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1. Introduction

As innovation advances and new electronic gadgets become 
accessible, the generation of electronic waste is escalating 
rapidly. Waste Electronic and Electrical Equipment (WEEE)
incorporates devices such as cell phones, home machines, and 
PCs, which are disposed of as waste. Despite only 17.4% of 
electronic waste being documented, the generation reached
53.6 million metric tonnes in 2019 [1]. Existing recycling 
facilities use mass recovery techniques, such as shredding, 
crushing, and magnetic separation [2]. These manual 
procedures demand skilled labour, leading to increased costs 

and safety concerns [3]. However, the mass recycling approach 
falls short of ensuring efficient recovery, managing to reclaim 
only 28% of metals from the total weight of a printed circuit 
board [4]. Such techniques are not meant to accommodate
Circular Economy (CE) principles. The CE aims to extend the 
lifespan of products through reuse, repair, refurbishing, 
remanufacturing, and repurposing [5]. Applying reuse and 
repair strategies to a laptop, extending its service life by two 
years, exhibits a diminished global warming potential, and 
reduced human toxicity potential when compared to recycling 
[6]. Beyond laptops, electric motors and gearboxes in washing 
machines last around 30 years, while the appliance’s lifespan
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Circular Economy initiatives have introduced a solution demand for the treatment of End of Life (EoL) products, switching from shredding and 
material recycling to the recovery of modules/components that remain functional. The process needs product recovery and diagnostic, 
disassembly, and requalification. These tasks are today carried out by human labour due to their complexity and uncertainties concerning the 
working conditions of the received product. But it implies time and costs that hardly balance the economical balance in developed countries 
context. Human – Cobot collaborative disassembly are promising solution to overcome the uncertainties without compromising the flexibility 
and the rate of disassembly operation. The Smart Disassembly Cell for Circularity (SDC2) project aims to provide a semi–automated disassembly 
solution for EoL electronic products. This paper portrays the requirements for the implementation of a Human-Cobot collaborative cell for 
electronic products. The goal of this project is to implement a shared workplace where the robot and the worker can work in parallel or share a 
common task with safe interaction. A literature study on available solutions was made. From there, the study and implementation of the decision 
system, database and service platform started. This document describes the function of the database and decision system as well as the service 
platform to establish global communication. MySQL and Python with the FLASK package were used to frame the database and service platform, 
Genetic algorithm was implemented for providing the robotic disassembly planning solution. A case study using a personal computer and a Power 
inverter was conducted to verify the development in each stage. The systems are under development with an aim to provide a global disassembly 
cell which will be able to disassemble various products rather than focusing on a specific product. 
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is 10-15 years [7]. Components at the Printed Circuit Board 
(PCB) level house precious and hazardous materials [8]. The 
extraction requires desoldering and for reuse scenarios, the 
component needs to be desoldered without any damage. To do 
so, human operators require a higher level of experience and 
the process itself is intense, time-consuming and even 
hazardous depending on the product [9]. Robots excel in 
executing repetitive tasks with consistency and can function in 
hazardous environments but require cognitive ability and 
logical decision systems to disassemble End of Life (EoL)
products. Robots also lack human adaptability in uncertain 
situations. The key is to have efficient human decision skills 
and increase operation speed by including the human and cobot 
to share the decision and the operation. Based on the studies of 
available automated disassembly solutions, Human-Robot
collaboration (HRC) and the supporting systems for developing 
such collaborative cells, this project focuses on adopting 
flexible collaborative disassembly solutions to build a 
methodology to overcome product variability. Studies on
industries that adopted robotic disassembly widely explain the 
limitations and uncertainties. This paper is organized as follows
a short literature review on human-robot disassembly cells in 
section 2. Section 3 will give a short description of the project 
plan and the techniques employed. The implementation and the 
case study are reported in section 4. Section 5 with a conclusion 
and future works finishes the paper.

2. Related Works

A detailed study of the integration of robots within the 
framework of Circular Economy principles, undertaken by the 
authors, provides insights into the trends in automation and 
collaboration between humans and robots [10]. An automated 
disassembly cell, employing destructive techniques for 
dismantling a Liquid Crystal Display (LCD) screen, was 
executed. The cell incorporates an industrial robot coupled with 
a circular saw for the disassembly process, thereby precluding 
the option of human collaboration within the cell [11]. This cell 
focuses on recovery for recycling scenario thus the decision 
system for task sequencing or component selection is not 
discussed. Disassembly of Compact Disk drives from the PC 
was introduced where the disassembly tasks were allotted to 
robots using a decision tree [12] and robotic recovery of high-
value materials from an Electronic Control Unit (ECU) of an 
electric vehicle [13] showed better automation solutions in 
practice. However, the studies failed to address the 
uncertainties as a component in a PC is most likely to be 
upgraded or changed by the users, in terms of electric vehicles, 
the accessibility of the component itself is uncertain
considering the state of the received vehicle. An automated 
disassembly system incorporates a vision system to determine 
component coordinates and the type of washing machine 
motor. Additionally, an eddy current system is integrated to 
verify the remaining copper after disassembly, coupled with a 
functionality test for classifying motors with defects [14]. 
Another disassembly cell, utilizing two collaborative robots 
and a human, successfully dismantles a water pump and a 
turbocharger. The authors also implemented a decision system 
that sequences the disassembly operations [15]. The above-

mentioned works are research-based; Apple managed to 
construct a fully automatic disassembly cell named Daisy for 
their iPhones. Daisy demonstrated the capability to 
disassemble nine different iPhone versions at a rate of 200 
phones per hour [16]. Fujifilm also implemented a 
remanufacturing system for their cameras [17]. These systems 
have limitations, and the uncertainties get higher with the new-
age products. These machines were not updated or expanded as 
the product type keeps on changing, which adds complexity 
and lowers the cost-effectiveness of the industry. In 
formulating a decision system, a comprehensive study of the 
disassembly sequence and its representation plays a vital role. 
Methods such as and/or graphs, Petri nets and disassembly 
precedence matrices are used to represent the component 
relation and its precedence. The survey on different 
representation approaches helps in understanding and selecting 
a feasible approach [18]. The application of and/or graphs for 
products like fuel pump which has several components makes 
it the best fit for understanding the planning of complete 
disassembly and selective disassembly scenarios [19], [20], 
[21], [22]. The tree-like representation of the sequence and 
relation between the components used in and/or method helps 
to simplify the understanding and the operation planning. Some 
used Perti-Nets and fuzzy logic, all these methods include the 
conversion of tasks to matrix form and are used by optimization 
methods [23]. A detailed study of different indicators tailored 
for disassembly decision-making and optimization algorithms 
provides better clarity for adopting the rightful tools [24], [25]. 
Apart from the decision and other supporting systems, a service 
platform which connects the software systems with the 
hardware units is crucial. A platform comprising a database and 
a user interface where the operator can access the data and the 
disassembly tasks can be instructed to the cobots [26], the 
evolution of this platform may ensure the automation of the 
disassembly cell. The reviews show that disassembly is not the 
reverse operation of an assembly, it requires different 
approaches, techniques and tools. The human brain can easily 
adapt to the situation and can overcome uncertainties, but 
designing a decision system which acts similarly to the human 
brain is an outsider. Disassembly of one type of product itself 
is complex, adding the different types of products increases the 
complexity and uncertainties. From the review, it is evident that 
a complete disassembly cell comprising vision system, 
identification and decision system and collaborative robot 
system for different types of products is not implemented. The 
SDC2 project aims to build such a disassembly cell by adapting 
available solutions.

3. Description of the methodology

The steps planned for the development and implementation 
of this proposed smart disassembly cell project are expressed 
in Fig. 1. The key element of this disassembly cell is the vision 
system that provides the functionality termed as the analysis, 
which can be further distinguished as product and process 
analysis. With the product analysis, technical data can be 
obtained by scanning barcodes; the required disassembly 
process is then obtained from the commercial values and the 
received product’s state. To carry out the disassembly, its 
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process needs to be classified into recovery operation and the 
tasks required to complete that recovery operation. The 
disassembly operation is sequenced, and the collaborative 
model is then planned considering feasibility, safety, 
commercial, and uncertainty conditions. From those various 
value studies, the task allocation between the human and robot 
can be assigned. The product information and disassembly 
process data are stored in a database, and the process 
sequencing and allocation are done using a genetic algorithm. 
The database and decision system demand communication, 
which is provided by a web interface. The operator also 
requires an interface to read the allocated task and to override 
the process when necessary. The interface will also establish 
communication with the vision system to ensure the overall 
disassembly process analysis and workflow.

Once the recovery of the desired component is done, the 
component then enters the validation stage for reuse purposes, 
as the component might be faulty or might have experienced 
damage during recovery. The decision between scrapping or 
storing the component depends on the market value, demand, 
and economic values defined by the user. The commencement 
of the project was done on the Database, Decision system, and 
interface; the study and the implementation are detailed in 
order. Revalidation is not discussed in this paper, as the control 
for validating the recovered product requires a tailored test bed, 
decision systems, and a database for determining the condition 
of the component after disassembly, service life, and 
operational compliance before reusing.

Fig. 1. The outline for the development of the proposed disassembly cell.

3.1 Database

The disassembly instructions for the products are not readily 
available; the information is limited to the type of product and 
the manufacturer. Thus, it was necessary to create a database 
with disassembly operation instructions and tasks specific to 
the products and the type of components to be retrieved. The 
disassembly operation and tasks solely depend on the selection 
of the component to be retrieved under consideration of various 
factors such as economics, product market, etc. The MySQL 
database used in this work is an open-source Relational 
Database Management System (RDBMS). It is preferred 
because of its ability to store various kinds of data in the form 
of tables, and its relational-based system eases communication 
between different tables. MySQL uses Structured Query 
Language (SQL) to access the data from the tables.

The database is multi-purpose for disassembly data and for 
the web interface, thus it comprises a user table, product table, 
subassembly table, tools, and disassembly operation tables. 
The data type and the content of each table are mentioned in 

Fig. 2, and its legends are Primary Key (PK), Not Null (NN), 
Unique values (UQ), Bit values (B), Unassigned datatype 
(UN), Zero Fill (ZF), Auto Increment (AI), Generated Columns 
(G).

Fig. 2. (a) User login table; (b) Products table; (c) Components table; (d) 
Disassembly operation and tasks table.

The user and product tables are utilized by the web interface 
to track user details and output available products. The 
subassembly and operation tables provide components and 
their disassembly data. All the tables are related to each other 
using the primary key, and individual products are related using 
sub ID.

Each component in a product will require a different 
approach, considering the uncertainty of the received product. 
To address the unavailability of data, a disassembly sheet was 
introduced to provide input to the database. The received 
products will undergo manual disassembly to study feasibility, 
tools, approach requirements, and uncertainties. This manual 
study is crucial as it serves as the data points and training set 
for the automation of this process.

3.2 Disassembly Decision System 

Disassembly is hindered from automation by its 
uncertainties, necessitating the development of a decision tool 
capable of managing various scenarios that may arise during 
the process. Among the crucial decisions to be made are:

• To determine the extent to which disassembly is going to 
be performed. 

• To identify which components are to be recovered and 
what will be done with them, whether they will be sold or 
recycled. 

• To decide who will perform the disassembly operation, 
whether it will be done by a robot, or an operator based on 
factors such as difficulty, time consumption, and safety.

The deciding factors are flexible and can be tailored to 
satisfy the user’s needs. Finally, the sequence of these 
operations must be determined to be as optimized as possible 
with respect to time. The first three decisions are made based 
on the information available in the database. For the last one, a 
genetic algorithm has been generated for optimization. The 
indicators for enabling the decision systems were adopted from 
similar research works [19], [27]. The scale for the indicators 
was revised and adopted to fulfill the requirements.
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3.3. Service platform

The ideology behind the platform is to facilitate 
communication between the user, the cobot, and the 
disassembly cell. Fig. 3 simplifies the framework of the 
proposed platform. The web interface is created using the 
Python Flask framework, which utilizes HTML and JavaScript 
to display contents. The interface is an aggregation of multiple 
modules, such as user login, product information, and decision 
module. These modules are user-assigned so that the interface 
can be expanded when further updates or the addition of new 
features are introduced. The Flask package comprises the user 
login module; it uses get and post command lines to receive and 
render inputs from the user. The queries are executed as 
functions in a Python file, and the functions are called inside an 
HTML file, which is rendered as the output in the interface.

Fig. 3. Framework of the service platform.

4. Case Study

As the disassembly cell is proposed to offer a disassembly 
solution for various products, a personal computer and a power 
inverter are taken into study. Power inverters are used for 
converting direct current from solar panels to alternating 
current in households. In this project, a power inverter with a 3 
to 6 kW power output range was chosen. Inverters in this range 
are compact and smaller in size than the tower computer. These 
power inverters pack very valuable electrical components such 
as capacitors, transformers, and inductors. However, the 
disassembly process to acquire such components is 
challenging.

The disassembly is divided into two streams: mechanical 
and electrical systems. The robot tools, planning, and other 
disassembly parameters need to be tuned according to these 
two streams. The goal of mechanical disassembly is to gain 
access to the valuable component by unscrewing, unplugging, 
etc. Electrical disassembly is the second step where specific 
components from the PCB are disassembled using targeted 
techniques such as desoldering. The data collection, decision 
system and the interface implementation for the two products 
are discussed below.

4.1 Disassembly and data extraction

As mentioned, the disassembly data is limited, so fashioning 
the relevant data using manual methods is effective. A DELL 
OptiPlex 380 tower and a Huawei SUN 2000 Power inverter 
are taken for this study. The technical information of the 

components of a PC can be obtained from a common web 
service provider. An in-depth study on the precious material 
contents of the motherboards and other components of a PC is 
published [28]. Planning the component recovery operation 
and feasible tool application is the predominant study in this 
case. On the other hand, the technical information of the 
electronic components used in an inverter is not readily 
available compared to the PC. During the manual disassembly, 
the data of the electronic components on the PCB also needs to 
be collected to classify them according to their market value, 
precious material content, and reusability. This data creation 
can also be used by the decision system as a factor for 
classifying which components need to be disassembled.

Once the technical data from the barcodes and web 
providers are collected, the manual disassembly is carried out 
under a timed environment. The same operator undergoes the 
disassembly of the same product several times to gain 
experience, as the time difference between before and after 
experience was significant. Each step is noted as a detailed 
description in the disassembly sheet and recovered 
components/fasteners are counted and noted in a sequence to 
ease task planning. Time, tool requirements, and uncertainties 
in the form of remarks are documented in detail, as shown in 
Fig. 4.

Fig. 4. (a) Manual disassembly table of the Power inverter; (b). Manual 
disassembly table of the PC.

The manual operation is attempted using a Doosan A0912 
series 6-degree-of-freedom collaborative robotic arm with a 
reach of 1200 mm. The payload capacity of the robot is 9 Kg, 
which is sufficient, as the robot is not commanded to pick and 
place the entire product. The robot is paired with a 2F-85 series 
two-finger gripper from Robotiq to analyze the limitations, as 
a feasible task for a human might be difficult for a robot. The 
unscrewing tasks were not carried out, as a wide range of 
industrial solutions is readily available for such low torque 
conditions. Different end effectors were not installed initially 
to reduce the number of tools and frequent tool-changing 
scenarios, instead, focused on enabling multi-purpose tool 
heads. The design study to accommodate various 
functionalities using add-ons to a gripper head is in progress.

With the gripper connected, the waypoints and manipulation 
are simulated and implemented using Doosan's programming 
and simulation tool named DART platform. The cobot mimic 



S. Parthasarathi  et al. / Procedia CIRP 122 (2024) 557–562 561

study of the manual process is highly recommended to 
construct the indicators for the decision system. The completed 
datasheet is then fed into the database, and in the meantime, the 
indicators of disassembly actions and the operation sequence 
for the genetic algorithm are also generated using the time and 
remarks data from the manual disassembly datasheet. The 
remarks data is used to determine the difficulty of the task, 
which helps in allocating tasks between the robot and human.

4.2. Decision System

Once the physical constraints between components, the 
operating time of each process, and the possibility of robot and 
operator coexistence have been defined, the genetic algorithm 
can be launched to obtain the most efficient sequence from the 
point of view of total disassembly time. Based on Charles 
Darwin's theory of natural evolution, the genetic algorithm 
reflects the process of natural selection in which the fittest 
individuals are selected to reproduce and obtain the next 
generation. A chromosome (sequence) is characterized by 
different genes (disassembly operations), and along with other 
chromosomes, a population is created. In each generation, 
different operations between chromosomes are carried out, and 
new chromosomes are generated. After this step, the best ones 
(the fastest sequences) are selected, and in each generation, the 
population is improved.

As for the operation of the algorithm, the restrictions of 
order and coexistence between different disassembly 
operations are defined in matrix form to program the algorithm, 
and the values of each component of the matrix vary between 
the Boolean values 1 and 0. As the program runs, these 
restrictions disappear until a null matrix is obtained. In the 
general case of total disassembly, the genetic algorithm was 
programmed to perform the entire disassembly in the shortest 
possible time without regard to the components obtained. In 
reality, it is not interesting to obtain all the components, as it is 
not economically or temporally productive. Therefore, a new 
constraint was added to the database defining the value of each 
component from an economic and ecological point of view.
The task allocation was done using the constraints made using 
the remarks from the datasheet. 

Fig. 5. (a) Disassembly task sequence for PC; (b) Disassembly task sequence 
for Power inverter

After applying this constraint, a component is set as a target 
so that the algorithm stops running once this component is 
obtained. The differences in the disassembly sequences of both 
cases can be seen in Fig. 5 for the PC and Power inverter cases.
The tasks were renamed in the form of codes with numbering 
to facilitate the formation of indicators, these code names are 
used to define and can be redefined at any time.  

4.3. Software systems 

The web interface, database, and decision system are 
grouped as software systems. Initially, the components table 
gets filled, then the tasks required by that component are filled 
in the operation table. The data input to these tables is done 
manually. Once the tables get updated, the data needs to be 
transferred to the web interface. This transmission needs to be 
in the form of a query initiated by the user through the interface. 
This communication is done using the MySQL - cursor 
function. It uses command line management to process the user 
query and fetch the data from the data tables. The calculation 
and output from the genetic algorithm are also rendered in the 
same method. The general flow as a user is pictured in Fig. 6.

Fig. 6. The interface walkthrough from user login to selecting a product and 
generating the disassembly sequence chart.

The above-mentioned walkthrough is explained as follows:

1. The user needs to create an account using his email; if 
already created, he/she can log in to the interface.

2. Once the user gets logged in, he/she can access the product 
list from the database.

3. The desired product can be selected from the products 
page. In this case, the power inverter is selected.

4. By selecting the product, the component list of the selected 
product will be displayed and the option for the level of 
disassembly.

5. After choosing the required disassembly level, the 
interface will deploy the decision algorithm and renders
the operation sequence and the components to disassemble
table.

This interface is operated manually. The vision system is not 
combined with these modules. With the vision system, the 
product selection will be automated, and the level of 
disassembly will be carried out by the user after validating the 
condition of the received product.
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5. Conclusion

This paper introduces the studies and initiation of a human-
robot collaborative disassembly cell for two different products, 
currently under development and requiring studies on various 
topics. The database and web interface introduction enables the 
cell to store disassembly operation data with remarks, 
supporting the overcoming of uncertainties. The decision 
system defines indicators, operation sequence, and task 
allocation using a genetic algorithm, with indicators updatable 
based on requirement. The project's continuation involves 
adding a vision system with recognition capabilities for cobots, 
enhancing the web interface for direct communication with the 
robot, increasing automation, and allowing operator 
intervention in case of uncertainty. The inclusion of digital twin 
solutions automates the disassembly process, aiding in finding 
optimal solutions by simulating various uncertainty scenarios, 
and assists in planning and configuring the optimal 
disassembly cell. The initial focus of the project's development 
will be on vision systems and manipulator design and 
implementation.
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