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PRODUCTION & MANUFACTURING | RESEARCH ARTICLE

Disassembly sequence planning validated thru 
augmented reality for a speed reducer
Leonardo Frizziero1, Giampiero Donnici1, Gian Maria Santi1, Christian Leon-Cardenas1*, 
Patrich Ferretti1, Gaia Pascucci1 and Alfredo Liverani1

Abstract:  The lifecycle of a product is getting shorter in today’s market realities. 
Latest developments in the industry are heading towards achieving products that 
are easy to recycle, by developing further technological advances in raw materials 
ought to include input from End of Life (EOL) products so a reduction of natural 
harm could be achieved, hence reducing the overall production environmental 
footprint. Therefore, the approach taken as a design for environment, a key request 
nowadays in order to develop products that would ease the reverse manufacturing 
process leading to a more efficient element recycling for later use as spare parts or 
remanufacturing. The methodology proposed compares three probable disassembly 
sequences following a comparison of literature-found procedures between genetic 
algorithms and as a “state space search” problem, followed by a hybrid approach 
developed by the authors. Time and evaluation of these procedures reached to the 
best performing sequence. A subsequent augmented reality disassembly simulation 
was performed with the top-scored operation sequence with which the user is 
better able to familiarize himself with the assembly than a traditional paper 
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manual, therefore enlightening the feasibility of the top performing sequence in the 
real world.

Subjects: Industrial Design; Manufacturing & Processing; Mechanical Engineering Design; 
Mechanical Engineering Design; Operations Management  

Keywords: Disassembly; optimization; closed loop; genetic algorithms; metaheuristic 
method; particle swarm optimizer

1., Introduction
It is widely known that obsolete or discarded products can cause severe environmental pollution if 
handled improperly. The waste materials of manufacturing companies, which account for 70% of 
environmental pollution (Lambert, 2003), contain reusable resources that can be recycled and 
used to generate economic benefits. The recycling and reuse of discarded products has attracted 
a lot of attention from engineers and scholars around the world. A disassembly planning system is 
essential for the optimization of these activities, it includes three basic elements: the representa-
tion of the product, the search for the sequence and the optimization of the solution.
1.1. Design for disassembly
Recently Design for Disassembly has gained a lot of attention due to growing concerns about materials, 
resources, energy saving and environmental awareness. The widespread diffusion of consumer goods 
and the shortening of product life cycles have led to the rejection of an unprecedented number of used 
products. EOL (End Of Life) products contain large quantities of reusable material, which recovery 
would be beneficial to both the manufacturer and the environment. The reverse production chain is 
one of the main methods to solve this problem, which mainly involves: remanufacturing of the product, 
recycling of materials, reuse of components and final disposal, which includes incineration and landfill. 
Figure 1 shows a closed-loop supply chain (CLSC). It involves the selection of raw and ancillary material 
suppliers, product partner evaluation, inventory management, market demand, disassembly planning, 
transport distribution, reverse logistics and then supply chain design. closed cycle. Disassembly is 
a critical operation in CLSC since recycling, remanufacturing and reuse require the disassembly of 
EOL products (Meng & Zhang, 2020). The design of the disassembly sequence determines how EOL 
products are disassembled to recover reusable components and materials, or to separately dispose of 
parts with harmful substances, such as environmental pollutants.

Further while, it is difficult to obtain an optimal sequence as this process encounters complexity, 
especially as the number of parts of the assembly increases (such as an automotive product), 
however a good sequence can be obtained through proper analysis and evaluation. The difficulty 
of disassembling a product can be attributed to the following factors:

• Accessibility: measure of the ease with which a part can be reached manually or with a tool;

Figure 1. Closed loop supply 
chain.
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• Positioning: the degree of precision required to position the instrument or hand;

• Strength: measure of the effort required to perform the operation;

• Basic time: the time needed to perform the movements of the basic operation without 
difficulty.

The summary points took into account different combinations of theoretical models and technology in 
order to arrive to an optimal solution. Starting from the methodology described by (Desai & Mital, 2003) 
that assigned the weight of time to numerous factors such as the size and shape of the components to 
be disassembled, weight, frequency of disassembly activities, the need for manpower, postural require-
ments and handling requirements some materials. A system of scoring has been defined for the 
elementary operations that are part of the disassembly, taking as reference the simplest operation, 
that is to remove an easily graspable object without the exertion of a lot of manual force by a trained 
worker in average condition. Latest state of the art findings of (Chen et al., 2020) considered the 
optimization of a classic methodology thru a flow balance in the AND/OR network for a large-scale 
disassembly assessment of a ship diesel engine thru a total operation computing time, by covering 
multiple nodes and arcs. Other findings using other methodologies like (N. Zhang et al., 2020) that 
proposed to optimize the sequence thru generating disassembly subsets based on disassembly pre-
cedence relationships; as high-quality disassembly sequences can be generated in the solution con-
struction process. Subsequently, (L. Zhang et al., 2021) proposed a selective parallel disassembly 
sequence planning (SPDSP) methodology, which performs disassembly compared to sequential and 
Parallel DSP thru a genetic, multi-objective algorithm integrating total disassembly time and costs. 
Results from (Gunji et al., 2021) included a graph cut-set method to generate sub-assemblies and 
classify them in order to obtain the most feasible option. Moreover, the fitness equation took into 
account 6 directional changes.

1.2. Design for environment
Due to the growing concerns on environmental impact, sustainable design methods (Green Design 
or Design for Environment) have become an important part of the design process. The latter covers 
the entire life cycle of the product such as design for assembly, supply chain management, life 
cycle analysis (LCA), design for disassembly, design for remanufacture and planning of the dis-
assembly sequence. All these methods have the same goal, which is to reduce environmental 
costs and increase economic benefits. The product, in its last phase of life or End Of Life (EOL), as 
a first step, is generally disassembled to recover the high-value parts: disassembly represents the 
foundation for most of the treatments of EOL products, therefore it plays a key role in the life cycle 
of the product. Product disassembly is an expensive process and has a major impact on the final 
value of EOL products. A product that is difficult to disassemble results in increased costs for reuse 
or recycling, and the number of parts to be disassembled affects the payback profit. An excellent 
sequence should be balanced between a “no disassembly” and a “complete disassembly”, as 
described by (Smith et al., 2016), that underlines an optimal EOL product strategy that minimize 
disassembly costs would maximize the recycling gains.

Additionally, disassembly represents the “zero phase”: it is essential because it determines the 
recovery rate in the subsequent treatment processes. Design for Disassembly is an important aspect 
of the life cycle of a product, it aims to optimize disassembly operations in the product design phase, 
to reduce maintenance costs or allow for convenient reuse, remanufacturing and recycling. Results 
gathered from (Hu & Ameta, 2019) stated that optimizing the disassembly process has shown to 
result in 10–20% of all disassembly-related earnings. Most of the disassembly related gains (80–90%) 
tend to be determined in the product design phase (Desai & Mital, 2003). Recovery of materials could 
also lead to environmental issues, as underlined by (Bahubalendruni & Varupala, 2021) that focused 
on EOL electronics recycling based on a part toxicity matrix, given that part toxicity identification and 
part recyclability simplifies the number of disassembly levels and results an ideal solution for 
electronic equipment recycling. Moreover, the authors of (Gunji et al., 2021) applied the type 
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percentage of disposal based on the origin of the root materials. Other findings of (Anil Kumar et al., 
2021) enlightened the emissions minimization through quantification of the toxic gas release into 
environment is minimized, and quantifying the amount of toxic materials that is separated through 
systematic disassembly operations, and recycling of the high-value material and quantifying the 
electricity consumption of the recycling equipment such as shredders.

1.3. Time calculation criteria
In literature the term disassembly depth (Giudice & Fargione, 2007) is also used to indicate the level, 
the time and costs that become prohibitive with increasing disassembly depth, while revenues tend 
to stabilize. The profit curve has a maximum point after which it tends to decrease with increasing 
depth. Therefore, an evaluation of the disassembly sequences plays an important role, also econom-
ically, for the reuse of components and their repair. It must be carried out on the basis of a criterion 
of convenience, and for this work the criterion of times was chosen, with which a more truthful 
estimate is made of the time it takes to perform each elementary operation during disassembly. In 
the literature the authors propose different methods for the evaluation of times. This study would 
consider proposals found in the research of (Mandolini et al., 2018), (Francia et al., 2019), (L. Zhang 
et al., 2021), (Y. Zhang et al., 2009), and back to the proposal of (Desai & Mital, 2003).

This methodology assigns the weight of time to numerous factors such as the size and shape of 
the components to be disassembled, as weight, the frequency of disassembly activities, the need 
for manpower, postural requirements and handling requirements some materials. A system of 
scoring has been defined for the elementary operations that are part of the disassembly, taking as 
reference the simplest operation, that is to remove an easily graspable object without the exertion 
of a lot of manual force by a trained worker in average condition. Subsequent scores were assigned 
based on the detailed study of the most commonly found disassembly operations.

1.4. The Disassembly Sequence Plan (DSP)
The Disassembly Sequence Plan (DSP) is a sequence of actions that end when the desired 
disassembly depth is reached. A DSP aims to optimize product recovery by minimizing costs, 
maximizing recovered material and minimizing disassembly times, using mathematical techniques 
such as linear programming, dynamic programming and graphics.

A first rough classification gathered from the methodology proposed by (Lambert, 2003), which 
developed a procedure based on a combination of previously established methods:

• Modeling methods, which include graphical methods such as, AND/OR graph, first proposed by 
Homem de Mello in 1980ʹs, as well as Petri nets and matrix-based methods;

• Methods of mathematical programming (MP) and optimization, based on the choice of the 
optimal option from a set of alternatives;

• Artificial intelligence methods such as Genetic Algorithms (GA), Ant Colony Optimizer (ACO), 
Scatter Search (SS) and Particle Swarm Optimizer (PSO).

For the generation of the disassembly sequences in the literature several methods are used 
together, so as to be able to combine the different advantages of both.

This research work develops a first state of the art review on DSP is presented, with an in-depth 
study of the main methods present in the literature, two models of which will then be applied to 
the case study of the speed reducer. Then, the mechanical assembly and its modeling on the Creo 
Parametric software are described, later the sequences described in the first part will be applied to 
the reducer and a third alternative sequence will be implemented, to then compare the three 
results obtained through the overall time criterion, after a brief theoretical introduction on the 
latter. The last part would be the application of augmented reality to the case study. Augmented 
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Reality (AR) is a technology that allows to see reality in an immersive and realistic environment, it 
is used by companies to improve the customer or user experience, and as a support vehicle for pre- 
production planning (Herotech srl. La Realtà Aumentata nelle aziende, 2020). AR would become 
the main tool that helps designers to technically validate the process that has been demonstrated 
thru the calculated sequences. This also could become the main guide tool for operators in areas 
like maintenance, and recycling, in order to guide them to better perform their tasks, which would 
result in higher efficiency in complex component assemblies as engines, and heavy industry 
machinery. Representation of the methodology is shown in Figure 2.

2. Materials and methods
The modeling and representation of a product are essential for obtaining a successful disassembly 
sequence, as the feasibility of a solution depends on the structure of the product, in which factors 
are involved such as the relationships between the components (kinematic pairs, joints), the 
constraints of removal of a component, the geometric structure of a product, a dangerous dis-
assembly feature, tools required for operations, accessibility of space for tools, complexity of 
components and fasteners to be removed.

Therefore, Mathematical Programming (MP) methods for disassembly sequence design can be 
linear programming, along with integer linear programming and dynamic linear programming. The 
flow chart in Figure 3 shows the logic of MP mathematical programming techniques. The char-
acteristic of MP methods is that an optimal solution can be automatically obtained through some 
commercially available solver, as long as the model is well constructed and reflects reality.

Furthermore, it is worth to mention some of the main modeling methods such as graph-based 
modeling, AND/OR graph modeling, and matrix-based modeling. The methods were introduced in 
the study of (Mitrouchev et al., 2015) with graphical representation, the problem of identifying the 
optimal disassembly and recycling strategy turned into a research problem on the graph; AND/OR 
graph modeling is important for component disassembly logic. Methodology later adopted by 
(Mandolini et al., 2018), adapted for Parallel disassembly by (Kim et al., 2018) and subsequently 
enriched with data mining by (Marconi et al., 2019). The nodes of the graph represent states or 
goals and their successors are labeled as AND or OR branches. AND successors are secondary goals 
that must all be met to satisfy the parent goal, while OR branches indicate alternative secondary 
goals, each of which could satisfy the parent goal. The disadvantage of this method is that as the 
number of components increases, therefore, it is easy for the graph to become too confusing and 
ineffective. An oriented arc eij represents a disassembly operation from node i to node j, while the 
nodes represent states of the component: the source node is the assembled assembly, the end 
nodes (or the final node) are the achievement of the disassembly level desired. Lastly, a unique 
assembly sequence generation (ASG) method was proposed (Bahubalendruni, Gulivindala, Kumar 
et al., 2019) and further extended for Exploded view generation in CAD software. The ASG follows 
a deterministic approach to avoid redundant data collection and calculation. The proposed 
method is effectively applied on products which require such feasible paths of disassembly other 
than canonical directions. However, because of limitations of the ASG algorithms, a definite 
method is still unavailable in the computer-aided design (CAD) software, and therefore the 

Figure 2. Methodology pro-
posed in this study.

Frizziero et al., Cogent Engineering (2022), 9: 2061321                                                                                                                                                   
https://doi.org/10.1080/23311916.2022.2061321                                                                                                                                                       

Page 5 of 31



explosion of the product is not found to be in accordance with any feasible disassembly sequence 
where a disassembly sequence is reverse progression of assembly sequence.

Afterwards, smart optimization methods use algorithms aimed at producing high quality solu-
tions in a reasonable time. They could approximate the exact solution, but they are still valid since 
they respect times that are not as prohibitive as perhaps the optimal solution might require. An 
intelligent algorithm uses heuristic strategies, iterative calculations imitating physical or biological 
phenomena. Citing some intelligent optimization algorithms, we have

Simulated Annealing (SA; Shuyi et al., 2014), (Dowsland & Thompson, 2012),(Hao & Hongfu, 
2009), In the algorithm, the reticular defect corresponds to an incorrect combination of two 
objects. Simulated Annealing aims to find a global minimum when there are multiple local minima 
and its most common applications are combinatorial problems, in particular scheduling problems.

Genetic Algorithms (GA; Giudice & Fargione, 2007), (Chunming, 2016), (Rickli & Camelio, 2014), 
(Rickli & Camelio, 2013), (Holland, 1992), they are metaheuristic methods inspired by the principle 
of natural selection and biological evolution theorized by Charles Darwin, in fact they implement 
mechanisms conceptually similar to those of the biochemical processes discovered by this science. 
The fundamental steps of the genetic algorithms start with an initial population of solutions 
generated randomically and evolving them iteratively.

Figure 3. logic of MP mathema-
tical programming techniques
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Ant Colony Optimization (ACO; Dorigo et al., 2006), (Wang et al., 2015), (Luo et al., 2016), (Hu 
et al., 2017), (X. Zhang et al., 2018), is a probabilistic algorithm aimed to find the optimum 
sequence to reach a objective. This metaheuristic optimization algorithm served as the start 
population of some algorithms such as GA and Particle Swarm Optimization (PSO), is random 
and traditional. ACO may come across local optimization; therefore, it is essential to design 
operators to get a global, ideal solution.

Particle Swarm Optimization (PSO; Poli et al., 2007), (Zhang & Zhang, 2009), (Xu et al., 2011), 
(Pornsing & Watanasungsuit, 2014), is an iterative search and optimization heuristic method, whose 
iterations identify a new “candidate for the best” in the search space, based on a specific quality 
measure (fitness). It has a very high speed of approaching the optimal solution: its goal is to use the 
current global information on the extreme, position and individual extreme to guide the particles to 
the exit. It makes full use of an individual’s experience and swarm to regulate their position.

The proposed methodology undergoes a result comparison of two known methodologies from 
literature available. To better understand the limitations of the model to analyze, the chosen model 
was derived after a series of options ruled out by the research team after finding out a great amount of 
work performed in this area during time. Findings of (Kumar et al., 2021) proposed a novel method to 
perform geometrical feasibility testing in oblique orientations, an interesting approach for solving 
problems of disassembly sequence whereas actual part location is not coincident with any of the 6 
axis. and later research by (Gulivindala, Bahubalendruni, Inkulu et al., 2021) suggested the Extended Part 
Concatenation Method to solve both sub-assembly detection to perform a linear assembly sequence 
planning. but the proposed method could not be adapted to the physical constraints of the speed 
reducer. The increasing quantity of calculation needed for obtaining the best result in complex assem-
blies was discussed with the research of (Bahubalendruni, Gulivindala, Varupala et al., 2019) also that 
outlined the existing sub-assembly detection methods and performed a linear assembly sequence 
planning. However, the proposed method performed an assembly sequence plan by integrating sub- 
assembly detection. This research team also conducted an application of Artificial Intelligence 
(Bahubalendruni & Biswal, 2018) in order to better obtain all valid assembly sequences and reached 
an optimized assembly sequence for a given assembled product. Four basic predicates namely “liaison 
predicate, geometrical feasibility, mechanical feasibility, and stability” were considered to validate each 
sequence.

Criteria taken for the methodology development

● Assumptions taken before generating a disassembly sequence help to constrain the complex-
ity, so the flexibility from each method could be exploited. The hypothesis followed in both 
methods are listed below.

● The method should be established by state of the art, proven representation models, that 
follow defined steps, enabling reproducibility and comparability

● No change in the relative position of the subassembled parts at all phases.
● Non-destructive disassembly or “reverse assembly” approach.
● Part movements during assembly operations are ideal assuming no gravitational and friction 

forces are considered.
● The method should provide specific information about the fasteners used to connect each 

component and highlight when fastener reusability/reversibility is not ensured
● Matrices with no interference would be generated considering straight line part movements 

along six main directions on three axes.
● The physical connectors are considered as secondary parts (screws) connecting pins, which are 

numbered and placed next to complete set of primary parts.
● Take into account rotation of parts and change of tooling
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Moreover, the first sequence approaches the sequential, manual work Disassembly Sequence 
Planning (DSP) problem with a PSO, method that literature findings shown to be first presented by 
y Eberhart and Kennedy in 1995, followed by other research including (Zhong et al., 2011), and 
further developed in the research of (Kheder, Trigui, Aifaoui et al., 2018), (Kheder, Trigui, Aifaoui 
et al., 2017) and (Guo et al., 2019); this metaheuristic method would engage following 
characteristics:

● Partial, Sequential Dissasembly
● Graph-based method with a Dissasembly tree,
● Building method: 6-direction Matrix-based Method, Disassembly interference matrix
● Manual Pre-processing times
● Accounting time required for changing tools, tooling penalty
● State the revenue increase of a salvaged component undamaged by disassembly
● PSO Velocity and position of each particle are updated in the iteration
● Optimization method: Dijkstra’s algorithm (DA)—A typical algorithm to solve the shortest path 

problem
● Construction of a component-fastener graph (Figure 4) to describe overall classification of 

components into two categories, functional components and fasteners;
● Development of the interference matrix (Table S2) to determine the removable components 

and implementation of a disassembly sequence of functional components based on the 
Dijkstra algorithm;

● Presentation of the disassembly sequence, which also includes fasteners, based on Particle 
Swarm Optimization (PSO).

The component-fastener graph is an undirected graph used to describe large overall structures, 
classifying all components into two categories: fastening components and functional elements. 
The vertices of the graph represent the functional components, while the arcs represent the 
fasteners: an arc connects two nodes as a fastener connects two components. The chart may 
also contain information on disassembly tools and related expenses, which are very helpful in 
planning the disassembly sequence as changing disassembly tools for different fasteners will 
increase time and cost. Disassembly costs, which represent the difficulty of removing 
a component, are directly proportional to the disassembly times and costs, which can be mini-
mized, for example, by limiting the number of tool changes as much as possible.

Moreover, the disassembly sequence was obtained as a “state space search” problem. State 
space search is a process in which successive configurations or states of an instance are con-
sidered, with the intention of finding an objective configuration (or state) with a certain property 
defined previously (Poole & Mackworth, 2010). This procedure is described in the flow diagram of 
Figure 5.

Subsequently, a component’s removal path can be obstructed by other components in the area. 
If there were at least one one-direction path of the six directions of geometric space, which are + 
X, -X, + Y, -Y, + Z and -Z, which is not hindered by other components, we would consider the 
component to be removable.

The mathematical calculus of this model uses the interference matrix, used to determine the 
removal capability of every component. This is represented by: D ¼ dij

� �

nx6 where 
dij i ¼ 1; 2; . . . ;n; j ¼ 1;2; . . . ;6ð Þ is the total number of functional components that obstruct the 
removal path in the j-th direction of the i-th functional component. A status space search problem 
is created that, would be solved by means of the classic method of Dijkastra’s algorithm and the 
initial disassembly state can be assumed as {0}. For example, if the status is {1,4,5} it means that 
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components 1, 4 and 5 have already been removed. For each functional component, the sum of 
the disassembly costs of all the components in that precise state of disassembly must be 
indicated, so as to be able to help in the choice. When the target component (in the case of 
selective disassembly) or the last component (for total disassembly) appear in the disassembly 
state, the procedure ends. The optimal disassembly sequence, i.e. the final disassembly state, 
ensures that the sum of the disassembly costs of all components reaches the minimum value, 
which value is indicated by the evaluation function f �ð Þ. The evaluation function is defined in each 
node as the sum of the disassembly costs of all the components that are part of such disassembly 
state, therefore for each step of the status space searching the functional component that 
guarantees the lowest f �ð Þ is chosen. A disassembly sequence of n components can be expressed 
by a complete permutation of n numbers, which corresponds to an integer between 0 and n! −1 (n! 
Indicates the factorial of n) thanks to the generation of the lexicographic permutation.

Figure 4. Speed reducer assem-
bly rendering.
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Moreover, the position of each particle and the velocity are defined to determine the initial 
population, the position of the j-th particle is given by the equation: POSj ¼ round rand� n! � 1ð Þð Þ.

where rand indicates a random number from a uniform distribution (Lambert, 2003), while round 
is a function that rounds to the nearest integer.

The speed of the j-th particle is given by the equation: VELj ¼ � n! � 1ð Þ þ 2 n! � 1ð Þ � rand

Where two optimal values “pbestj” and “gbest” are chosen to update the values of each particle. 
“Pbestj” is the optimal position of the j-th particle from the last iteration, while “gbest” is the 

Figure 5. First sequence model 
flux diagram.
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optimal position of the swarm from the last iteration. The velocity of the j-th particle at the k-th 
iteration is given by: 

VEL kð Þ
j ¼ ω kð Þ � VEL k� 1ð Þ

j þ 2� rand� pbest k� 1ð Þ

j � POS k� 1ð Þ

j

� �
þ 2� rand� gbest k� 1ð Þ � POS k� 1ð Þ

j

� �

where ω is the weight of the speed of the last iteration. To obtain the optimal value quickly ω 
should tend to 1 at the beginning and reaching 0 at the end of the iterations.

Afterwards, the position of the j-th particle in the k-th iteration is given by the equation: 

POS kð Þ
j ¼ round VEL kð Þ

j þ POS k� 1ð Þ

j

� �

The updates of “pbestj” and “gbest” must be consistent with the fitness function f �ð Þ, because if

f POS kð Þ
j

� �
<f pbest k� 1ð Þ

j

� �
, then POS kð Þ

j becomes pbest kð Þ
j , otherwise pbest k� 1ð Þ

j becomes pbest kð Þ
j . 

When the iteration stops, the “gbest” is the optimal position of the particle, i.e. the integer 
corresponding to the optimal disassembly sequence, and in this situation, the difference between 
the fitness function of “gbest” in the final iteration and the previous iteration is a very small 
number. The termination condition is in fact given by: 

f gbest lð Þ
� �

� f gbest l� 1ð Þ
� ��

�
�

�
�
�<ε 

Afterwards, the second sequence is taken from the research of Tseng et al. (Tseng et al., 2018), 
which proposes a block-based GA for the planning of disassembly sequences, based on the 
comparison between the Kongar and Gupta genetic algorithm and the Dijkastra algorithm. 
Similar to the approach given by Gulivindala, Anil Kumar, et al. (Gulivindala, Bahubalendruni, 
Chandrasekar et al., 2021) that included a genetic algorithm feasibility by integrating with the 
proposed priori crossover operator. An optimality function is defined to reduce disassembly effort 
by considering directional changes as parameters.

The authors of this article highlighted a point of inefficiency of traditional GA, namely that 
random search addresses the problem of a wide range of possible solutions. To improve the 
quality of the solution, they therefore propose an algorithm based on the concept of block (block- 
based), which helps to skip the local solution and processes the search activity on the basis of an 
objective function and a penalty function. The fitness function guides you in the search for a better 
direction, so as to make it easier to find the optimal solution and improve the algorithm in terms of 
efficiency. The procedure for the GA based on blocks is divided into seven key steps, as detailed on 
Figure 6 schematizes the logic for the genetic algorithm based on blocks.

Moreover, the crossover and mutation mechanisms are characteristic of GA, which are applied in 
this discussion using block-based rules. The crossover is mainly structured in the following phases:

1. The size of the blocks is chosen, which are simply “portions of sequences”, which then divide 
the sequence into n-blocksize + 1 blocks (with n number of elements in the sequence);

2. Two parent sequences were selected, which are divided into n-blocksize + 1 blocks, and then 
the fitness function of each block is calculated. The block with the best function value will become 
the optimal block;
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3. The optimal block of Parent 1 is fixed for the Offspring 1 offspring, the optimal block of Parent 
2 is fixed for the Offspring 2 offspring. To complete the chromosome, Parent 1 is reproduced for the 
Offspring 2 offspring and Parent 2 for the Offspring 2 offspring. Offspring 1 offspring;

4. Search for repetitive and missing codes in child chromosomes;

5. Eliminate repetitive codes;

6. Calculate the fitness function of the possible positions for the insertion of the missing genetic 
codes;

7. Select the best position for inserting the missing genetic codes;

8. Individually insert the missing genetic codes in the generation of the child chromosomes.

Figure 7 shows a simple example of a crossover for a sequence of elements.

Lastly, the block-based mutation mechanism adopted a multiple point method. The key steps 
were as follows:

1. Randomly select a chromosome point for the mutation point and provisionally remove it from 
the chromosome;

2. Find the range for the insertion of the mutation point, so that feasible solutions would be 
generated;

3. Calculate the increase in the value of the fitness function for all the mutation points in the 
identified range;

4. Find the best value of the fitness function for the insertion of the mutation point

5. Repeat the previous steps for m times, in which m is defined beforehand.

2.1. Case study: speed reducer
The disassembly sequences would be calculated for a speed reducer, which is a mechanical system 
that transmits power to the shaft, modulating it as needed and adjusting the output rotation 
speed according to the characteristics of the gears. They are usually formed by a gearbox casing: ie 
a container in which a series of gears are housed responsible for reducing the rotation speed of the 
input shaft (transmission shaft; RS Components S.r.l, 2020). In this project, a parallel axis speed 
reducer is studied, in which there are three shafts that house a total of four cylindrical helical 

Figure 6. Model for the GA 
based on blocks (Second 
sequence).
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gears, similar to that shown by Barone et al. (Barone et al., 2020). Table 1 shows the bill of 
materials (BOM).

The casing is made up of two pieces held together by a series of screws. The twelve screws are of 
three different types, distinguished by the diameter. In the mechanical drawing, the diameter of 
a screw is designated by the letter “M” followed by the measurement expressed in millimeters 
which corresponds to the external diameter of the screw body (i.e. the one including the thread). 
The three shafts at the ends are wedged inside six bearings, which are mechanisms thanks to 
which the friction between two rotating objects is reduced, in the case of the study of the shafts 
hosting the gear wheels, as explained by Callegari et al. (Callegari et al., 2013). They consist of two 
rings of different diameters, one external and one internal, within which are positioned a series of 
rolling elements, balls or rollers, which roll in special tracks obtained in the rings, and a spacer cage 
which has the purpose of maintaining the rolling elements at a suitable distance from each other.

Afterwards, the design of each part of the Speed Reducer on Table 1 was designed and 
assembled with PTC Creo Parametric—student limited license. Creo Parametric has the ability to 
render models and provide a more realistic image of the objects created. For the assembly, an “. 
asm” extension file was created and defined the relative position of the components, importing 
them one at a time, imposing constraints (such as tangent, coincident, normal, etc.) on the 
surfaces. Figure 4 shows the rendering of the entire assembly except screws, upper casing and 
covers.

2.1.1. First Disassembly Sequence
The component-fastener graph of the speed reducer is represented in Figure 8. The reducer has 
only screws as fastening elements, as all other components are connected with interlocking 
mechanisms. Subsets have been identified, indicated with the letter “S” followed by a number 
for identification. Next to the graph is the table with information on the identification code of the 
components or the set of components to facilitate understanding of the graph. 

D ¼ dij
� �

nx6 (1)  

Figure 7. crossover example for 
an element sequence.

Frizziero et al., Cogent Engineering (2022), 9: 2061321                                                                                                                                                   
https://doi.org/10.1080/23311916.2022.2061321                                                                                                                                                       

Page 13 of 31



The interference matrix (Table 2) is represented by the equation 1 in which each cell indicates the 
number of functional components that obstruct the removal of the i-th component in the j-th 
direction. If a zero appears, it means that component can be removed immediately in that 
direction. The ordering rule corresponds to that used in dictionaries, even if it is extended to any 
set of symbols (Van Zanten, 1997). It could be described as a state space search problem, so at 
each change of state, which in this case corresponds to the removal of a component, the inter-
ference matrix must be updated, to have a clear picture of which components can be removed in 
the next step. Table 2 shows the initial interference matrix, therefore a completely constructed 
assembly, in which the cells left empty indicate that that component can never be removed in that 
direction, or that it would not make sense to do so. A subsequent fastener incidence matrix was 
performed in Table 3 to evaluate the constraints criteria of fasteners adopted in this the model.

Furthermore, Dijkastra’s algorithm was used to solve the status space search problem. It was 
necessary to define an evaluation function for the choice of components to be removed. A method 
for evaluating disassembly costs was followed after the study of Tseng et al. (Tseng et al., 2018). 
The square-shape penalty matrix was defined, seen in Table 4, in which each cell reports the 
disassembly costs in case the i-th component is removed after the k-th component, with i ≠ k. The 
costs are related to the change of direction of disassembly and to the tool change. It is filled in 
only under the main diagonal because it is symmetrical. Furthermore, the penalty function matrix, 
was obtained by adding the values obtained from the following two criteria

• For a 90 ° change of disassembly direction a score of 1 is assigned, for a 180 ° change a score of 
2 is assigned.

Table 1. Speed reducer bill of materials
Cod. Description Quantity
1 Shaft 1 1

2 Shaft 2 1

3 Shaft 3 1

4 End cover 1 1

5 End cover 2 1

6 End cover 3 2

7 End cover 4 1

8 End cover 5 1

9 Spacer 1 1

10 Spacer 2 1

11 Spacer 3 1

12 Bottom carcass 1

13 Upper carcass 1

14 Sealing ring 1 1

15 Sealing ring 2 1

16 Bearing 2206E 1

17 Bearing 2205E 1

18 Bearing 1306E 2

19 Bearing 2209E 1

20 Bearing 1309E 1

21 Screw M6x20 2

22 Screw M8x50 4

23 Screw M10x20 6
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Figure 8. Speed reducer com-
ponent-fastener graph and 
item description.

Table 2. Initial Interference Matrix
INITIAL INTERFERENCE MATRIX

Cod. Component .+X .-X .+Y .-Y .+Z .-Z
1 Shaft 1 16

2 Shaft 2 15

3 Shaft 3 16

4 End cover 1 0

5 End cover 2 0

6a End cover 3 a 0

6b End cover 3 b 0

7 End cover 4 0

8 End cover 5 0

9 Spacer 1 2

10 Spacer 2 2

11 Spacer 3 2

12 Bottom carcass 33

13 Upper carcass 12

14 Sealing ring 1 1

15 Sealing ring 2 1

16 Bearing 2206E 14 3 2

17 Bearing 2205E 14 1 4

18a Bearing 1306E a 14 3 1

18b Bearing 1306E b 14 1 3

19 Bearing 2209E 14 4 1

20 Bearing 1309E 14 2 3

21 Screw M6 0

22 Screw M8 0

23 Screw M10 0

Frizziero et al., Cogent Engineering (2022), 9: 2061321                                                                                                                                                   
https://doi.org/10.1080/23311916.2022.2061321                                                                                                                                                       

Page 15 of 31



• For the disassembly method, a score of 1 is assigned for the tool change.

However, the disassembly sequence is shown in Table 5, each part added a C letter and related 
to that step, and the disassembly expense is counted according to the group of elements in which 
is related to. The total evaluation function was gathered by adding these values which in this case 
was equal to 7.

2.1.2. Second disassembly sequence
Second Sequence:

The second disassembly sequence was gathered by following the GA based on the concept of 
blocking performed by Tseng et al. (Tseng et al., 2018), it proved to be a reasonably quick method to 
implement manually, as it helped to skip the local solution and the search was carried out according 
to a penalty function, that was the same one used for the previous sequence. However, it was 
essential to identify the disassembly directions, inserted within a matrix represented in Table 6 for 
the construction of the penalty function. The model of this sequence is displayed before on 
Figure Figure 4.

Table 3. Fasteners Incidence Matrix
INCIDENCE MATRIX

Fasteners

End cover 
1

End cover 
2

End cover 
3 a

End cover 
3 b

End cover 
4

End cover 
5

Screws

C4 C5 C6A C6B C7 C8 S1
Functional 
Components

Shaft 1 C1 1 0 0 0 0 0 0

Shaft 2 C2 0 0 0 0 0 0 0

Shaft 3 C3 0 0 0 0 0 1 0

Spacer 1 C9 0 0 0 0 0 0 0

Spacer 2 C10 0 0 0 0 0 0 0

Spacer 3 C11 0 0 0 0 0 0 0

Bottom 
carcass

1 1 1 1 1 1 1

Upper 
carcass

C13 1 1 1 1 1 1 1

Sealing ring 
1

C14 1 0 0 0 0 0 0

Sealing ring 
2

C15 0 0 0 0 0 1 0

Bearing 
2206E

C16 0 0 0 0 0 0 0

Bearing 
2205E

C17 0 0 0 0 0 0 0

Bearing 
1306E a

C18A 0 0 0 0 0 0 0

Bearing 
1306E b

C18B 0 0 0 0 0 0 0

Bearing 
2209E

C19 0 0 0 0 0 0 0

Bearing 
1309E

C20 0 0 0 0 0 0 0
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The oriented graph that makes the precedence relations explicit (Figure Figure 9) for which all the 
screws were grouped in a subset called “S1” and to facilitate reading I have inserted the letter “C” 
before the component code. The creation of this graph was a fundamental step for the implementation 
of the algorithm since in the development of the sequence chose only the components admissible to be 
removed and avoided post controls. The next step involves the generation of M chromosomes eligible as 
initial parents. Taking M = 3 therefore 3 feasible disassembly sequences were used to calculate the 
fitness function, the blocks with the lowest fitness function (F.F.) are the optimal blocks that are not 
separated during the crossover operation. Following the steps that describe the crossover mechanism 
described in the second sequence, 3 “Offspring” sequences were created as shown in Figure Figure 10. 
Also the fitness function could decrease by about five points on average with the crossover mechanism 
alone.

Thereafter, after arriving a total of six sequences, from whom only two were selected sequences to 
continue the algorithm, choosing those that minimized the function, namely “Sequence 1” and 
“Offspring 3”. With the latter I performed the operations described by the mutation mechanism, 
managing to generate a sequence with the lowest value fitness function ever found. These steps are 
shown in Figure Figure 11. For Sequence 1 it was not possible to change the position of any element, 
and the value of the fitness function remained 17. With the sequence Offspring 3 It was able to 
modify the position of two components, decreasing the value of the fitness function by 4, arriving at 
11. The red cells indicated the component that has just moved out of position. In carrying out these 

Table 6. Part disassembly orientation
DISASSEMBLY DIRECTION

Cod. Description Direction
1 Shaft 1 .+y

2 Shaft 2 .+y

3 Shaft 3 .+y

4 End cover 1 .-z

5 End cover 2 .+z

6A End cover 3a .-z

6B End cover 3b .+z

7 End cover 4 .-z

8 End cover 5 .+z

9 Spacer 1 .-z

10 Spacer 2 .-z

11 Spacer 3 .+z

12 Bottom carcass

13 Upper carcass .+y

14 Sealing ring 1 .-z

15 Sealing ring 2 .+z

16 Bearing 2206E .-z

17 Bearing 2205E .+z

18A Bearing 1306E a .-z

18B Bearing 1306E b .+z

19 Bearing 2209E .-z

20 Bearing 1309E .+z

S1 Screw M6x20 .+y

Screw M8x50 .+y

Screw M10x20 .+y
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steps, paying attention to the precedence relationships between the components, adjusting the 
sequences to make them realistically feasible. Figure Figure 12 shows the values for the lowest 
fitness function

Finally, Figure Figure 13 shows the optimal sequence generated by the GA based on blocks.
2.1.3. Alternative Sequence
An additional disassembly sequence was gathered; by thinking if physically the real mechanical 
assembly had to disassemble and thought about what it would be necessary to minimize the time. 
Some technical aspects were taken such as minimizing the number of times the tool is changed, the 
number of movements of the operator, the number of movements of the assembly and the conve-
nience in removing a component, therefore the space available for maneuver it

1) First, to remove the fixing screws between the upper and lower casing. Proceeding along the 
perimeter of the casing without paying attention to the diameter of the screws; otherwise, to 
minimize tool changes, all screws would be handled with the same diameter at a time. For 
simplicity its assumed to not having an adjustable wrench.

2) After removing the screws, the upper casing is removed to have all the components of the 
gearbox in view.

3) Remove the six covers in order, along the perimeter of the reducer.

Figure 9. Oriented graph for 
priority assessment.

Figure 10. “Offspring” 
Sequences
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4) By holding an oil seal extractor tool, both shafts from the sealing rings are taken out for the 
lubricating oil, so as not to have to use this tool again at a later time.

5) Following the philosophy of minimizing tool change, all six bearings were taken out from the 
shafts in the assembly.

6) As a last step, the three spacers and the shafts were removed. So only the lower casing and 
my disassembly operation ends were left.

Finally, the sequence obtained is:

Figure 11. Sequence to find the 
lowest fitness function.

Figure 12. Top view of 
disassembly.

Figure 13. Optimal sequence.
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S1-C13-C4-S5-C8-C15-C14-C16-C18a-S19-C18b-C17-C11-C10-C9-C1-C2 -C3.

Sequence obtained that includes subsequences S1, that contains: C21, C22, C23; S5 that contains 
C5, C6a, C6b, C7; and S19 including C19, C20.

2.1.4. Time and Evaluation Calculation
As previously mentioned, for the calculation of the times related to the three sequences found for the 
speed reducer, considered proposals found in the research of Mandolini et al. (Mandolini et al., 2018), 
Francia et al. (Francia et al., 2019), Zhang, Lei, et al. (L. Zhang et al., 2021), Zhang et al. (Zhang & 

Figure 14. Disassembly evalua-
tion chart.

Figure 15. Leftmost side view of 
disassembly sequence AR 
simulation sequence AR 
simulation.
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Zhang, 2009), and back to the proposal of Desai et al.(Desai & Mital, 2003). was taken for using 
a similar time insertion table. Same of which could be seen in Figure Figure 14, and that includes 
component description, the movement to be performed is evaluated if the disassembly operation 
sees friction and the material stiffness. In the third part of the table, the simplicity with which 
a component can be handled is considered, in relation to its size, weight and shape. Then use of 
tool force or torque is considered. The fifth section, “accessibility of joints”, considers the accessibility 
of the joints, therefore how easily they are accessible in terms of size and position. Lastly, the third to 
last and penultimate columns evaluate the accuracy with which the tool must be positioned for 
disassembly.

It could be seen that an assessment of the shortest total time related to the customized 
sequence as shown in Table 7, and equal to 2.87 minutes, which differs from the other proposals 
by tenths or hundredths of a minute.

2.1.5. Augmented reality application
To develop an augmented reality environment, it is necessary to integrate a library called Vuforia 
which allows the recognition of the visual marker. Unity is a cross-platform graphics engine 
developed by Unity Technologies, which allows the development of video games and other inter-
active content, such as architectural visualizations or 3D animations in real time. Vuforia, on the 
other hand, is an augmented reality Software Development Kit (SDK) for mobile devices that allows 
the creation of AR applications. It uses computer vision technology to recognize and track planar 
images and 3D objects in real time.

Figure 16. DSP augmented rea-
lity detail analysis: a) S1; b) S5; c) 
C16-C18a-S19-C18b-C17.d) 
Spacers and axes.
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For this, the 3D model was imported into the scene, the entire assembly was exported from Creo 
Parametric in “.obj” format. Then the file was added to the Unity “Project” window, which can be 
organized by the user and can be of great help to view all the files useful for the project. To 
simulate the disassembly of the gearbox, an Animation in the Project window was created and 
assigned it to the “complete_driver” Game Object, which consists of creating a succession of 
movements that are recorded and scanned by a timeline where the frame. For each component 
(or subset of components) a keyframe (frame) in its initial position and another in the final position 
were defined.

3. Results
Table 8 show the comparison results of time calculation performed by all three sequences 
envisaged in the study. The sequence with the lowest value was the customized sequence, with 
ET equal to 2.87 minutes, which differs from the other proposals by tenths or hundredths of 
a minute.

3.1. Augmented reality application
Moreover, an AR application of the most optimal sequence for disassembly was performed. Results of 
the disassembly animation performed on the three disassembly sequences analyzed could be seen in 
Figures 14-16. This approach allowed to technically realize the sequences calculated by each meth-
odology, that, for the matters of this study, was constrained to one operator, so the disassembly 
sequences were stated as “sequential”, instead of “parallel”. By looking at the AR simulation, it could 
be noticed how the chosen design showed a flexible approach for assembly and disassembly 
(ie. Three axes with all individual elements and end covers for each one, that would allow a parallel- 
like disassembly approach as well). Part interference was verified for each sequence.

4. Discussion
The approach adopted for DSP enabled to realize potential issues related to mechanics element 
interconnection, also to better understand the structure of the speed reducer. This practical study 
also was useful to use the Creo Parametric software and connect the assembly made by the later 

Table 8. Time evaluation comparison chart for all sequences
Ord. Model Results
1 PSO Method Total time (TMU) 480.7

Unit value (TMU) 0.036

Estimated time (ET) (sec.) 173.052

ET in minutes 2.8842

Sequence C23-C22-C21-C13-C5-C8-C6b-C17-C18b-C15-C11- 
C20-C4-C7-C19-C10-C14-C6a-C18a-C16-C9-C2-C3-C1

2 GA Method Total time (TMU) 485.0

Unit value (TMU) 0.036

Estimated time (ET) (sec.) 174.60

ET in minutes 2.910

Sequence S1-C13-C6A-C18A-C7-C9-C6B-C18B-C11-C2-C8-C15- 
C20-C5-C4-C14-C16-C19-C10-C17-C3-C1-C12

3 Customized Total time (TMU) 478.5

Unit value (TMU) 0.036

Estimated time (ET) (sec.) 172.26

ET in minutes 2.871

Sequence S1-C13-C4-S5-C8-C15-C14-C16-C18a-S19-C18b-C17- 
C11-C10-C9-C1-C2 -C3.
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in an AR visualization tool. Therefore, the huge potential of the use of 3D CAD software has as 
a tool for design and prototyping, thanks to which the criticalities of a product are immediately 
evident, allowing to reduce overall time to market.

The study of the disassembly sequences let to be clear about the critical issues related to the 
design of the disassembly of a component, therefore a customized sequence could be created by 
means of combining two different theories. This allowed to reach the best sequence for disas-
sembly times, noting significant deviations. the differences of which are negligible due to the low 
complexity of the speed reducer, which has a Bill of Materials limited to a few types of compo-
nents. In addition, an additional calculating criterion for the optimal sequence yielded different 
results, as previously thought by the research team.

Additionally, about augmented reality, allowed to combine software like Unity, that by the 
Vuforia package for AR. By analyzing this tool, it was able to understand the great potential that 
augmented reality can have within a company. With this technology, it is possible to attract the 
attention of customers in a simpler and more direct way because it allows users to experience and 
learn about the product in a more engaging way. As for disassembly, at this point it is intuitive to 
imagine a digital manual, with which the user is better able to familiarize himself with the 
assembly than a traditional paper manual. Seeing the product in augmented reality, it was 
much easier to perceive the three dimensions, the dimensions of the components, their joints, 
and the operations to be performed in sequence. It is also possible to think about showing, during 
the simulation, the tools to use and the simplest way to perform the operations.

Finally, augmented reality could find various applications in different areas within a company. In 
the element-development projects it allows to intervene in the early stages and eliminate any 
criticalities. In maintenance, remote assistance and preventive and predictive maintenance activ-
ities are improved. In personnel training it is possible to transfer skills to operators in a reality like 
the actual one. The result is measured in operational efficiency, safety and customer service level.
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