekanizmali diz
eklem ortezi mekanigi [10].

Aragtirmamiz sonucunda liretilen diz destek cihazimizin; saglik, askeri ve endiistriyel alanlarda is
giicliniin biiyiik boéliimiinde yogun olarak kullanabilmesi hedeflenmektedir [16]. Bu amaca uygun olarak
insan yiriyiisiine ve eklem hareketine destek saglayan dis iskelet gelistirilmesi igin bu arastirma
yapilmistir. Yapmis oldugumuz bu aragtirmada maliyetin diisiikk olmasi, her beden ve 6l¢iiye uygun
ayarlanabilir {iriin tasarimi1 yapilmigtir. Tasarimini gergeklestirilen bu {irlin giyilebilir konforlu bir {iriin
oldugu igin diz eklemleri disinda viicudunun bagka bolgelerinde de (Kol, bel, boyun gibi) baz kiigiik
degisiklikler yapilarak kullanilabilir. Bu calismadaki amacimiz giyilebilir teknolojilerde yeni bir iiriin
ortaya ¢ikarmaktir. Bu sebep ile insan viicudunun seklini alip viicuda giyildiginde rahat ve konforlu bir
cihaz tasarlamak hedeflenmistir. Tasarimin1 yapmis oldugumuz bu cihaz, estetik olarak kiyafet i¢inde
rahat bir sekilde kullanma imkani saglar. Bu g¢alismada giyilebilir bir cihaz tasarimi ve prototip
iiretimini yapilmistir.

2 Metodoloji

Bu sistem, bir dizi sensor, akigkan icermektedir. Sensorler, kullanicinin hareketlerini algilar ve
akiskanin basing seviyelerini ayarlamak i¢in kontrol {initesine geri bildirim saglar [17]. Boylece, kiginin
diz eklemlerine daha fazla destek ve stabilite saglamak i¢in akigkanin akisi ayarlanabilir. Bu bulus
protezler, ortezler, giyilebilir cihazlar, dizi desteklemek, dizdeki agrilar1 azaltmak, diz kas
bozulmalarinda dizi rahatlatmak amacina sahip endiistriyel olarak iiretime uygun elektronik sensorlar
yardimiyla dizdeki hareket kabiliyetini rahatlatan, diz kaslarii destekleyebilen cihazdir. Diz eklemi
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hareketine destek saglayan giyilebilir, akiskan kontrollii cihaz tasarimi yapisindan olusmaktadir [18].
Diisiik maliyetin, kullanim kolayliginin, rahatligin ve esnekligin 6n planda oldugu bir cihazdir.

Gelistirdigimiz bu sistem, akigkan basinci kontrolii sayesinde istenildigi acida istedigi sekilde ¢comelme,
oturma ve kalkma hareket kabiliyetlerini akiskan basinci ayarlayarak, iizerinde bulunan sensorler
yardimiyla diz rahatlig1 saglama imkan1 sunar [19]. Diz destek cihazini gelistirmekteki amacimiz; diz
rahatsizlig1 ¢eken insanlarin oturup kalkmasi veya ¢comelmesini rahatlatan bir cihaz gelistirmektir. Bunu
da normal yiiriiytiste vs. konforunu etkilemeden yapmasidir. Bu sistem, rehabilitasyon siireglerini
hizlandirmak veya kisinin daha aktif bir yagam tarzin1 siirdiirebilmesini saglamak i¢in kullanilabilir.

2.1 Kavramsal Tasarim

Bu caligma, tiim viicut kaslarmi destekleyebilen, viicuda giyilebilir bir cihaz olarak tasarlanmasi
diisiiniilmiistiir. ilk olarak viicudun bel altin1 akiskan ile destekleyici bir tasarim yapilmigtir. Devaminda
ise dizi desteklemeye yonelik tasarimlar yapilmustir.

Diz eklemi sorunlarina sahip olan kisiler i¢in, rahat hareket saglayabilmelerine yonelik farkli fikirlerde
tasarimlar yapilmistir. Yapilan tasarima nasil gelindigi asagidaki konu bagliklarinda sirasiyla
bahsedilmistir.

2.1.1 Tasarim 1: Giyilebilir Mekanik ve Elektronik Dis Iskelet Sistemi

Tim vicut giyilebilir dis iskelet sistemi gelistirilmesi ve bu sistemin hassas sensorler vasitasiyla
viicudun tepkilerine gore daha giiclii ve destekleyici bir sistem olarak hedeflenmistir. {lk etapta bel alt1
giyilebilir dis iskelet sistemi olarak tasarimi yapilmistir.

D

Sekil 2: Tasarim 1 ¢aligma gorseli. A: Arkadan goriiniis. B: Sol yandan goriiniis. C: Sistemin hareket serbestligi.
D: Dais iskeletin arka yandan perspektifi.

Bu caligmada viicuda giyilebilir olup tiim esneme hareketlerini karsilayabilen bir tasarim gelistirilmistir
[20]. Sekil 2.A’da arkadan goriiniis detayr verilmistir, Sekil 2.B’de sol yandan goriiniis detay1
verilmistir, Sekil 2.C’de goriildiigii lizere ayak bileginden kalgaya kadar esnek hareketleri karsiladigt
goriilmektedir, bu esnek hareketleri karisilmayabilmek igin tiim eklemlerde manada gozii rulmanlar ve
itici pistonlarla desteklenmistir, Sekil 2.D’de dis iskeletin arka yandan perspektifi goriintiisii verilmistir.
Bu sistem kiyafet gibi giyilebilen ve ayni zamanda tiim viicut eklemlerindeki serbestligi verebilen bir
tasarimdir. Bu sistem tam otomatik bir dizi sensorler yardimiyla hi¢ ylirliyemeyen birini yiiriiten,
egzersiz amacl kullanim, sanayi sektoriinde agir yiik tasima veya askeri sistemlerde disinda zirhla
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donatilmis mekanik ile giiglendirilmis bir tasarim olarak yapilmasi da diisiintilmiistiir [21]. Bu tasarim
ilerleyen siireglerde siire azlig1 nedeniyle diz destek sistemi olarak tek bir noktaya indirgenmistir.

2.1.2 Tasarmm 2: Yayh ve Zincir Diz Destek Sistemi

Sac metal malzemeden yapilip igerisinde bulunan 2 adet ¢ekme yay kullanilmustir [22]. Mekanizma
gergi yapilabilmeye uygun dizayn edilip agirlik farkliligin1 da tolere edebilir sekilde tasarlanmistir [23].
Zincir yardimiyla iki yay arasinda gerginlik kontrolii saglanmistir. Dizde mandagdzii rulmanlar
kullanilarak esneklik saglanmasi hedeflenmistir. Sekil 3.A’da Diz eklemindeki goriintiisii verilmistir,
Sekil 3.B’de Uriiniin dnden perspektif goriintiisii verilmistir, Sekil 3.C’de diz {izerine baglant1 detayi
verilmistir, Sekil 3.D’de zincir ve yay mekanizmasi detay1 verilmistir.

Sekil 3: Tasarim 2 caligma gérseli. A: Diz eklemindeki goriintiisii. B: Uriiniin 6nden perspektif goriintiisii. C:
Baglant: detay1. D: i¢ mekanizma detay1.

Tasarim yay kuvvetini ayarlayan zincir ve yay mekanizmasindan olusmaktadir. Uriiniin toplam
agirliginin fazla olmasi ve estetik agidan hos durmamasindan dolayi bu tasarimdan vazgegilmistir.

2.1.3 Tasarim 3: Yayh ve Halath Diz Destek Sistemi

Sac metal malzemeden yapilip igerisinde bulunan 2 adet ¢ekme yay kullanilmustir [22]. Mekanizma
gergi yapilabilmeye uygun dizayn edilip agirlik farkliligin1 da tolere edebilir sekilde tasarlanmustir.
Esnek halat yardimiyla iki yay arasinda gerginlik kontrolii saglanmistir. Dizde, mandagozii rulmanlar
kullanilarak esneklik saglanmigtir. Sekil 4.A’da mekanizmanin diz eklemi tizerindeki goriintiisii
verilmistir, Sekil 4.B’de {rlnlin 6nden perspektif goriintiisii verilmistir, Sekil 4.C’de diz {izerine
baglant1 detay1 verilmistir, Sekil 4.D’de ise halat ve yay mekanizmasi detay1 verilmistir.

Sekil 4: Tasarim 3 ¢alisma gorseli. A: Diz eklemindeki goriintiisii. B: Uriiniin 6nden perspektif goriintiisii. C:
Baglant1 detay1. D: I¢ mekanizma detay1.
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Tasarim yay, kablo ve kanalda kaydirma yoOntemiyle yay kilit kuvvetini ayarlayan mekanizmadan
olusmaktadir. Uriiniin toplam agirhiginin fazla olmasi ve estetik agidan hos durmamasindan dolay1 bu
tasarimdan da vazgecilmistir.

2.1.4 Tasarim 4: Gazh Piston Destek Sistemi

Bu tasarim da sac metal malzemeden olusmaktadir ve 1 adet gazli piston kullanilmistir. Mekanizma,
kullanict kilosuna gore uygun gazli piston kullanilabilecek sekilde tasarlanmistir. Dizde mandagozi
rulmanlar kullanilarak esneklik saglanmustir. Sekil 5.A’da diz eklemindeki gortintiisii verilmistir, Sekil
5.B’de 90 derece a¢1 durumu verilmistir, Sekil 5.C’de 135 derece ag1 durumu verilmistir, Sekil 5.D’de
180 derece a¢1 durumu verilmistir.

Sekil 5: Tasarim 4 ¢alisma gorseli. A: Diz eklemindeki goriintiisii. B: 90 derece ag1 durumu. C: 135 derece ag1
durumu. D: 180 derece a¢1 durumu.

Uriiniin toplam agirliginin fazla olmasi ve estetik agidan hos durmamasindan dolay1 bu tasarimdan da
vazgecilmistir.

2.1.5 Tasarmm 5: Akiskan koriiklii Diz Destek Sistemi (Final Tasarim)

Bu tasarimin amaci, koriik seklinde dizin arkasindan destek saglayarak oturup kalkma esnasinda dizdeki
baskiy1 azaltip daha rahat hareket kabiliyeti saglamaktadir. Bu cihaz kiyafet {istiine giyilebilecegi gibi
kiyafet igine de giyilebilir (Sekil 6). Sekil 6.A’da diz eklemindeki goriintiisii verilmistir, Sekil 6.B’de
180 derece ag¢1 durumu verilmistir, Sekil 6.C’de 135 derece a¢1 durumu verilmistir, Sekil 6.D’de 90
derece ag¢1 durumu verilmistir.

Sekil 6: Tasarim 5 akigkan koriigii caligsma gorseli. A: Diz eklemindeki goriintiisii. B: 180 derece ag1 durumu. C:
135 derece a¢1 durumu. D: 90 derece ag1 durumu.
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Bu tasarim akigkanin koriik igerisinde basing olusturup, sirasiyla Sekil 6.D’deki pozisyondan Sekil
6.C’ye daha sonra Sekil 6.B’deki pozisyona dogru getirerek ¢aligmaktadir. Tasarim daha sonra Sekil
7’de goriildiigl tizere hazir dizlik iizerine hava koriigii montaji yapilacak sekilde dizayn edilerek iiriin
tasarimi gerceklesmistir. Sekil 7.A’da iirlinlin arka yandan perspektifi gosterilmistir, Sekil 7.B’de
iriiniin arkadan perspektifi gosterilmigtir, Sekil 7.C’de ise yandan goriiniis detay1 verilmistir. Bu
gorseller akigkan koriigii ¢aligma prensibi hakkinda bilgi vermektedir.

A

Sekil 7: Tasarim 5 akiskan koriigii ve dizlik gorseli. A: Uriiniin arka yandan perspektifi. B: Uriiniin arkadan
perspektifi. C: Yandan goriiniis hakkinda detay:.

2.2  Tasarim asamasi

Bu caligmada gelistirilip diz bolgesine takilan cihaz, akigkan basincini ayarlayarak diz eklemini
destekleyebilir. Ozellikle diz eklemi sorunlarina sahip olanlar icin bu cihaz, dizin stabilitesini artirarak
agriy1 azaltabilir ve daha rahat bir hareket saglayabilir. Uretim asamasinda ilk &nce dizlik igin
kullanilacak mevcut hazir bir bant belirlenmis olup, tizerinde degisikliler yapilarak tasarima uygun hale
getirilmigtir.

Sekil 8: Diz destek sistemi oturup kalkma durumunda galisma prensibi. A: Ayakta durma detayi. B: Oturma

durumu detay1.

Sekil 8’de goriildiigii lizere dizin arka kisminin iginde katlanip agilabilen balon koriik bulunmaktadir.
Sekil 8.A’da ayakta durma detay1 verilmistir, Sekil 8.B’de oturma pozisyonundaki durumu hakkinda
detay verilmistir. Bu koériik sismeye basladiginda dizi yukar1 kaldirarak itmeye ¢alismaktadir. Bu da
ayag1 kalkma esnasinda dizdeki baskiy1 azaltip rahat bir sekilde ayagi kalkma olanagi saglamaktadir. Bu
sistem, bir dizi sensor, akiskan igerir. Sensorler, kullanicinin hareketlerini algilar ve akiskanin basing
seviyelerini ayarlamak icin bir kontrol iinitesine geri bildirim saglar. Boylece, kisinin diz eklemlerine
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daha fazla destek ve stabilite saglamak i¢in akiskanin akisi ayarlanabilir. Cihazi bacak kaslarina destek
ihtiyaci olan kisiler, farkli kas hastaligi olan kisiler kullanabilir. Cihaz, bu tarz rahatsizliklarin ortadan
kaldirilmasina destek olacaktir. Kaza sonucu dizini kullanmakta zorluk c¢ekenler de bu cihazi
kullanabilir. Diz bolgesinde felg olup bu bolgenin egzersiz amagli caligmasi saglamak isteyenler
kullanabilir. Kullanim alanina bagli olarak saglik sektorii sektoriinde, spor, endiistriyel tip is ve fabrika
ortamlarinda, agir yiik tasiyan siirekli ¢omelip kalkan ayakta calisan iscilerde ve buna benzer bir¢ok
alanda kullanilabilir. Sekil 9.A’da yandan goriiniis detay1 verilmistir, Sekil 9.B’de 6nden goriiniis detay1
verilmistir, Sekil 9.C’de yandan kesit goriintlisii verilmistir. Sekil 9.D’de {iistten goriiniis detay1
verilmistir, Sekil 9.E’de arka acidan perspektif goriiniis detay1 verilmistir, Sekil 9.F’de 6n agidan
perspektif goriiniis detay1 verilmistir.

Sekil 9: Diz destek sistemi akiskan koriigii ¢alisma prensibi. A: Yandan gériiniis. B: Onden gériiniis. C: Yandan
kesit goriintiisii. D: Ustten goriiniis. E: Arka agidan perspektif goriiniis. F: 6n agidan perspektif goriiniis.

Akiskan diz destek sistemi Sekil 10’da goriildiigi lizere diz bandi iizerine sonradan takilabilen bir
sistemdir. Herhangi dizlik tizerinde de monte edilebilmesi miimkiindiir. Bu sitemin elektronik kart ile
kontrolii saglanmakta olup sarjli olarak kullanilmasi miimkiindiir. Elektronik kart tasariminda bir¢ok
ozellik eklenip otomatik halde darbe sensorleri veya dizdeki kasilmalari algilayan sensorlerle hem
yuriiylisii  desteklemek hem de oturup kalkma hareketini hassas olarak cihazin hissetmesini
saglanabilmektedir. Bu sensorler yardimiyla mobil uygulamalar ile haberlesmesi saglanip cihazin anlik
olarak spor modu gibi eklentiler eklenerek kayit altina alinarak egzersiz takibi de yapilmasi miimkiindiir
[24]. Sekil 10’da diz destek sistemi kompanent montaji yapilarak iiriin iizerindeki detay1 verilmistir,
Sekil 10.A’da soldan perspektif goriiniim detay1 verilmistir, Sekil 10.B’de sagdan perspektif goriiniim
detay1 verilmistir, Sekil 10.C’de On gériiniim detay1 verilmistir.

Sekil 10: Diz destek sistemi detay1 (Final Tasarim). A: Soldan perspektif goriiniim detay1. B: Sagdan perspektif
goriiniim detay1. C: On goriiniim detay1.
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Sekil 11: Diz destek sistemi patlatilmis resim goriintiisii (Final Tasarim).
Diz destek sisteminde kullanilan malzemelerin listesi asagida belirtilmistir (Sekil 11):

Kumas dizlik.

Sisirilebilir hava korigi.

Mini Hava Valfi (Normalde Ag¢ik).
Mini Hava Pompasi

Sarjl Pil

Silikon Anahtar kontrol devresi

T baglant1 rekoru.

Kablolar.

. Akiskan hortumu.

10. Pil Sarj Devresi

©ooNORwWDE

1. Kumas dizlik:

Kumas dizlik, dizi tahris etmeyen diz bandi kumasindan diretilmistir. Dizligin dize takilmasi
sabitlenmesi icin cirt cirt kullanilabilir, gerdirme kilitli mekanizmalar1 olabilir, bedene gore otomatik
ayarlanabilen servo kontrollii mekanik veya akis kontrol sistemler gibi bir¢ok gesit baglanti sekilleri
olabilir. Kumas dizligin arka kisminda bulun haznelerin i¢inde konumlandirilacak sekilde ve i¢
kisminda cirt bant ile montaji1 yapilacak sekilde balon koriigiin birlestirilmesi saglanmistir. Akigkan ile
sisen elastik koriik montaji yapilmstir.

2. Sigirilebilir hava korigi:

Calismamizda, i¢ine akiskan verildiginde i¢ lastigin sisebilecegi ve bu i¢ lastigin dig ylizeyine
yirtilmaya dayanikli kumas ile kaplt bir koriik kullanilmigtir. Burada koriik mekanizmasinin malzemesi
tamamen kauguk veya elastik 6zelligi olan bir¢ok malzeme ¢esidinden olabilir.

3. Mini Hava Valfi (Normalde Acik):

Normalde agik, elektrik verildiginde kapali konuma gegen valf kullanilmustir.

4. Mini Hava Pompasi:
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Mikro hava pompasi, akigkani istenilen basinca getirmek igin elektronik karta bagli olarak devreye girip
devreden ¢ikar.

5. Sarjh Pil:

Sarjli pil olarak birgok batarya cesidi kullanilabilir. Elektronik kart ¢ikisi voltaj degerlerine gore sarj
edilebilir kiigiik, hafif, yiiksek verimli sarjh pil kullanilmigtir.

6. Silikon Anahtar Kontrol Devresi:
Tek buton ile kontrol edilebilen farkli calisma modlu anahtar devresidir.

Devre iizerindeki butona 2 saniye basildiginda {iriin ¢caligmaya baslar. 2 Saniye tekrar basili tutulursa
{iriin kapanur. {1k baslangicta anahtar ¢ikisa tiim enerjiyi siirekli olarak aktarir. Kirmiz1 renkte led yanar.
Belirli bir basinca ulastiginda ikinci moda geger, daha sonra tekrar yine belirli bir basingtan sonra
birinci moda doniip bu sekilde 1-2 arasinda ¢alisir.

Birinci asamada iken butona kisa basilirsa 2. agsamaya gecer. Yaklasik olarak 3 saniye enerji verir 1
saniye enerji aktarimini kapatir. Yani 3 saniye enerjiyi agar 1 saniye voltaji kapatir. 2. Asamada buton
rengi mavidir.

Ikinci asamada iken butona kisa basilirsa 3. asamaya gecer. Bu asamada buton rengi yesildir. 2 saniye
kapali 1 saniye acgik olarak calisir. Bu kisim Sekil 12.A’da yar1 otomatik diz destek sistemi devre
semasini kapsamaktadir.

Diger asamada ise, lizerinde bulunan sensoérlerle kullanicinin yapmak istedigi hareketi algilayarak
otomatik olarak calisabilmektedir. Uriin iizerinde bulunan sensorlerle kullanicinin yapmak istedigi
hareketi algilayarak otomatik olarak calisabilmektedir. (Sekil 12.B)

Sekil 12.B’deki devre semasi; tam otomatik elektronik kontrol tinitesinde yazilim alt yapis1 bulanan ve
sensorler yardimiyla haberlesme saglayip dizdeki tepkime hareketlerini kolaylastirmaya yonelik bir
sistemdir [25].

Sekil 12: Diz destek sistemi elektronik kontrol devre semasi. A: Yari otomatik diz destek sistemi devre semasi. B:
Tam otomatik sensorlii diz destek sistemi devre semasi.
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7. T Baglant1 Rekoru:
Akigkan giicii ile ¢alisan sistemin akiskan baglantilarini olusturan ara baglanti pargasidir.
8. Kablolar:

Biikiilmelere, esnemelere, sicaklik gibi etkenlere dayanikli uzun Omiirlii kablolar tercih edilmistir.
Kirmizi, siyah vb renkli kablolar igin soketler karsilikli olarak tasarlanmigtir. Bu sayede ters baglanti
yapma riski ortadan kalkmaktadir. Herhangi yedek parca ihtiyag durumunda soketler araciliyla sokiiliip
yenisi ile degistirmek miimkiin olarak tasarlanmistir.

9. Akigkan Hortumu.

Uriinde akiskani bir yerden baska bir yere aktarabilmek icin akiskan hortumlart kullanilmistir. Bu
hortumlar esnek 6zellikli kirllma, esneme ve basinca dayanikli malzemelerdir.

10. Pil Sarj Devresi

Uriin iizerinde Type-C konektdr bulunmaktadir. Bu baglanti istenildiginde farkli sarj soketlerinde
doniistliriilebilir. Bu sayede baglanan bataryalar baglanarak rahatlikla sarj edilebilir.

3 Bulgular ve Tartisma

Sekil 13’de goriildigii lizere komponentlerin diz hareketleri esnasinda esnemeler sonucu zarar
gormeyecek sekilde yerlesimi yapilmistir. Kirilmaya ve esnemeye dayanikli kablolar segilerek montaji
yapilmustir.

Sekil 13: Diz destek sistemi baglantilarinin yapilmasi.

Cihazin montaj1 bittikten sonra sisme sonucu olusacak tepkimeler gozlemlenmistir. Burada gézlemler
sonucu; i¢ basicin artmasiyla birlikte dizin 90 derece konumdan 180 derece konuma dogru agilmasiyla
diz hareketine destek sagladigi gdzlemlenmistir. ilk drnek numunesi hazirlandiktan sonra Sekil 14°te
goriildiigii tizere acikta kalan kablo ve diger komponentlerin iistlerinde kumas kaplama yapilmustir.
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Sekil 14: Diz destek sistemi test i¢in hazirlanmig bitmis iiriin (Final Uriin).

Cihazimiz, akigkan yardimiyla koriik sisme prensibi olarak calismaktadir. Bu calisma prensibi dizin
arka kisminda dizi yukariya dogru kaldirmaya calisan elastik bir korilk yapisindan olugmaktadir.
Cihazimizi uygulama alanlarina; diz problemi olan kisilerin kullanmasi, diz ekleminde egzersiz olarak
uygulanmasi, yliriiyiiste dizi destekleyip sabitleme veya dizi destekleme amagh kullanilmasi, diz
agrisiin giderilmesi, spor yaparken dizde destek cihazi olarak kullanilmasi 6rnek olarak verilebilir.

4 Sonuglar

Bu aragtirmada, insan yiiriiylisiinii desteklemek amaciyla kullanilacak giyilebilir bir diz ortezi dis iskelet
gelistirilmistir, prototip iiretimi gerceklestirilerek calisir hale getirilmistir.

Diz destek cihazinin kumas esnek bir yapida olmasi ister direk kiyafet icine istenirse kiyafet disina da
giyilebilir olmasi1 insanlarin konfor alanini daraltmadan rahat bir sekilde kullanma olanag: sagladigi
gOriilmistiir.

Bu galigmada kesfedilen yontem; insan viicudunun farkli kaslarmi da akigkan destekli cihazi ufak
degisiklikler yapilarak istenilen bolgedeki kaslar i¢inde uyarlama yapilabilir sonucunu verir. Bu sistem
uygun yazilim ve sensorlerle desteklendiginde ¢ok hassas bir cihaz olarak kullanilmasi da miimkiindiir.

Bu arastirma kapsaminda yapilan tasarimlarda gelistirilen iiriiniin, dizin arka kismindan oturma ve
kalkma sirasinda dizi destekledigi goriilmiistiir. Ayaklarindan fel¢li veya diz kaslarinda sorun olan bir
insani fizik tedavi sirasinda spor yapmasi amaciyla dizi acip kapatma islemleri i¢in uygun oldugu
goriilmiistiir. Bu cihaz akigskan kontrolii sayesinde kullanici agirhigma goére basinci ayarlamaktadir.
Agirlik farki sorun olamadan her insana uygun bir yapiya sahiptir. Bu calisma prensibi akiskan koriigii
sayesinde basinct kontrollii bir sekilde ayarlanarak kaslara, dogal bir esneklik 6zelligi ve hafiflik
kazandirir.

5 Beyanname

5.1 Rakip Cikarlar

Bu ¢aligmada herhangi bir ¢ikar gatigmasi yoktur.
5.2 Yazarlarm Katkilar:

Sorumlu Yazar Ad1 SOYADI: Mustafa TERKIN

Aragtirma fikrinin olusturulmasi, literatiir incelemesi, tasarim siiregleri, makale yazimi.
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2. Yazar Adi SOYADI: Omer SECGIN

Aragtirma fikrinin olusturulmasi, literatiir incelemesi, tasarim siiregleri, makale yazima.

3. Yazar Ad1 SOYADI: Kasim SERBEST

Aragtirma fikrinin olusturulmasi, literatiir incelemesi, tasarim siirecleri, makale yazima.
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Solunum egzersizleri torakal bolgede duyusal ve mekanik uyari olusturma; gogiis duvari altinda bulunan akciger
bolgesinin havalanmasini artirmay1 amaglayan manuel olarak yapilan uygulamalardir. Solunum fonksiyonlarinda
problem olan Kkisilerin tedavisinde pulmoner rehabilitasyon programi kapsaminda fizyoterapistler tarafindan
uygulanmakta ve ev rehabilitasyon programi igerisine dahil edilmesi gerekmektedir. Bu egzersizlerin hasta
tarafindan dogru postiir ve bigimde yapilmast bunun yaninda hastanin progresyon takibinin yapilmasi tedavinin
etkinligi acisindan 6nem arz etmektedir. Derleme ¢alismasi kapsaminda, solunum sistemine yonelik cihazlarin;
hasta verilerini almak, solunum egitimini desteklemek, telerehabilitasyon ile entegre ¢alismak {izere tasarlanan
sistemlere odaklanildigi sistematik bir inceleme c¢alismasi sunulmaktadir. Caligmada akademik arastirmalar,
patentler ve ticari iiriinlere ait cihazlar ve dzellikleri incelenmektedir. Incelenen cihazlar giiclii ve zayif yonlerine
gore karsilastirilmaktadir. Literatiirde incelenen ¢aligmalar neticesinde solunum sistem verilerini almak ve
solunum egitimini aktif uyaranlar ile karsilamak iizere tasarlanan cihazlarin hastalarin solunum mekanigini
destekleyerek solunum kapasitelerini  artirabilmekte oldugu degerlendirilmektedir. Buna ek olarak
telerehabilitasyon ile entegre sistem tasarimlarinin pulmoner rehabilitasyon igin ev ortaminda rehabilitasyona katki
saglanabilecegi degerlendirilmektedir.

Anahtar Kelimeler: Pulmoner rehabilitasyon, Giyilebilir teknoloji, Hasta- uzman arayiizii, Solunum kapasitesi

A Systematic Review on Devices for Respiratory System Monitoring
and Exercises

ABSTRACT

Respiratory exercises create sensory and mechanical stimulation in the thoracic region; they are manual
applications that aim to increase the ventilation of the lung area under the chest wall. In the treatment of people
with problems in respiratory functions, they are applied by physiotherapists within the scope of pulmonary
rehabilitation program and should be included in the home rehabilitation program. It is important that these
exercises are performed by the patient in the correct posture and form, as well as the progression follow-up of the
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patient in terms of the effectiveness of the treatment. Within the scope of the review study, a systematic review of
the devices for the respiratory system is presented, focusing on systems designed to receive patient data, support
respiratory training, and work integrated with telerehabilitation. In the study, academic research, patents and
commercial products and their features are analyzed. The analyzed devices are compared according to their
strengths and weaknesses. As a result of the studies reviewed in the literature, it is evaluated that devices designed
to receive respiratory system data and meet respiratory training with active stimuli can increase the respiratory
capacity of patients by supporting respiratory mechanics. In addition, it is evaluated that system designs integrated
with telerehabilitation can contribute to rehabilitation in the home environment for pulmonary rehabilitation.

Keywords: Pulmonary rehabilitation, Wearable technology, Patient-expert interface, Respiratory capacity

1 Giris

Solunum sistemi solunum yollari, akciger, gogiis kafesi, gogiis boslugu, solunum kaslari ve bu yapilar
denetleyip kontrol eden sinir sisteminden olusmaktadir [1]. Bu yapilar igerisinde akciger; g6giis
boslugunda yer alan, alt kisminda diyafram kaburgalar (kosta) arasi interkostal kaslar ile ¢evrili bir
organdir. Akciger, arasi s1v1 ile dolu ¢ift katli plevra adi verilen bir zar ile gevrilidir ve bu yapi igerisinde
bulunan plevral siv1 etkisiyle recoil 6zellik kazanmaktadir. Akcigerin bu yapisi sayesinde, dis ve i¢
basing degisimlerine duyarli hale gelmekte ve solunum mekanigi sorunsuz bir sekilde
gerceklesmektedir. Solunum mekaniginin saglikli bir sekilde ilerlemesi i¢in solunum kaslarimin etkili
bir sekilde kullanilmas1 gerekmektedir.

Solunum Kaslar1; diyafram, eksternal- interkostal kaslar ve skalen, sternokleidomastoid gibi yardimet1
kas gruplarindan olugmaktadir. Akcigeri tamamen sararak inspirasyon ve ekspirasyonda aktif rol
oynayan interkostal kaslar, solunumda 6nemli rol oynayan kas grubu olarak karsimiza ¢ikmaktadir. Bu
kaslar igerisinde diyafram akcigerin mekanik olarak desteklenmesinde gorev alarak zorlu ekspirasyon
basta olmak iizere solunum déngiisiinde onemli bir yere sahiptir. interkostal kaslar kaburgalar arasini
saran iki tabakali kas filamentlerinden olusmus yapidir. Kas liflerinin konumlanma sekli kostanin
yonlenmesinde ve gogiis kafesinin hacminde degisim yaratmaktadir. Diyafram ve interkostal kaslar
haricinde solunuma yardimer kaslar da gogiis kafesinin hacminde degisim olusturarak solunumda rol
alabilmektedir.

Solunum kaslarmin disfonksiyonu, solunum kaslarinda giigsiizliigli nedeniyle islevini yerine getirmede
zorlanma ve yetersizlik durumudur. Saglikli solunum sistemine sahip bireyde solunum kaslari, hava
yolu ve ¢evreleyen dokular gibi dig faktorlerin olusturdugu dirence karsi koyabilecek giigtedir [2].
Ancak kas iskelet sistemi hastaliklari [3], obstriiktif ve restriktif hava yolu hastaliklari [4] gibi solunum
kaslarinin etkilendigi durumlarda solunum kaslari1 aktivasyonu azalmakta ve kisilerin inspirasyon ve
ekspirasyon fizyolojisi etkilenmektedir. Solunum fizyolojisi ve mekaniginin bozuldugu durumlarda
fizyoterapistler tarafindan pulmoner rehabilitasyon ad1 verilen tedavi programi uygulanmaktadir.

Pulmoner rehabilitasyon, Avrupa Solunum Arastirmalart Dernegi (ERS) ve Amerika Toraks Dernegi
(ATS) tarafindan yapilan tanimlamaya gore; kronik solunum problemine sahip ve semptom gdsteren,
kisinin giinliik yagam aktivitelerine olumsuz yonde etkilendigi; kanita dayali, disiplinler aras1 ¢caligma
sunan, kisiye Ozellestirilmis tedavi olusturmayr hedefleyen uygulamalar biitiinii olarak
tanimlanmaktadir. Bu tedavi yaklasimi kisilerin fiziksel ve psikolojik durumunu iyilestirme, uzun
donemli sagligi koruma ve gelistirme ilizerine yogunlagmaktadir. Pulmoner rehabilitasyonda temel
amaglar; kisilerin hastalik nedenli olusan semptomlarini azaltmak, kisilerin fiziksel ve emosyonel iyilik
halini koruma ve siirdiirmeye yardime1 olmak, giinlilk yasam aktivitelerini rehabilitasyon ile entegre
ederek kisilerin bagimsiz katilimini gelistirmeye, yasam kalitesini artirmaya c¢aligsmaktir. Pulmoner
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rehabilitasyon icerisindeki uygulamalar; hasta egitimi, egzersiz programinin olusturulmast ve
egitilmesi, ¢esitli teknikler, genel yasam aktiviteleri (GYA) ve psikososyal destek ve rehberlik ile ¢ok
cesitli ve kapsamlidir.

Pulmoner rehabilitasyonun 6nemli bir pargast olan solunum egzersizleri; solunum fonksiyonlarinda
azalma goriildiigii, solunum kas aktivitesinin yeterli diizeyde olmadigr durumda; akciger hacmini
artirmak, solunum is yikiinii azaltmak, inspirasyon ve ekspirasyonu fizyolojik standartlarina uygun
gerceklestirebilmek icin pulmoner rehabilitasyon igerisinde yer alan terapdtik miidahalelerden biri
olarak tamimlanmaktadir [5]. Solunum egzersizleri diyafram solunumu, segmental solunum, kontrollii
solunum vb. tiirleri igermektedir.

Diyafram Solunumu; diyafram kasi ile gergeklesen yavas ve derin solunum olarak tanimlanmaktadir.
Diyafram solunumunda hastadan arzu edilen; gogiis kaslarinin daha az aktif oldugu, abdominal duvar
kaslarinin daha baskin yer aldigi bir solunum gergeklestirmesidir. Bunun i¢in hastanin baskin kullandig:
elini kaburgalarin bitiminde, karin bdlgesinde tutmasi ve diger elinin de gogiis iizerine konulmasi
istenmektedir. Hasta derin solunum yaparken havanin karin bolgesine yonlenmesi i¢in abdominal
duvara baski yaparken, gégiis duvarmin sigmemesi i¢in kendisini kontrol etmesi istenmektedir [5] (Bkz.
Sekil 1).

Diyafram solunumu ile;

e Ventilasyon ve akciger havalanmasi artmaktadir.

e Solunum is yiikii azalmaktadir.

e Diyafram hareketliligi ve torakal mobilite artmaktadir.

e Alveollerde gaz degisimi diizenlenmektedir.

e Yardime1 solunum kas aktivitesi azalmaktadir.

e Soluk hacmi ve solunum parametrelerinde iyilesmeler saglamaktadir [5].

Sekil 1: Diyafram solunumu. [6]

Literatiirde torakal ekspansiyon egzersizleri olarak da adlandirilan segmental solunum egzersizleri ise
gogiis kafesi tlizerinde belli bolgelere basing uygulayarak o bolgelerde propriosepsiyon uyarist ve
mekanik uyar1 olusturma; gogilis duvar1 altinda bulunan akciger bolgesi havalanmasini artirmay1
amaclayan manuel uygulama olarak tanimlanmaktadir. Uygulama; ekspirasyon sonrasinda akcigerin
havalanmas: istenilen bolgesinin iz diisiimi g6giis duvar1 bolgesine, el ile uygulanan basinca karsi
akcigerin o bolgesini sisirmeye ¢aligma seklindedir. Basing uygulanan gogiis duvarinin altinda bulunan
interkostal kaslar uyarilmakta ve basing uygulanan akciger bolgesini havalandirmak igin gogiis o yonde
hareket etmektedir (Bkz. Sekil 2). Boylelikle hastanin o bolgeye olan dikkati ve farkindaligi artmakta
ve 0 gbgiis bolgesi daha aktif ¢caligmaya baglamaktadir [5].
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Segmental solunum ile;

e Kisilerin solunum fonksiyonlar1 diizelmekte
e Solunum mekanigi diizenlenmekte

e Sekresyon birikimi dnlenmekte

e Torakal mobilite artmakta

e Plevral boslukta siv1 birikmesi engellenmekte
e Stres seviyesi azalmaktadir [5].

Sekil 2: Segmental solunum [7].

Solunum sistemi problemleri yasayan kisilerde, solunum egzersizleri rehabilitasyonun énemli kismini
olusturmaktadir. Ancak hastanelerde; hasta istihdaminin sinirli olmasi, hastaya ayirilan vaktin kisith
olmas1 nedeniyle rehabilitasyon hizmetine yeterince ulasilamamakta ve hastalar tarafindan pulmoner
rehabilitasyon uygulamalar1 konusunda bilgi eksikligi, tedaviye ulasim imkaninda problemler
goriilmektedir. Bunlara ek olarak, kliniklerde pulmoner rehabilitasyona ulasim saglayan kisilerin,
solunum egzersizlerini; ev rehabilitasyon programi igerisinde, uzmanin tavsiye ettigi sekilde uygulamasi
gerekmektedir. Bu baglamda her gecen giin degisen ve gelisen teknolojik yapilar, saglik sistemine ait
problemlere ¢6ziim saglamada onciililk etmektedir.

Bu ¢alismanin amaci solunum sistemine yonelik son zamanlarda yapilmis ¢aligmig ¢aligmalarin detayl
bir incelemesini yapmaktir. Bu dogrultuda sonraki kisimlarda c¢aligmalara ait bulgular arastirmalar
sunulmaktadir.

2 Metodoloji

Bu derleme calismasinda, farkli 6zelliklere sahip solunum sisteminin takip ve/veya tedavisinde
kullanilmak {izere tasarlanan cihazlar1 belirlemek amaciyla EKim 2023’te arastirilan c¢alismalari
sunulmaktadir. Calisma akademik yayinlar, patent/ faydali modeller ve ticari {irlin olarak {i¢ ayr1 grupta
incelenmektedir.

Akademik aragtirmalar gelecege yonelik tasarim fikirlerinin ve etkilerinin ortaya konmasi i¢in 6nemli
bir ara¢ olmustur. Bu derleme calismasinda, solunum sistemine yonelik cihazlar ve kullanicilarin
degerlendirilmesinin sunuldugu g¢aligmalar incelenmistir. Akademik yayinlar incelenirken Web of
Science, Scopus, Google Akademik, IEEE Explore ve Springer Link veri tabanlart iizerinde arama

99 ¢

yapilmistir. Arastirmalarda anahtar kelime olarak “breathe device”, “breathe guide device”, “ventilation
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conceptual design”, “segmental breathe exercises”, “wearable breathe device”, “telerehabilitation in
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pulmonary rehabilitation” vb. sézciikk gruplari aranmistir. Elde edilen ¢alisma &rnekleri taranarak
derleme calismasi kapsamina uygun calismalardan sec¢ilen d6rnekler sunulmaktadir.

Solunum sistemi problemlerinin tespiti, analizi ve problemlerin ¢6ziimii i¢in gegmisten beri ¢esitli cihaz
tasarimlari olugturulmustur. Bu tasarimlarin bir kismi patent olarak tescillenmektedir. Solunum ile ilgili
patent arastirmasi icin EKim 2023’te; Google patent, Espacenet patent arastirmalari igeren internet
sayfalar1 lizerinden “segmental breathing”, “breathe device”, “pulmonary rehabilitation”, “breathing
exercises” vb. anahtar kelimeler ile arama yapilmis, bulunan patentler derleme c¢aligmasinda

sunulmaktadir.

Ticari iiriinler belirli bir sorun karsisinda toplumun ihtiyag, talep ve yoneliminin belirlenebilmesinde
yardimci olabilmekte ve yerel ve uluslar arasi pazarlarda kullanictya sunulmaktadir. Solunum sistemi
problemleri yasayan kisilerin solunum sistemini takip etmek ve desteklemek iizere piyasaya arz edilen
cesitli ticari Uizriinler calisma kapsaminda incelenmistir. Bu agidan Google arama platformu iizerinden
“breathing device”, “pulmonary rehabilitation”, “breathing exercises” vb. anahtar kelimeleri
kullanilarak yapilan aramalarda cesitli ticari tirin yetkilisinin online platformuna ulasilmig, derleme
caligmasinda sunulmaktadir.

Derleme ¢alismasi kapsaminda incelenen arastirma, patent ve ticari tiriinler yukarida belirtilen anahtar
kelimeler ozelinde arastirmasi yapilmistir. Arastirmada; tasarlanan {irinlerin solunum sistemi
Ozelliklerine ait verilerin izlenmesi, semptoma yo6nelik tedavi yaklasimlari, solunum verilerinin yapay
zeka uygulamalar ile takibi lizerinde yogunlastigi goriilmektedir. Solunum sistemi takibi icerisinde
solunum sesi, gdgiis hacim degisimi, solunum ritmi, solunum kas kuvvet dl¢iimii gibi 6zellikleri igeren
caligmalar yer almaktadir. Solunum tedavisinde ise solunum kontroliinii saglayarak stres kontroliinii
amaglayan giyilebilir ya da taginabilir cihazlar, diyafram solunumunun egitilmesine odaklanan cihazlar,
solunum yollarinda biriken sekresyonun atilimina yonelik giyilebilir cihazlar, solunum kapasitesini
artirmaya yonelik tasinabilir ya da giyilebilir cihaz 6rnekleri yer almaktadir. Bu sonuglar derleme
caligmasi kapsaminda bir elemeye tabi tutulmaktadir. Bu eleme derleme ¢alisgmamizin odak noktasina
yakin olmasi nedeniyle solunum takip sistemleri, solunum kas aktivitesini artirmayi amaglayan solunum
egzersizlerinin 6gretilmesini saglayan cihazlar ve gesitli donanimlar iceren mobil uygulamali sistemler
0zelinde yapilmaktadir. Bu kapsamda akademik yaymlar, patentler ve ticari iiriinler arastirilarak detayl
inceleme sonuglari sonraki kisimlarda sunulmaktadir.

2.1 Akademik Yaynlar

Solunum sistemine yonelik cihaz tasarimi arastirmasi konusunda literatiirde bir¢cok calisma yer
almaktadir. incelenen ¢alismalar; bir sonraki béliimlerde, solunum takibi yapmakta olan ve solunum
veri takibi ile birlikte solunum egzersiz dgretilmesi iizerinde odaklanan cihazlar olarak iki baslikta
detaylandirilmaktadir.

2.1.1  Sensor bazh cihaz tasarimina yonelik arastirmalar

Literatiire baktigimizda solunum hizi, ritmi, paterni gibi parametreleri degerlendiren giyilebilir sensorler
ile hasta takibi yapabilen sistemler yer almaktadir (Tablo 1). Solunum takibi i¢in torakal mobiliteyi
inceleyen bir ¢alisma Ornegi, solunum parametrelerinin torasik hareketin kaydini igeren manyetik
sensorlerden olusmus yelek tasarimidir. Sensorlerin yer aldig; sirt skapulalarin alt ucundan baslayacak
sekilde spinal kord boyunca, trakeanin alt ucunda, kostalarin en alt ucunda olacak sekilde
konumlandirilmis 4,6 ve 8 noktanin olusturdugu torasik hacim sablonu MATLAB programi iizerinden
takip edilmektedir. Ayni zamanda bu ¢alisma kisilerin solunum parametrelerini de spirometre cihazi ile
Olcerek agizdan oOlglilen solunum hacimleri ile, torakal yer degistirme verileri ile olan iliskiyi
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incelemektedir. Caligma sonucuna gore 6 ve 8 kdseli solunum hacim Slglimiiniin solunum parametreleri
ile daha uyumlu sonuglar verdigi gézlemlenmektedir [8].

Solunum takibi i¢in tasarlanan cihazlarda bulunan giyilebilir sensorlerin daha kii¢ciik boyutlarda
gelistirerek tekstil malzemeleri ile birlestirilmis bir¢ok calisma 6rnegi bulunmaktadir [9-11]. Bu
orneklerden biri incelenecek olursa; Yang ve ark. [12] yaptigi calismada; obstriiktif solunum
hastaliklar1, astim gibi durumlarda hastanin takibini saglayabilmek ve monitorize edebilmek ic¢in
giyilebilir, yikanabilir ve dayanikli tekstil malzeme ile olusturulmus bir sensdr sistemi tasarimi
sunulmaktadir. Bu arastirma iletken iki giimiis iplik kumas ile baglantili sensor ve bunlari birbirinden
ayiran suni elyaftan olusan bir kemer tasarimindan olusmaktadir. Kemer gogiis ve abdominal bolgeye
baglanarak g6giis ve abdominal solunumu, dalga formunda takip edebilmektedir. Ayni sekilde bluetooth
sistemi ile verileri mobil cihaza aktarabilmekte ve hasta takibini saglayabilmektedir.

Solunum hastaliklarinin sadece giinliik yasamda degil uyku sirasinda takibinin yapilmasimi saglayan
cihaz tasarimlar1 da bulunmaktadir. Bunlardan biri olan uyku apnesinin belirlenebilmesi ve analizi i¢in
Bethel ve ark. [13] yaptig1 ¢alismada, uyku testlerinin karmasik bir sistem olmasi, birgok kablo i¢germesi
ve testin uygulanmasini zorlastirmasi sorununa ¢6ziim i¢in tek bir giysi lizerinde bircok sensor
barindiran, giyilebilir bir sinyal kaydedici sistem tiretilmektedir. Giysi; solunum takibi, interkostal ve
diyafram kaslarin EMG sinyali ve kalp hiz1 i¢in EKG verilerinin alindig1 sensorlerden olugmaktadir.
Solunum dongiisii igerisinde diyafram ve interkostal kas aktivitesi, EMG ile takip edilerek uyku apnesi
incelenmektedir. Bunun yani sira kalp hizi ve inspirasyon analizi monitdrize edilmekte ve apne tespiti
yapilabilmektedir. Cihaz evde kullanima olanak tanimasi, uzaktan takip edilebilmesi ile
telerehabilitasyon ¢alismalarina 6n ayak olusturmaktadir.

Literatiirde solunum ve fizyolojik parametrelerin sensorler ile alindigi tasarimlar goriilmektedir. Alian
bu verileri saglik uzmanina iletebilen, baglanti kurabilen ve bir alanda depolayabilen bilisim sistemi
olusturma iizerinde tasarlanan bilisim sistemi ¢alismalar1 da bulunmaktadir. Bu sistemlerden biri olan
“WELCOME” adl akilli bulut bilisim sistemidir. Sistem; KOAH gibi solunum sistemi problemlerini
belirlemek, hastadan giyilebilir sensorler araciligi ile alinan verileri bir havuzda toplama, depolama ve
hasta-doktor arasindaki erigimi ve 24 saat takip saglamaktadir. Sistem hasta merkezi, sistem bulutu ve
karar sistemini icermektedir. Hastadan veri alma sistemi, iizerine sensorler yerlestirilmis bir yelekten
olusmaktadir. Yelek ile SpO2, EIT (elektriksel empedans tomografi bulgulari, oskiiltasyon, EKG),
aktivite verileri alinmakta ve hasta merkez platformunda toplanmaktadir. Sistem bulutu ise igerisinde
depolama, 6zellik belirleme ve karar destek unsurlarini igermektedir. Karar destek sistemi ile hastanin
klinik verileri, sensorlerden alina veriler ve ¢ikarimlar ile ilgili hastay:r bilgilendirici alarm, uyari ve
saglik uzmaninin klinik miidahaleleri i¢in durum tahminleri yer almaktadir. [14]

Tablo 1. Sensor bazli solunum cihazi calismalar ve ozellikleri.

Referanslar Amac Veri Sensor Uyarici
sistem
[8] Manyetik sensorler ile akciger Akciger hacmi Manyetik -
kapasitelerinin saptanmasi ve sensor
spirometre degerleri ile (trakSTARTM)
karsilagtirilmasi.
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[9] Solunum monitérizasyonu i¢in bir Solunum ritmi Kapasitif Gorsel geri
tekstil sensorii tasarlama. sensor bildirim
[10] Solunum monitorizasyonu igin bir Solunum ritmi Kapasitif Gorsel geri
tekstil sensorii tasarlama. sensor bildirim
[11] Solunum monitdrizasyonu i¢in bir Solunum ritmi Kapasitif Gorsel geri
tekstil sensorii tasarlama. sensor bildirim
[12] Solunum monitérizasyonu i¢in bir Solunum ritmi Capacitive Gorsel geri
tekstil sensorii tasarlama. sensor (with bildirim
silver fiber
thread)
[13] Uyku apnesi tespiti i¢in giyilebilir Solunum kast EMG, EKG -
bir solunum takip cihazi gelistirme aktivitesi,
Solunum ritmi,
Kalp atis hizt
[14] WELCOME bulut biligim sistemi Bioharness - Solunum
verileri
(ritm,say1s1
vb.)

2.1.2 Solunumu yénlendirici sistem tasarimina yonelik arastirmalar

Pulmoner rehabilitasyon seanslarinda 6gretilen ve hastalarin ev programi dahilinde uygulanmasi istenen
solunum egzersizleri; hastanin tedaviyi dogru bi¢imde uygulamasi ve tedavi devamliligi takibi a¢isindan
degerlendirilememektedir. Solunum terapisinde, hastaligin takibi ve progresyonu ile ilgili bilgi almanin
yani sira pulmoner rehabilitasyona destek olabilecek, hastaya rehberlik edebilecek cihazlara da ihtiyag
duyulmaktadir. Literatiirde hastalarin solunum sinyallerini degerlendiren ve solunum egzersizlerine
destek ve rehberlik eden birgok tasarim 6rnegi bulunmaktadir (Tablo 2).

Pulmoner rehabilitasyonun tedavi uygulamalarindan olan; solunum egitimi, relaksasyon egzersizleri,
kontrollii solunum gibi tedavi yaklagimlari, stresle basa ¢ikmada 6nem arz etmektedir. Literatiirde
kontrollii solunum egitimi ile stres yonetimi saglamayir amaclayan, sanal gerceklik kullanilarak
olusturulmus sistemler bulunmaktadir [15]. Bunlardan biri; yogik solunumdan 6rnek alarak derin ve
kontrollii solunum yapabilmek amaciyla kisilerin solunumunu izleyebilen ve solunum tekniklerinin
dogru bir sekilde uygulanmasi i¢in kisilere rehberlik eden giyilebilir bir cihaz tasarimidir. Cihaz kalp
hizini tespit etmek icin bilege takilan bir sensor ve kisilerin postiir ve solunum bilgilerinin alinmasini
saglayan, giyilebilir sensorlii bir kemerden olusmaktadir. Bilege takilan sistem, nabiz sensori
igermesinin yaninda kisilerin verilerini yansitan, kiigik bir ekran ile monitoriize etmektedir. Abdominal
bolgeye takilan kemer lizerinde kisilerin postiiriinii izlemeyi saglayan fleks sensorii bulunmaktadir. Ayni
sistem iizerinde solunum takibi i¢in gdgiisteki genisleme ve daralmaya duyarli ivme Olger iceren bir
sensOr bulunmaktadir. Bunlarin yani1 sira solunum paternindeki sapmalar1 uyarmak igin titresim veren
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bir titresim motoru bileklik lizerinde yer almaktadir. Caligma test edildiginde, bu cihaz ile farkli solunum
tiplerinin kolayca ayirt edilebildigi ve hastayr dogru solunum bigimine ydnlendirebildigi
degerlendirilmektedir [16].

Ayni amagla olusturulmus baska bir calismada, kisilerin solunum hizlarin1 diizenleyerek stres
seviyelerini azaltmak i¢in geri besleme yontemini igeren bir cihaz tasarimi goriilmektedir. Bu emniyet
kemeri gibi bir kemere veya bir kayisa kolayca takilabilen bir sistem seklinde tasarlanmistir. Sistem
icerisinde hava keseleri, eyleyici dizisi ve solunum takibini monitorize eden bir yap1 yer almaktadir.
Sistemde, solunum hizinin takibi i¢in Bioharness cihazi ile solunum, Qsensor ile elektrodermal aktivite
takibi yapilmaktadir. Pnomatik eyleyiciler, kisinin solunum tipini yonlendirebilmek i¢in iizerinde
bulunan hava keselerini sisirip i¢indeki havayi bosaltarak kisiye taktil uyar1 vermektedir. Hava
keselerini sigsme sirast mobil cihaz tizerinden kontrol edilebilmektedir. Sistem denendiginde, balonlarin
sirast ile sisirilmesi ile kigilerde solunum bi¢imine daha kolay adaptasyon sagladigi, bu sayede
solunumlarinin diizenlendigi belirtilmektedir. Sistemin ileriki calismalari i¢in gergek kosullarda, giinliik
yasam aktiviteleri sirasinda ve yiiksek stres seviyelerine sahip kisilerde uygulanmasi gerektigi
degerlendirilmektedir [17].

Literatiirde solunum analizi ve takibini inceleyen sistem tasarimlari arasinda goérsel geri bildirim ile
solunum egzersizlerine destek olan ¢alisma ornekleri yer almaktadir. Bu drneklerden biri olan; KOAH
hastalarinin solunum takibi iizerinde yapilan ¢alismada; torakal mobiliteyi 6l¢ebilen ve mobilite takibi
icin hasta ve saglik uzmani i¢in ger¢cek zamanli monitérize edebilen bir cihaz tasarimi sunulmaktadir.
Cihaz; g6gsii cevreleyen bir kablo ve sternumun alt ucunda konumlandirilmis, gogiis ¢cevresi degisimini
Olgen bir encoderdan olusmaktadir. G6giis ¢evre degisimleri, gorsel geri besleme 6zelligi ile bilgisayar
ekranmna aktarilmasi ile hasta takibi yapilabilmektedir. Sistemin iki gen¢ erkek iizerinde denemesi
yapilmistir. Deneme sirasinda ilk dnce gorsel geri bildirim olmadan, derin inspirasyon ve ekspirasyon
yapilmasi istenmig; daha sonra ayni solunumu seklinde, es zamanli gorsel geri bildirim ile kisilerin takip
etmesi saglanmistir. Bu iki dl¢lim arasinda degerlendirme yapildiginda; gorsel geri bildirim olmadig:
durumda, kisilerde ¢abuk yorulma ger¢eklesmesi nedeniyle torasik eklem hareket agikliginin (EHA)
azaldig, gorsel geri bildiri ile kigilerde daha stabil ve genis torasik EHA oldugu goriildiigii belirtilmistir
[18].

Gorsel geri bildirimin gelistirilip mobil oyun uygulama ile birlestirilmesi ile tasarlanan sistem
caligmalar1 da yer almaktadir. Bunlardan biri olan Stafford ve ark. [19] yapmis oldugu ¢aligsma, solunum
problemleri yasayan insanlarin solunum egzersizlerini yapmada rehberlik edecek ve bu egzersizleri
eglenceli hale getirebilecek sistem tasarimidir. Sistem solunum takibi i¢in bir gogiis kemeri, mikrofon
ve bir akilli mobil cihazdan olusmaktadir. Akilli mobil uygulama olarak kurulmus oyun sistemi,
mikrofon ve kemerden alinan inspirasyon bilgisi ile ekranda bulunan karakterin inspirasyon ile yukari
yonde, ekspirasyon ile asagi yonde hareket etmesini saglayarak oyundaki engellerden gegilmesini
seklinde kurgulanmaktadir. Cihaz, akilli mobil cihazi olan herkesin bu uygulamaya ulasabilmesini, hasta
solunum verilerinin almmasini hedeflemektedir. Hastadan alinan ventilasyon dongiisii bilgisini,
hastanin solunum saglik profilini ve progresyonunu ortaya koyabilmesi ile saglik uzmanlarina yol
gosterici olabilmektedir. Mobil oyun ile uyarlanarak, ¢ocuklarin egzersiz egitimini desteklemek iizere
sunulmus bir 6rnek Siering ve ark. [20] yaptig1 caligmadir. Calisma; solunum disfonksiyonu ve astim
problemi gibi solunum problemi yasayan; dispne, diisiik egzersiz kapasitesi, ylizeyel solunum
semptomlar1 gdsteren c¢ocuklarin solunum ritimlerini diizenlemek i¢in onlarin ilgisi ve odagini
yakalayabilecek bir solunum egitimi cihazi tasarlamaktadir. Cocuklara derin solunum &gretilerek soluk
hacmi ve akciger kapasitesini artirmak amaglanmaktadir. Bunun igin sistem, ¢ocugun solunum
derinligini Olgebilen giyilebilir bir yelek ve egzersizle entegre bir mobil oyundan olugmaktadir.
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Giyilebilir yelek lizerinde LED 1siklar bulunmaktadir. Bu LED 1siklar arasinda kullanilan sensor;
pargalarin birbiri ile olan uzakligini analiz etmekte, pargalarin birbirine yakinlasmasina duyarli olmasi
ile de sensorlerin birbirine uyguladig1 basinci ileterek gogiis duvarindaki degisimi gosterebilmektedir.
Ayn1 zamanda bu yelege eklenmis LED lambalar da bu degisim ile birlikte yanip sonmektedir. LED
lambalar, beyaz renge dondiigiinde “solunum ritmi iyi degil”, 1siklar sondiigiinde “solunum iyi ve ritmi
normal” anlamima gelmektedir. Solunum ritmine ait biitiin bilgiler oyun iizerine aktarilarak ¢ocugun
solunum ritmi ve yeterliligi (derin, ylizeyel solunum) ile ilgili bilgi ekran iizerinde bulunan barlarda
gosterilmektedir. Oyunun araylizii incelendiginde; oyun, uzayda yasam siiren karakterlerin hayatta
kalmalari igin gereken enerji ve oksijen miktarini karsilamak iizere kullanicinin solunumun verilerini
oyun- oyuncu etkilesimi olarak kabul eden bir kurguya sahiptir. Oyun amacina uygun olarak karakterin
enerji miktar1 (solunum pozisyonu, derinlik) ve ihtiya¢ duydugu oksijen miktar1 (solunum ritmi)
¢ocugun solunumunun diizgiinliigii ile karsilanmaktadir. Ayn1 sekilde ekran tlizerinde yelek {izerindeki
1siklandirma durumu gorsel olarak gosterilmektedir. Bu cihaz prototip olarak iiretilmis ve faydalilik
denetimi igin ¢ocuklarin kullanimina sunuldugunda, ¢ocuklarin solunum egzersizlerine odaklarinda
artma goriilmekte ve sistem kullanilabilir bulunmaktadir. Ozellikle cihazin LED ile uyaric1 gorevi
“Cihazin solunum egzersizlerine rehberliginde daha agik ve anlasilir olmasmi saglamistir.” seklinde
yorumlanmaktadir. Ilerleyen siiregler i¢in “Bu sistem, solunum hastaliklarmin kékeninin bulunmasi ve
hastalik siddetinin analiz edilmesinde kullanmak {izere gelistirilmesi ve cocugun bedensel gelisimine
bagl olarak kisisellestirilmesi saglanabilir.” degerlendirmesi yapilmaktadir. Bunun yaninda yelek
tasariminin ¢ocuklar i¢in daha ilgi ¢ekici ve giizel gorliniime sahip olabilecegi 6nerisi de bulunmaktadir.

Saglikli bir solunum dongiisiinde, kisilerin ventilasyon ile oksijen dolan akciger alanlar1 maksimum
seviyededir. Ancak dis (hava kirliligi, sigara vb. ) ve i¢ (solunum yolu enfeksiyonlari, solunum sistemi
hastaliklart vb.) unsurlar nedeniyle bu alanlarin havalanmasinda problemler goriilebilmektedir.
Pulmoner rehabilitasyonda sekresyon birikimini 6nlemek, havalanma alanlarmi genisletmek igin
solunum egzersizlerinin yani sira solunum mekanigine uygun, torakal hareketliligi artirici, normal
solunumu destekleyici ¢esitli uygulamalar (perkiisyon, vibrasyon, postiiral drenaj vb.) yapilmaktadir.
Literatiirde bu uygulamalar1 tibbi cihaz ile yapabilen ve ventilasyon dongiisiinii destekleyen bir ¢aligma
ornegi karsimiza ¢ikmaktadir. Bu calisma; tetrapleji (sinir hasari) nedeniyle solunum kaslarinda
islevsizlige sebep olan, ileri seviye solunum kas giigsiizliigii goriilen kisilerde; zorlu ekspirasyon
mekanizmasi desteklemek, solunum dongiisiinii taklit etmek amaciyla solunum mekanik modeli kuran
bir cihaz tasarlanmaktadir. Cihaz kullanicinin maksimum ekspiratuar kas giiciinii artirmak i¢in karin ve
gbgiis lizerine negatif ve pozitif basing uygulayan vakumlu bir sistemden olugmaktadir. Negatif basing
saglayan kompresyon aktivatorii diger bir adiyla demir akciger, dis iskelete modiile edilmekte, ayni
zamanda pozitif basing ile interkostal ve diyafram kasinin kasilmasini taklit etmektedir. Pozitif basing
abdominal kaslar1 sikigtirarak diyaframi yukar1 yonde hareket ettirmekte ve kapali olan glottisin agilmasi
ile havanin disar1 hizla ¢ikisi, yani maksimum ekspirasyonu saglanmaktadir. Bu cihazin deneysel
sonuglarinda kisilerin sekresyon atilimlarini kolaylastirdigi, akcigerin havalanma alanlarinin genisledigi
degerlendirilmektedir [21]. Mekanik uyarilar ile akcigerin havalanma alanlarmni artirmayi amaglayan
pulmoner rehabilitasyon uygulamalardan biri segmental solunumdur. Mekanik uyarilar ile bu solunum
tipini uyarabilen giyilebilir bir cihaz tasarimi 6rnegi Tsaknaki ve ark. [22] tarafindan sunulmustur.
Sistem ses sanatgilarinin nefes kontrolii saglayarak fonetik yeteneklerini gelistirmesinden yola ¢ikarak,
solunum kontroliinii deneyimlemeyi saglayan bir cihaz tasarimi lizerinde yogunlagsmaktadir. Calismada
hem solunum tiplerinin deneyimlenmesi ve Ogretilmesi hem de solunum sirasindaki farkindaligi
yaklagimlarina yer verilmektedir. Bunun i¢in ¢alismada ilk Once, ses egitmenlerinin rehberligiyle
solunum tipleri 6gretilmekte daha sonra sensorler yardimi ile solunum takibi yapilmaktadir. Solunum
takibi i¢in gerinim sensori kullanilmig olup, gerilim degisimine duyarli bir kemeri daha sert ve siki bir
kemer olacak sekilde modifiye edilerek cihaz tasariminda sunulmaktadir. Ayni zamanda rektus
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abdominus kaslarin aktivitesini, dansgilarin kullandig1 dar bir elbiseye monte edilen EMG sensdrleri ile
inceleyen giyilebilir ekipman da yer almaktadir. Ayrica solunumun hissedilmesi, taktil uyari ile dogru
solunumun uyarilmas1 ve egitilmesini saglamak igin sensdr- eyleyici yastik sisteminden olusan
“solunum kabugu” adli bir sistem olusturulmustur. Bu yastiklar toraksin anterior, lateral ve
posteriorunda konumlanmaktadir. Yastiklar siserek disaridan bir el gibi kisinin toraksina basing
uygulayarak solunumun o bolgede yogunlagmasini saglamaktadir. Ayni sekilde nefes verildiginde
yastiklar i¢indeki hava bosalarak ekspirasyonu desteklemektedir. Tasarim denenmis ve solunum takibi,
destekleme ve farkindaliginda etkili ve dikkat ¢ekici oldugu yoniinde degerlendirilme yapilmaktadir.
Sistemin ileriye yonelik ¢alismalar i¢in fizyolojik sinyallerin takibi ile kigilerin solunumunu kapsamli,
ayrintili degerlendirme ve daha etkili destekleme saglanabilecegi degerlendirilmektedir.

Tablo 2: Aktivatér bazli solunum cihazi ¢calismalart ve ozellikleri.

Referanslar Amag Veri Sensor Uyarici
sistem
[13] Sanal ger¢eklik kullanarak solunum Solunum hizi, EquiVital Gorsel
kontroliiniin saglanmasi. ritmi biyosensorii geribildirim
[14] Yogik solunum ve teknik uygulama Kalp atig hizt Nabiz sensorii Titresim
performansini degerlendirmek i¢in akttiatorii
giyilebilir bir cihazin tasarimini Durus Esnek sensor
arastirmak. Gorsel izleme
Solunum ritmi ve ~ Jiroskop ve
paterni ivmedlcer
(MPU 6050)
[15] Stres yonetimi igin geri bildirim Solunum hizi Bioharness Pnomatik
yontemi ile solunum ritmini gogiis kemeri aktiiator
diizenleyen giyilebilir bir cihaz
olusturmak.
[16] Torasik dilatasyonu inceleyebilecek Torasik Encoder Gorsel geri
ve geri bildirim saglayabilecek bir genisleme (Microtech, bildirim
cihaz tasarlamak MLS- 30)
[17] Solunum problemi olan hastalarin Solunum sayisi, Akustik Gorsel
solunum egzersizlerine katilimin gogiis genisleme sensor, bildirimlerle
artirmak i¢in sanal bir oyun miktari Advanpro mobil oyun
tasarlamak. gogiis kemeri
(hizlanma
sensorii dahil)
[18] Solunum problemi olan ¢ocuklarda Solunum ritmi ve Reflexible Gorsel geri
nefes egitimini desteklemek i¢in derinligi tekstil bildirim
cocuklarin motivasyonunu ve odagint
105
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artiran, mobil oyunla entegre LED 151k
giyilebilir cihaz tasarlamak.

[19] Solunum sensoriinii yatak ve Gogiis genisleme Gerinim -
sandalyeye entegre ederek hasta miktari sensoril
takibini saglamak.
Oksijen Pulse
doygunlugu oximeter
[20] Farkli solunum paternlerinin tespitini Solunum kast EMG, Pnomatik
destekleyebilecek bir cihaz hareketi Gerinim yastik
tasarlamak. sensoril akttiatorii
Gogiis genisleme
miktari (Basing
sensorii)

2.2 Patentler

Tablo 3’te yer alan patentler detayli incelenecek olunursa; Patent 6rneklerinden ilki Dietz tarafindan
1984 yilinda, solunum hava akiminin kisa siireli kesilmesi olarak tanimlanan apne rahatsizligin tespit
etmek icin solunum sensor sistemi olusturma diisiincesi {izerine sekillenmektedir. Bunun igin torakal
genisleme ve daralmay1 pnomatik yollarla algilayan kemer seklinde pnomatik sensor yer almaktadir.
Hasta bu kemeri giymekte ve kemer iizerinden hava kanallar1 ile uygun bir monitére baglanmaktadir.
Pndmatik sensoriin ¢alisma mantigima gore, kisi inspirasyon yaparken gogii genislemesi cihazdan pozitif
hava akigina doniismekte yani basing etkisi gostermekte; ekspirasyon yaparken gogiis kasilmasi,
daralmas1 ise negatif basinca doniismekte yani vakum etkisi gostermektedir. Bu sekilde olusan
degisimler monitorde takip edilebilmektedir. Cihaz pediatrik ve yetiskin grup dahil olmak {izere
antropometrik Olciilere uyum saglayabilen, hastanin viicut hareketlerine izin veren, kullanimi kolay ve
ergonomik yapida tasarlanmigtir. Cihazda, diisiik maliyetli malzemelerden kolayca iiretebilmek ve
kullanilip atilabilecek kadar basit halde tasarlamak amaglanmaktadir [23].

Ikinci ¢alisma 2004 yilinda Verheem tarafindan patentlenen; solunuma rehberlik etmek amaciyla sesli,
gorsel veya duyusal sinyaller saglayan elektronik zamanlayici cihaz tasarimidir. Cihaz solunum
rehberligini; kisi solunum yaparken nefes alma, verme ve nefesi tutma uzunlugu oranin1 zamanlayici ile
diizenleyerek yapmaktadir. Bunun igin kullanicinin verilen uyariya uygun olarak nefes alma, verme ve
tutma uzunlugunu ayarlamasi beklenmektedir. Cihaz gdgiis, el bilegi ve ayak bilegine takilabilecek
sekilde kemer aparati ile kullanilmaktadir [24].

Ugiincii ¢aligma 2007 yilinda Murphy tarafindan, kisilerin solunumunu algilamak igin elektromekanik
sensorler ve taktil uyari ile geri bildirim saglamak i¢in doniistiiriicii (elektronik transdiiser) icermektedir.
Sistem birbirlerine baglanmis li¢ kemerli bir goriiniime sahiptir. Solunum analizi igerisinde solunum
hiz1, derinligi elektrik sinyallerine elektromekanik sensorler ile doniistiiriilmektedir. Solunumu takiben
almman elektrik sinyallerinin genligi solunum derinligine, periyot uzunlugu solunum hizina karsilik
gelmekte degerlendirmesinde bulunmaktadir. Ayni zamanda cihaz; solunum farkindaligini artirmak i¢in
kisilere, doniistiiriiciiler yardimiyla titresim, darbeleme benzeri duysal uyari ile geri doniitte
bulunmaktadir [25].
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Dort numarali patent, Wasnick tarafindan 2008 yilinda patentlenen cihaz; derin nefes alma egitimi
vermek iizere tasarlanmig govdeye takilan kemerden olugmaktadir. Cihaz iizerinde g6giisiin anahtar
bulunmaktadir. Derin nefes egzersizi sirasinda karinin banda karsi1 genislemesi bandi aktiflestirmektedir.
Karin yeterince genislemedigi taktirde anahtar aktiflesmemekte gosterge aktiflesmemektedir. Bu sekilde
kisi solunum derinligi ile ilgili geri bildirim alabilmektedir [26]. Bir sonraki patent, 2008 yilinda Brauers
tarafindan tasarlanan, solunum egzersizlerine rehberlik etmek amaciyla solunum sensor sistemi ve
sensoOr sinyalini isleme yontemi iizerinde ¢alismaktadir. Bunun i¢in kiginin ventilasyonunu izleyen bir
kontrol iinitesi ve egzersiz ritmini diizenlemek i¢in kullaniciya sesli, gorsel veya dokunsal uyarilar ile
yonlendirmede bulunan bir talimat cihazi ve veri sinyalini islemek ve solunum egzersizini ayarlamak
icin kontrolor icermektedir. Tasarimda, solunum fazlarini ve hizim inceleyebilen algilayici sistemler
icin piezoelektrik eleman veya kuvvet sensorii alternatiflerinin kullanilabilecegi belirtilmektedir. Bu
sensorler kullanilarak inspirasyon ve ekspirasyonu iceren solunumun hangi asamada oldugu
saptanmakta ve her bir asamanin siiresi belirlenmektedir [27].

Alt1 numarali, Amurthur ve ark. 2009 yilinda patentlenmis tasarim; uyku apnesi i¢in solunum izleme
sistemi liretmek amagl olusturulmaktadir. Tasarim; izleme sistemi, yapiskan sensorler ve uzaktan
izleme sistemini icermektedir. Sensorler icerisinde nabiz sensorii ile kalp hizi takibi yapilmaktadir.
Postiirdeki degisimi incelemek ve solunumu takip etmek igin ise ivme Olger kullanilmaktadir.
Sensorlerden alinan veriler sayesinde hastanin solunum durumunu belirlemek igin mikroiglemci ile
tanimlama yapilmaktadir [28]. Ayrica kablosuz iletisim cihazina bagli uzaktan izleme sistemi ile hasta
takibi yapilmaktadir. Bir sonraki ¢aligma; 2012°de Dijk arkadaslar tarafindan; solunum yonlendirme,
egzersize uygun nefes alma teknigini 6gretmek i¢in isitsel ve dokunsal bilgi saglayan taginabilir solunum
cihazi tasarimidir. Sistem, bilgi ¢iktisinin alindig1 bilgi ¢ikis araci ve solunum bilgisine ait ¢giktiy1 kontrol
eden solunuma rehberlik eden solunum ydnlendirme cihazindan olusmaktadir. Sistemde solunum hizini,
solunum modelini ve degisimleri izlemek i¢in ivme Olger, kisinin hareketini takip edebilmek i¢in basing
sensoril igermektedir. Bunun yaninda kisinin egzersize odaklanmasini incelemek ve ortamdaki giiriiltii
oranini analiz etmek i¢in mikrofon, 151k sensorii ve fizyolojik sensorler yer almaktadir. Kullanici sisteme
onceden tanimlanmis, solunum egzersizi bilgisine uygun modu secerek egzersizini yapmaktadir.
Fizyolojik verilerin takibi i¢cin EKG, EMG igerebilecegi alternatif ¢oziim olarak belirtilmistir. Cihaz
solunuma rehberlik etmek icin sesli, gorlintiilii, taktil (titresim) uyaricilar igermekte ve solunumdan
sapmalar oldugu durumda geri doniitte bulunabilmektedir [29]. Bir sonraki ¢aligma; Gavish ve Doron
tarafindan 2013 yilinda tasarlanan; solunum analiz etmek amaciyla yeni bir yontem sunan cihaz
tasarimidir. Sistem mikrofon kulaklik ve kontrol {initesinden olusmaktadir. Ventilasyon periyodunu,
ekspirasyon ve ekspirasyon siiresini belirlemek i¢in mikrofon ile aliman disiik frekansli sesleri
incelemekte ve digar1 giiriiltiisii ile ayirt etmektedir. Ayni zamanda kisini solunumunu yonlendirmek
icin kulaklik ile talimat verme O6zelligi de barindirmaktadir [30]. Bir sonraki ¢alisma; Al Thalab
tarafindan 2014 yilinda; brongial astim problemi yasayan bebeklerin solunum seslerini izlemek i¢in
giyilebilir sensor ve bakim vereni uyarmak icin gdstergeler iceren bir tasarimdir. Sistem elastik kayis,
oksimetre ve alinan bilgileri ileten bir verici sistemden olugmaktadir. Kemer iizerinde solunum
modellerini algilayan akustik sensor icermektedir. Kemere bagli olan oksimetre bebegin oksijen alma
yiizdesini 6lgmektedir. Cihaz ayn1 zamanda sinyal isleyici ile solunumu, oksimetre degerini birlikte
incelemektedir. Bebegin solunumunun siddetine gére bebek bakicisini uyaran bir sesli bir alarm igererek
solunum takibi yapabilmeyi saglamaktadir [31].

Bir sonraki ¢aligma; Persidsky ve Ahlund tarafindan 2015 yilinda; solunum egzersizlerine goére
solunumu izleme, yonlendirmek ve degerlendirmek iizere cihaz tasarlamiglardir. Sistemde solunumun
takip edilmesi i¢in igerisinde a¢1 ve yer degistirme sensOrii barindiran kemer yer almaktadir. Yer
degistirme sensorii, inspirasyon ve ekspirasyonu takip ederken, ac1 sensoril ise segilen nefes modeline
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yer degistirme sensdrii verilerini karsilastirma ve kalibre etmek {izere kisinin durusu ve viicut hareketini
izlemektedir. Bunun yaninda diyafram nefesini tanimlayip, takip eden ve olusan herhangi bir sapma
durumunu geri bildirim ile géstermektedir [32]. Bir sonraki ¢alisma; 2016 yilinda Roy ve ark. tarafindan,
solunum indiiktans plestismografisini kullanarak solunum aktivitesini analiz eden sistem tasarlanmustir.
Olusturulan sistem bir t-shirt ve {izerine sarilmis tel ve bu tele bagli Colpitts osilatdrii iceren elektronik
cihazdan olugmaktadir. Viicudu saran her bir tel viicut parcasinin etrafinda halka olusturmaktadir.
Olusan bu halkadan pletismografik sinyal dl¢lilmekte ve buna gore kisinin fizyolojik ve solunum verileri
bu sinyal tizerinden elde edilebilmektedir [33]. Bir sonraki ¢alisma; 2017 yilinda Dwarika tarafindan;
solunum 6zelliklerini her kosulda izlemek ve uyari sistemi olusturmak iizere tasarim olusturmuslardir.
Cihaz taginabilir, viicut lizerinde elbise, taki vb. yapilara yapistirilabilir kiigiik boyutta tasarlanmaktadir.
Bu cihaz igerisinde akustik sensér barindirmakta ve bunun yaninda ivme 6lger, sicaklik dlger ve titresim
sensoril icermektedir. Cihaz wifi ile baglant1 kurarak sensorlerden alinan biitiin veriler bulut depolama
alaninda depolanmaktadir [34].

Tablo 3. Patentler.

Ref. Patent no Ozellik

[23] US4602643 Ventilasyon sirasinda g6giis, karin ve sirttaki hacim artig ve azaligin1 pnomatik
olarak algilar ve izler.

[24] US2004022482  Nefes egzersizlerini yonlendirmek i¢in basing ve elektrik akimi gibi sesli, gorsel

2Al ve duyusal sinyaller saglayan elektronik bir zamanlayici cihaz tasarimidir.
[25] US2007020343 Ventilasyon monitérizasyonu ile solunum hizi ve solunum derinligini 6l¢en
3Al elektromekanik sensorlii elektronik transdiiserler ile dokunsal geri bildirim

saglayan giyilebilir bir cihazdir.

[26] US2008014200 Anabhtar, derin nefes almay1 egitmek icin gogiis kemeri ve gogiis genisletme ile
4A1 etkinlestirilen gdsterge sistemidir.

[27] WO2008139380 Sistem, solunum kemeri ve tekstil kumasi iizerine monte edilen sensorler ile nefes
A2 egzersizlerini yonlendirmek, inspirasyon ve ekspirasyon yogunlugunu izlemek ve
egzersizle biitiinlesik bir sekilde yonlendirmek icin gorsel, isitsel ve dokunsal
uyari saglayan bir cihazdir.

[28] WO2009036327 Giyilebilir solunum izleme (biyoempedans sensorii) ve uykuda solunum
Al kaliplarini incelemek i¢in fizyolojik verileri (nabiz oksimetresi) ve durus igin
hareket bilgilerini (ivmedlger) alan sensorler ve verileri uzaktan izleyebilen bir
kablosuz izleme islemcisinden olusur.

[29] WO02012117376 Ozellikle fiziksel aktivite sirasinda solunumu yénlendirmek ve yonetmek igin
Al hareketi 6lgen ses, 151k ve fizyolojik sensorler (ivmedlger), solunum hizi, solunum
paterni, ses, 151k ve fizyolojik sensorlerden olusan cihaz tasarim Onerileri.
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[30] US2013028943 Solunum siiresini, inspirasyonu ve son kullanma siiresini analiz etmek i¢in
1A1 mikrofon ve hoparl6r sistemi tasarimi.

[31] US8663126 Pediatrik grubun solunum seslerini izlemek i¢in akustik sensorlii giyilebilir gogiis
kemeri ve solunum seslerini izlemek ve veri toplamak i¢in mikroislemcili bir

cihazdir.
[32] US2015034251 Solunum egzersizlerine gére solunumu izlemek (yer degistirme sensorii),
8Al yonlendirmek ve degerlendirmek (yer degistirme sensorii) ve durusu izlemek (ag1

sensoril) i¢in bir mikrodenetleyici igeren giyilebilir bir nefes egitim sistemidir;
sinyal verilerini alin, isleyin ve iletin.

[33] CA2896498C Kisinin fizyolojik parametrelerini, solunum hizini, tidal hacmini, dakika
ventilasyonunu pletismogrofik sinyali dlgerek dlgebilen giyilebilir bir cihazdir.

[34] US2017007150 Fizyolojik parametrelerin ve solunumun izlenmesi i¢in akustik sensorlerden
6Al (ivmeodlger, mikrofon, titresim sensorii vb.) olusan, kotiilesen ilerleme i¢in uyart
sistemine sahip, bluetooth lizerinden veri aktarimi yapilabilen ve toplanabilen
giyilebilir bir cihazdir.

2.3 Ticari Uriinler

Solunum takibi i¢in Tablo 4’te gosterilen ticari iirlinler incelendiginde; incelen cihazlarin birincil amact
cogunlukla egzersiz performansini degerlendirmek olmakla birlikte literatiirde yapilan birgok ¢aligmada
solunum hastaliklarmin takibi i¢in de kullanilabildigi gosterilmektedir. Belirtilen cihazlar igerisinde
solunum takibinin yaninda yoga solunumu egitimi ile relaksasyon saglamay1 amaclayan Prana cihazi
[37] iiretilmistir. Relaksasyon saglayarak kan basincini diizenlemek, uyku kalitesini artirmak igin
tiretilmis bir cihaz 6rnegi de “RESPeRATE” dir [41]. Tabloda belirtilen cihazlar incelendiginde,
cihazlarin solunum ile ilgili veri alma ve takip 6zelliklerinin yani sira fizyolojik parametrelerden kalp
hiz1, viicut sicaklig1 gibi verileri ve bunlara ek olarak antrenman sirasindaki aktiviteyi degerlendirmek
iizere hareket takibi yapmaktadir. Cihazlar genel olarak veri izlemeyi hedefliyor olsa da birgogu
solunum egitimi i¢in gorsel ve dokunsal geri bildirim sistemleri igermektedir. Gorsel geri bildirim igin,
ekran lizerinden ve mobil uygulama ile veri monitorizasyonunu saglayabilen; dokunsal geri bildirim i¢in
titresim eyleyicisi igeren cihazlar yer almaktadir. Solunum ile ilgili ticari {iriin arastirmasi yapildiginda,
giyilebilir cihazlarin disinda relaksasyon saglamak i¢in solunumu yonlendirici, taginabilir cihazlara
rastlanmistir. Bu cihazlardan ilki; solunum ritmi ve paternini diizenlemek icin gelistirilmis “Bulo” adli
bir solunum egzersiz cihazidir [42]. Cihaz agizdan nefes iiflenmesi i¢in plastik yapida bir boru ve nefes
analizi yapmay saglayan bir aparat igermektedir. Cihaz ayn1 zamanda mobil uygulama ile elde edilen
verileri sunmakta ve solunum egzersizi sirasinda kisileri yonlendirmektedir. Cihaz hastanin akciger
kapasitesi, dayaniklilig1 ve akciger yasina ait bilgiler vermektedir. Hastaya nefes egzersizleri vermekte
ve egzersiz sonuglarini haftalik aylik ve yillik bazda gostermektedir.

Bagka bir cihaz olan “Melo” stres ve anksiyete kontrolii i¢in solunum ve meditasyon egzersizlerini
destekleyen taginabilir bir el cihazidir [43]. Cihaz elde taginabilecek kadar kiigiik boyutta tasarlanmustir.
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Cihaz, kisinin solunum egzersizlerini yonlendirmek tizere 151k ve titresim seklinde uyarilar vermektedir.
Cihazm, kisilerin solunum kapasitesi derecesine bagli olarak uygun cihaz tasarimlar1 bulunmaktadir.

Benzer amagla olusturulmus diger bir ticari iiriin, cihaz solunum ritmini diizenlemek i¢in kullanicrya
dokunsal bildirim veren “Moonbird” adli cihazidir. Cihaz bildirim vermek iizere ritim ile gisip inen bir
balon mekanizmasi ile kisinin cihazin bu ritmine uygun olacak sekilde soluk alip vermesini istemektedir.
Bu sekilde hasta solunum ritmi diizenlenerek, relaksasyon saglanabilmektedir [44].

Tablo 4: Solunum izleme ve egitim icin ticari giyilebilir tiriinler.

Ref. Uriinler Ozellik Gorsel

[35] Spire ——

Solunum verileri ve Fizyolojik veriler (Kalp
atig hizi vb.) izleme. Mobil uygulama ile
izleme.

[36] Oxa
Solunum (Pletisismografi),
Kalp Atis Hizi (EKG) ve viicut 1s1s1
(Kiz1l6tesi sensor) izleme.
Egzersiz takibi (Ivmedlger).
[37] Prana

Diyafram nefesi izleme, durus kontrolii ve
dokunsal stimiilasyon ile solunum egitimi.
Mobil oyun ile gorsel geri bildirim ve
eglence saglamak.

[38] Eq lifemonitor

Solunum Hizini, Kalp Atis Hizin1 (EKG) ve
viicut 1s1sin1 (Termometre) izleyin. Egzersiz
takibi (3 eksenli ivmeblger).
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[39] BioHarness
Zehr

Solunum izleme, veri analizi.

[40] Hexoskin

Solunum hizi ve hacmi (Pletismografi), Kalp
atis hiz1 (EKG) izleme; yorgunluk ve stres
seviyesi izleme. Egzersiz hareketi izleme
(ivmedlger).

[41] RESPeRATE

Solunum hizi (gerinim sensorii), gevsemeyi
tesvik etmek i¢in sesli geri bildirim saglar.

[42] Bulo
Solunum kapasitesini belirlemek ve derin
nefes almay1 kontrol eden bir aparat- mobil
uygulama sistemidir.
[43] Melo

Solunum ritmini diizenlemek igin
kullaniciya titresim geri bildirimi
vermektedir.
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[44] Moonbird

Solunum ritmini diizenlemek i¢in solunum
dongiisiinii uyaran kumanda sistemidir.

3 Tartisma

Bulgular kisminda sunulan ¢alisma, patent/ faydali model ve ticari iriinler incelendiginde; tasarlanan
cihazlarmm bir¢ogunun, stres seviyesinin diizenlenmesi, spor aktiviteleri sirasinda kullanicinin
solunumunu degerlendirmek ve solunum sistemine ait hastaliklarin tespit ve tedavisini incelemek ve
desteklemek gibi amaglar ile gelistirildigi goriilmektedir. Calisma iceriklerinde; solunuma ait
parametrelerde solunum hizi, ritmi, paterni, gégiis genisleme miktari, solunum derinligi, akciger total
hacmi, solunum kas aktivitesi gibi veriler ele alinmaktadir. Bir kisim ¢aligma, solunum parametreleri
yaninda; kalp hizi, kan basinci, oksijen satiirasyonu, viicut 1s1 degisimi gibi fizyolojik degiskenleri;
bunlara ek olarak postiiral degisim, yorgunluk gibi diger degiskenleri incelemektedir. Caligmalarda
solunum parametreleri veri takibinde kullanilan sensorler igerisinde en sik kullanilan sensdr ivme 6lger
olmak {izere gerinim sensorii, kuvvet sensorii, manyetik sensoér, EMG, encoder, akustik sensor gibi
cesitli tipleri yer almaktadir. Incelenen calisma ornekleri ¢ogunlukla solunum veri takibi amagh
olusturulmaktadir. Bu c¢aligmalarda genelde uyarici sistem, gorsel geri bildirim yolu {izerinden
monitorizasyon ile saglanmaya calisilmaktadir. Caligmalarin bir kisminda gorsel uyarict sistemler,
telerehabilitasyon ile entegre olacak sekilde gelistirilmektedir. Bunun yaninda bazi ¢aligmalar; solunum
egitiminde yonlendirici olmak amaciyla sesli uyar1 ve taktil uyan sistemleri eklemektedir. Taktil uyar
olusturmay1 hedefleyen calismalarda eyleyici sistemlerinde; titresim, yumusak eyleyici unsurlar yer
almaktadir.

Solunum sistemine yonelik tasarlanan cihazlarin; kisilerdeki solunum performansi ve kullanict
memnuniyeti agisinda degerlendirmesi gelecekte olusturulacak cihazlar icin bir 151k tutmaktadir. Bu
baglamda kullanici iizerindeki fizyolojik etkilerinin incelendigi ¢aligmalar incelenmektedir.

Vanegas ve ark. [45] solunum izleme sistemlerini teknik olarak inceledikleri derleme ¢alismasinda, ele
alinan c¢aligmalarin %60’lik oranmi solunum verileri icerisinde goglis duvar1 hareketini inceledikleri
gosterilmektedir. Bu veri; solunum parametreleri ile ilgili dolayli degerlendirme yapilabilme imkani
saglayabilmesi ile solunum verileri igerisinde gdgiis duvari hareketliligi dolayisinda solunum hizi,
solunum ritmi ve derinligi ile ilgili degerlendirme yapmaktadir. Ayn1 zamanda, solunum veri takibi igin
kullanilan sensorler gdsterilmis ve sensorler icerisinde en ¢ok tercih edilen ilk ti¢ algilayicinin, sirasi ile
optik sensor, direng sensorii, ivme sensorii oldugunu belirtmistir. Cao ve ark. [46] yaptigi calismada;
KOAH hastaliginin progresyonu, takibi i¢in hastanin vital bulgulari dahil olmak iizere solunum paterni,
solunum hiz1 gibi bilgilerini monitdrize etmek amactyla giyilebilir sensor kullaniminin, giivenilirligi ve
yeterliligi degerlendirmektedir. Katilimcilara pulmoner rehabilitasyon programi igerisinde; solunum
paterni, solunum egzersiz egitimi, 6MWT (6 Dakika Yiiriime Testi) ve 24 saatlik fizyolojik takibi
yapilmis ve katilimcilar giyilebilir kemer solunum takip cihazi olan SenseEcho cihazini
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kullanilmaktadir. Katilimcilar KOAH hastasi olan ve olmayan iki grup olusturulmus ve bu gruplarin
6MWT icerisindeki: EKG, oksijen satiirasyonu (spO2), kalp hizi, solunum hizi; 24 saat
monitdrizasyonda ise: fizyolojik degerleri (viicut 1silari, kan basinglart da dahil sanirim), uyku kalitesi,
uyku bozuklugu tespiti vb. bulgulari; solunum paterni igerisinde: goglis solunumu ve diyafram
solunumu degerlendirilmektedir. Calisma sonuglarina goére cihazin fizyolojik ve solunum
parametrelerinin detayli olarak degerlendirmesini saglayabilmesi ile hasta uyumu ve solunum
rehabilitasyonunun etkileri hakkinda daha detayli ve faydali bilgiler elde edilebilmesini saglayabilmekte
oldugu; giyilebilir sensér kullaniminin solunum hastalarinin takibi i¢in énemli oldugu ve pulmoner
rehabilitasyon i¢in yol gosterici olabilecegi degerlendirilmektedir. Calisma sonuglart degerlendirilerek,
veri analizi ve karnstirict faktor diizeltmesi icin kapsamli bilgi saglamak {izere elektronik saglik
kayitlarindan alinan bilgileri giyilebilir sistemler tarafindan, fizyolojik verilerle birlikte takip etmek
gerektigi degerlendirilmektedir. Bu amaca uygun olarak solunum sistemine yonelik tasarlanmasi
planlanan cihazlarin takip ettigi veriler icerisinde; solunum verileri ve bunlarin gesitli sensorler ile
dolayli olarak degerlendirilebilecegi goriilmektedir. Bunlara ek olarak solunum verileri yaninda
fizyolojik parametrelerden kalp hizi ve satiirasyon bilgisi takibinin dahil edilmesi degerlendirilmelidir.

Yapilan ¢alismalar incelendiginde, ¢alismalarda uyar sistemleri genellikle gorsel geri bildirim seklinde
oldugu gortilmektedir. Zhu ve ark. [47] geri beslemenin ve geri besleme tiiriiniin solunum egitimi
iizerindeki etkisini incelemektedir. Caligmada katilimcilara solunum egzersiz egitimi verilmekte,
egzersiz sirasindaki kalp hizi takibi yapilmaktadir. Katilimcilar herhangi bir geri bildirim uygulanmayan
ve gorsel, isitsel geri bildirim uygulanan olmak {izere iki gruba ayrilarak degerlendirme yapilmaktadir.
Calisma sonucunda geri beslemenin solunum egitimi {izerinde 6nemli etkiye sahip oldugu; uyaran tipi
olarak incelendiginde ise gorsel geri bildirimin sesli geri bildirime oranla daha etkili oldugu
degerlendirilmektedir. Gorsel geri besleme iizerinde gelistirilen bir bagka caligmada, sanal gergeklik ile
entegre mobil uygulama tasarlanarak askerlere kontrollii solunum egitimi i¢in geri besleme yontemi
uygulanmakta ve kigilerin stres seviyelerindeki degisim incelenmektedir. Sistemin test edilmesinin
ardindan, geri besleme yonteminin kullanilmasinin kisilerin katilim ve 6grenmesini gelistirdigi; egitim
basarisina onemli bir katkida bulundugu degerlendirilmektedir [15]. Bu nedenle, biofeedback
bileseninin, kisisellestirilmis ventilasyon dongiisii, nefesteki diizeltmeler, kararli bir solunum paterni ve
solunum hizin1 azaltma becerisi gelistirme konusunda daha etkili bir yaklagim gelistirmede son derece
yararli oldugu degerlendirilmektedir. Cihaz tasarimlarinda yer alan diger bir uyarici bilesen taktil uyari
sistemidir. Taktil uyar1 propriosepsiyon duyusunu gelistirerek dis diinya ile olan etkilesimimizi
derinlestirerek solunum egitiminde aktif olan sinir yapilarini gelistirmektedir. Teknolojik geligsmeler ile
birlikte cihaz- kullanic1 arasinda veri aktarimi saglanarak duyusal etkilesim saglanabilmektedir. Bu
cihazlar; bedensel farkindaligimizi artirmada yardimci olarak, duyusal yeteneklerimiz daha etkili sekilde
gelisebilmektedir. Karpashevich ve ark.[48] solunum egzersizleri igin sekil degistirebilen uyarict
sisteme sahip soma korse tasarimini degerlendirdikleri ¢alismada; solunum ritmi ile uyumlu dokunsal
uyaran veren pnomatik sistem kurulmustur. Sistem kiginin solunum dongiisiine uygun olarak kisinin
solunum ritmine 6zel olacak sekilde uyari sistemini aktive etmektedir. Caligma sonucunda; bu uyarici
sistemin, kas sinir sistemi reaksiyonunu gelistirerek solunum egzersizlerini 6grenmede etkili bir yol
oldugu degerlendirilmektedir. Bu dogrultuda kapsamli bir solunum sistemine rehabilitasyon cihaz
tasariminda uyarici sistem barindirmasi ve bu uyarici sistemin gorsel, sesli ve Ozellikle taktil
uyaranlardan en az biri ile desteklenmesinin rehabilitasyonda hasta farkindalik ve katilimim
artirabilecegi degerlendirilmektedir.

Solunum takibi ile ilgili calismalarin birgogu gorsel geri bildirim saglanmasi icin kullaniciya mobil
cihazlar iizerinden ulagilabilen uygulama vb. arayiiz sistemleri sunmaktadir. Bunula birlikte bu
cihazlarim birgogu hasta takibi yapmak ve hastaya geri doniitte bulunmaya imkan taniyan uzaktan takip
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Ozellikleri barindirmamakta buna karsin ¢alismalarin ileriye yonelik hedefleri igerisinde
bahsedilmektedir. Literatiirde telerehabilitasyon ile entegre solunum takip cihazlari incelendiginde,
aragtirmalar icerisinde bulut bilisim sistemlerine ait c¢aligmalarin yer aldig1 goriilmektedir. Bu
sistemlerden biri olan WELCOME; solunum takibi i¢in giyilebilir sensorlii yap1 ve bulut biligim sistemi
ile hasta degerlendirmesi yapabilmektedir. Sistemin etkinligini degerlendirmek iizere Kaimakamik ve
ark. [49] KOAH hastalarint WELCOME sistemi ve giyilebilir sensorlii yelek kullanarak hasta verilerini
ve gelisimini uzaktan takip etmektedir. Caligmaya 17 semptom gosteren KOAH hastas1 (GOLD seviye
2-4) olan, hastane yatis1 verilmis kisiler dahil edilmektedir. Hastalarin takibi, hastanede yatis siiresi
boyunca WELCOME sistemi ile yapilmaktadir. Calisma sonucunda uzaktan takip sisteminin, hasta
verilerini degerlendirebilmesini ve altta yatan hastalik durumlarinin daha iyi anlasilmasini
saglayabilecegi degerlendirilmektedir. Ayni zamanda diger saglik profesyonelleri ile iletisim kurabilme
yetenegi ile birden fazla komorbiditeye sahip hastalar1 incelemede uzmanlar arasinda isbirligini
destekleyebilecegi; bu igbirligi ile hastalarinin hastalik durumu ve yasam kalitesi hakkinda ¢ok yiiksek
bir durumsal farkindalik ve hastalikla ilgili degiskenlerde goéze carpmayan detaylarin fark edilmesini
saglayabilecegi  degerlendirilmektedir. Ozellikle Covid 19 salgini  sonrasinda; solunum
rehabilitasyonuna ihtiya¢ duyan kisilerin uzaktan takibini saglayabilecek sistem tasarimi ¢aligmalari
artmakta ve telerchabilitasyon sistemlerinin hastalarin solunum fonksiyonlarini iyilestirmede ve olasi
komplikasyonlarin azalmasina yardimci olabilecegi degerlendirilmektedir [50- 51]. Derdiyok [52]
solunum egzersizleri igerisinde yer alan segmental solunuma yonelik giyilebilir bir cihaz tasarlamakta
ve tasarimlar arasinda degerlendirme yaparak en ideal cihaz tasarimini detayli bir sekilde
incelemektedir. Yaptig1 ¢alisma igerisinde solunum sisteminin degerlendirmesi, tedaviye yon verici
unsur igermesi ve telerehabilitasyon &zelligini barindiracak sekilde O6zellikler eklenmek tizerinde
yogunlasmakta, bu 6zelliklerin solunum cihazinda yer almasi ile pulmoner rehabilitasyona énemli bir
katki saglanabilecegini degerlendirmektedir. Solunum fizyoterapistlerine olan ilgi ve ihtiya¢ artmakta;
kisiler hastane ortamindan uzaktan takip edilebilen tedavi yontemlerine bagvurmaya baslamaktadir.
Solunum tedavisine olan ihtiyaci karsilamak icin tasarlanan cihazlar ile hastalarin uzaktan takibi ve
desteklenmesi yapilabilmektedir. Bunun yaninda solunum tedavisine olan ilgi ve bilgi artabilmektedir.
Bu sayede solunum terapisi farkindaligi olusmakta ve tedaviye olan erisim olanagi artmaktadir.
Solunum sistemi rehabilitasyon programinin bolgesel ve ulusal yayilimimin saglanmasi i¢in solunum
sistemine yonelik tasarlanan cihaz sistemlerinde telerehabilitasyon 6zelliginin yer almasi cihazi 6ne
tagiyabilecegi ve kullanici kitlesinin  kapasitesini artirmada o6nemli rol oynayabilecegi
degerlendirilmektedir.

4  Sonuc¢

Bu makale solunum sistemi rehabilitasyonun uygulamalara yonelik tasarim, cihaz, sistemler ile ilgili
mevcut patent, arastirmalar ve ticari trtinlerin gesitli kaynaklarin taranmasi ile ayrintili bir derleme
calismasi sunmaktadir. Incelenen c¢alismalar; solunum sistemine ait verilerin alinmasi, solunum
egzersizlerinin ¢esitli amaglarla desteklenmesi 0zelinde arastirilarak solunum sistemi rehabilitasyonu
igerisinde ihtiya¢ duyulabilecek cihazlar1 ortaya koymaktadir.

Incelenen tasarimlarin igerisinde solunum sistemi hastaliklarma sahip kisilerin progresyonunun takip
edilmesini saglayabilme 6zelligi olan cihazlarin saglik uzmanlari i¢in daha hizli ve etkili degerlendirme
yapabilmelerine imkan saglayabilecek veriler sunabilmekte oldugu goriilmektedir. Ayrica sporcularin
kullanimina yo6nelik tasarlanan cihazlar ile de solunum verileri alinarak, sporcunun kondisyonunu
degerlendirme imkan1 sunulabilmektedir. Bu cihazlarin klinikte ve klinik diginda aktif kullanilabilmesi
saglandig1 taktirde kullanicilarin daha giivenli bir solunum rehabilitasyon siirecini yasayabilecegi
degerlendirilmektedir.
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Solunum sistemi problemi yasayan kisiler ya da solunum kontrolii saglamak isteyen kigiler i¢in solunum
egzersizlerinin egitimi ve bu egzersizler dahilinde solunum kontroliiniin uyarilmasini saglayabilen aktif
cihazlar yer almaktadir. Sistem igerisinde eyleyici bulunduran bu cihazlarin solunum sistemi fizyolojisi
ve mekanigini destekleyerek solunum kontrolii saglama, akciger kapasitesi artirmaya yonelik tedaviyi
destekleyici olabilecegi degerlendirilmektedir. Bunun yani sira solunum kontrolii saglanarak stres
seviyesini azaltmak da oldugu da ortaya konulan sonuglardan biridir.

Calisma sonucunda solunum sistemini destekleyen caligsmalarin sayisinin giin gectikce artmakta oldugu,
ihtiyaclar dogrultusunda fonksiyonlarinin gelismekte oldugu ve hatta yapay zeka ile entegre sistemleri
kullanmaya yoneldigi goriillmektedir. Buna ek olarak solunum sistemi verilerini almak, degerlendirmek;
solunum rehabilitasyonunu desteklemek {izere solunum sistemi problemi olsun olmasin herkesin
solunum sisteminin kontrol ve gelisimini saglamak agisindan solunum sistemine yonelik degerlendirme
ve destekleme odakli cihazlar solunum sistemini rehabilite etmede 6nemli bir yere sahip oldugu
degerlendirilmektedir. Bununla birlikte yapay zeka ile desteklenen tasarimlarin mobil uygulama
formunda kullanictya ulastirilmasi ile daha fazla kisinin solunum rehabilitasyonuna ulagim imkani
saglanabilmekte, kontrollii izleme ile progresyon takibi yapilabilmektedir.

Solunum sistemine yonelik cihaz tasarimi planlanmasi durumunda tasarimcilarin; sistem igerisinde
solunum verileri yaninda fizyolojik verilerin takibinin yapildigi; solunum egitiminin desteklendigi ve
bu amacla gorsel/ sesli/ taktil uyaricilarin sisteme dahil edildigi ve telerehabilitasyon ile entegre bir
yazilim igeren tasarim olusturuldugu bir sistem ile solunum rehabilitasyonuna Onemli katki
saglayabilecegi, optimum tasarimi olusturabilecegi degerlendirilmektedir.

5 Beyanname
5.1. Rakip Cikarlar
Bu ¢alismada herhangi bir ¢ikar ¢atigmasi yoktur.

5.2. Yazarlarm Katkilar

Fatma Betiil DERDIYOK: Calisma fikrinin olusturulmasi, literatiir incelemesi, patent ve ticari
¢aligmalarin incelenmesi, derleme sonuglarinin sunulmasi, makale yazimi ve sorumlulugu.

Kasim SERBEST: Calisma fikrinin olusturulmasi, makalenin goézden gegirilmesi ve yazim
diizenlemelerinin yapilmasi.
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ABSTRACT

Microphone main characteristic is to faithfully detect and transform incoming acoustic signal in
electric one. Semiconductor based capacitive MEMS microphones, despite their limited dimensions,
offer remarkable performances (frequency response, SNR). The purpose of this article is to introduce
some design optimizations in the current SDM (Sealed-Dual-Membrane) capacitive MEMS
microphone mainly concerning the position of the ventilation hole. The effects of the suggested
modifications on the microphone’s performances were evaluated using Lumped Model simulation
tool. Device frequency response within audio-band clearly changed and a totally flat shape was
obtained. Improvements in the microphone performances were also achieved, Signal-to-Noie Ratio
(SNR) passed from a starting value of 71,24 dB to a final value of 71,49 dB. This SNR increase is
related to the A-weighted noise decrease, it passed from 107,98 dB to 108,22 dB.

Keywords: capacitive MEMS microphone, frequency response, lumped model, ventilation hole,
back-volume.

1 Introduction

Micro-Electro-Mechanical Systems, or MEMS, is a technology that can be broadly defined as
miniaturized mechanical and electro-mechanical elements made using microfabrication techniques [1].
The critical physical dimensions of MEMS devices can range from well below a micron to several
millimeters at the lower end of the dimensional spectrum. The most notable elements of MEMS devices
are microsensors and micro-actuators [2]. Microsensors and micro-actuators are conveniently categorized
as "transducers"”, defined as devices that convert energy from one form to another. In the case of
microsensors, the device typically converts a measured mechanical signal into an electrical signal [2][3].
Many of these micromachine sensors have demonstrated performances that exceed those of their macro-
scale counterparts. MEMS devices manufacturing methods are based on batch manufacturing techniques
which can translate into low manufacturing costs per device [3]. As a result, it is possible to achieve
excellent device performance but also to do so at a relatively low-cost level [4]. Unsurprisingly, silicon-
based discrete microsensors are rapidly becoming commercially available and the markets for these
devices continue to grow rapidly. The true potential of MEMS begins to emerge when these miniaturized
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sensors, actuators and structures can be combined on a common silicon substrate together with integrated
circuits [2]. Microelectronic integrated circuits can be considered as the "brain” of a system, and MEMS
augments this decision-making capability with "eyes" and "arms", enabling microsystems to sense and
control the environment. Sensors collect information from the environment by measuring mechanical,
thermal, biological, chemical, optical and magnetic phenomena. The electronics then process the
information obtained from the sensors [3]. Furthermore, because MEMS devices are manufactured using
mass production techniques, unprecedented levels of functionality, reliability and complexity can be
placed on a small silicon chip at a relatively low cost [2, 4]. MEMS technology is extremely diverse and
efficient, both in terms of expected application areas and how the devices are designed and manufactured.
Capacitive microphones currently represent one of the most widespread application of MEMS devices.
Their key performance parameters are primarily bound to their acoustic behavior and include frequency
response, Signal-to-Noise Ratio (SNR), Total Harmonic Distortion (THD), Acoustical Overload Point
(AOP) and package size. The starting point of our investigation is based on the SDM microphone design
[5] that represents the most performing and sophisticated capacitive MEMS microphones. Many studies
and simulations have been performed to improve and optimize its performances [6]. To improve its
frequency response, especially near the lower limit of the audio-band (20 Hz — 20 kHz), a modification
of the ventilation hole [7][8] position is suggested. This is beneficial for device performances because it
makes the frequency response flat inside all the audio-band so the microphone is able to detect and
transduce in the same way all the signals, independently from their frequency. Suggested modification of
ventilation hole position is also beneficial for device stability and robustness over the time against
contaminants like water and particles. Lumped model simulations have been performed to verify and
support our expectations.

2 Material and method

2.1 Ventilation hole position

The ventilation hole is a circular opening required in the SDM membrane design to compensate for the
slow pressure change between the back volume and the front volume (Bosch cavity). Microphones have
to perform identically in different conditions at sea level and above sea level where the atmospheric
pressure is different. In absence of the ventilation hole to compensate for this variation in atmospheric
pressure, it is possible for a pressure difference to occur between the front volume, which is connected to
the external environment through the sound port, and the back volume, which is completely enclosed.
This difference may cause the membrane to pre-bend and change the membrane mechanical stress,
consequently altering the acoustic performance of the microphone. The ventilation hole function is very
important to guarantee the correct operating mode of the microphone, but it also has some disadvantages:

e itisa possible access for contaminants like water and particulate. These contaminants can enter
the back-volume through the vent and permanently jeopardize MEMS membrane performances.

e It creates additional acoustic noise as the air volume has to flow from the larger front-volume
(Bosch cavity) to a much smaller volume (ventilation hole channel).

e Combination of ventilation hole and back-volume is at the origin of the high-pass filter effect
visible in the microphone frequency response. It has a corner frequency between 10 Hz and 40
Hz and gives the microphone frequency response its non-flat shape.

e Itresults in a reduction of the active area of the membrane capable of generating signals.
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Fig. 1. On the upper side there is a cross section of current SDM MEMS microphone design where the ventilation
hole is on the membrane and the lid is completely sealed. On the lower side there is a cross section of new SDM
MEMS microphone design where the ventilation hole is on the lid while membrane has no opening.

In summary, the removal of the ventilation hole may provide some improvements in terms of acoustic
performance (noise reduction, signal enhancement) and robustness, but the slow pressure compensation
function must be implemented in an alternative way. A possible solution to compensate for atmospheric
pressure variation is to add an opening in the microphone lid, so that a connection between the back-
volume and the environment can be created (Figure 1). This design change is not only an alternative
solution for the compensation of slow pressure variation, but also has some additional advantages:

e it reduces the microphone noise level because the ventilation hole channel, that generates noise,
is removed and the back-volume is much larger and even infinite.
e Microphone robustness is improved.

In the current design, since the back-volume is confined and closed, the membrane oscillations are damped
because a portion of their energy is used to compress this volume. Making the back volume larger or even
infinite, the effects described above disappear. Regarding robustness, if the vent hole is removed from the
membrane, contaminants (micro and nano particles, water) cannot access the back volume and add noise
to the system by shrinking it, changing its acoustic behavior, or remain in the upper membrane,
permanently changing its mechanical characteristics. Another important consequence resulting from the
removal of the vent hole is related to the frequency response. Using the lumped model approach, the
ventilation can be described as an acoustic resistor with resistance R, while the back volume can be
described as an acoustic capacitor C. These two components form a series RC circuit [8]. Microphone
output signal corresponds to the voltage on the resistance R (Figure 4), as consequence the above-
mentioned circuits behaves like a high-pass filter with corner frequency f having the following expression
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where R is calculated using the Hagen-Poiseuille formula [9] for the acoustic resistance of a cylindrical
channel and C is calculated using the back-volume dimensions and the air compressibility.

Fig. 2. Typical frequency response of SDM MEMS microphone with an approximatively flat shape in the
frequency range 40 Hz — 20 kHz and a corner frequency below 40 Hz.

2.2 Membrane clamping

In this section a new possible membrane design is proposed. It is finalized to increase the signal detected
from the MEMS and to reduce the harmonic distortion when the acoustic signal has to be converted into
an electrical signal. The current design consists of a highly compliant membrane clamped to its perimeter,

Membrane at rest Membrane at rest

Deflected membrane Deflected membrane

Fig. 3. On the left side the old membrane clamping design with the schematic showing the parabolic shape assumed
by the membrane in presence of an acoustical signal. On the right side the new membrane clamping design and
the schematic showing the flat shape assumed by the membrane in presence of an acoustical signal.
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in the presence of an incoming signal, the membrane deflections assume a parabolic profile [10]. The
central area of the membrane is the area of maximum displacement, therefore this part generates more
signals than the other areas. In Figure 3 it is clearly showed that the current capacitive MEMS membrane
behavior is only approximately described by a parallel plate capacitor, while its behavior is quite different
[11]. To optimize the signal from the membrane and make its behavior more similar to that of a parallel
plate capacitor, a new anchoring method of the membrane is proposed. The membrane material must be
changed to a rigid material so that it does not deflect in the presence of an incoming sound wave. The
membrane should be connected to the surrounding immovable structure using a spring design, so that it
can be rigidly attached by means of these spring connections.

3 Results

The effect related to the modification of the vent hole was evaluated running a Lumped Model simulation
using LTspice simulator software. An equivalent circuit [12] [13] can be used to simulate a complex
acoustic and mechanical system such as a MEMS microphone. Such a circuit is constructed using
appropriate correspondences between mechanical elements of the microphone and electrical components.
The circuits describing the previous SDM MEMS microphone design and the new one are showed in
Figure 4. The differences between them consist of the removal of the resistor Ryen parallel to the part of
the circuit defining the membrane and the addition of a new resistor Rjig parallel to the components
defining the back volume. The result of the simulation is relevant because it shows that the high-pass filter
effect in the microphone frequency response disappears and becomes completely flat (Figure 5). A MEMS
microphone with a completely flat frequency response over the entire audio band (20 Hz - 20 kHz) can
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Fig. 4. On the left side the equivalent circuit describing the standard SDM MEMS microphone design, on the
right side the equivalent circuit describing the modified design of the SDM MEMS microphone design.
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Fig. 5. Frequency response of SDM MEMS microphone with modified design. The high-pass filter effect
disappeared so that sensitivity is approximatively constant in all the audio band.

accurately detect sounds within this frequency range. In the field of applications, this new frequency
response can provide a significant improvement, especially for devices that have limited dimensions but
also need to reproduce sounds as accurately as possible. A relevant example is the hearing aid. The
significant difference between the two frequency responses lies in the behavior at low frequencies (<40
Hz). The new design also improves the overall performance of the device, although not significantly, as
can be seen by comparing the values of the three basic quantities (Sensitivity, A-weighted noise, SNR)
that define the performance of a microphone (Table 1).

Table 1 Simulated values of Sensitivity, A-weighted noise and SNR related to the old design and new design.

Simulated quantities Previous design New design
Sensitivity (dBV) -36,74 -36,74
A-noise (dBV) -107,98 -108,22
SNR (dB) 71,24 71,49

4  Conclusion

Ventilation hole removal can bring some improvements in terms of acoustic performances (noise
reduction, signal enhancement) and robustness but slow pressure variations due to the change in
environmental conditions have to be compensate. The suggested solution implies the creation of an
opening in the lid, creating a connection between the back-volume and the environment. As consequence
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of this design modification, microphone frequency response becomes completely flat therefore every
acoustic wave having a frequency inside the audio band, can be detected by the microphone with the same
accuracy. Just mentioned capability of the new designed microphones and their improved robustness to
contaminants makes them suitable to be integrated in medical devices like hearing aids. To further
improve the microphone acoustic performances, especially noise reduction, using the suggested design,
additional studies can be done regarding the dimension, the number and position of the holes implemented
in the lid.
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Bu calismada, 6zgiin tasarlanan bir mobil otonom servis robotunun ROS (Robot isletim Sistemi)
entegrasyonu ve performans degerlendirmesi kapsamli bir sekilde incelenmektedir. Arastirmanin
odak noktasi, robotun ROS altyapist altinda nasil entegre edildigi ve gergek diinya testlerinin nasil
yuriitildigidiir. Bu baglamda, ¢aligma iki ana agamada ger¢eklestirilmistir: simiilasyon ve gergek
diinya testleri. Simiilasyon testleri, Gazebo simiilasyon ortaminda gergeklestirilmistir. Sanal diinyada,
robotun temel kinematik verileri olan x ve y pozisyonlari, agisal hizi ve ¢izgisel hiz1 incelenmistir. Bu
verilerin analizi, robotun gercek diinya senaryolarinda nasil tepkiler verebilecegini anlamamiza
yardimc1 olmustur. Robotun engellere yaklasimi, "move base" paketi ile denetlenmis ve detayli bir
sekilde analiz edilmistir. Elde edilen sonuglar, robotun engel algilama, kaginma ve manevra
yeteneklerinin hem simiilasyon hem de gercek diinya senaryolarinda etkili bir bicimde c¢aligtigini
dogrulamaktadir. Sonug olarak, bu ¢alisma, otonom mobil robotun (komiBot) bagarili entegrasyonunu
ve gergek diinya testlerini igermekte ve robotun kinematik verilerini ve engellere yaklagimini ayrintilt
bir sekilde incelemektedir. Bu g¢alismanin sonuglari, otonom robot sistemleri alaninda ilerleme
hedefleyen arastirmacilar ve uygulamacilar i¢in 6nemli bir temel sunmaktadir.

Anahtar Kelimeler: Otonom mobil robot, ROS, Engel tanima, Servis robotu

Natural Navigation Autonomous Mobile Service
Robot for HoReCa Sector: komiBot

ABSTRACT

In this study, the comprehensive integration and performance evaluation of an autonomously designed
mobile service robot within the Robot Operating System (ROS) framework is extensively
investigated. The focal point of the research lies in elucidating how the robot is integrated under the
ROS infrastructure and how real-world tests are conducted. In this context, the study unfolds in two
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main stages: simulation and real-world tests. Simulation tests are conducted in the Gazebo simulation
environment, where the fundamental kinematic data of the robot, such as x and y positions, angular
velocity, and linear velocity, are examined. The analysis of these data aids in understanding how the
robot may respond in real-world scenarios. The robot's approach to obstacles is controlled using the
"move_base" package and thoroughly analyzed. The results obtained affirm the effective operation of
the robot's obstacle detection, avoidance, and maneuvering capabilities in both simulation and real-
world scenarios. Consequently, this study encompasses the successful integration of the autonomous
mobile robot (komiBot) and detailed examinations of its kinematic data and approach to obstacles.
The outcomes of this study provide a significant foundation for researchers and practitioners aspiring
to advance in the field of autonomous robot systems.

Keywords: Autonomous mobile robot, ROS, Obstacle detection, Service robot
1 Giris

Gelisen teknoloji, insan yagaminin her alaninda 6nemli doniisiimlere neden olurken bu degisimlerin
sektorler arasinda yarattigi etkiler de kaginilmaz olmaktadir. Gerek 6zel gerekse kamu kurumlarinda her
gecen giin kullanilan hizmetler otonom hale gelmektedir. Yiyecek igecek sektorii de dahil olmak iizere
birgok alanda sunulan hizmetlerin de otonom 6zellikler tasiyan sistemlere yoneldikleri goriilmektedir [1].
Bu baglamda, HoReCa (“Hotel”, “Restaurant”, “Cafe”) sektorli, teknolojik yeniliklerin hizla
benimsendigi ve doniistiigii alanlardan biri olarak 6ne ¢ikmaktadir. Covid-19 pandemi siirecinde,
robotlarin {iretiminde ve hizmet sunumlarinda daha ¢ok yer almalar1 diislincesi, turizmde robotlasma
uygulamalar1 ile robot-insan iligski ve etkilesimlerini incelemeyi arastirmacilarca daha 6nemli bir hale
getirmistir [2]. Bu baglamda otomatik sistemler ve otonom robotlar kullanilmaya baglanmistir [3].
Robotlar genellikle endiistriyel veya hizmet odakli olarak siniflandirilir. Endiistriyel robotlar gesitli
endiistriyel gorevleri yerine getirmek igin sabit veya hareketli olarak kullanilirken, hizmet robotlar1 insan
odakl igleri gergeklestirmek lizere fiziksel ve sosyal etkilesimlerde bulunabilir [4]. Servis robotlari,
gelisen yapay zeka algoritmalar1 ve otomasyon teknolojileri sayesinde, isletmelerin verimliligini artirma,
miisteri deneyimini iyilestirme ve kaynaklar1 daha etkin kullanma potansiyeli sunmaktadir [5,6]. Yeme-
icme sektdriinde yasanan yogun rekabet, isletmeleri daha yenilik¢i ¢oziimler arayisina yonlendirmistir.
Bu noktada, akilli robotlar, siparig alimindan masalarin diizenlenmesine kadar genis bir yelpazede hizmet
sunma kapasitesine sahiptir [7]. Otellerdeki restoranlardan sokak lezzetlerinin sunuldugu kafelere kadar
farkli isletme tiirlerinde, servis robotlarinin kullanimi isletmelerin hizli ve etkili hizmet sunmasina olanak
tanimaktadir [8]. Projemizin temel amaci, turizm otelcilik sektoriindeki yeme-igme igletmelerinin, akillt
servis robotlarimi kullanarak operasyonel verimliligi artirma potansiyelini degerlendirmektir. Bu amag
dogrultusunda, robotlarin yemek servisinden masalarin temizlenmesine kadar olan siireglerdeki rolii
iizerine odaklanarak isletmelerin verimlilik artisi, hizmet kalitesi ve maliyet tasarrufu gibi kritik
konulardaki deneyimler ele alinacaktir. Robotlarin yemek servisi asamasinda, akilli algoritmalar
sayesinde siparislerin hizli ve dogru bir sekilde alinmasi ve mutfaga iletilmesi saglanacaktir. Bu siireg,
insan hatalarin1 minimize ederken servisin hizin1 artiracaktir. Ayni sekilde, mutfakta yemek hazirlik
stireclerinin otomasyonu sayesinde daha diizenli ve tutarli sonuglar elde edilecektir. Robotlar, masalari
tespit edecek, tabak ve bardaklari toplayacaktir. Masalar1 temizleyecek ve hizla yeni miisterilere hazir
hale getirecektir. Bu islem, isletmelerin daha hizli bir doniisiim saglamalarina ve dolayisiyla daha fazla
miisteriye hizmet sunmalarina olanak tanir. Robotlar ayrica, isletmelerin hizmet kalitesini artirmalarina
da yardimer olabilir. Ozellikle yemek servisi sirasinda robotlar, miisterilere etkileyici ve eglenceli bir
deneyim sunabilir. Ornegin, robotlar yemekleri sunarken veya miisterilerin sorularmi cevaplarken
etkilesimde bulunabilirler. Bu etkilesim, miisterilerin ziyaretlerini daha unutulmaz hale getirebilir.
Isletmelerin bu robotlar1 basartyla uygulayabilmeleri igin iyi bir planlama ve yonetim gerekmektedir.
Insan-personel etkilesimi yerine robotlarla yapilan etkilesimin, bazi miisteriler i¢in duygusal iletisim
eksikligi hissi yaratabilecegi unutulmamalidir. Bu nedenle, robotlarin kullaniminin insan-miisteri
etkilesimini tamamlamak amacriyla tasarlandig1 unutulmamalidir [9,10].

Sonug¢ olarak akilli servis robotlarmin yeme-igme isletmelerindeki etkisi, sektoriin gelecegini
sekillendirme potansiyeline sahiptir. Bu makale, turizm sektoriindeki yeme-igme isletmelerinde
kullanilmak {izere 6zgilin olarak tasarlanan dogal navigasyon O6zellikli bir mobil robotun (komiBot)
tasarim, imalat, yazilim ve testlerini kapsamaktadir.
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2  Metodoloji

2.1 Otonom Mobil Robotun Ozgiin Tasarimi

Bu ¢alismada kullanilan robotun 3D modeli Autodesk Fusion 360 programinda olusturulmustur. Bu
model robotun fiziksel sekillerini ve gorsel ozelliklerini icermektedir. Sekil 1°de robotun genel teknik
resmi mm birimi kullanarak 6l¢iitleri belirtilerek sunulmustur. Bu sayede, robotun fiziksel 6zelliklerini
ve hareketlerini detayli bir sekilde planlayarak iiretim agamasina hazirlik yapilmistir. Sekil 2°de gosterilen
robotun tepsi tasima bolgesindeki yayl kisim, titresimi engellemesi i¢in 6zgiin olarak tasarlanmigtir.
Tepsi tutucular ve iskelet sigma profilden olusturulmus olup ana tahrik gévdesi sac levhadan tiretilmistir.
Ana tahrik govdesi, elektronik aksamin yerlesimine uygun tasarlanmustir.

Bu asamada, olusturulan 3D model ve tasarim detaylari, iiretim siirecine gecis i¢in saglam bir temel
olusturmaktadir. Robotun fiziksel 6zellikleri, hareket kabiliyeti ve yapisi, detayl bir sekilde planlanarak
iiretim asamasina hazirlik yapilmistir. Bu sayede, gergek diinyada robotun istenilen gorevleri etkili bir
sekilde yerine getirmesi amaglanmaktadir. Ama¢ dogrultusunda, simiilasyon ortaminda kontrolleri
yapilmasi iizerine olusturulan kati modelden urdf format alinmistir. Urdf formati, robotlarin
tanimlanmasi, simiilasyonu ve gorsellestirilmesi i¢in dnemli bir aragtir. Bu formati kullanarak robot daha
gergekei bir sekilde modellenmis ve simiile edilmistir.

bolumii
Ust tepsi yay ) g
mekanizmasi

Kamera ve
ekran bélimi

2i28] [60]

Ana sase
bolimi

Robot dig
korumalan

' ' ' Alt tepsi yay
: e mekanizma

‘ o oee oo ‘ béliimii 3
. . . . )

1
Ana tahrik
motor bolimi

Sekil 1. Calismada Kullanilan Otonom Mobil Robot Teknik Resim
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Sekil 2. Ust ve Alt Tepsi Siispansiyon Boliimii
2.2 Elektronik Bilesenler

Calismada kullanilan robotun elektronik bilesenleri arasinda Jetson Nano kontrol karti, Arduino Mega,
Lidar sensor, Kinect kamera, Motor siiriicii kart1 ve sistem i¢in gerekli olan elektrik enerjisini saglayacak
batarya ve DC doniistiiriicii modiiller kullanilmaktadir. Sekil 3’te ana tahrik govdesi tizerinde kurulu
elektronik bilesenler belirtilmistir. Jetson Nano kontrol kart1 sistemin merkezi olarak gérev yapmakta ve
tim sensoOrlerin verilerini islemektedir. Ayn1 zamanda motorlarin kontroliinii ger¢eklestirmektedir.
Arduino Mega, Jetson Nano tarafindan génderilen sinyalleri alip motor siiriiciiler ve enkoderler arasindaki
iletisimi saglamakta ve hareket kontroliinii gergeklestirmektedir. Motor siiriicii karti, robotun hareketini
kontrol etmek i¢in kullanilmig olup enkoderler, robotun hareket konumunun ger¢cek zamanli olarak
Ol¢iilmesini saglamaktadr.

LIPO PIL

AVARE TEKER

VOLTA
REGULASYON
BOLUMU

ROBOT DENETIM
BOLUMU

Sekil 3. Otonom Mobil Robot Ana Tahrik Gévde 3D Goriintiisi
2.3 ROS (Robot Operating System)

ROS, diinya ¢apinda yaygin olarak kullanilan bir robot igletim sistemidir. Robotik platformlar i¢in 6zel
olarak tasarlanmigtir ve birgok robotik arag, donanim simiilasyonu ve yazilim diigimleri arasinda mesaj
aktarimi saglar [11]. Yayn topolojisi ile ¢alisir ve diiglimler bagimsiz olarak veya birden ¢oga aboneli
modellerle calisabilmektedir. Ayrica TCP/IP ve SSH gibi birgok ag protokoliinii de destekler. Ozellikle
robotik platformlar i¢in Ozellestirilmis bir altyapr saglayan ROS, c¢esitli robotik araglar, donanim
simiilasyonlar1 ve yazilim diigiimleri arasinda veri iletisimini kolaylagtirmak amaciyla kullanilmaktadir
[12]. Sekil 4°te tiretimi gergeklestirilen otonom mobil robotun donanimi gosterilmistir.
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Sekil 4. Caligmada Kullanilan Otonom Mobil Robot (komiBot)

Bu c¢alisma kapsaminda, tamamen 6zgiin tasarlanmig bir otonom mobil robot, ROS altyapis igerisine
basarili bir sekilde entegre edilmistir. Gelistirilen 6zgiin otonom mobil robot, ROS yaziliminin temelini
olusturmaktadir. Bu robot, kendine 6zgii tasarim prensipleri ve ileri teknolojik 6zellikler ile donatilmistir.
Bu baglamda, 6zgiin otonom mobil robotun ROS igletim sistemi ile uyumlu bir sekilde entegrasyonu,
teknolojik alanda ileri seviyede ¢aligmalarin temelini olusturan basarili bir 6rnegi sunmaktadir.

2.4 Kinematik Model

Otonom mobil robot platformunun hareket kabiliyeti, siirli ¢alisma alanlarinda biiyliik O6nem
tagimaktadir. Bu nedenle projemiz kapsaminda robotun hareket kabiliyetini anlamak icin detayli
kinematik ve dinamik analizler gergeklestirilmistir. Bu analizler, robotun enerji ihtiyacinin belirlenmesine
ve mekanik sistemin hareketinin analizine olanak saglamaktadir.

Sekil 5. Otonom Mobil Robotun Kinematik Modeli

Diferansiyel tekerleklerin dogrusal hizi, mobil robotun Sekil 5’te gosterilen nokta etrafindaki doniisiinii
etkilemektedir. Bu nedenle, her bir tekerlegin dogrusal hizi, gosterilen P noktasi etrafinda donen bir mobil
robotun dogrusal hizini tespit etmek igin hesaplanir ve aritmetik ortalamasi alinmaktadir. Sonug olarak
Denklem 1 ve 2 elde edilmektedir. Denklem 1 ortalama dogrusal hizi hesaplamak i¢in kullanilir. Denklem
2’de verilen hizlar tekerleklerin agisal hizlari ile olusturulabilmektedir. Ayrica Denklem 1 ve 2’de verilen
ifadelerin nicelik birimleri Tablo 1°de sunulmustur. Sekil 5’te ana tahrik gévdenin harekete iligkin yoniini
ifade eden donme matrisi Denklem 2’de verilmistir
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Tablo 1. Robotun kinematik modelinin kisaltma tablosu

Sembol Nicelik Birim
% Dogrusal hiz m/s
w Robotun agisal hizi rad
vr Sag tekerlegin dogrusal hizi m/s
vl Sol tekerlegin dogrusal hizi m/s
Qr Sag tekerlegin agisal hizi rad
ol Sol tekerlegin agisal hizt rad
r Robotun dogrusal hizi m
L Sag ve sol tekerlek arasindaki mesafe m
0 Robotun yon agisi rad
q Robotun temel ger¢evedeki durum matrisi m/s
T Donme matrisi -

X
q = M 3)

cosO sin® 0
T(0) = [—sine cos© 0]

0 0 1 4)

Robot ana tahrik gévdesinin kinematik modeli Robotun temel ¢ergevedeki durum matrisi olan Denklem
3 ve 0 agisina bagli donme matrisi olan Denklem 4 kullanilarak elde edilmigtir (Denklem 5).

[‘Pr (5)

o]

~IRo N
—

2.5 Dinamik Model

Diferansiyel tekerlekli mobil robot platformunun dinamik modeli Newton-Euler yontemiyle
olusturulmustur. Robot platformunun hareketi sirasinda 6n ve arka tekerleklere hareket yoniiniin tersi
yonde bir kuvvet etki etmektedir. Ancak etkisi ¢ok kiigiik oldugundan ihmal edilebilir seviyededir. Mobil
robot platformuna etki eden kuvvetler Sekil 6’daki kuvvet diyagraminda gosterilmektedir.
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Sekil 6. Otonom Mobil Robotun Kuvvet Diyagrami1

Hareketli robot i¢in gerekli olan hiz ve koordinatlar arasindaki baglantiy1 veren x ve y koordinatlarina ait
hareket denklemleri Denklem 6’da verilmistir. Robotun dinamik modelini ifade eden tiim kisaltmalar
Tablo 2’de verilmistir.

X = vy cos 0 — vy, sin Ha®

(6)

y =v,sinf + v, cos b

Tablo 2. Otonom mobil robotun dinamik modelinin kisaltma tablosu

Sembol Nicelik Birim
% Boyuna Hiz Vektorii m/s
w 'Yanal Hiz Vektori m/s
6 Baslik Agisi rad

Yanal hiz ve boylamsal hiz ile iliskili olan y6n agis1 hizinin fonksiyonu Denklem 7°de gosterilmektedir.

Uy = f (g, ) ()

Mobil robotun dinamik modeli Denklem 8’de verilmistir. Robotun, tekerlek yon agilarinda olusabilecek
farkliliklar dikkate alindiginda 6 = w olabilecegi gibi ileri yon hareket vektoriinden sapmasi olabilir.

X = VyC0s 0 — v, sinf
):1=vxsin9+vyc059
0=w

v = f(vy, @)

(8)

2.6 Odometri Verisine Kalman Filtresinin Uygulanmasi

Kalman filtresi, bir siirecin veya sistemin durumunu tahmin etmek veya izlemek icin kullanilan
istatistiksel bir filtreleme yontemidir. Genellikle belirsiz veya giiriltiilii 6lgtimlerle bir sistemin durumunu
hesaplamak i¢in kullanilir [13]. Odometri ise bir cismin hareketini izlemek ve bu hareket sonucunda
cismin konumunu tahmin etmek igin kullanilan bir yéntemdir. Ozellikle robotik sistemlerde, tekerleklerin
donme miktarlari veya sensorler araciligiyla cismin hareketi izlenerek odometri verileri elde edilir.
Kalman filtresi, bu odometri verilerin belirsizliklerini ve hatalarini diizeltmekte ve daha dogru bir konum
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tahmini yapilmasina yardimci olmaktadir.

Tablo 3. Kalman filtresinin kisaltma tablosu

iy (m) [lk ortalama. Birimi metredir.
a? [lk varyans

u,(m) Olgiilen Ortalama. Birimi metredir.
o’ Olgiilen Varyans

Kalman filtresi uygulamasinda kullanilan metriklere ait denklemler;

2 2
; _ O1:U2+03%.1g 9)
- 24 +2
o0%+03

Denklem 9, mevcut tahminlerin agirlikli bir kombinasyonunu kullanarak yeni bir tahmin olusturmaktadir.

2 2
21 _ 0103 1
T 62+02 1 (10)
1103 +—
92

o T
ot

Denklem 10, varyanslarin harmonik ortalama formiiliinii kullanarak yeni bir tahmin varyansini
hesaplamaktadir.

W=+ (11)
Denklem 11, ortalama degerlerin toplamini alarak yeni bir ortalama tahmini olusturmaktadir.
0% = of + 0% (12)

Denklem 12, varyans degerlerini toplayarak yeni bir tahmini varyans degeri hesaplamaktadir.

3 Deneysel Calisma

3.1 Simiilasyon Testleri

Bu boliimde, 6zgiin tasarim otonom mobil robotun ROS ¢ercevesinde gerceklestirilen simiilasyon testleri
detayli bir sekilde anlatilmaktadir. Bu testler, gelistirilen robot platformunun gesitli senaryolarda
performansint degerlendirmek ve otonom siiriis yeteneklerini analiz etmek amaciyla yiiriitiilmiistiir.
Simiilasyon testlerinin baslangicinda, robot modelinin tam ve dogru bir bigimde temsil edilmesi
gerekliligi vardi. Bu amagla, Xacro dosyalar kullanilarak robot modeli ayrintili bir sekilde tanimlandi.
Xacro dosyalari, robotun fiziksel 6zelliklerini, donanim bilesenlerini ve sensorlerini birebir sekilde
modellemek iizere kullanilmistir. Bu dosyalar, robotun anatomik yapisini detaylica tasvir ederken ayni
zamanda ROS platformu ile uyumlu bir sekilde entegre olmalarini saglamstir.
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Sekil 7. Otonom Mobil Robot Gazebo Simiilasyon Ortami

Bu dosyalar sayesinde robotun fiziksel yapisi, donanim bilesenleri ve sensorleri ayrintili bir bicimde
modellendi. Sekil 7°de gosterildigi gibi elde edilen model, Gazebo ve RViz simiilasyon ortamlarina
aktarilarak gercek diinya kosullarma en yakim bir sekilde simiilasyon gergeklestirildi. Simiilasyon
testlerinin bir pargasi olarak AMCL (Adaptive Monte Carlo Localization) ve Move Base paketlerinden
yararlanildi. AMCL, robotun konumunu yiiksek bir hassasiyetle tahmin edebilmesi igin kullanilan bir
lokalizasyon algoritmasidir. Bu algoritma, monte carlo yontemlerini adapte ederek robotun gergek
konumunu haritalanmis bir ortam i¢inde dogru bir sekilde belirlemektedir. Diger yandan, Move Base
paketi robotun otonom navigasyonunu yonetmek tizere kullanilmistir. Bu paket, belirlenen hedeflere
giivenli bir sekilde ulagmak icin hareket planlart olusturur ve bu planlar gergek zamanli olarak
giincelleyebilir. Sekil 8’de robot simiilasyon ortaminda gosterilmistir. AMCL ile gergeklestirilen
testlerde, robotun konum tahminlerinin gergek diinya koordinatlari ile karsilastirilarak elde edilen
sonuglar degerlendirildi. Move Base paketi sayesinde ise robotun verilen hedeflere nasil giivenli bir
sekilde ulastig1 ve navigasyon stratejilerinin etkinligi incelendi. Ayrica, robotun engelleri nasil atladigi,
engellerden kagindig1 ve bu engellere karst verdigi tepkiler detayl bir sekilde analiz edildi. Bu testler,
gelistirilen algoritmalarin ve yazilimin performansini degerlendirmek ve gelistirmek icin biiyiik 6neme
sahiptir. Bu simiilasyon testleri, 6zgiin tasarim otonom mobil robotun ROS tabanli yaziliminin, farkl
senaryolarda nasil tepki verdigi ve otonom siiriis yeteneklerini ne 6l¢iide etkin bir sekilde gerceklestirdigi
konularinda derinlemesine bir i¢gorii saglamaktadir. Bu asama, gelistirilen robot platformunun gercek
diinya uygulamalarinda sergileyecegi performansin 6ngoriilmesine yardimci olmus ve yazilimin dogruluk
ve gilivenilirlik diizeyini belirlemek amaciyla temel bir adim olarak 6ne ¢cikmustir.

Sekil 8. Otonom Mobil Robot Simiilasyon Ortami1

3.2 Gergek Diinya Testleri

Bu béliimde, gergek diinya testleri adi altinda yiiriitiilen ¢alismalarin ayrintilar1 ele alinmaktadir. Bu
testlerde, Ozgiin tasarim otonom mobil robotun performansinin gercek diinya kosullarinda nasil oldugu
ve otonom yeteneklerinin nasil gergeklestigi detayli bir sekilde incelenmistir. Gergek diinya testlerinde
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otonom mobil robot haritalandirma testi Sekil 9°da gosterilmistir. Arduino ve Jetson Nano arasindaki
iletisim, ROS platformu tizerinden ROSSerial araciligi ile gerceklestirilmistir. Bu iletisim protokolii,
diisiik seviyeli mikrodenetleyicilerin yiiksek seviyeli yazilim platformlari ile haberlesmesini saglayarak
robotun veri paylasimii miimkiin kilar. Bu sayede Jetson Nano, Arduino iizerinde c¢alisan sensor ve
aktiiatorlerin verilerine erigebilir ve bunlari isleyebilir. Robotun hareketi, motor siiriiclisii tarafindan
kontrol edilen motorlar vasitasiyla saglanmigtir. Motor siirlicii, Jetson Nano tarafindan gonderilen
komutlara gore motorlarin hizin1 ve yoniinii ayarlar. Bu sayede robotun istenilen sekilde hareket etmesi
saglanmistir. Lidar sensorii, gercek diinya ortaminda haritalandirma ve otonom navigasyon i¢in kritik bir
bilesendir. Lidar sensorii sayesinde gevresel veriler toplanarak gergek zamanli haritalar olusturulmus ve
robotun c¢evresini algilamasi saglanmistir. Otonom navigasyon igin ise toplanan bu veriler, harita
iizerindeki hedeflere yonlendirilerek robotun giivenli ve etkili bir sekilde hareket etmesi saglanmistir. Bu
goriintii verileri, navigasyon ve nesne tespiti gibi dnemli gorevler i¢in kullanilmistir. Bu gercek diinya
testleri, 6zgilin tasarim otonom mobil robotun sahip oldugu farkli sensorler ve yazilim yeteneklerinin
gercek diinya uygulamalarindaki performansini gozler oniline sermek iizere tasarlanmistir. Robotun
Arduino ile Jetson Nano arasindaki entegrasyonu, motor siiriiciisii ile hareket kontrolii, lidar sensorii ile
haritalandirma, makinenin gercek diinya kosullarinda nasil basarili bir sekilde ¢alistigini1 gosteren dnemli
ayrintilar1 sunmaktadir.

Sekil 9. Otonom Mobil Robot Haritalandirma Testi

4  Sonuglar

Bu asamada kalman filtresi ve Gazebo simiilasyon testleri gergeklestirilmistir. Kalman filtresinde Gauss
dagilim metodu kullanilmis olup verilen formiillerde baslangic degerleri farkli girilerek elde edilen
sonuglar gézlemlenmistir. Test asamasinda zaman saniye olarak konum ise metre olarak girilmistir.
Gazebo simiilasyon ortaminda detayli bir sanal diinya olusturulmasiyla sekillendirilmistir. Bu sanal
diinyada, otonom mobil robotun performansi ve tepkileri titizlikle incelenmistir. Robotun x ve y
pozisyonlari, agisal hiz1 ve ¢izgisel hiz1 gibi temel kinematik verileri hassas bir sekilde es zamanli elde
edilerek ele alimmig ve gesitli senaryolar altinda analiz edilmistir. Elde edilen veriler Sekil 10°da
gosterilmistir. Bu veriler, robotun anlik konumunu belirtirken ¢izgisel ve agisal hiz degerleri robotun
hareket hizin1 ve yonelimini yansitmaktadir. Robotun génderdigi mesajlar, ROS {izerinde yaygin olarak
kullanilan "topic" ad1 verilen veri iletim mekanizmalar1 araciligiyla elde edilmektedir.

™
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Sekil 10. Mobil Robota move_base Paketinden Gelen Cizgisel ve Agisal Hizlar
B Robotun cizgisel hizi(m/s)
B Robotun agisal hizi(rad/s)

Bu mesajlar arasinda 6zellikle "odometri" ve "twist" mesajlar1 one ¢ikmaktadir. "Odometri" mesaji,
robotun anlik pozisyonunu ve yonelimini igeren verileri igerir. X ve y pozisyonlari, agisal hiz ve ¢izgisel
hiz gibi degerler bu mesajin icerigini olusturur. "Twist" mesaj1 ise robotun hareket hizin1 ve yonelimini
belirleyen ¢izgisel ve agisal hiz degerlerini icerir. Birim olarak, ¢izgisel hiz m/s cinsinden ifade edilirken
acisal hiz rad/s cinsinden ifade edilir. Bu analizlerin ardindan, farkl1 senaryolarda robotun verdigi tepkiler
dikkatlice incelenmis ve bu tepkilerin gercek diinya uygulamalarinda robotun hareket yetenekleri
iizerindeki olasi etkileri degerlendirilmistir. Bu baglamda elde edilen sonuglar, otonom mobil robotun hiz,
konum ve genel davraniglarinin gergek diinya senaryolarina nasil yansiyabilecegini anlamamiza katki
saglamistir. Ayrica, ¢calismanin bu asamasinda, robotun karsilagtig1 engellere olan yaklagimi da kapsamli
bir sekilde incelenmistir. Gazebo simiilasyon ortaminda olusturulan senaryolarda, robotun 6niine ¢esitli
engeller yerlestirilmis ve bu engellere yaklagimu titizlikle gézlemlenmistir. Belirlenen yol plani igerisine
farkli sekiller ve boyutlardaki engeller yerlestirilerek robotun yol plan1 algoritmasi degerlendirilmistir.
Robotun engellere olan tepkisi, "laser scan" sensorii araciligiyla elde edilen verilerin analiziyle
degerlendirilmistir. Bu ¢aligmanin son asamasinda, otonom mobil robotun farkli senaryolarda sergiledigi
davraniglar ayrintili bir sekilde incelenmistir. Gelistirilen senaryolar, robotun engellerle karsilasma ve
hedefe yonelme durumlarma dair kapsamli bir degerlendirme sunmaktadir. Calisma asagida belirtilen
senaryolar ¢ercevesinde yapilmis ve sonuglar bu senaryolarin analizine dayanmaktadir:

4.1 Senaryo 1
Bu senaryoda, robotun engel olmadan hedefe yonelmesi ve ¢izdigi yol plani detayli bir sekilde

incelenmigtir. Sekil 11 {izerinde mobil robot engelsiz yol plan1 gosterilmistir. Robotun diizgiin ve engelsiz
bir yolda hedefine nasil ilerledigi ve ¢evresel degiskenliklere nasil tepki verdigi gézlemlenmistir.

Sekil 11. Mobil Robot Engelsiz Yol Plan

4.2 Senaryo 2

Ikinci senaryo, robotun hedef yol iizerine yerlestirilen cisimlerin yol planina olan etkisini incelemek
amactyla tasarlanmistir. Bu senaryoda, yol iizerine yerlestirilen cisimlerin robotun hareketini nasil
etkiledigi ve robotun bu degisen kosullara nasil uyum sagladig1 analiz edilmistir. Sekil 12 mobil robot
engelsiz yol plani1 1 iizerinde detaylandirilmistir.
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Sekil 12. Mobil Robot Engelli Yol Plani
4.3 Senaryo 3

Ugiincii senaryo, robotun baska bir yol plani yaparak hedef yolunu degistirmesinin gerektigi durumlari
ayritili olarak gdstermektedir. Bu senaryo, robotun, cisimler hedef yolunu tamamen kapattiginda, yeni
bir yol plani olusturarak hedef yolunu degistirmesini vurgulamaktadir. Sekil 13 mobil robot engelsiz yol
plan1 2 {izerinde gosterilmistir.

Sekil 13. Mobil Robot Engelli Yol Plani

Bu c¢alismada, otonom mobil robotun hareket tahmini siirecinde Kalman filtresiz ve Kalman filtresi
kullanilarak elde edilen sonuglar detayl bir sekilde incelenmistir. Elde edilen veriler, iki farkli yontemin
robotun konumunu tahmin etme yetenegi iizerindeki etkilerini géstermektedir. Kalman filtresiz yontemle
elde edilen sonuglar, hizli ve dogru bir hareket tahmini saglama konusunda simnirlamalar ortaya
koymaktadir. Bu yontem, sensodr verilerinin giiriiltiisii ve sistem modelindeki belirsizliklerle basa
cikmakta zorlanmaktadir, bu da konum tahmininin giivenilirligini azaltmaktadir. Ote yandan, Kalman
filtresi kullanilarak elde edilen sonuglar daha kesin ve giivenilir bir konum tahmini saglamaktadir. Kalman
filtresinin belirsizlikleri diizeltme ve sensor verilerini daha etkili bir sekilde entegre etme yetenegi,
robotun gercek diinya kosullarinda daha iyi performans sergilemesine olanak tanimaktadir. Bu bulgular,
Kalman filtresinin otonom mobil robotun hareket tahmini siirecinde 6nemli bir rol oynayabilecegini ve
sistem performansini artirabilecegini gostermektedir.

4.4 Tesekkiir

Bu caligmanin gerceklestirilmesinde her tiirlii imkani saglayan Robot Teknolojileri ve Akilli Sistemler
Uygulama ve Aragtirma Merkezi (ROTASAM)’a tesekkiir ederiz.
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4.5 Rakip Cikarlar
Bu calismada herhangi bir ¢ikar catigmasi yoktur.
4.6 Yazarlarm Katkilar

Gokhan ATALI: Makale icin fikir gelistirme, sonuglara ulagsma yontemlerini planlama, sonuglarin
aciklanmasi ve sunumu icin sorumluluk alma, literatiir taramasi sorumlulugunu alma, makalenin
tamaminin olusturulmasinda katki saglama.

Seyma DEGIRMENCI: Makale icin fikir gelistirme, sonuglara ulasma yontemlerini planlama,
sonuglarin agiklanmasi ve sunumu i¢in sorumluluk alma, literatiir taramasi sorumlulugunu alma,
makalenin tamaminin olusturmasima ek olarak, bu ¢alismada robotun otonom siiriisiinde ve elektronik
baglantilarinda da aktif bir rol {istlenmistir.

Emre DEMIROZ: Makale igin fikir gelistirme, sonuglara ulasma yontemlerini planlama, sonuglarmn
aciklanmasi ve sunumu i¢in sorumluluk alma, literatiir taramasi sorumlulugunu alma, makalenin
tamaminin olusturmasina ek olarak, bu ¢alismada robotun otonom siiriisiinde ve elektronik baglantilarinda
da aktif bir rol iistlenmistir.
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ABSTRACT

The rapid expansion of e-commerce caused by the Covid-19 pandemic has increased the significance
of the logistics industry. Processes for delivery and return need to be more adaptable and effective in
this situation. Smart outdoor cargo vending systems have been created to satisfy this need. These
systems do, however, have some drawbacks, such as security and energy usage. In order to address
the issues with outdoor vending, this paper presents an indoor smart cargo vending system with high
security and minimal energy consumption. Customers have the choice to pick up or return their orders
with the help of this system. Additionally, this creative solution aids e-commerce businesses in
decreasing logistics expenses and raising customer satisfaction. For manufacturers of vending
machines and e-commerce businesses, this proposed indoor smart cargo vending system provides
solutions for all scenarios of cargo order processes. This solution combines the design of the system's
hardware and software with a methodology that has been discussed in the scientific literature. The
study's conclusion suggests a novel indoor smart cargo vending system that was created in response
to the logistical difficulties brought on by the expansion of e-commerce. This system can have a
positive impact in key areas like security, energy efficiency, and customer satisfaction, and it can be
seen as a significant advancement for the logistics sector.

Keywords: Indoor Cargo Vending, System design, Development Environment Design, System
software.

1 Introduction

The acceleration of e-commerce and the rise of mobility trends in today's rapidly digitalizing world have
fundamentally altered consumer behaviors and business models. The significance and role of the logistics
sector have been revised in light of this change. Particularly, the rise of e-commerce has highlighted the
necessity of prompt and reliable product delivery to customers, complicating and undermining logistics
operations. E-commerce has increased the need for efficient management of processes like physical
transportation, storage, delivery, and return of goods. Customer satisfaction, operational effectiveness,
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and cost-effectiveness are all critically impacted by these processes. Traditional logistics techniques might
not be adequate to meet these new demands, though. To address these issues, intelligent cargo vending
machines are being developed [1,2]. By reducing the time and space requirements of delivery and return
processes, which is one of the key logistics services, and giving online shoppers access to their orders
around-the-clock, these systems significantly enhance the customer experience [3]. When the literature is
examined, however, effective cargo distribution models [4,5], mathematical methods used in the location
selection of vending machines [1], and mobile application-based local cargo vending machine solutions
[6,7] have been prioritized rather than the development of hardware and software solutions for cargo
vending machines. Some studies on cargo systems have been conducted in the literature. Karabulut et al.
[1], developed a mathematical model for the cargo vending machine location selection problem. They
applied their proposed model to the placement of five cargo vending machines in Buca district of Izmir
province. Yaman and his friend [5], with their proposed system, aimed to increase the speed, capacity and
efficiency of the currently used cargo management systems. In their proposed system, they used UHF-
RFID labels instead of conventional barcode or QR code labels. In the system, they installed UHF-RFID
reader antennas in cargo shipping branches, transportation vehicles and transfer centers. In this way, all
cargoes are read automatically, quickly and easily. Cakir and his friend [7], tracked cargo packages using
RFID technology. In this way, the separation of cargo packages from a central point was performed
automatically over the tape. A study similar to the system proposed in this study was not found in the
literature. Due to the growth of e-commerce and the effects of mobility trends on logistics operations,
new and creative solutions are now required.

To address the issues faced by e-commerce businesses and their customers, a Smart Indoor Cargo Vending
System has been developed in this study. For the first time, a comprehensive approach is used in this
study to discuss the software and physical security design of the designed smart indoor vending machine,
energy efficiency, continuous monitoring, design of an alarm system for system failures, management of
multiple vending machines and system updates from a single center, and the design of systems that ensure
the complete and accurate transfer of data flow.

2 Material and Methods
2.1  System Design

The proper and systematic management of the processes for product delivery and return in e-commerce
systems is proposed. The two main sections of this system are the hardware and software designs. The
emphasis in this study is more on software processes. In order for multiple software developers to work
on the system's software processes at once, the environment and its features are also highlighted.

2.1.1 Establishing a Software Development Environment

Software for automated indoor cargo tracking is created using a server-client model and micro-service
architecture. Utilizing the information gleaned from the analysis and field audits of the software, analyses
of indoor cargo tracking automation are prepared. The prepared analyses are used to divide the work into
sections. Each piece of work is entered into the Jira software as a task to be assigned to various software
developers. Within the time allotted to them, each software developer completes the tasks given to them
and uploads them to the system. The flow chart in Figure 1 depicts the setting and procedures set up for
the creation of indoor cargo tracking automation software.

The Bitbucket software hosts all written lines of code. Over time, it is necessary to update every piece of
produced code. The versions of each piece of code must be preserved for this reason. This task makes use
of the git software. With the help of the comprehensive Jenkins application, the deployment procedures
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for developed and programmed software projects are managed. Through the git version control system,
changes made to each task are sent to the Bitbucket application. When the code is committed using
Bitbucket, Jenkins starts the deployment process, which is then completed by deploying the necessary
environments (develop, stage, and prod) using a Kubernetes cluster.

Figure 1: Schematic of the environment prepared for the development of indoor cargo tracking automation
software in general

2.1.2 Establishing a Software Development Environment

Jira software is a project and business process management software developed by Atlassian [8]. It is
widely used especially in areas such as software development and information technology service
management [9]. This application was used during the development of the indoor cargo vending system
software. In this application, all personnel involved in the project such as software developers, designers,
analyzers, hardware designers and electronic card developers are involved. All processes such as work
orders, completed works, etc. are managed through this application.

2.1.3 Bitbucket Application

Bitbucket is a code management and version control application developed by Atlassian to
facilitate software development processes and support collaboration [10]. The codes and versions
of the developed system are tracked through this software. All codes produced during the
software development phase of the indoor cargo vending system are stored on this application. It
is an application that can also look at old versions of the developed codes when necessary. It also
supports applications such as git and mercurial for version tracking. The bitbucket application
used in this study works in integration with the git version tracking application. Continuous
Integration/ Continuous Delivery (C1/CD) DevOps tools have a flexible structure thanks to their
integration with application monitoring and communication tools.
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2.1.4 Git: Version Control Application

Git is an open source software for version control in software development projects and allows many
developers to develop code in a project at the same time [11]. It was developed by Linus Torvalds in 2005
[12]. Gitis distributed and each developer can create and work on their own copies. This facilitates parallel
development and collaboration. It is used together with bitbucket in the established software development
environment.

2.1.5 Git: Version Control Application

Jenkins is an open source automation server used as a CI/CD product to automate and manage software
processes. It was first launched in 2004 as part of the Hudson project, later renamed Jenkins [13]. In the
system development environment, an end-to-end deployment pipe structure was built and used to
automate deployment/testing processes. The process is triggered by committing the relevant project code
in the Git repo and ends with the deployment of the prepared docker image on the kubernetes cluster. The
project owner is notified according to the result of the process. Software security control in the pipeline
is done with SonarQube software.

2.1.6 Kubernetes Application

Kubernetes is a container orchestration platform for automating and managing container-based
applications, defined as portable packages used to isolate and make portable applications and their
dependencies [14]. Kubernetes organizes, controls and manages independent containers across multiple
servers or cloud environments. In the software development environment designed in this study, it is
installed and used on one cluster. The deployments of the developed software and services are made on
these clusters. For the production environment, it is set up as 3 Master + 5 worker nodes. It can be scaled
horizontally and vertically if needed. Due to the cluster structure, services are redundant and can be
replicated up to the desired number of replicas.

2.2  System Hardware Design

The hardware components of the indoor cargo vending system are designed in two different ways: lockers
and main unit. The sizes of the cabinets are designed in three different ways as shown in Figure 2 small,
medium and large.

Figure 2: Sizes of the designed cargo vending machine
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The front view of the prototyped lockers is shown in Figure 2. The cabinet unit consists of chambers of
different sizes in which cargoes of different sizes can be placed. Since the cabinets will be stored in safer
places indoors, thin sheets are used in the manufacture of the cabinet unit. Since it does not require sealing,
no welding process was performed on the unit. In addition, the cabinet unit is designed to be easily
assembled after cutting, bending and punching.

Figure 3: Cabinet unit of indoor cargo vending system

In addition, a camera system was added in order to take and store the images of the people making
transactions. A single control card was used to control the lock mechanisms of the lockers. One computer
was used to receive the cargo of the users and to operate the lock mechanism. One modem was used to
provide internet connection. In the main unit;

e The case of the computer used in the system,

¢ Modem where the internet connection is provided,

o Network Video Recorder (NVR) device where camera recordings are saved,

e Uninterruptible Power Supply (UPS) devices used to protect devices from instantaneous power
outages and sudden fluctuations in the grid,

e A smart Power Distribution Unit (PDU) that can remotely monitor power outages and how much
electricity is used by connected devices,

e Lock mechanism control cards,

are available.

2.3 Indoor Cargo Vending System

The designed indoor cargo vending systems are cabinets in which e-commerce companies place their
shipments, receive returns and customers receive their orders. In this way, many problems such as the
customer not being found at the address for e-commerce companies, sending the cargo back to the e-
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commerce company and incurring additional shipping costs have been prevented. At the same time, many
problems such as not receiving their cargo in customers, adjusting themselves to the time the cargo will
be delivered, have been prevented. Thanks to the cargo vending system software designed in short items;

e The Cargo personnel brings cargo and places it in the vending machine,
¢ Informing the e-commerce company as a result of placing the shipments in the vending machine,
o Receipt of shipments by the customer,
o Single product pickup
o Multiple product pickup
e Product return process,
e Product cancellation process,
e Personnel service operations

It has the opportunity to make transactions.

2.4  Indoor Cargo Vending System Screen Designs

At this stage, the screens designed on cargo vending machines and the capabilities of these screens are
explained. Difficulties encountered with these screens and the measures taken are also mentioned.

2.4.1 Placing the shipment in the cargo vending machine

After the customer completes the purchase from the e-commerce company, a reconciliation number is
created for the cargo personnel to place the customer's order in the cargo vending machine. After the cargo
personnel place the customer's order in the cargo vending machine, a single-use password is created for
the customer. This password is sent to the relevant customer as Short Message Service (SMS). The process
of cargo personnel placing orders into the cargo vending machine is shown in Figure 4.
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Figure 4: The process of cargo personnel placing orders into the cargo vending machine

When the cargo personnel arrive at the relevant cargo vending machine, they click on the " Cargo
personnel Operations" menu shown in Figure 5 and enter the reconciliation number on the screen shown
in Figure 6.

Figure 5: Cargo vending machine main screen
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In Figure 5, (a) shows the unique ID of the cargo vending machine and (b) shows the name of the cargo
vending machine. On the same screen, multi-language options and the ability to create a new password
for those who have forgotten their password are also available.

Figure 6: Product placement screens for cargo vending machines. (a) Cargo personnel operations reconciliation
number entry screen, (b) Shipment placement screen.

After entering the consensus number on the screen shown in Figure 6.a, the cargo personnel can scan the
barcode of the product to be placed inside the cargo vending machine or write it manually. On the screen
shown in Figure 6.b, the size of the relevant cargo is selected and placed in a suitable hopper. The full or
empty containers are detected by sensors and can be monitored on the screen shown in Figure 7.

Figure 7: Shipment placement screen

After the hopper selection is made, the relevant hopper will be opened automatically. In addition, an
audible warning will be made to the cargo personnel as "Please place the shipment". The "ABANDON"
button on this screen is used in case the cargo personnel want to select a different size hopper. The "OPEN
LID AGAIN" button is used to retrigger the lid in cases where it is not opened. If the lid opening problem
persists after clicking this button, the "OPEN LID AGAIN" button turns into the "NOTIFY EYE FAULTY"
button as shown in Figure 8 to report the relevant hopper as faulty and the cargo personnel reports the
relevant hopper as faulty. Defective hopper notifications are monitored instantly from the portal system.
Defective hoppers are disabled and reduced from the capacity on the size selection screen. The "HOPPER
DIRTY" button has been added for the cargo personnel to use in case the hopper is dirty during the
placement of the shipment. When the cargo personnel press this button, the relevant hopper will be marked
as dirty and the relevant hopper will be taken out of use and reduced from the total capacity as in the
faulty hopper notification process step. The "OPEN LID AGAIN" and "READY TO OPEN" buttons have
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been added as measures to prevent the cargo personnel from returning to the very beginning of the
shipment placement work process. In this way, it has been observed that it is very important in terms of
both time and practical progress of the work.

Figure 8: Hopper malfunction notification screen

The "CONFIRM" button is used by the cargo personnel to complete the transactions. After the cargo
personnel clicks this button, the shipment transaction summary is shown as shown in Figure 9. By pressing
the "FINISH WITH APPROVAL" button, the placement process is completed and the main screen is
returned.

Figure 9: Shipment process summary screen

On this summary screen;

¢ Hopper information; Information on which screen the cargo personnel placed the product,
e Customer information; The name and surname of the customer for which customer the product
belongs to,

e Delivery Number; The order number of the shipment,
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e Lid Status; The closed status of the lid of the placed hopper is given. (The lid closure status
control is provided by the information received from the lock switches in each hopper in cargo

vending machines).

In multiple product placement operations, all operations are performed as described above. Only after the
cargo personnel enters the reconciliation number, they are informed that they will enter more than one
product and the personnel can complete the placement process by scanning the barcodes of all products.

2.4.2 Receiving the order from the cargo vending machine

Customers can pick up their products 24/7 from indoor cargo vending machines. The process of customers
receiving their orders from the cargo vending machine is shown in Figure 10.

Figure 10: The process of customers picking up their orders from the cargo vending machine

When the customer presses the "TAKE DELIVERY OF YOUR ORDER" button on the main screen of the
cargo vending machine shown in Figure 5, they will be directed to the password entry screen shown in
Figure 11.
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Figure 11: Password login screen

On this screen, the user can first read the Clarification Text on the Processing of Personal Data and then
is expected to check the "I have read and understood" box. If the user does not check this box, the
transactions cannot continue. After checking the relevant box, the user enters the password sent by the e-
commerce company and passes to the "Order Receiving" screen shown in Figure 12.

Figure 12: Order receiving screen

The hopper from which the customer will pick up his/her cargo is colored green as shown in Figure 12.
In this case, the lid opens by itself and an audible warning is given as "Please pick up your shipment". In
cases where the lid cannot be opened or jammed, the "OPEN LID AGAIN" button has been added. This
button works as described in the title of placing the shipment in the cargo vending machine. After the
customer takes the shipment from the hopper, an audible warning is given as "Please close the lid" and
the transaction is considered successfully completed. In the case of multiple product pick-ups, all steps
are executed in the same way, only after the product from the first hopper is picked up, the hopper with
the other product is opened by clicking the "PICK UP YOUR NEXT ORDER" button as shown in Figure
13. In this way, the transaction is considered successful after all shipments have been received.
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Figure 13: Multiple order receiving screen

In the screen shown in Figure 11, if the customer forgets his/her password, he/she can click on the
"FORGOT MY PASSWORD" button. In this case, the customer is presented with the Password Renewal
screen shown in Figure 14.

Figure 14: Password reset screen

On this screen, the customer first enters the Delivery Number and presses the continue button. The
customer is presented with a screen where he/she enters the last two digits of the phone number shown in
Figure 15. After pressing the Continue button, a new password is sent to the customer's cell phone.
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Figure 15: The screen where the last two digits of the phone number are entered

The phone icon in the upper left corner of the screen shows the call center contact number of the e-
commerce company and the steps to be followed in the application.

2.4.3 Order refund process

The order refund process is initiated when the customer orders are placed in the cargo vending machines
and are not received at the end of the periods determined by the e-commerce company. The refund
processes are initiated by the e-commerce company. The e-commerce company transmits the refund
process information of the relevant order to the server to which the relevant cargo vending machine is
connected and is transferred to the cargo vending machine device via the service running on this server.
When the cargo personnel comes to place the product in the relevant cargo vending machine, they enter
the reconciliation number given to them. If there are products to be returned first, the screen shown in
Figure 16 appears before the cargo personnel.

Figure 16: Cargo personnel refund processing screen
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This screen contains information about the products to be returned. By pressing the "CONTINUE" button
on this screen, the screen shown in Figure 17 appears before the cargo personnel.

Figure 17: In refund processes, the screen for retrieving the order from the hopper

The product to be refunded is in the green colored hopper. The relevant hopper opens automatically. After the cargo
personnel receive the refunded products, the process is continued by closing the hopper cover and clicking the
"REFUNDE RECEIVED CONTINUE" button. On the next screen, a screen showing the summary of the refunded
products is displayed. Cargo personnel complete their transactions by comparing the refunded products on this
screen. After this process, the SMS password sent to the relevant customer is invalidated and no delivery is made to
the customer. Then, if the cargo personnel will place a new order, they can continue to perform these operations.

Even if the refund process is initiated by the e-commerce company, the customer can pick up the order from the
cargo vending machine during the period until the cargo personnel receive the order from the relevant cargo vending
machine. If the customer picks up the order at the cargo vending machine during this period, the return process is
automatically canceled.

2.4.4 Order cancellation process

Cancellation can be initiated at any stage after the creation of the order through the e-commerce company.
Cancellation procedures are initiated for reasons such as loss of the customer order, damage to the order,
fraud (online purchases made by copying, stealing credit card information in e-commerce or taking
information from the cardholder with various fraud methods) and the customer canceling the order. The
cancellation is made by the e-commerce company and then the refund process is initiated. After this
process, the system prevents the delivery of the order to the customer. Cargo personnel are directed to
follow the steps in the return process and the process is finalized by following the necessary steps.

2.4.5 Service operations

There is a "SERVICE OPERATIONS" button on the main screen shown in Figure 5. This menu has been
created for cleaning staff to perform cleaning operations and technical service personnel to perform
maintenance, repair and control operations. When this button is pressed, the Service Operations screen
shown in Figure 18 appears.
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Figure 18: Service operations screen

There are three different types of users on this screen. Each group selects their own user name and after
entering their passwords, they perform their transactions related to their own fields. The passwords of the
individuals are generated automatically through the main system at certain intervals. These generated
passwords are sent to both the device and the relevant persons via e-mail.

2.5 Indoor Cargo Vending System Software

Many information such as reconciliation number, customer password, cleaning and technical staff
passwords, return information, cancellation information, etc. must be transferred to the cargo vending
machines. It is necessary to know clearly that this information is fully transferred to the cargo vending
machines and that the transfer is transferred correctly. If there are deficiencies in this information, it may
cause problems such as the customer not receiving the product and technical personnel not being able to
open the cargo vending machines. Services and software developed to prevent such problems are
described under this heading.

2.5.1 Integration processes after order placement

In shipment placement processes, all information to be transmitted to the cargo vending machine is
transmitted by e-commerce companies to a central server to which the cargo vending machines are
connected. The reason for this is that e-commerce companies can transmit data directly to cargo vending
machines, but since they cannot guarantee that the data is transmitted exactly, all data is transmitted to a
central server. On this server, services have been prepared that guarantee that the data that needs to be
transmitted is transmitted completely and accurately. While the passwords required for the customer to
receive their orders are transmitted to the customers as SMS by the e-commerce company, the same
password is transmitted to the cargo vending machine via the central server. When the customer enters
the password on the cargo vending machine, verification can be done. All these steps are explained on the
architecture shown in Figure 19.
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Figure 19: The process of transmitting the package information from the e-sales application to the cargo vending
machine

The operations in the numbered stages in Figure 19 are explained below.

Process-1: A request is sent to the integration service by the e-commerce company. Incoming requests
are met by the firewall and it is confirmed whether they come from an authorized system.

Process-2: If a successful pass through the firewall is provided, the request is directed to the api gateway.
After Authentication check on the api gateway, the request is directed to Load balancer.

Process-3: Load balancer sends the request to the active Kubernetes master.

Process-4: Kubernetes master routes the request to the active Kubernetes worker. Kubernetes worker
redirects the request to the service belonging to the domain.

Process-5: Integration service sends a request to the device domain via load balancer to learn the ip
address of the cargo vending device by looking at the content of the incoming request.

Process-6: Load balancer sends the request to the active Kubernetes master.

Process-7: Kubernetes master forwards the request to the active Kubernetes worker. Kubernetes worker
redirects the request to the service belonging to the domain.

Process-8: Device service reads the ip information via Postgresgl and returns a response.
Process-9: Integration service receives the response on the same channel.

Process-10: Integration service sends a package information request to the cargo management device.
Transaction confirmation information is received via the cargo vending device.
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Process-11: Transaction confirmation information is sent to e-commerce service.

2.5.2 Used applications

Services and applications used in cargo vending systems and their intended use are described below.

Cargo vending-api: It is the backend software on cargo vending machines. The application processes
request from the interface and forwards them to the database and the relevant server software. It directs
requests such as opening/closing hopper lids to the relevant hardware service. Manages requests by
connecting with the hopper control unit. Responds to requests from the server. Processes sensor data in
the hoppers and processes status information such as open/closed, full/empty.

Cargo vending -Ul: Provides an application interface for users. Nginx is used as web server. It opens
automatically in kiox mode on chromium every time the PC starts.

Cargo vending -hcs: Provides access of API software to cargo vending hopper and lids. Controls all
hardware.

Cargo vending -sync: It is the service that transfers the "log/transaction™ information generated by the
API to the server side at short intervals. These logs are written to the kafka queue via the log service on
the server side.

Cargo vending -opencv: It contains hundreds of functions that support capturing, analyzing and
manipulating visual information connected to a computer by webcams, video files or other types of
devices thanks to the OpenCV library.

Cargo vending -updater: Starts the update process by following the update tasks created through the
portal. By getting the name and version information of the service to be updated, it pulls the update on
the cargo automaton via Object Store and restarts the service.

Cargo vending machine sleep services: It enables cargo vending machines to be put into sleep mode
(suspend) at night and to be woken up automatically at the specified time in the morning. During sleep,
the customer can wake up by touching the screen if necessary. After the customer's transaction is
completed, it goes back to automatic sleep after 3 minutes of passive waiting.

PostgreSQL: Due to the offline working structure of the cargo vending, a database is run on them. Two
separate databases are defined for API service and updater services.

Nginx: Serves as a web server.

2.5.3 Specially developed applications

The applications and services described here have been developed to control and provide solutions to a
number of major problems.

Updater application: It is an application that works in a structure similar to Ansible but developed as
custom. Work tasks are defined to cargo vending machines via the Portal. Cargo vending machines
regularly check their work tasks and make updates. The results are also tracked on the relevant portal

page.
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Uploader application: Itis a custom developed software that allows uploading software packages or script
files to be updated to the Object store.

Remote PDU control: All devices in the cargo vending machine and connected to the PDU can be turned
off and on with this application. The computers on the cargo vending machine, which we cannot connect
via remote ssh, can be turned off / on via PDU (Smart Socket) when necessary.

Portal warning monitoring application: It is the portal screen where the status of all cargo vending
machines are monitored via the portal and detailed failure logs are viewed.

Energy saving software: In order to save energy, cargo vending machines were suspended at a specified
time interval. Customers can wake up by touching the screen when necessary. In the event that the full
operation of the wake-up scripts coincides with the moment of package delivery or package placement,
due to the negative impact on the operation of the cabinet, it is ensured that extra scripts are researched
and written to delay the sleep process by determining whether the cabinet is being used at that moment.

3 Conclusions

With the development of e-commerce, the importance of the logistics sector also increases. In cases where
e-commerce companies deliver their orders to their customers and receive their returns, the orders are sent
back to the e-commerce companies in cases such as the customer not being at the address or changing the
address, which increases the shipping costs. Similarly, it creates problems such as customers not being
able to receive their orders from cargo companies.

Indoor cargo vending systems have been developed to overcome similar problems. These systems are
installed at certain points and allow cargo personnel and customers to go and pick up their orders
independently of time. In the developed system, a central server system has been prepared to which all
cargo vending machines are connected. The system allows for expansion depending on the number of
cargo vending machines. Thanks to the offline operation feature and suspend modes of cargo vending
machines, it keeps customer satisfaction at the highest level with both energy efficiency and service
uninterruptedness. In addition, all cargo vending machines are constantly monitored through a central
portal and all relevant parties are informed instantly in case of malfunctions. Cargo vending machine
software can be updated from the central point. In order to ensure that the updates are not left unfinished,
the current files are first transferred to the cargo vending machine. When the information that all files are
transferred completely, the update works on the vending machine and a problem-free process is realized.
In addition, the information received from e-commerce companies is transferred to the relevant cargo
vending machines smoothly with the system software developed. If the transfer is interrupted, the file on
the cargo vending machine side is deleted and the relevant files are started to be transferred again after
the connection is re-established. Thus, it is guaranteed that the data is transferred completely and
accurately.

4  Declarations

4.1 Study Limitations

The study's findings are based on the implementation and testing of a prototype in a controlled
environment. The scalability and generalizability of the system to different settings and scales, such as
urban and rural areas, diverse e-commerce businesses, and varying customer demographics, need further
exploration.
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ABSTRACT

Today, the increase in the number of people and advances in industry and technology cause an
increase in the number of wastes generated with the acceleration of production. It is important for
the future of our country and the world that these wastes are more easily identified and recycled. In
the process of recycling wastes, the classification of wastes as well as their collection require costly
energy and manpower. Wastes are basically separated into paper, plastic, glass, and metal. Various
studies have been carried out to complete these processes in a shorter and easier way with
technologies such as artificial intelligence, deep learning, and image processing. In this study, waste
detection was performed using YoloV3, an artificial intelligence network model frequently used in
object detection, using a specially created dataset and global datasets. Also, a dataset of paper,
plastic, and food and beverage wastes that are common in the environment was created. In this
dataset, paper cups, plastic water bottles, and fast food wastes were detected from different locations
in nature and photographed. These images were labeled, trained, and tested with YoloV3 deep
learning algorithms. In addition, in order to compare the performance of the new dataset, studies
were conducted on a global dataset used in the literature. As a result of the studies, it was observed

that it was successful in classifying the newly created dataset and the global dataset.

Keywords: YoloV3, Garbage detection, Garbage dataset.

1. Introduction

Since the beginning of nature, various wastes have developed while living things on earth continue to
carry out their essential functions. The development of robots, the creation of intelligent machines, and
advancements in engineering all contribute to making life easier for people as time goes on and
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technology advances. As in all facets of life, these developments have begun to be applied to the
identification, collection, and recycling of waste. Waste is currently gathered and dumped in landfills.
In these areas, a variety of reclamation projects are being completed. Examples of reclamation work
done in landfills include recycling, incineration, and composting, which is the decomposition of organic
wastes by microorganisms when they are reacted with in an oxygenated environment [1]. Some of these
areas have waste areas covered and have been planted. Methane gas is now created after waste is
gathered and handled in various ways. This gas is used to create electricity. The majority of the
electricity requirements in the areas where these facilities are located are satisfied in this way. These
storage spaces also provide a solution to the issue of waste collection. Additionally, avoid environmental
harm from waste and the issue of unsightliness. People classify waste in these facilities. Workers
separate different types of waste, including glass, paper, plastic, batteries, etc. The system suggested in
this paper offers a solution for the problem of decomposition [2]. Wastes of all kinds, including toxic
wastes, medical wastes, industrial wastes, and others, are created. In our nation, waste workers are
responsible for collecting trash. Workers in the waste industry can be categorized as either permanent
employees or temporary employees. The technique used for waste collection directly relates to the city's
level of development [3]. On Earth, millions of tons of waste are produced every day. According to
studies, paper and plastic make up the majority of the waste that is gathered. According to the research
done in our nation in 2014, paper and cardboard make up 40.7% of the domestic waste collected from
municipalities, and plastics make up 30% [4]. There are nations in the world that use the technique of
sorting and getting rid of waste during the collection phase. While this process is currently carried out
by humans, it is anticipated that, within the parameters of the study and with technological
advancements, robots will be able to perform it. According to technological advancements,
mechanization will increase in many areas, including the process of collecting waste [5]. Through
artificial intelligence, machines are being taught to perform their tasks more humanely. Both supervised
and unsupervised methods are used to accomplish this. The first approach involves teaching by naming
various phenomena. The machine predicts a phenomenon based on what it has previously observed. The
second approach is to instruct without defining the phenomenon. By grouping related features, learning
occurs. Semi-supervised learning is possible by combining the two techniques. In this learning process,
the learning process is realized, and 50% of the data is labeled. K-Nearest Neighbor (KNN) and SVM
(Support Vector Machine) are two artificial neural network techniques and applications that have been
developed. Typically, these techniques fall under the category of machine learning algorithms [6].
Machine learning algorithms make a prediction on the created model [7]. The neural networks in the
human brain serve as the foundation for machine learning. A subset of machine learning known as "deep
learning" was developed as artificial neural networks were further developed [8]. Convolutional Neural
Networks (CNN), which stand for deep learning, have been used in many computer vision applications,
including face recognition, text detection, target detection, etc. The process of detection using techniques
derived from mathematical models based on human experience is known as machine vision [9]. Deep
learning utilizes a layered architecture to process input data and produces more accurate results.

The studies conducted by designing autonomous vehicles and robots for waste sorting and waste sorting
using deep learning models in the literature were analyzed. Alawi et al. [10], classified waste using CNN
in their study. In their study, they used Alexnet, DenseNet121, and SqueezeNet algorithms from pre-
trained networks. In the study, they used the waste classification data dataset made available for open
access on the Kaggle website and used a total of 22564 images in two classes: recyclable and organic
wastes. They divided 10% of the images as test data, 20% as validation data, and 70% as training data.
According to the performance results obtained at the end of the study, the highest classification
performance was achieved with the DenseNet121 pre-trained network, with an accuracy of 94.10%.
With the other networks used in the study, SqueezeNet and Alexnet achieved 91% and 92% accuracy,
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respectively. Ramsurrun et al. [11], used a deep learning model to classify waste images into five classes:
plastic, metal, paper, cardboard, and glass. It uses a trained machine-learning algorithm to perform
object recognition. In their study, they used the Trashnet dataset, consisting of 2527 images divided into
6 classes. 70% of the dataset was used for training and 30% for testing. The proposed SVM, Sigmoid,
and Softmax classifiers are tested with 12 different transfer learning techniques, and the highest result
is obtained in the VGG-19+Softmax algorithm with an accuracy of approximately 87.9%. Assis et al.
[12], in their study, developed a system that recognizes waste and collects it through an autonomous
waste collection vehicle. The robot is connected to a Raspberry Pi device, ultrasonic sensors, and an
Arduino UNO. The robot is programmed to stop when an object is detected at a distance of 20 cm or
less from the ultrasonic sensor, and when the robot stops, the object detection module activates the robot
arm. The object image is detected by a web camera. They used the YoloV3 real-time deep learning
algorithm to distinguish the detected object image from other objects. In the study, they used a self-
selected dataset divided into 5 classes: bottle, can, food package, paper ball, and plastic ball. The images
were manually labeled with Labellmg. As a result of the study, they achieved 93% accuracy.

Koganti et al. [13], in their study, divide waste into biodegradable and non-biodegradable. In the study,
images in the outdoor environment are taken with a Raspberry Pi (a SSD-Mobilenet trained model is
pre-loaded) and the camera connected to it. Using the MobileNet deep learning algorithm in Rasperry
Pi, the detected objects are classified into two different classes: biodegradable and non-biodegradable.
The model gives results only for non-biodegradable waste. The test accuracy of the previously trained
MobileNet network model was 99%. Zhihong et al. [14], realized a robotic sensing system for waste
sorting in their study. The system consists of three main structures: a recognition module for waste
detection, a transportation module for waste transportation, and a capture module for waste collection.
The two main networks that make up the Fast-RCNN architecture were implemented with Region
Proposal Network (RPN) and VGG-16 models, and these models were used for object recognition
(bottle) in the study.

Different object detection studies with deep learning algorithms were also conducted, and model results
were compared. In addition, different autonomous vehicles were designed, and different data sets were
used in these studies. Khanum et al. [15], trained a ResNET convolutional neural network to drive an
autonomous vehicle by lane control on a Udacity simulation. The study provided a network model
trained to prevent traffic accidents that may occur in situations such as driver inattention by lane control,
resulting in high achievements. In the study, the Udacity simulator was used by considering driving
situations and target situations such as steering angle throttle, brake and speed. The images stored in
the folder are saved as a csv file. The data is decomposed as 80% training and 20% testing. The model
result showed that 0.81% of the time the vehicle correctly planned its movement to avoid leaving the
lane. Turgut et al. [16], conducted a study for search and rescue activities under the rubble caused by
natural disasters. It is very dangerous to work in risky areas as a result of natural disasters. Semantic
classification of the ramps and obstacles in the tracks facilitated the robots' operations in these areas.
The data obtained with 2b laser gives information about the height at which the ramps are located. In
this study, semantic classification of planes such as ramps, floors and walls were performed with
PointNET, Dynamic Graph Convolution Network (DGCNN), PointNet++ and PointCNN deep learning
models. ESOGU RAMPS dataset was used. 581 data were used for training while 100 were used for
testing. High performance was obtained in all CNN models used. The highest performance was obtained
in the DGCNN model with 99.9%. Yao et al. [17], proposed a machine vision-based vehicle detection
system for smart cities in their study. In the study, it was determined that the traditional YoloV3
algorithm is not a preferred method for fast-moving and small-sized vehicles. For this reason, the model
created by adding one more convolution layer to the original YoloV3 layer was used. The study uses
1642 photographs of traffic vehicles taken from the internet. Labeling was done in Pascal VOC format.
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The model achieved an accuracy of 91.01% (mAP). Rajesware et al. [18], used transfer learning methods
to detect Alzheimer's disease, which is very difficult to identify and diagnose. In this context, they used
techniques such as VGG-19, VGG-16, ResNet50, and Xception. The dataset used for the study is ADNI
brain MRI images. 80% of the data was used for training and 20% for testing. The highest accuracy was
obtained in the VGG-19 model with 98%.

In the literature, there are also studies that use data sets generated by waste but use algorithms other than
deep learning models. In the studies, systems proposed for waste sorting, waste collection, and
controlling waste levels in waste bins were mentioned.

Ravananetal. [19], proposed an loT-based smart waste monitoring system. The system monitors waste
bins with ultrasonic sensors and provides information about the amount of waste through a web page.
Their proposed system consists of a PIC microcontroller, GSM module and wifi module. When the
measured waste level in the waste bins is equal to the width of the waste bins, the data sent to the server
alerts the authority via the internet. The system proposed by Amitha et al. [20] determines the level of
waste in the waste bin with the help of sensors. It checks whether the waste bin is full or empty. It
classifies the waste as dry or wet and sends a message to the user when it detects that the waste bin is
full. Authorities have access to the information that the system is full or empty at any time. Thus, the
need for unnecessary use of waste collection vehicles is eliminated. Bai et al. [21] designed a deep
learning-based robot that automatically collects waste from lawns. GPS measurement module,
navigation module, sensing module, map module, and driving module are used in the robot. In the map
module, the environment to be cleaned is defined for the robot. The sensing module is used to understand
whether the detected object is an object or ground. ResNet-34 is used in the architecture of the network.
If the detection module does not work correctly, it will perceive a non-waste object as waste. For this
reason, a data set consisting of 5 waste classes and 1 non-waste class was used. It consists of 40,000
training images and 7,000 test images. The robot was tested in a playground. Experimental results show
that waste recognition accuracy can reach up to 95%. Yuan et al. [22] designed a robot for cleaning
swimming pools. It is important to clean swimming pools that have been in continuous use for a short
time. The robot can be controlled by a wired remote control with a wheeled movement feature. It also
consists of hydraulic push and movement mechanisms. The control box provides control of the robot,
while the power supply provides power for the robot. The monitor displays the working environment in
time with the camera of the robot body. The water passing through the filter is sent out by the pump of
the robot body.

In the second part of the study, the dataset created specifically for the study and the global dataset used
for comparison purposes are analyzed in detail. This section also focuses on the data labeling processes
and the complexity matrix. Furthermore, this section provides a detailed review of the Yolo v3 network
structure. The third section presents the results of the experimental studies and describes the results in
detail. The fourth and final section summarizes the overall conclusions of the study.

2. Material and Method
2.1. Custom Dataset

In this study, two distinct datasets are used to compare deep network model outputs and draw
conclusions using performance metrics. The first data set was specifically created for the study, whereas
the second data set was created using data that was widely available. Paper cups, plastic bottles, and
waste food and beverage packaging make up the majority of the waste images in the dataset created for
the study. Three classes make up the data set that has been prepared for the study. Paper cups, plastic
bottles, and other trash are separated from it. The data set for other wastes includes bags, cardboard,
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food and beverage packaging, etc. 1225 images in total were used. These photos are unique ones that
were taken in the study's setting. It consists of 250 waste images, 500 plastic bottle images, and 500
paper cup images. The most frequent items found in the environment, such as food and beverage
packaging and fast food packaging, are included in the data set for the other waste class. The images
have a resolution of 1200x1599 and are in jpg format. The waste found in places like playgrounds, street
sides, and school gardens was photographed to create the images. The dataset created especially for this
study will be made public and shared on a global scale.

Figure 1: Examples from the custom dataset

2.2. Global Dataset

The publicly accessible Trashnet dataset was also used to compare the outcomes of the networks used
in the study. [23]. There are 2527 images total in this dataset. The 512x384 dataset was captured in
natural light and under artificial lighting, and it was printed on a white poster board. Images from six
categories of waste-glass, paper, cardboard, plastic, and metal—are included in the dataset. 1000 images
from the Trashnet dataset were used to create a more precise comparison with the dataset produced for
the purposes of the study. Only images from the global dataset that belonged to the classes of paper,
glass, and metal were chosen.

Figure 2: Examples of the global dataset's images

2.3. Labeling The Dataset

Paper cups, plastic bottles, and other waste were the three categories into which the data set that was
created for the study was labeled. Glass, paper, and metal were assigned to images from the Trashnet
dataset. MakeSense.Al (MSA) was used to manually label the data [24]. 70% of the labeled data was
used for training, 20% for testing, and 10% for validation. After the labeling process, the program
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generates the dataset for the study as a.txt file. The values of the image are stored in this file as matrices.
The data consists of the object's ID, the x and y axes' centers, and its width and height.

Figure 3: Labeling images with MSA

2.4, Confusion Matrix

In machine learning and deep learning algorithms, where results are obtained through mathematical
calculations from a set of outputs, the confusion matrix is a performance metric. The estimated and
actual values from the algorithm are combined in four different ways in the matrix. A dataset of 400
images, 200 of which included paper cup images and 200 of which did not, was created. The confusion
matrix depicted in Figure 7 was used to calculate the deep learning network's performance after training
and testing on this dataset.

Real Values

1 0

o 1
g I < False
= - Pozitive e
= Pozitive
=
=]
o
Z
w

o True False

Negative Negative

Figure 4: Confusion matrix
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The matrix represents the following four states:

True Positive (TP): The prediction of the data that includes a picture of a paper cup is referred to as
"the one with a paper cup” in this situation.

True Negative (TN): "No paper cup" is another name for the prediction of the data that does not include
a picture of a paper cup.

False Positive (FP): "With a picture of a paper cup" is the prediction made for data that does not contain
a paper cup.

False Negative (FN): Data with an image of a paper cup is predicted to be "an image without a paper
cup.”

These numbers are used to calculate various performance metrics in the confusion matrix [25].
Sum=TP+TN+FP+FN

Real Positive =TP + FN Q)

Real Negative = TN + FP

Accuracy: Refers to how accurate the model is all in all. It is calculated by multiplying all of the matrix's
data by the accurate forecasts. In Equation 2, it is specified.

TP+TN
TP+FP+TN+FN

)

Accuracy =

Recall: The percentage of correct values that are classified as correct is known as sensitivity, and it is
expressed as a recall metric. It appears in equation three.

TP
TP + FN

Recall =

3)

Precision: a way to gauge how well and how poorly all outcomes are predicted. In Equation 4, it is
specified.

TP
TP+FP

Precision =

(4)

F1- Score: The harmonic mean of the sensitivity and sensitivity of the score is F1. In Equation 5, it is
specified.
2xPrecision*Recall

F1 — Score = ()

Precision+Recall

2.5. Artificial Intelligence

With the introduction of the "Turing test" in the 1950s, Alan Turing first laid the groundwork for
artificial intelligence, which now encompasses the fields of machine learning and deep learning [26].
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The idea of artificial intelligence is based on the artificial working structure of neuron cells in the human
brain and is derived from the idea of intelligence. Science has greatly benefited from understanding how
the human brain functions in order to train machines [27]. According to a recent report, thinking robots
could be created by imbuing machines with emotions as a result of the human brain's similarities to
machines [28]. With its historical development, artificial intelligence has become specialized in machine
learning and deep learning. By processing large amounts of data collected on a variety of topics in
machine learning algorithms, intelligent results can be produced [29]. Deep learning performs training
and results with its multi-layered architecture, which is acknowledged to produce more accurate results
than machine learning [30].

Figure 5: Artificial Intelligence and subclasses

2.6. Yolo version 3

Different deep learning algorithms have been developed up to this point. Yolo is one of the most
successful and quick algorithms. This is because the algorithm only takes into account the image's
bounding boxes as a whole [31]. A real-time object detection algorithm called YoloV3 was created by
Redmon et al. in 2018 [32]. Both the performance and the object detection rate are quite high. YoloV3
was developed using the Yolo and YoloV2 network models [33]. Furthermore, Yolo V3 [34] used
Darknet-53 as a backbone network to replace Darknet-19 [35], [36]. Yolo networks perform very well
in fast object detection and especially in real-time object detection [37]. The YOLOvV3 network was
chosen because it uses Darknet-53, which is a better backbone than YoloV2, and uses a single-stage
CNN network and a feature extraction network [38], [39].

The COCO dataset is utilized by the initial YoloV3 architecture. TensorFlow and the DARKNET
libraries' networks were used to train this dataset. The 200,000 images in the COCO dataset, which
includes 80 different objects, were prepared for detection, tracking, and classification. An open source
dataset is COCO [40]. The object is divided into regions by the algorithm. Bounding boxes, which are
drawn around the object in a region, are created. In order to determine the likelihood of discovering the
object, calculations are performed on the marked boxes. For each object, the marked boxes determine a
confidence score. The percentage of time that the algorithm is confident that the data is present in the
grid is represented by the confidence score [41]. An image is provided to the algorithm as input data.
The image is set to be 32 pixels wide and has multiples. The Darknet-53 CNN model is utilized by the
YoloV3 algorithm as a feature extractor. Consequently, an additional 53 layers are added to the object
detection algorithm [42]. The Yolo layer makes use of the features that were extracted from the
convolution layer (darknet-53). By using pre-trained weights for object detection, the network in the
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Darknet 53 layer is taught how to extract features. There are a total of 106 convolutional layers in the
YoloV3 architecture. As seen in Figure 5, YoloV3 employs feature pyramid networks (FPN) to find
objects at three different scales. The input image is divided into 52x52 boxes at scale 3, 26x26 boxes at
Scale 2, and 13%13 boxes at scale 1. This results in the detection of the smallest objects at scale 3 and
the medium-sized objects at scale 2. The algorithm executes the output process by executing specific
steps on each of these three scales. The overlap between the estimated bounding box value (Intersection
over Union, loU) and the actual area value of the object is used to calculate the confidence score. The
same object is enclosed several times in the marked boxes if more than one output vector detects it.
Application of the Non-Maximal Suppression (NMS) algorithm The calculated threshold value is used
to delete checked boxes that fall below it.

DARKNET 53

First Scale Second Scale Third Scale

Figure 6: Output of the YoloV3 network

3. Experimental Results
3.1.  YoloV3 Training Phase

To train the YoloV3 network, files called "obj.name,” "obj.data,” "generatetrain.py,"” and
“generatevalidation.py” are created. The names of the classes used in training are listed in the
“Obj.names” file in the labeling order. The number of classes, the training and validation file paths, the
path to the file containing the class names (obj.names), and the path to the folder where the weights
produced as a result of the training will be saved are all contained in the “object.data” file. The training
data set access codes for DarkNet are written in a file called "Generate_train.py." The code for DarkNet
to access the validation file is contained in the file "Generate_validation.py." The preparation of the file
with a ".cfg" extension is the final step in the algorithm's preparation. By reading this file, the algorithm
creates the network. The batch parameter is the parameter that specifies the number of images processed
at the same time. It is set to 1 to increase the training speed. The "batch" parameter divides the data set
into portions for training. We train using these chunks. The batch parameter specifies the part size and
is assumed to be 1 during the test phase. The max batch value is used to prevent overfitting by controlling
the number of batches during the training phase. The value of Max_batches is determined. It conveys
the parameter size's maximum value. "class_number * 2000" is the formula used to calculate this value.
In single-class algorithms, it is interpreted as 4000. Calculating "Steps = 4800, 5400" involves
subtracting 80% and 90%, respectively, of the value of max_bathces. " (Number of classes + 5) * 3" is
the formula for the filter parameter. The final three convolution layers at the bottom have their filter
values changed. The DarkNet weights to be used as a feature extractor are first downloaded to begin
training in the Colab environment, which enables us to run Python codes directly through the browser
used in studies such as machine learning and data analysis. This comes after the file preparations are
complete. The Open Source Computer Vision Library (OPENCYV) is configured for the Graphics
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Processing Unit (GPU). By connecting to the Drive environment, images and labeling files that have
been prepared for training and validation are moved to the data folder in DarkNet. “obj.names, obj.data,"
generate train and validation files, and the ".cfg" file created at the start of the training are transferred to
DarkNet.

Obj.names [net]

# Testing

Paper cup # batch=1

Pet bottle # subdivisions=1

Other garbage # Training

(a) max_patches = 6000

#(number of class * 2000)
policy=steps

steps=4800.5400 #
max_batches * 80 / 100 ve 90

/100
Obj.data
[convolutional]
Classes = 3 size=1
Train = data/train.txt stride=1
Valid = data/validation. txt pad=1
Names = data/obj.names filters=24 #(number of class +
Backup = 5)*3
/content/gdrive/MyDrive/volov3/backup/ activation=linear
(b) (c)

Figure 7: Example of project files. (a) Obj.names file. (b) Obj.data file. (c) cfg file.

3.2.  Training Results

The Mean Average Precision (mAP) values obtained from the original dataset created for this study
using the YoloV3 algorithm using 3 different classes, including paper cups, pet bottles, and other wastes,
are provided in Table 1.

Table 1: Performance results of the classes as a result of training from custom dataset.

mAP TP FP
Paper Cup 100.00% 201 3
Pet bottle 98.34% 203 2
Other trash 76.91% 96 38

The most precise prediction value for each class in the specially created data set was 203 for the pet
bottle class, according to Table 1. When the results from images with and without objects are compared,
it can be seen that the other waste class has the highest error value. 38 is this value. The paper cup class
received the best performance value of 100% out of the three classes' AP scores. The F1 Score, Recall,
and Precision values of the network after training all classes with the Yolov3 algorithm are shown in
Table 2.

Table 2: Overall performance result obtained as a result of training from custom dataset.

Recall Precision F1-Score
Custom Data Set 0,94 0,92 0,93
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In the study, 500 data points were correctly predicted. 43 data points were found to be present even
though they were not objects. In 31 image data points, although there was a labeled object, it was found
to be absent. In the testing process of the YoloV3 network model trained with the dataset prepared for
the study, 175 test data sets are used, different from the data used for training and validation. The results
obtained from these data are given in Table 3.

Table 3: Performance results of the classes as a result of test from custom dataset.

F1-Score Precision Recall

Paper Cup 0,9902 0.9712 1,0000
Pet bottle 0,9804 0.9712 0,9902

Other trash 0,3902 0,2682 0,7164

The highest accomplishments belong to the paper cup class, per Table 3's results. The pet bottle class
had an accuracy value of 0.98, the paper cup class had an accuracy value of 0.99, and the other waste
class had an accuracy value of 0.39. The high values obtained in the test results are a result of the patterns
on the paper cups being similar to the data in the paper cup dataset. Table 4 provides the test performance
results for the entire YoloV3 network.

Table 4: Overall performance result obtained as a result of test from custom dataset.

F1-Score Precision Recall
Custom Data Set 88.111 73.682 90.220

In the study, the network’'s mAP value of 86.45 was calculated from test results using various images
from 175 training and custom datasets. There are tables of the results obtained using the deep learning
network models and the custom dataset. Below are some images that were validated using the YoloV3
algorithm using a custom dataset. Figure 8 displays the results of testing the YoloV3 network model
that had been trained on a single image.

Figure 8: Images from test results produced with a custom dataset.

According to these values, the highest value belongs to the images belonging to the paper cup class and
then to the pet bottle class. The high performance in the paper cup class is due to the similar external
designs of the paper cup objects in the images. The high number of similar images resulted in high
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performance when the network was tested with new data that was similar to the images in the trained
dataset. The lowest value belongs to the food packaging belonging to the other waste category. This is
due to the fact that the other waste dataset consists of multiple different types of data with low similarity.
The fact that this data set category does not belong to a single standard in terms of similarity means that
training with very different data and testing with very different data again reduces the network
performance by one level. According to the training results, it is seen that higher achievements are
obtained when the real area overlaps with the predicted area. The higher achievements obtained from
the paper cup class are due to the fact that the objects in the training and test images are similar; the
difference is due to the object shape, color, and pattern, and these options contain less different
formatting compared to other datasets. The data for the YoloV3 architecture training and testing process
with the global data set are given in the tables below. Performance values of 700 data points used in
training are given in Table 5.

Table 5: Performance results of the classes as a result of training from global dataset.

mAP TP FP
Glass %95. 11 42 9
Metal %095.83 35 3
Paper %96.13 33 0

When the training data set was used, the best performance was obtained from the paper data set when
the correct prediction for each class was proportional to the number of data sets. None of the images
without the paper dataset were identified as having paper. The highest AP value was obtained from the
paper dataset.

Table 6: Overall performance result obtained as a result of training from global dataset.

Recall Precision F1-Score
Global Data Set 0.90 0.90 0.90

Table 6 shows the training network performance metrics of the YoloV3 algorithm. Precision, recall, and
F1-score values were obtained as 0.90. In the results of the study, 122 correct predictions were made.
For 12 images with the labeled object, the prediction was made as no object.

Table 7: Performance results of the classes as a result of test from global dataset.

F1-Score Precision Recall
Glass 0.8636 0,7600 1,0000
Metal 0.8510 0,7407 1,0000
Paper 0,9050 0,9048 0,9048

The highest success rate of the test result of the global dataset is obtained from the glass class. The mAP
value of the glass class was obtained as 1.0000. The results of the test dataset, consisting of images
different from the images in the training and validation datasets, are given in the tables below.
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Table 8: Overall performance result obtained as a result of test from global dataset.

F1-Score Precision Recall
Global Data Set 87.722 80.183 96.825

Figure 9: Test result images obtained using global dataset.

As a result of the test study with the global dataset, the individual results of the prediction of the sample
images of the metal, paper, and glass classes that are not included in the dataset are given in Figure 9.
The sample image belonging to the glass class was predicted correctly at a rate of 0.50. The sample
image belonging to the metal class was predicted correctly with a prediction rate of 0.79, and the paper
class was predicted correctly with a prediction rate of 0.95. The highest prediction success was obtained
in the paper class.

Table 9: A comparison table of the results obtained in the study with the literature.

Authors Year Network Model Data set mMAP(%0)
Carolis et al. [43] 2020 YoloV3 Trashnet 59.57
Linetal. [44] 2022 Yolo-Green Trashnet 78.04
Mao et al. [45] 2022 YoloV3 Trashnet 81.36
Zhang et al. [46] 2022 Yolo-Waste Trashnet 93.12
Proposed Method 2023 YoloV3 Trashnet 96.67
Proposed Method 2023 YoloV3 Custom 86.45

The comparison of the obtained results with the literature is shown in Table 9. When the table is
analyzed, it is seen that Yolo-based deep learning networks have achieved quite high performance
compared to the studies on the Trashnet dataset.

4. Conclusion

In this study, a system that classifies the wastes that are found in settlements has been developed. In the
developed system, an algorithm that includes transfer learning techniques from deep learning network
models and the CNN algorithm is proposed. The networks used in the study were trained and tested
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using two types of data sets. The first data set used is a data set consisting of glass, plastic, and paper
waste prepared for the study. The other dataset used is the globally published Trashnet dataset. It consists
of six classes: glass, paper, cardboard, plastic, metal, and waste. Considering the performance results,
the results obtained with the dataset prepared for the study are generally higher than the performance
metrics obtained from the Trashnet dataset. The reason is that the integrity of the images in the dataset
prepared for the study is higher. In this sense, the dataset prepared for the study has a privileged aspect
in the category of images that increases its performance.

5. Declarations
5.1.  Study Limitations

The findings of the study show that nowadays it is of great importance to automatically detect, collect,
and recycle waste. With the development of artificial intelligence, this is now possible. However, a data
set is needed to train the Al. Considering that the waste data set is quite small today, it is thought that
the waste data set created in this study will contribute significantly to the field.
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ABSTRACT

In the field of rehabilitation, nuanced interventions are imperative due to the intricate anatomical
complexity and versatile functionality of the human hand. From fractures and tendon injuries to
neurological disorders and congenital anomalies, hand orthoses, both static and active, serve as crucial
adjuncts to conventional therapeutic approaches. Active hand orthoses play a pivotal role in
coordinating rehabilitation efforts, offering tailored support, dynamic control, and therapeutic
facilitation. This review paper explored the scientific landscape surrounding active hand orthoses,
consolidating evidence-based insights into their design, functionality, and clinical applications. The
paper offered an in-depth examination of various studies, showcasing pioneering designs like hinged
gloves, electro-hydraulic orthoses, and those integrating virtual reality exercises. The biomechanical
principles underlying the effectiveness of active hand orthoses were emphasized, highlighting their
role in optimizing outcomes across different rehabilitation scenarios. The review also covered
advancements in electroencephalography (EEG)-controlled orthoses and myoelectric technology,
illustrating the diverse applications for hand rehabilitation. By synthesizing current knowledge, this
review established a foundation for further research and advancements in the ever-evolving field of
active hand orthoses.

Keywords: Active hand orthoses, wearable assistive technology, hand dysfunction rehabilitation,
biomechanical interventions

1 Introduction

In the realm of medical rehabilitation, the therapeutic exercise of fingers and wrists serves as a pivotal
component in restoring optimal musculoskeletal function [1-2]. The rationale behind this lies in the
principles of neuromuscular adaptation, tissue remodeling, and functional restoration [3-4]. An injury or
pathology afflicting the fingers or wrists often results in a cascade of detrimental effects, such as muscle
atrophy, joint stiffness, and diminished neuromuscular control. The targeted exercises aim to counteract
these deleterious consequences through several mechanisms [5]. Firstly, the implementation of controlled,
progressive resistance exercises facilitates the activation of motor units within the affected muscles. This
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engagement prompts an adaptive response, fostering muscle hypertrophy and preventing atrophy.
Consequently, the restoration of muscle mass contributes to enhanced strength and endurance [6-7].
Moreover, therapeutic exercises are designed to address joint mobility and flexibility. Range of motion
exercises mitigate the development of contractures and alleviate joint stiffhess, thereby promoting the
restoration of functional movement patterns. These interventions are especially crucial in scenarios
involving immobilization or prolonged disuse, which can lead to joint restrictions [8-11]. From a
neurological perspective, rehabilitation exercises play a pivotal role in neuromuscular re-education. They
stimulate proprioceptors and enhance motor control, aiding in the refinement of coordinated movements.
This neuroplasticity is instrumental in restoring precision and dexterity to the fingers and wrists [12-13].
Furthermore, therapeutic exercises contribute to the improvement of circulation, fostering an environment
conducive to tissue healing. Increased blood flow facilitates the delivery of oxygen and nutrients while
promoting the removal of metabolic byproducts, expediting the overall recovery process [14-15]. In
essence, the multifaceted approach of therapeutic exercises addresses both muscular and joint
components, leveraging physiological adaptations to attain functional restoration. This comprehensive
strategy aligns with the overarching goal of promoting the rehabilitation and reinstatement of optimal
musculoskeletal function in the context of finger and wrist pathology [16-19]. Active hand orthoses play
a pivotal role in the realm of therapeutic and rehabilitation exercises, serving as integral components in
the comprehensive management of hand-related pathologies [20]. These orthotic devices are designed
with a nuanced understanding of musculoskeletal physiology, aiming to optimize functional outcomes
through precise mechanical interventions [21-23]. One primary significance of active hand orthoses lies
in their ability to provide targeted support and stabilization to the affected structures [24]. In instances of
traumatic injuries, post-surgical interventions, or chronic degenerative conditions affecting the hand, these
orthotic devices serve as external aids that strategically immobilize or facilitate controlled movement.
This controlled support minimizes undue stress on injured tissues, thereby fostering an environment
conducive to healing and preventing maladaptive responses such as contractures or joint stiffness [25-26].
Furthermore, active hand orthoses are instrumental in promoting neuromuscular re-education. Through
their carefully engineered design, these devices engage specific muscle groups and encourage coordinated
movements. This aspect is particularly pertinent in rehabilitation scenarios where motor control and
proprioception may be compromised. The orthoses serve as facilitators in the process of re-establishing
optimal neuromuscular pathways, contributing to enhanced functional recovery [27-28]. Moreover, these
orthotic interventions are adaptable to a spectrum of therapeutic exercises. Their incorporation into
rehabilitation protocols allows for a graduated and progressive approach to recovery. The adjustability of
active hand orthoses enables healthcare professionals to tailor the intensity and range of motion of
exercises, thereby addressing the evolving needs of the patient's rehabilitation journey [29]. In the context
of deformities or contractures, active hand orthoses contribute to the prevention of further structural
abnormalities. By providing a corrective influence on joint alignment and soft tissue balance, these
devices mitigate the risk of progressive deformity, offering a proactive strategy to preserve or restore
optimal hand function [30]. Consequently, active hand orthoses biomechanical precision, adaptability to
therapeutic exercises, and role in neuromuscular re-education underscore their paramount importance in
fostering optimal functional outcomes for individuals grappling with hand-related pathologies [31-32].
Thus, active hand orthoses have become a focal point for researchers, driving a surge in studies conducted
in recent years.

This review paper played a critical role in consolidating past knowledge and advancements in the realm
of active hand orthoses, offering a comprehensive overview of their clinical significance and therapeutic
implications. By synthesizing existing literature, the paper aimed to elucidate the multifaceted importance
of active hand orthoses in the context of therapeutic and rehabilitative interventions. It covered a spectrum
of topics ranging from the biomechanical principles underlying these orthotic devices to their applications
in diverse pathological conditions affecting the hand. Additionally, the review delineated their role in
neuromuscular re-education, their adaptability to therapeutic exercises, and their potential in preventing
and correcting deformities. By addressing these facets, this paper provided a valuable resource for
engineers, researchers, and allied healthcare professionals, fostering a deeper understanding of the
nuanced contributions of active hand orthoses to optimal patient outcomes.
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The organization of the paper was presented as follows. In the open literature, studies that highlighted the
different dynamic actuator-equipped configurations used in the structure for the exercise control of active
hand orthoses were examined in Section 2. The investigation of active hand orthoses, controlled via
electroencephalography (EEG) and electromyography (EMG) techniques, was covered in Sections 3 and
4. Finally, the concluding remarks were reviewed in Section 5.

2 Dynamic Actuator Controlled Active Hand Orthoses

Venturing into the realm of progressive rehabilitative technologies, this section delved into the intricate
domain characterized by sophisticated mechanisms and responsive actuators. These elements converged
to redefine the landscape of interventions, aiming to restore hand functionality in individuals grappling
with neuromuscular impairments. The open literature contained an abundance of studies (see Figure 1).
For example; Becchi et al. (2017) proposed a hinged glove design and orthosis with a DC motor for the
transmission of movement for the rehabilitation of finger joints. In this study, it was emphasized that the
plate made of thermoplastic material, despite being securely fastened to the hand, does not restrict the
movements of the fingers and wrist [33]. Bos et al. (2018) proposed a novel electro-hydraulic hand
orthosis for individuals with Duchenne muscular dystrophy. The orthosis was able to move the four-finger
module with a linear actuator. Thanks to the orthosis hydraulic system components produced with
polyamide (PA 2200) material, it demonstrated high durability against increased system pressures [34].
Ghassemi et al. (2018) integrated a linear servo motor into the X-Glove, which was presented for use in
rehabilitation. The system had been integrated with virtual reality (VR)-based exercises. The observation
was made that tactile feedback could assist in sensorimotor learning [35]. Kamper et al. (2019) proposed
an orthotic glove model that incorporated a linear actuator, which strengthened the hand, regulated finger
movement, and prevented excessive extension of finger joints. The device included an operating system
to control finger flexion, sensor systems to detect tension, and control systems [36]. Gelanyi et al. (2019)
designed an active orthotic device incorporating shape memory materials capable of replicating the
movements of the wrist and fingers, thus facilitating the gripping and releasing functions of the hand. This
device was specifically designed for individuals with partial or spastic paralysis of the hand. The device
consisted of supporting elements that connected the moving components to each other. The moving
components generated an activation signal and moved the supported fingers. In addition, the supporting
elements provided reinforcement to the lower part of the arm and allowed free movement of the wrist
joint [37].

Figure 1: Diverse configurations of some active hand orthoses with dynamic actuators
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Abdelhafiz et al. (2020) designed a soft hand orthosis incorporating an exo-tendon system aimed at
mimicking the movement of the human hand. In this study, it was emphasized that flexion forces were
distributed equally to the distal and proximal phalanges [38]. Toth et al. (2020) developed a cost-effective,
personalized, and lightweight active orthosis targeting post-stroke spasticity. The orthosis underwent
mechanical characterization using 3D printing and nitinol smart memory alloy. Functionality testing,
Likert scale assessments, and movement analysis were conducted on six post-stroke patients, revealing
significantly improved functionality and positive overall impressions. This smart and lightweight orthosis
proved to be an effective solution for home-based rehabilitation in managing post-stroke spasticity [39].
Muehlbauer et al. (2021) developed a modular orthosis for paralyzed hands, aiming to support finger
range of motion and force. Twisted string actuation (TSA) and an antagonistic drive unit were utilized,
demonstrating quiet and lightweight force generation without additional gears. The orthotic structure,
made of adaptable thermoplastic material, housed the TSA and motors, enabling flexion and extension of
paralyzed fingers. The prototype, validated on spastically paralyzed fingers, utilized a constant speed
mechanism controlled by user input and demonstrated promising functionality for future applications with
paralyzed subjects [40].

3 EEG Controlled Active Hand Orthoses

In the rapidly evolving landscape of active hand orthoses, this section comprehensively examined the
integration of EEG-based control paradigms, exploring the pivotal role of neural signals in shaping the
next frontier of precision and adaptability in rehabilitative interventions for individuals with impaired
hand function. Many scholarly inquiries populated the open literature (see Figure 2). Consider, for
example; Pfurtscheller et al. (2000) developed an electrically powered hand orthosis to regain grasping
movement of the hand. A Computer Control interface was designed with a 60-channel EEG system. It
was emphasized that in the experiment conducted on a tetraplegic patient, the hand could be effectively
opened and closed by straightening it [41]. Diab et al. (2016) developed an EEG-controlled brain-
computer interface. In this study, an Artificial Neural Network model was utilized by incorporating a
linear actuator into a commercial orthosis to classify the opening and closing movement. In conclusion,
it was obtained that the developed system demonstrated good performance on real-time EEG data;
however, it was emphasized that the achieved performance was lower than the expected performance
[42]. Osayande et al. (2020) developed a hand orthosis using a Brain-Computer Interface to detect signals
for finger movement in participants. A force sensor was added to the orthosis with the aim of enhancing
hand muscle strength after paralysis. The robotic orthosis demonstrated a detection accuracy of 64.1% for
unclenching and 62% for clenching activities, effectively actuating the orthosis digits in response [43].
Kina et al. (2021) investigated a brain-computer interface (BCI) system for hand rehabilitation. The
system was comprised of an EEG amplifier, a desktop computer, and a hand orthosis. A healthy subject
participated in the experiment, and during hand movement tasks, his EEG signals were recorded. A
support-vector machine (SVM)-based classifier was trained using the processed data. Subsequently, the
system, equipped with the learned SVM-classifier, was tested using test data.

[41] [42] Talon Wrist Orthosis Firgelli L16 Linear [43]
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Figure 2: Diverse configurations of some EEG-controlled active hand orthoses
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The results confirmed that the classifier had a test accuracy of 73.3%, and the finger movements
(extension and flexion) of the experimental subject were executed by the hand orthosis, activated through
the subject's intention [44]. Guger et al. (2021) developed a training and simulation system with mental
assessment using EEG measurements. The focus of the study was on a mechanical orthosis dedicated to
moving a specific body part, encompassing diverse mental activities to facilitate the test activation
stimulus [45]. Bhugra et al. (2022) designed a wearable orthotic device incorporating sensors, imaging
apparatus, and a computer system for patients with hemiplegic cerebral palsy. The device was used to
process signals derived from patients' thoughts using built-in therapeutic equipment and subsequently to
move the affected part of the body under the control of BCI [46].

4 EMG controlled active hand orthoses

In the realm of biomechanics-focused advancements within active hand orthoses, this section conducted
a detailed exploration of EMG-controlled systems. It delved into the intricacies of EMG signals and their
integration into orthotic design, navigating the biomechanical landscape to elucidate the profound impact
of EMG-controlled active hand orthoses on enhancing both precision and functionality. This approach
provided a nuanced perspective on the biomechanical considerations that shaped rehabilitative
interventions for individuals with compromised hand function. The open literature was replete with a
multitude of studies (see Figure 3). For example; Ochoa et al. (2011) examined an EMG-controlled
orthosis for the purpose of hand rehabilitation. In this study, five subjects with significantly chronic hand
disability due to stroke participated, and the initial results demonstrated improvement in performance. It
had been determined that the full potential range of the EMG signal increased by an average of 177 mV
during hand opening [47]. Loconsole et al. (2013) introduced a pioneering EMG-driven robotic hand
exoskeleton designed for bilateral active training of grasp motion in stroke patients. The system enabled
precise control of grasping force in the impaired hand, utilizing EMG readings from the unaffected arm
to modulate the exoskeleton force. The study detailed the design, integration, and experimental evaluation,
demonstrating successful optimal force tracking during the grasp of two cylindrical objects [48]. Bryant
(2016) developed a hand orthosis that could assist patients in moving and controlling their fingers using
EMG signals. The patent involved a microprocessor-controlled, shape-memory alloy wire designed to
restore the functional use of the hand [49].

eeeeee

armband

[51]

Figure 3: Diverse configurations of some EMG-controlled active hand orthoses
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Dunaway et al. (2017) investigated the application of a myoelectric elbow—wrist-hand orthosis
(MEWHO) in a chronic stroke survivor. The noninvasive orthosis, driven by EMG signals, provided
powered assistance for elbow flexion/extension and grip. Over a series of outpatient sessions, the
participant demonstrated increased range of motion, strength, and functional improvements, indicating
the potential of custom myoelectric orthoses in neurological rehabilitation [50]. Fardipour et al. (2018)
addressed the common post-stroke issue of finger extensor weakness, which was often overlooked in
existing powered hand orthoses. They introduced a novel EMG-controlled glove-like orthosis aimed at
actively restoring and training hand extension in stroke patients. Testing on two patients showed
promising results, with significant improvements observed in functional tests after an 18-session training
approach. The prototype demonstrated potential effectiveness in enhancing finger extension tasks and
could have served as a valuable rehabilitation tool for individuals with paretic hands [51]. Park et al.
(2018) proposed a multimodal sensing and interaction paradigm for an active hand orthosis. During the
augmentation of a hand orthosis through multimodal sensing, the exo-tendonal system was augmented
with an aluminum forearm splint, alongside the integration of 3D-printed fingertip components dedicated
to cable routing. In the study conducted on four subjects, they found that the accuracy of two control
methods with arm support was much closer [52]. Ciocarlic et al. (2019) designed a wearable hand orthosis
for the purpose of providing support and assistance to individuals with hand impairment or injury. The
device consisted of a fundamental component attached to the forearm and an exo-tendonal network
attached to the hand. The exo-tendon had a longitudinally extending body that included a distal end and
a proximal end. The hand component included support elements for fingers that could be adjusted
according to the user's specific hand shape and size. In addition, the device also featured a control
mechanism allowing the user to selectively activate or deactivate the finger support elements [53]. Woge
etal. (2020) developed a hand orthosis that generates the necessary force for gripping objects. The orthosis
had the capability to acquire EMG signals through a bioelectric sensor. Bioelectric sensors were used to
estimate the applied force from force sensors [54].

5 Conclusions

In conclusion, that review provided a comprehensive overview of the recent advancements in active hand
orthoses, focusing particularly on the utilization of dynamic actuators. The integration of EEG [55-56]
and EMG [57-58] signals for the control of those dynamic actuators represented a paradigm shift in the
field of biomechanics, offering innovative solutions for enhancing the functionality of active hand
orthoses. The investigation of dynamic actuators showcased in that review underscored their pivotal role
in enabling more natural and adaptive hand movements. Those actuators, characterized by their
responsiveness to neural signals, contributed significantly to the development of sophisticated active hand
orthoses capable of mirroring the intricate motions of the human hand. The amalgamation of cutting-edge
technology and biomechanical principles paved the way for a new era in assistive devices, where users
could experience a more intuitive and personalized interaction with their orthotic devices. Moreover, the
incorporation of EEG and EMG signals for real-time control emerged as a transformative approach. By
harnessing the power of neural signals, active hand orthoses became not only more responsive but also
attuned to the user's intentions. This innovation held great promise for individuals with motor
impairments, providing them with a means to regain dexterity and autonomy in their daily activities. As
the realms of biomechanics and neuroengineering converged, the strides made in dynamic actuation and
neural interfacing for active hand orthoses not only signified a transformative chapter but also illuminated
the boundless possibilities awaiting the next wave of innovations in augmentative and rehabilitative
technologies. Finally, researchers delving into active hand orthoses are advised to embrace
interdisciplinary synergy, fostering innovative solutions through collaborative efforts and a steadfast
commitment to user-centric design.
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0z

Bu ¢alisma kapsaminda, IEEE 33 barali test sistemi {izerinde yenilenebilir enerji kaynaklariin ve elektrikli
araglarin kullanildigr dagitim besleyicisinin yeniden yapilandirmasi problemini ¢ézmek igin kuantum
pargacik siirii optimizasyonu (QPSO) uygulanmistir. Kullanilan yéntem ile QPSO pargacik uzunlugunu
degistirerek daha hizli bir siirede en yakin ¢dziimiin bulunmasi saglanmistir. Optimizasyonun amag
fonksiyonu elektrik dagitim sistemlerinde aktif gii¢ kaybini en aza indirmektir. Optimizasyonun kisitlari
arasinda bara gerilimleri, dagitim hatti tasima kapasiteleri, iiretim kaynaklarimin minimum ve maksimum gii¢
degerleri, aktif ve reaktif giic denge denklemleri esitlik ve esitsizlik kisitlart olarak alinmigtir. Caligma
kapsaminda riizgar ve giines enerji iiretim santralleri ve elektrikli ara¢ modellerini dikkate alarak dagitim
sistemi besleyicilerinin yeniden yapilandirilmasi arastirilmistir. Dagitik {iretim kaynaklarindan olan riizgar
ve glines enerji santrallerin iiretim belirsizliklerinin ve elektrikli araclarin yiikk olarak tiiketim
belirsizliklerinin ayr1 ayr1 ve birlikte dikkate alindig1 senaryolar olusturulmustur.

Anahtar Kelimeler: QPSO y6ntemi, dagitim sisteminde yeniden yapilandirma, yenilenebilir enerji
belirsizlikleri, elektrikli araglar

Restructuring The Distribution System With QPSO Method
Considering The Uncertainties Of Renewable Energy Sources And
Electric Vehicles

ABSTRACT

In this study, quantum particle swarm optimization (QPSO) is applied to solve the distribution feeder
reconfiguration problem using renewable energy sources and electric vehicles on the IEEE 33-bus
test system. With the method used, the closest solution is found in a faster time by changing the QPSO
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particle length. The objective function of the optimization is to minimize the active power loss in
electricity distribution systems. Busbar voltages, distribution line carrying capacities, minimum and
maximum power values of generation sources, active and reactive power balance equations are taken
as equality and inequality constraints. Within the scope of the study, the reconfiguration of distribution
system feeders considering wind and solar power generation plants and electric vehicle models is
investigated. Scenarios are created in which the production uncertainties of wind and solar power
plants, which are distributed generation sources, and the consumption uncertainties of electric vehicles
as load are taken into account separately and together.

Keywords: QPSO method, distribution system reconfiguration, renewable energy uncertainties,
electric vehicles

1 Giris

Yeniden yapilandirma problemi, radyal topolojinin saglanmasi, hatlardaki ve trafo merkezlerindeki gii¢
akiginin kapasite sinirlarinin altinda olmasi, gerilim biiyiikliikklerinin siirlar dahilinde olmasi ve tiim
baralarin birbirine bagli olmas1 gibi tlim elektrik sistemi kisitlamalar1 karsilanirken, minimum giig
kaybiyla yeni bir sebeke topolojisinin tanimlanmasindan olusmaktadir. Dagitim sistemleri yatirim
maliyetinin yani sira sistemin isletme maliyetini de diislirecek sekilde planlanmakta ve tasarlanmaktadir.
Transformatdrlerin ve hatlarin beklenmedik zorunlu kesintileri sirasinda veya asir1 yiiklemeler ve bakim
sirasinda sistem operatorlerinin yeni ¢alisma kosullart i¢in sistem verimliligini, giivenilirligini ve isletme
maliyetini iyilestirmek amaciyla farkli anahtarlarin durumunu kontrol ederek sistemi yeniden
yapilandirmalar1 gerekmektedir. Calisma kosullarina gore, dagitim sistemleri, kayiplarin azaltilmasi, yiik
dengeleme ve servis restorasyonu gibi amaglar dogrultusunda yeniden yapilandirilmaktadir. Bu anlamda,
yiikiin agir1 yiiklii hat ve trafo merkezlerinden nispeten daha az yiiklii hat ve transformatorlere aktarilmasi
amaciyla baglanti ve bdliimlendirme anahtarlarinin agik / kapali durumlari degistirilerek dagitim
sistemlerinin verimli c¢aligmasi saglanabilir. Hatlar ve trafo merkezleri iizerindeki ylik seviyesinin
azaltilmasiyla gii¢ kayiplar azaltilir ve hatlar boyunca gerilim profili iyilestirilir. Bu nedenle, dagitim
sistemi yeniden yapilandirma problemi, tiim sistem kisitlamalari karsilanirken, minimum gii¢ kaybiyla
yeni bir konfigiirasyon belirleme goérevi olarak kavramsallastirilabilir. Bu problem, amacin biiyiik 6l¢ekli
bir dagitim sistemindeki tlim anahtarlarin agik / kapali son durumunu belirlemek oldugu kombinatoryal
bir optimizasyon problemidir.

Son yillarda birgok aragtirmaci dagitim sebekelerinin yeniden yapilandirilmasini aragtirmistir. Torres vd.,
giic dagitim sistemlerinin minimum kayipla yeniden yapilandirilmasini optimize etmek i¢in kenar pencere
kod ¢oziicii teknigini temel alan genetik algoritma yontemini onermislerdir [1]. Saffar vd., bulanik
degiskenlere sahip cok amagli bir fonksiyon kullanarak ve hatlardaki hem yiik dengeleme hem de kayip
azaltma hedeflerini dikkate alarak optimal yeniden yapilandirma i¢in karinca kolonisi arama tabanl
algoritma kullanmiglardir [2]. Mirhoseini vd., aktif gii¢ kayiplarin1 en aza indirmek ve gerilim profilini
iyilestirmek amaciyla gelistirilmis uyarlanabilir emperyalist rekabetgi algoritmaya dayanan bir yeniden
yapilandirma yontemi Onermislerdir [3]. Nguyen ve Nguyen, elektrik dagitim sebekesinin yeniden
yapilandirilmasi problemi i¢in gelistirilmis bir guguk kusu arama algoritmas: gelistirmislerdir [4].
Karimianfard ve Haghighat, optimizasyon tabanli veya yiik akisi tabanli programlari kullanmadan dagitim
sistemi yeniden yapilandirma probleminin ¢oziimlerini segmek i¢in basit ve hizli bir strateji sunmuslardir
[5]. Cikan ve Kekezoglu, aktif gii¢ kayiplarini azaltmak, gerilim biiyiikliigiint artirmak ve gtivenilirlik
endekslerini iyilestirmek icin gili¢ dagitim sebekesinin yeniden yapilandirilmasina denge optimize edici
algoritmay1 uygulamislardir [6]. Nguyen ve Truong, aktif gii¢ kaybini en aza indirmek ve gerilim profilini
iyilestirmek i¢in guguk kusu algoritmasina dayali bir yeniden yapilandirma yontemi onermislerdir [7].
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Tran The vd., dagitim sistemlerindeki giic kaybini en aza indirmek ve gerilim profilini iyilestirmek
amaciyla yeniden yapilandirma problemini ¢6zmek icin kaotik bir stokastik fraktal arama algoritmasi
yontemi Onermiglerdir [8]. Abdelaziz vd., gili¢ kaybinin en aza indirilmesi i¢in optimal dagitim sistemi
yeniden yapilandirma probleminin ¢dziimii i¢in pargacik siirli optimizasyonu algoritmasini sunmuslardir
[9]. Home-Ortiz vd., karisik tamsayili ikinci dereceden programlama formiilasyonu kullanan ve radyal
dagitim sistemleri icin planlamaya iliskin bir ¢alisma sunmuslardir [10]. Onerdikleri yontem, hem sabit
hem de anahtarlanabilir kapasitor bankalarinda minimum genel yatirim ve isletme maliyetlerine ulasmak
amaciyla, besleyicilerin yeniden yapilandirilmasi ve kapasitdr bankalarinin tahsisi ile ilgili problemlerin
es zamanli olarak c¢oziilmesine yonelik bir modelden olusmustur. Dagitim sebekesinin yeniden
yapilandirilmasi ve kapasitor yerlesimi, dagitim sistemlerinde gii¢ kayiplarmi azaltmak ve gerilim
profillerini izin verilen sinirlar i¢inde tutmak i¢in uygulanan faydali seceneklerdir. Sedighizadeh ve
Bakhtiary, radyal dagitim sistemlerinin yeniden yapilandirma ve kapasitér yerlesimi yoluyla
optimizasyonu i¢in bir algoritma sunmuslardir [11]. Salau vd., farkli yiiklenme kosullarini dikkate alarak
giic kaybmin azaltilmas: ve gerilim profilinin iyilestirilmesi amaciyla bir gii¢ dagitim sistemindeki
yeniden yapilandirma problemini optimize etmek igin segici pargacik siirii optimizasyonu yontemini
sunmuslardir [12]. Aman vd., sistem yiiklenebilirliginin maksimuma ¢ikarilmasina dayanan sebekenin
yeniden yapilandirilmasi igin bir algoritma sunmuslardir [13]. Maksimum yiiklenebilirlik noktasini
bulmak igin siirekli gii¢ akisi teoremini ve radyal dagitim sistemi yiik akis1 analizini kullanmislardir. Das,
bulanik ¢ok amaclh yaklagima dayali olarak sebekenin yeniden yapilandirilmasi i¢in bir algoritma
sunmustur [14]. Tim yiiklerin enerjilendirilmesi gereken bir radyal sebeke yapisini saglayarak,
besleyiciler arasinda yiikk dengeleme, bara gerilimlerindeki minimum sapma, giic kaybmin en aza
indirilmesi ve hat akimi kisit ihlalinin azaltilmasi gibi amaglar1 gz 6niinde bulundurmustur. Bununla
birlikte, bu ¢aligmalar dagitim sisteminin yeniden yapilandirma probleminin ¢dzlimiinde dagitik enerji
iiretim sistemlerinin veya yenilenebilir enerji kaynaklarinin sebekeye baglantilarini goz ardi etmislerdir.
Ayrica, bu caligmalarda sadece sebekenin orijinal ylik seviyesi veya yiikk belirsizligi g6z Oniinde
bulundurulmustur.

Literatiire bakildiginda, dagitim sebekelerinde yeniden yapilandirma probleminin dagitik enerji tiretim
sistemleri ve yenilenebilir enerji kaynaklart g6z 6niinde bulundurularak uygulandigi 6nemli ¢aligmalarin
bulundugu goriilmektedir. Bu ¢alismalardan bir kismi sabit gii¢lii dagitik enerji iiretim sistemlerinin goz
ontinde bulunduruldugu c¢alismalardir [15]-[24]. Lotfipour ve Afrakhte, dagitik enerji iiretiminin
bulundugu dagitim sebekesinde giic kaybinin en aza indirilmesi ve gerilim profilinin iyilestirilmesi
amaciyla dagitim sisteminin yeniden yapilandirilmasi i¢in Ogretme-6grenme tabanli optimizasyon
algoritmas1 sunmuglardir [15]. Azizivadeh vd., dagitik enerji {iretim sistemlerinin bulundugu dagitim
sebekelerinde giic kaybini, gerilim kararlilik endeksini ve anahtarlama sayisini hem calisma hem de
giivenlik beklentilerini karsilayabilecek amag fonksiyonlar1 olarak ele almislardir [16]. lgili problemi
¢ozmek i¢in karisik sigrayan kurbaga algoritmasi ve parcacik siirii optimizasyonunun hibritlestirilmesine
dayanan bir optimizasyon algoritmasi sunmuslardir. Nguyen vd., aktif gii¢ kaybini azaltmak amaciyla, es
zamanli sebekenin yeniden yapilandirilmast ve dagitik enerji {iretim yerlesimi problemi i¢in ¢akallarin
sosyal yasamindan ilham alan ¢akal algoritmasina dayali bir yontem sunmuslardir [17]. Sedighizadeh vd.,
eszamanli optimal sebekenin yeniden yapilandirilmasi ve dagitik {iretim gii¢ tahsisi i¢in ¢ok amagl bir
yap1 onermislerdir [18]. Onerdikleri yontemi, gii¢ kayiplari, gerilim kararlihgi, dagitik enerji iiretim
maliyeti ve sera gazi emisyonlar1 fonksiyonlarini gii¢ sisteminin operasyonel ve teknik kisitlamalarina
gore optimize ederek uygulamiglardir. Arandian vd., farkli sebeke yiik seviyelerinde dagitik enerji
iretiminin gii¢ iretim kontrolii ve kayip azaltilmasi yoluyla dagitim sirketi maliyetlerinin azaltilmasi i¢in
bir yontem sunmuslardir [19]. Wang vd., paralel balgik kalip algoritmasina dayali olarak dagitik enerji
tiretimi ile dagitim sebekesi yeniden yapilandirma problemi igin bir ¢6ziim 6nermislerdir [20]. Rajaram
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vd., degistirilmis bitki biiylime simiilasyon algoritmasini kullanarak, dagitik enerji iiretiminin bulundugu
dagitim sebekesinde yeniden yapilandirmay:r uygulamislardir [21]. Siahbalace vd., gelistirilmis
karistirllmig kurbaga sigrama algoritmasini kullanarak tiim kisitlamalar1 karsilarken minimum gii¢ kaybi,
minimum anahtarlama islemi sayis1 ve minimum bara gerilimi sapmasi elde etmeyi amaglayan, dagitik
iiretimin bulundugu sebekenin yeniden yapilandirma ydéntemini 6nermislerdir [22]. Shaheen vd., gii¢
dagitim sistemlerinin yeniden yapilandirilmasini dikkate alarak dagitik jeneratdr ve kapasitor tahsisi i¢in
yapay ekosistem optimize edici tekniginin yeni bir uygulamasini gelistirmislerdir [23]. Jafar-Nowdeh vd.,
giivenilirligi goz Oniinde bulundurarak agirhik faktorii yontemini kullanarak dagitik enerji iiretim
sistemlerine sahip radyal dagitim sistemlerinin optimal c¢ok kriterli yeniden yapilandirilmasini
sunmuglardir [24]. Ancak, yenilenebilir enerji sistemlerindeki belirsizliklerin dikkate alinmadigi ve
sadece sabit giiclii dagitik enerji Uretim sistemlerinin ele alindigi c¢alismalar, pratik ortamda
uygulanabilirlik ac¢isindan beklenen sonuglar1 vermeyebilir.

Dagitim sebekesinin yeniden yapilandirma probleminin yenilenebilir enerji kaynaklarindaki belirsizlikler
g0z Oniine alinarak uygulandigi calismalar, bu problemin 6nemini artirmakla birlikte probleme yeni bir
gergeve kazandirmaktadir [25]-[31]. Kianmehr vd., stokastik ¢ok amagl bir yeniden yapilandirma modeli
onermis olup, dagitik iiretim sahibinin karin1 maksimuma ¢ikarmay1 ve dagitim sirketinin maliyetlerini
minimuma indirmeyi amag¢lamigslardir [25]. Fathi vd., riskten kaginma stratejisiyle birlikte bilgi ag1g1 karar
teorisi adi verilen bir yaklagimi kullanarak, iiretim ve yiik belirsizligini géz oniinde bulundurarak,
giivenilirligin artirilmasi ve gii¢ kayiplarinin maliyetinin en aza indirilmesi amaciyla fotovoltaik paneller
ve riizgar tiirbinleri gibi temiz ve yenilenebilir enerji kaynaklarinin optimal ve es zamanli tahsisi ve radial
dagitim sebekelerinin yeniden yapilandirilmasi i¢in bir yaklagim sunmuslardir [26]. Zidan ve El-Saadany,
yik degisiminin etkisini ve yenilenebilir dagitik iiretim iinitelerinin stokastik gii¢ iiretimini dikkate alarak
dagitim sistemi yeniden yapilandirma problemini arastirmak igin genetik algoritmaya dayali bir yontem
sunmuglardir [27]. Monteiro vd., sistemin yeniden yapilandirilmasi yoluyla fotovoltaik dagitik iiretimin
ve enerji depolama cihazinin bulundugu dagitim sebekelerinde teknik giic kayiplarinin azaltilmasini
amaglayan ikili parcacik siirii optimizasyonu tabanl bir ¢6ziim sunmuslardir [28]. Hooshmand ve Rabiee,
yenilenebilir enerji kaynaklarinin, enerji depolama sistemlerinin, talep yanitinin ve yeniden
yapilandirmanin enerjinin optimal paylasim {izerindeki etkisini gosteren bir ¢ergeve 6nermislerdir [29].
Li vd., sebekenin yeniden yapilandirilmasini ve talep yanit yontemini koordine ederek riizgar enerjisinin
varliginda en uygun dagitim sistemi ¢alismasini tartismuslardir [30]. De Oliveira vd., ylik talebindeki ve
rlizgar bazli dagitik tiretimdeki belirsizlikleri goz oniinde bulundurarak enerji kayiplarini en aza indirmek
icin elektrik dagitim sistemlerinin optimal sekilde yeniden yapilandirilmasina yonelik bir yaklasim
sunmuglardir [31]. Bununla birlikte, bu ¢alismalarda QPSO ydntemi goz 6nilinde bulundurulmamistir.
Guan vd., aktif giic kaybimi en aza indirme hedefiyle farkli dagitik enerji iiretimi modellerini dikkate
alarak dagitim sistemi besleyicisinin yeniden yapilandirilmasina yonelik bir yontem sunmuslardir [32].
Tlgili caligmada, QPSO ydntemi gdz éniinde bulundurulmus olsa da, farkl dagitik enerji {iretim sistemleri
sabit gilicli olarak modellenmis olup, yenilenebilir enerji kaynaklarindaki ve ylik taleplerindeki
belirsizlikler géz 6niinde bulundurulmamastir.

Literatlirde yapilan degerlendirmeler sonucunda, miisterilere tutarli ve istikrarli giiciin saglanmasinda,
yenilenebilir enerji kaynaklarindaki ve yiiklerdeki belirsizliklerin bulundugu dagitim sebekesinin yeniden
yapilandirilmasinin son derece 6nemli rol oynadig1 agiktir. Ancak, yayinlanmis arastirmalarda farkli
belirsizlik kosullart altinda QPSO optimizasyon yontemi c¢ergevesinde sebekenin yeniden
yapilandirilmasi konusunda eksiklikler oldugu goriilmektedir. Bunun 1s18inda, bu ¢aligma, giines enerjisi
sistemlerinin, riizgar tiirbinlerinin ve elektrikli araglarin belirsizliklerinin QPSO optimizasyon yaklagimi
ile dagitim sebekesinin yeniden yapilandirilmasina etkilerinin arastirilmasina odaklanmaktadir.
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Onerilen yaklasim, Tablo 1°de bu ¢alismada ele alman konular dikkate alinarak literatiirdeki mevcut
caligmalarla karsilagtirilmistir. Tablo 1’de sunuldugu gibi, literatiirde c¢esitli kriterlere gore Onemli

eksiklikler gozlemlenmistir. Bu kriterler, yenilenebilir enerji kaynaklarindaki belirsizliklerin, yiik
belirsizliklerinin, QPSO yonteminin ve dagitim sebekesinin yeniden yapilandirilmasinin géz oniinde

bulundurulmasina gore siiflandirilmistir. Bu ¢calismanin yeniligi literatiirdeki eksiklikleri tamamlayarak
onerilen yaklasimda tiim bu kriterleri dikkate almasidir.

Tablo 1: Onerilen yaklasimn literatiirdeki mevcut ¢calismalarla karsilastirilmast

Referanslar

Yenilenebilir Enerji
Kaynaklarindaki
Belirsizlikler

Yk Belirsizlikleri

QPSO Yontemi

Dagitim
Sebekesinin
Yeniden
Yapilandirilmasi

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

Bu Caligma

< xlsl ]l ]l w] ] x| x| x| x| x| x| x| x| x| x| x| x| x| x| x| x| x| x|x|x|x|x

< rlsl ]l ]l w] o] w] x| x| x| x| x| x| x| ] x] x| x| x| x| x| x| x]<|x

Q%% %[ %] X[ %] X[ %] %X %X| % X% %X| %] %X %| %X %X| % X% %% %X %| %X % %X X%

S RS RN RN RN N R N N R RN R N N N N R AN RN A AN EVENENENENENVENENEN RN

Bu calisma kapsaminda, IEEE 33 barah

test sistemi lizerinde yenilenebilir enerji kaynaklarmin ve
elektrikli araclarin kullanildigr dagitim besleyicisinin yeniden yapilandirmasi problemini ¢ézmek igin
kuantum pargacik siirii optimizasyonu (QPSO) uygulanmistir. Kullanilan yontem ile QPSO pargacik
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uzunlugunu degistirerek daha hizli bir stirede en yakin ¢6ziimiin bulunmasi saglanmistir. Optimizasyonun
amag fonksiyonu elektrik dagitim sistemlerinde aktif gii¢c kaybini en aza indirmektir. Optimizasyonun
kisitlart arasinda bara gerilimleri, dagitim hatt1 tasima kapasiteleri, iiretim kaynaklarinin minimum ve
maksimum gii¢ degerleri, aktif ve reaktif giic denge denklemleri esitlik ve esitsizlik kisitlar1 olarak
almmistir. Calisma kapsaminda riizgar ve giines enerji iiretim santralleri ve elektrikli arag modellerini
dikkate alarak dagitim sistemi besleyicilerinin yeniden yapilandirilmasi arastirilmigtir. Dagitik tiretim
kaynaklarindan olan riizgar ve giines enerji santrallerin iiretim belirsizliklerinin ve elektrikli araglarin yiik
olarak tiiketim belirsizliklerinin ayr1 ayr1 ve birlikte dikkate alindig1 senaryolar olusturulmustur. Sonug
olarak her bir senaryoda ortaya ¢ikan farkli belirsizlikler ve bu belirsizlikler altinda aktif gii¢ kayiplarin
en az yapan baglant1 konfigiirasyonlar1 bulunmustur.

2  Metodoloji

2.1. IEEE 33 Barah Dagitim Sistemi

Dagitim sistemlerinin analiz edilmesinde farkli test sistemleri kullanilabilmektedir. Bu calisma
kapsaminda, Sekil 1°de verilen IEEE 33 barali sistem kullanilmis olup test sisteminin jeneratdr, bara ve
hatlarina iliskin detayl bilgi [13]’te verilmistir.

18 19 20 21

25 26 27 28 2930 31 32

O—Q—Q—r—o—o—o—o —————————————

35
>0 oo ———————————— " |
N
33 D3
) D1 N3
< 11 2 3 45 6\\7 8 9 10111213 1415 16 17
2 ’»o—o—o— —90 09 66 o4 o ¢ o o
Q
ur | D2 | |
L 4 b |
D5 36,

Sekil 1: IEEE 33 barali test sistemi

Elektrik dagitim sistemleri radyal ag topoloji yapisindadir, agdaki anahtarlarin agilmasi ve kapatilmasi ile
olusabilecek radyal topolojiler belirlenir. Uygun dagitim ag1 topolojisi i¢in sistem bilesenleri
optimizasyon ve gii¢ akist algoritmalarinin birlikte calistirilmasi ile analiz edilmelidir. Ag yapisim
baralardaki anahtarlama elemanlarinin baglanti anahtarinin kapatilmasi ile  kiicilk bir dongii
olusturacaktir. Radyal topolojide, her dongiide bir boliimleme salteri agmamiz gerekir. Bu nedenle, bir
baglant1 salteri bir dongiiye karar verir, salterin agilmasi ve kapanmasi tiim anahtarlar bir dagitim agi
yeniden yapilandirmasini olusturur. Ondalik dongii kodlama kurallarina gore tiim baglanti anahtarlarini
dogal sayilariyla numaralandirilir. Ardindan her bir dongiide ayr1 ayr1 1'den her bir dongiiniin toplam
sayisina kadar agilip katilir. Bdylece tiim segenekleri gii¢ sisteminde degerlendirilir. Elde edilen sonuglari
neticesinde en iyi global ve lokal optimal sonuglar hesaplanir. Bu global ve lokal optimal sonuglari veren
parcacik degiskenleri algoritma ile hafizada tutulur. Islem sonucunda belitlenen iterasyon sayisina
ulasincaya kadar veya sistemin onceden belirlenen hata degerine ulasilincaya kadar tekrarlanir. Elde
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edilen sonuglar global ve lokal optimizasyon sonucu olarak tanimlanir. Caligma kapsaminda 33-barali
dagitim sistemin tizerinde 5 adet g6z ve bu gozlerin dikkate alindig1 bara gruplar1 Tablo 2°de belirtilmistir.

Tablo 2: IEEE 33 barali sistemdeki dongii gruplart

Dongii Bara Numaralart

D1 [2,3,4,5,6,7,18,19, 20]
D2 [8,9,10,11,21,33, 35]

D3 [12,13,14,34]

D4 [15,16,17,29,30,31, 32, 36]
D5 [22,23,24,25,26,27,28, 37]

3 Teori ve Hesaplama
3.1. Belirsizlik Fonksiyonlar:
3.1.1. Elektrikli Araclarin Belirsizligi

Yiik talebi verileri normal dagilim dikkate alinarak (1) tiretilmistir [33]. Yikiin belirsizligini gdsteren
dagilim fonksiyonu Denklem (1) asagida verilmistir.

2
f(PLoad,m) = < ! ) exp (_ (PLOad,m - PLoad,m,avg) > (1)

2
OLmV2m 20}

Burada Pogd,m,avg M barasindaki yiik giiciiniin ortalamasi, Ppyqqm m barasindaki yiik giicii, oy, m

barasindaki yiik giiciiniin standart sapmasidir.
3.1.2. Giines Isiniminin Belirsizligi

Bu ¢alismada, uzun doénemli glines 1simimi verileri beta dagilimi dikkate alinarak (2)
olusturulmustur [34]. Beta dagilimini temsil eden olasilik dagilimi fonksiyonu Denklem (2) asagida
verilmistir.

['(a+p)

(a-1),q (a-1)
f(SRm) = {T(@yr(p) “Fm (1~ SRm) 0<SRy,<1a=0,F20

)

0 diger durumlar

Burada SR,,, dagitim sisteminin m barasinda PV sistemine diisen giines radyasyonu, § (3) ve a (4)
beta dagilim fonksiyonunun parametreleridir. Denklem (3) ve (4) asagida verilmistir.

p(d-—p 1) 3

ﬁ=(1—u)< 2
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a=— 4)

Burada p ve o sirasiyla ortalama ve standart sapma degerlerini gostermektedir. Giines radyasyonuna bagh
olarak, PV aktif gii¢leri Denklem (5) asagida verilmistir.

Ppym = PpyrateaSRm 5)
Burada Ppy ,, M barasindaki PV'nin aktif giici, Ppy ,qteq 1000 W /m? giines radyasyonu i¢in PV'nin
nominal aktif giiciidiir.

3.1.2. Riizgar Hizinin Belirsizligi

Riizgar hizinin uzun dénemli verileri Weibull dagilimi dikkate alinarak iretilmistir [35]. Riizgar hizini
temsil eden dagilim fonksiyonu Denklem (6) asagida verilmistir.

f(vwrm) = (ZUWT'm) exp (— (vwﬂ)z) (6)

c? c

Burada vyt ,, m barasindaki WT {izerindeki riizgar hizidir, ¢ ise dagilim fonksiyonunun parametresidir.
m barasindaki WT aktif giicli degeri Denklem (7) asagida verilmistir.

Veut—in — Pwr,m
( _ PWT,rated Veut—in < 17WT,m < VwT-rated
Vcut—in Vwr-rated

Pywrm = @)
’ PWT,rated VWr—rated = Vwrm < Veut—out

0 diger durumlar

Burada Pyt rqteq WT'nin nominal aktif giicli, vyr_rqreq WT'nin nominal hizi, veye_in V€ Veye—our
strastyla WT'nin devreye girme ve devreden ¢ikma hizlardir.

3.2. Optimizasyon Yapisi

Bu calisma kapsaminda, bara gerilimleri ve hat akimlar1 gibi kisitlamalar g6z Onilinde
bulundurularak dagitim sisteminin optimal konfigiirasyonunun ve bu sistemdeki PV ve WT’lerin optimal
kapasitelerinin belirlenmesi i¢in QPSO yontemi uygulanmistir. Sebeke optimizasyon planlamasina iliskin
arastirmalar, hem PV hem de WT sistemlerinin kesikli gli¢ yapilarinin ve elektrik tiiketimindeki
belirsizliklerin dahil edilmesini gerektirmektedir. Calismada, farkli belirsizlik durumlarinda kisitlamalar
dikkate alinarak enerji kayiplart minimize edilmektedir. Planlama ¢alismasinda belirsizlik etkileri dikkate
almarak enerji kayiplarinin en aza indirilmesi ve sebeke teknik kisitlarinin ilgili sinirlar igerisinde
tutulmasi temel amagtir. Amag fonksiyonu (8) asagida Denklem (8)’de gosterilmektedir:
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Nst Nhat

Exayp = Z Z P]flg.ylp,n (8)

st=1 n=1

Burada Ey 4, toplam gii¢ sebekesi enerji kayiplari, Nst belirsizliklerdeki toplam durum sayis, P,ﬁflylp’n
st. durum i¢in gii¢ sisteminin Nn. hattindaki aktif giice karsilik gelen kayip, Nhat giig¢ sebekesindeki toplam
hat miktaridir. Tekrarli gii¢ akist analizinden degerlendirilen teknik durum degiskenleri, optimizasyon
stirecinde kisitlar olarak dikkate alinmistir.

Bu kisitlar QPSO algoritmasinin Nst durumlar1 i¢in uygulanan giic akisi algoritmasindan
belirlenmistir. Esitsizlikleri temsil eden gerilim (9) ve Akim (10) kisitlar1 asagida Denklem (9) ve (10)
asagida verilmistir.

Vinmin < Vit < Vipmax m=1,...,NBUS st =1, ...,Nst 9)
Flown < Iftownmax n = 1,...,NLine st =1,...,Nst (10)

Burada V3t st. durum icin gii¢ sebekesinin m numaral1 barasindaki gerilimin biiyiikliigii, Ifsfowyn st. durum
icin gii¢ sisteminin N numaral hattindaki hat akimzi, Vy, ;i Ve Vi iy, 0. 9 pu ve 1. 1 pu, m barasindaki
gerilim biiyiikliigiinitin alt ve st smirlart, Irjoy nmax N hattindaki hat akiminin maksimum simiri, NBUS

baralarin toplam miktaridir.

Aktif giig (11) ve reaktif gii¢ (12)Esitlikleri temsil eden kisitlamalar Denklem (11) ve (12) asagida
verilmistir.

NBUS
Rgen,m - Pyﬁk,m - z |Vm||Vl||ym,l| C05(6m,l - Hm + 91) =0 (11)
=1
NBUS
Qgen,m - Qyiik,m - Z |Vm||Vl| |ym,l|5in(5m,l - em + 91) =0 (12)
=1

Burada Pyk,m Ve Qyik,m aktif ve reaktif gliglere karsilik gelen yiikleri, Fyepn m V€ Qgen,m aktif ve reaktif
gliclere karsilik gelen tretimleri, |V;, ;| V€ &8,,; sirastyla m. satir ve |. siituna karsilik gelen admitans

matrisinin biiyiikliik ve a¢1 degerlerini, 6,,, ise m. baradaki gerilim agisin1 gostermektedir.

QPSO planlama siirecinin optimal ¢dziimleri olan kontrol degiskenleri Denklem (13), Denklem
(14), Denklem (15) ve Denklem (16),’de verilmistir.
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051, ey OSi, ey OSNLOOP
X = PPV,rated,l' ] PPV,rated,m: AL PPV,rated,NPV (13)
PWT,rated,l: ey PWT,rated,m' ey PWT,rated,NWT

0Simin < 0S8; < 0S;max 1 =1,...,NLOOP (14)
PPV.m,min < PPV,rated,m < PPV,m,max m=1,..,NPV (15)
PWT,m,min < PWT,rated,m < PWT,m,max m=1,., NWT (16)

Burada Ppy rqteam V€ Pwrrateam Sirastyla m barasindaki PV sistemin aktif gii¢ kapasitesi ve m
barasindaki WT sistemin aktif gii¢ kapasitesidir. 0S; sebekenin her bir kapali dongiisiinde agilmasi
gereken anahtarlarin bulundugu hat numaralarini temsil etmektedir. Ppy 1, min V€ Pyt mmin Sirasiyla PV
ve WT aktif gii¢lerinin minimum sinirlarini temsil eder, Ppy m max V€ Pwr mmax 15€ sirastyla PV ve WT
aktif giiclerinin maksimum smirlarmi gostermektedir. 0S; i, V€ OS; e Sebekenin her bir kapal
dongiisiinde agilmasi gereken anahtarlarin bulundugu minimum ve maksimum hat numaralarini, NLOOP,
NPV ve NWT sebekedeki kapali dongiilerin, PV ve WT sistemlerinin toplam miktaridir.

3.3. QPSO Yontemi ve Probleme Uygulanmasi

QPSO, klasik Parcacik Siirii Optimizasyonunu kuantum mekanigi prensiplerine dayandiran bir yontemdir
[32]. QPSO, kuantum mekanigi prensiplerini kullanarak ¢6ziim uzayinda daha dinamik ve esnek bir arama
yapabilir. Bu, oOzellikle karmasik, ¢ok boyutlu optimizasyon problemlerinde avantaj saglayabilir.
Kuantum bitleri (qubits) kullanimi, QPSO'nun bir dizi olasilik durumunu es zamanh olarak
degerlendirmesini saglar. Bu, bircok olasi ¢oziimii ayni anda inceleyerek daha hizli yakinsama
saglayabilir [36]. QPSO, kuantum siiperpozisyonu kavramini kullanarak paralel hesaplama yetenegi
sunar. Bu, bir¢ok potansiyel ¢6ziimiin eszamanli olarak degerlendirilmesini ve en iyi ¢ozliime daha hizli
yaklasilmasini saglayabilir. QPSO, kuantum caprazlama operatorlerini kullanarak ¢oziimleri birlestirme
ve yeni ¢dziimler olusturma yetenegi ile ¢aprazlama siireglerini iyilestirebilir. QPSO ydnteminin ayritili
formiilasyonu [32]’de verilmistir. Belirsizlik tabanli QPSO algoritmasi Sekil 2’de verilmistir.

Bu caligma kapsaminda, QPSO planlama siirecinin adimlar1 agsagidaki gibi gosterilmistir.

Sebeke ag1 parametrelerini girin.

Yogunluk fonksiyonlarindan elektrik tiikketimi, glines 1s1n1im1 ve riizgar hizi durumlarini {iretin.
Baglangi¢ popiilasyonunu rastgele {iretin.

Nst durumlari i¢in talep, PV sistemi ve WT sistemi aktif gii¢lerini hesaplayin (st=1,...,Nst).

Nst durumlart i¢in teknik parametreleri elde etmek icin tekrarlayan gii¢ akist algoritmalarini

ko PR

gergeklestirin.

S

Parcaciklar1 dikkate alarak amag fonksiyonunun degerlerini belirleyin.

7. Teknik parametrelerin ilgili sinirlar1 ihlal etmesi durumunda, esitsizlik kisitlamalarimi dikkate
alarak amag fonksiyonunu degerlendirin.

8. PSO planlama siirecinin kriterlerinin karsilanip karsilanmadigini degerlendirin.

9. Kiriterler karsilanmiyorsa, adim 3'e gidin, aksi takdirde adim 10'a gidin.
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10. Optimizasyon sonuglarini yazdirm.

Sebeke af parametrelerini girin.

Baslangig popiilasyonunu yofunluk fonksiyonlan kullanarak belirslizlik
parameirelermi gii; arabf iginde rastgele olarak ologtur.
(EAPV veWT)

Nst durumlan icin gi¢ akis algoritmalanm gergeklestirin

Pargaciklan dikkate alarak QPSO amag fonksiyonunu olusturun.

Teknik parametrelerin ilgili siirkan ihlal etmesi durumunda, esitsiziik
kisitlamalanm dikkate alarak amac fonksiyonunu degerlendirin.

Lokal we genel optimimum sonuclan kayit alona alin.

Calisma simir konuslianna ulastimi Parcagk hizlanm gincelle
veya Parcagik adimim guncelle
En uygun cozim belirendimi Lokal ve global optimum degerierini giincelle

Optimizasyon sonuclanm yazdinn.

Sekil 2: Belirsizlik tabanli QPSO algoritmasi
4 Bulgular ve Tartisma

Bu makalede, planlama c¢aligsmalarinda teknik limitler dikkate alinarak, belirsizliklerin elektrik sebekesi
iizerindeki enerji kayiplart tizerindeki etkilerinin gbzlemlenmesi i¢in yiik, giines 1stnmim1 ve riizgar hizi
degiskenliklerinden olusan bes farkli senaryo ele almmustir. {lk olarak, sebekeye PV ve WT sistemleri
kurulmadan yiik belirsizliginin elektrik sebekesi enerji kayiplar1 {izerindeki etkileri g6z Oniinde
bulundurulmustur. ikinci olarak, kayiplar {izerindeki etkilerin incelenmesi i¢in hem PV ve WT
initelerinin kesintili 6zellikleri hem de elektrik tiiketimlerinin belirsizlikleri dikkate alinmigtir. Bundan
sonra, glines 151n1mi, talep ve riizgar hizindan biri sabit tutularak ve diger iki degiskenin belirsizlikleri
dikkate alinarak ek ii¢ senaryo olusturulmustur. Bu senaryolar Tablo 3'te sunulmustur.

Bu ¢aligmada, maksimum iterasyon ve popiilasyon biiyiikliigli olan QPSO parametreleri sirasiyla 200 ve
30 olarak secilmistir. Bu makalede, aktif giic sisteminde enerji kaybinin minimizasyonu olan
optimizasyon probleminin simiilasyonlarin1 gergeklestirmek i¢in 2.80 GHz CPU’ya sahip PC
kullanilmigtir. PV ve WT sistemlerinin nominal kapasiteleri, gii¢ sebekesindeki entegre edildikleri
baralarda 1 MW olarak kabul edilmistir. 5, 14, 18 numarali baralar WT sistemlerinin entegrasyonu i¢in
dikkate alinirken, PV sistemleri i¢in sirasiyla 26, 30, 33 numarali baralar dikkate alinmistir.
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Tablo 3: Bu ¢alismada ele alinan senaryolar

Belirsizlikler oo
Senaryo EA PV | WT Bilgi
Senaryo 1 1 0 0 Sadece yiik belirsizligi dikkate alinmistir.
Senaryo 2 1 1 0 Riizgar hiz1 25 m/s olarak sabit tutulurken yiik ve giines 1s1nimi
belirsizlikleri es zamanl olarak dikkate alinmistir
Senaryo 3 1 0 1 Giines 1gm1m1 1000 W/m? olarak sabit tutulurken yiik ve riizgar hiz1
belirsizlikleri es zamanl olarak dikkate alinmistir
Senaryo 4 0 1 1 Gilines 1sinim1 ve riizgar hizi belirsizlikleri, elektrik sebekesinin
orijinal yiik profili g6z dniinde bulundurulurken ayni anda dikkate
almmugstir
Senaryo 5 1 1 1 Yik, gilines 15in1mi ve riizgar hizi belirsizlikleri ayni anda dikkate
almmugtir.

Elektrik sebekesindeki elektrikli araclarin belirsizlik 6zelligi, normal olasilik dagilim ifadesi dikkate
alinarak tiretilmistir. Talep durumlarinin iiretimi, ortalama degerlerin gii¢ sebekesinin orijinal aktif yiikleri
olarak kabul edilmesi ve standart sapmanin % 10 olarak dikkate alinmasiyla saglanmistir. Sebekenin
toplam aktif gii¢ talebinin degiskenligi Sekil 3’te gosterilmektedir. PV sistemlere diisen giines 1siniminin
durumlari, o ve P parametreleri sirasiyla 7 ve 3 alinarak ftretilmistir. Bu durumlar, Sekil 4’te
gosterilmektedir. WT nin kesikli 6zelliklerini gdsteren durumlar, devreye girme hiz1 4 m/s, nominal hiz1
16 m/s ve devreden ¢ikma hizi 25 m/s olarak dikkate alinarak belirlenmistir. Bu durumlar ise, Sekil 5°te
gosterilmektedir. Yenilenebilir sistemlerin kesikli 6zellikleri ve elektrik yiiklerinin degiskenligi, elektrik
sebekesinin dogru planlama acgisindan degerlendirilmesine olanak saglamaktadir. Optimizasyon planlama
stirecinde, elektrik tiilketiminin, glines 1giniminin ve riizgar hizinin ¢esitli durumlar dikkate alinmis ve bu
durumlar i¢in tekrarlt gii¢ akisi analizleri yapilmistir.

Sekil 3: Gii¢ sebekesindeki toplam yiik belirsizligi

Journal of Smart Systems Research 4(2), 187-205, 2023 198



ibrahim Cagri BARUTCU ve ark.
Yenilenebilir Enerji Kaynaklarinin ve Elektrikli Araclarin Belirsizlikleri Géz Oniine Alinarak Dagitim Sisteminin QPSO Yéntemi ile
Yeniden Yapilandiriimas:

Sekil 4: Giines 1smimi belirsizligi

Sekil 5: Riizgar hiz1 belirsizligi

Planlama siirecinde QPSO uygulamasi dikkate alinarak gesitli belirsizlik senaryolari i¢in optimizasyon
sonuglar1 Tablo 4’te gosterilmektedir. Tablo 4’te gortildiigii gibi, sebeke konfigilirasyonu, senaryolara gore
degiskenlik gostermis olmakla birlikte senaryo 4 ve 5’te ayni kalmistir. Diger taraftan, PV ve WT
sistemlerinin optimal ¢ikis giiclerine bakildiginda, sebekeye baglanan optimal WT kapasitelerinin PV
sisteme gore daha az oldugu gdzlemlenmektedir. Ozellikle, senaryo 2 ve 3’te elde edilen sonuglara gore
sebekenin 18. barasindaki optimal WT kapasitelerinin alt limitlerine daha yakin oldugu
gozlemlenmektedir. Optimizasyon planlama siireci, 2, 3, 4 ve 5 numarali senaryolarda PV sistemlerin
bulunduklar1 baralardaki optimal kapasitelerinin WT sistemlere gore daha fazla olmasina olanak
tanmimaktadir. Bununla birlikte, senaryo 2 ve 3’te sebekenin 33. barasindaki PV sistemin optimal
kapasitelerinin nispeten daha az oldugu goriilmektedir. Tiim senaryolarda, optimal sebeke
konfigiirasyonlari, PV ve WT sistem ¢ikis gii¢leri, planlamada teknik parametreler sinirlar dahilinde
tutularak belirlenmistir.
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Tablo 4: Optimizasyon sonuglar

Karar Senaryolar
degiskenleri Senaryo 1 Senaryo 2 Senaryo 3 Senaryo 4 Senaryo 5
0S; 7 5 5 7 7
0S, 9 9 35 9 9
0S5, 14 34 12 14 14
0S, 37 28 28 28 28
0S: 32 17 15 30 30
Pyrs (KW) - 452.02 634.36 345.21 338.35
Pyr 14 (KW) - 569.68 581.34 711.47 710.67
Pyr1g (KW) - 42.66 7.14 248.17 207.87
Ppy 26 (KW) - 997.72 824.07 992.99 985.05
Ppy 30 (KW) - 999.36 982.85 1000 1000
Ppy 33 (KW) - 739.26 517.35 1000 1000

Tiim senaryolar icin QPSO algoritmas1 uygulandiginda, hem ama¢ fonksiyonlarinin yakinsamis optimal
degerleri hem de simiilasyon siireleri Tablo 5’te sunulmustur.

Tablo 5: Tiim senaryolarda QPSO yakinsamasi

Senaryolar Yakinsama

Zaman (s) Amag Fonksiyonu (kWh)
Senaryo 1 239.7406 1366.279
Senaryo 2 257.5295 579.571
Senaryo 3 253.2165 643.337
Senaryo 4 256.5862 580.248
Senaryo 5 250.6734 577.903

Toplam giic sebekesi enerji kayiplart olan amag¢ fonksiyonlari, Sekil 6’da gdsterilmektedir. Enerji
kayiplar1 sirasiyla senaryo 1 i¢in 1366.279 kWh, senaryo 2 i¢in 579.571 kWh, senaryo 3 icin 643.337
kWh, senaryo 4 i¢in 580.248 kWh ve senaryo 5 i¢in 577.903 kWh olarak minimize edilmistir. Toplam
sebeke kayiplari, senaryo 1’e gore sirasiyla senaryo 2’de % 57.58, senaryo 3’te % 52.91, senaryo 4’te %
57.53 ve senaryo 5’te % 57.70 oraninda azaltilmistir.

Teknik parametreler, tiim senaryolarda tekrarli gii¢ akisi analizi kullanilarak biitiin yiik, glines 1s1mnimi1 ve
rliizgar hiz1 durumlari i¢in optimizasyon sonuglari test edilerek gézlemlenmistir. Optimizasyon sonuglari
test edilirken, optimizasyon igleminde ele alinan belirsizlik durumlar1 tekrarli gii¢ akisi algoritmasinda
g6z oniinde bulundurulmustur. Senaryo 5 igin optimizasyon sonuglari test edildiginde, biitiin yiik, giines
1sinimi ve riizgar hizi belirsizlik durumlart i¢in dagitim sebekesindeki bara gerilimleri Tablo 6’da
gosterilmektedir. Bu ¢alismada 6nerilen yaklasim yardimiyla teknik parametrelerin limitleri igerisinde
oldugu gozlemlenmistir. Biitlin senaryolarda, teknik limitler tiim durumlarda karar degiskenlerinin
optimal degerleri igin saglanmustir.
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Sekil 6: (a) Senaryo 1, (b) Senaryo 2, (c¢) Senaryo 3, (d) Senaryo 4, (¢) Senaryo 5 igin iterasyonlara gore toplam
enerji kayiplar

Tablo 6: Senaryo 5 icin optimizasyon sonuglari test edildiginde elde edilen bara gerilimleri

Durumlar
1 2 3 4 5 6 7 8 9 10
1 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000 | 1.0000
2 0.9986 | 0.9987 | 0.9986 | 0.9983 | 0.9989 | 0.9987 | 0.9986 | 0.9989 | 0.9984 | 0.9987
3 0.9940 | 0.9949 | 0.9950 | 0.9938 | 0.9964 | 0.9949 | 0.9958 | 0.9950 | 0.9943 | 0.9955

Bara
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4 0.9939 | 0.9946 | 0.9952 | 0.9937 | 0.9972 | 0.9947 | 0.9964 | 0.9952 | 0.9940 | 0.9957
5 0.9942 | 0.9947 | 0.9958 | 0.9940 | 0.9983 | 0.9949 | 0.9975 | 0.9958 | 0.9942 | 0.9962
6 0.9955 | 0.9952 | 0.9970 | 0.9953 | 0.9997 | 0.9952 | 0.9993 | 0.9978 | 0.9948 | 0.9973
7
8

0.9950 | 0.9946 | 0.9963 | 0.9946 | 0.9991 | 0.9946 | 0.9988 | 0.9972 | 0.9942 | 0.9966
0.9765 | 0.9749 | 0.9754 | 0.9676 | 0.9792 | 0.9777 | 0.9711 | 0.9845 | 0.9705 | 0.9722
9 0.9751 | 0.9729 | 0.9751 | 0.9644 | 0.9790 | 0.9765 | 0.9695 | 0.9841 | 0.9691 | 0.9703
10 0.9801 | 0.9817 | 0.9701 | 0.9741 | 0.9771 | 0.9805 | 0.9678 | 0.9919 | 0.9670 | 0.9743
11 0.9802 | 0.9818 | 0.9702 | 0.9742 | 0.9772 | 0.9806 | 0.9679 | 0.9920 | 0.9671 | 0.9743
12 0.9805 | 0.9821 | 0.9705 | 0.9745 | 0.9775 | 0.9809 | 0.9682 | 0.9923 | 0.9674 | 0.9746
13 0.9814 | 0.9841 | 0.9680 | 0.9752 | 0.9768 | 0.9819 | 0.9657 | 0.9962 | 0.9648 | 0.9741
14 0.9820 | 0.9850 | 0.9673 | 0.9756 | 0.9767 | 0.9824 | 0.9650 | 0.9978 | 0.9640 | 0.9740
15 0.9723 | 0.9689 | 0.9744 | 0.9582 | 0.9784 | 0.9742 | 0.9665 | 0.9831 | 0.9663 | 0.9664
16 0.9720 | 0.9681 | 0.9748 | 0.9566 | 0.9789 | 0.9740 | 0.9661 | 0.9835 | 0.9659 | 0.9657
17 0.9707 | 0.9660 | 0.9748 | 0.9530 | 0.9791 | 0.9729 | 0.9646 | 0.9835 | 0.9645 | 0.9636
18 0.9711 | 0.9659 | 0.9758 | 0.9521 | 0.9803 | 0.9733 | 0.9647 | 0.9845 | 0.9647 | 0.9636
19 0.9973 | 0.9973 | 0.9970 | 0.9967 | 0.9976 | 0.9974 | 0.9969 | 0.9981 | 0.9966 | 0.9971
20 0.9871 | 0.9870 | 0.9845 | 0.9830 | 0.9874 | 0.9875 | 0.9827 | 0.9922 | 0.9823 | 0.9845
21 0.9841 | 0.9840 | 0.9809 | 0.9791 | 0.9844 | 0.9847 | 0.9787 | 0.9904 | 0.9782 | 0.9809
22 0.9825 | 0.9827 | 0.9775 | 0.9772 | 0.9819 | 0.9830 | 0.9753 | 0.9902 | 0.9746 | 0.9786
23 0.9898 | 0.9915 | 0.9912 | 0.9897 | 0.9929 | 0.9914 | 0.9922 | 0.9909 | 0.9908 | 0.9921
24 0.9814 | 0.9848 | 0.9837 | 0.9814 | 0.9858 | 0.9845 | 0.9851 | 0.9829 | 0.9837 | 0.9855
25 0.9764 | 0.9812 | 0.9794 | 0.9764 | 0.9821 | 0.9809 | 0.9814 | 0.9776 | 0.9799 | 0.9825
26 0.9962 | 0.9956 | 0.9976 | 0.9959 | 1.0004 | 0.9956 | 1.0001 | 0.9986 | 0.9952 | 0.9979
27 0.9959 | 0.9954 | 0.9973 | 0.9957 | 1.0002 | 0.9954 | 0.9998 | 0.9984 | 0.9950 | 0.9977
28 0.9954 | 0.9948 | 0.9968 | 0.9952 | 0.9997 | 0.9949 | 0.9994 | 0.9978 | 0.9944 | 0.9972
29 0.9749 | 0.9807 | 0.9785 | 0.9749 | 0.9814 | 0.9801 | 0.9807 | 0.9762 | 0.9792 | 0.9822
30 0.9750 | 0.9818 | 0.9791 | 0.9751 | 0.9823 | 0.9808 | 0.9815 | 0.9763 | 0.9801 | 0.9834
31 0.9697 | 0.9638 | 0.9745 | 0.9498 | 0.9793 | 0.9720 | 0.9628 | 0.9830 | 0.9630 | 0.9619
32 0.9701 | 0.9643 | 0.9750 | 0.9503 | 0.9798 | 0.9724 | 0.9633 | 0.9834 | 0.9635 | 0.9624
33 0.9715 | 0.9656 | 0.9764 | 0.9518 | 0.9811 | 0.9737 | 0.9646 | 0.9847 | 0.9650 | 0.9638

5 Sonuglar

Bu makalede, PV ve WT kurulu gii¢ sebekelerindeki toplam kayiplarin ve optimal sebeke
konfigiirasyonlariin belirlenmesinde, ¢esitli belirsizlik senaryolarinin etkileri dikkate alinarak elektrik
talebindeki degiskenlikler, giines 1sinim1 ve riizgar hizi ele alimmistir. Yenilenebilir kaynaklarin gii¢
sistemine entegrasyonu durumunda belirsizliklerdeki degisiklikler teknik konulari etkileyebilir. Bu
caligmada, yiik tiiketimlerindeki belirsizlikler ve PV ve WT kaynaklarindaki kesintiler ve gii¢ kalitesi
dikkate alinarak toplam sebeke kayiplarinin en aza indirilmesi ve optimal sebeke konfigiirasyonunun
saglanmas1 amaglanmaktadir. Bu nedenle enerji kayiplarinda en dnemli iyilesme giines 1s1mmimi, riizgar
hiz1 ve ylik belirsizlikleri ayni1 anda dikkate alindiginda gézlemlenmistir. Bu bakimdan toplam gii¢ sistemi
enerji kayiplarinin gdzlemlenmesinin, planlamada teknik konularin belirsizlik dikkate alarak
degerlendirilmesi acisindan hayati 6nem tasidigini belirtmekte fayda vardir. Caligma ile literatiiriin de
yapilan ¢aligmalarin karsilastirmalar1 Tablo 1 de verilmistir. Bu kapsamda c¢alismada belirsizliklerin
sebekede dikkate alinmasi durumunda konfiglirasyonlarmin degistigi tespit edilmistir. Yeniden
yapilandirma planlamasinda dikkate alinmas1 gerektigi goriilmektedir. Sonug olarak, elektrik yiikleri giicii
verimli bir sekilde tiiketebilecektir. Elektrik sebekesinde toplam sebeke enerji kayiplarinin teknik
kisitlamalarla birlikte dogru planlanmasinin yapilmasi oldukc¢a 6nemlidir. Simiilasyon sonuglarina gore,
yenilenebilir enerji iinitelerinin dagitim sistemlerine baglanmasina bagli olarak gii¢ sebekesinin giivenlik
smirlarinin 6nem kazanacagi diistiniilmektedir.
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6.1

Yeniden Yapilandiriimas:

Beyanname

Yazarlarin Katkilar

ibrahim Cagrni BARUTCU: Makale igin fikir gelistirme, sonuglara ulasma yontemlerini planlama, sonuglarm
aciklanmast ve sunumu i¢in sorumluluk alma, literatiir taramasi sorumlulugunu alma, makalenin tamaminin
olusturulmasinda katki saglama.

Ali ERDUMAN: Makale i¢in fikir gelistirme, sonuglara ulasma yontemlerini planlama, sonuglarin agiklanmasi ve
sunumu i¢in sorumluluk alma, literatiir taramasi sorumlulugunu alma, makalenin tamaminin olusturulmasinda katki
saglama.

Faruk AYGUN: Makale icin fikir gelistirme, sonuglara ulasma yontemlerini planlama, sonuglarin agiklanmasi ve
sunumu i¢in sorumluluk alma, literatiir taramasi sorumlulugunu alma, makalenin tamaminin olusturulmasinda katki
saglama
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