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Abstract. End of Life (EoL) products management through crude recycling methods and direct shredding
causes severe threat to environment by different kinds of pollution. The environmental beneﬁts such as
reduced CO2 emissions observed through recycling are mitigated by the direct release of toxic gases. Demanufacturing through systematic disassembly operations can reduce environmental damage but it requires
more input cost to work within the threshold limit value (TLV). Complete disassembly sequence planning
(CDSP) methods are not given importance in de-manufacturing objectives, which produce non-optimal
solutions. The objective of present work is to produce an optimal solution to extract valuable materials from
the EoL products while separating the toxic elements within TLV. A multi-layered method has been proposed
that consists of ﬁve different layers, namely data input layer, application layer, modiﬁcation layer, implementation layer and performance layer. It requires product bill of materials (BOM) and disassembly attributes
such as liaison, geometric feasibility and stability as input from the user and generates an optimal solution by
suggesting permissible operations to work within TLV. The proposed method has been applied on a case
study and workability at producing practically feasible optimal solution has been conﬁrmed. The effectiveness
in working has been evaluated by comparing to the existing DSP methods. The proposed method can be used
as a tool to achieve maximum proﬁts through systematic disassembly operations within TLV by supplying
essential information.
Keywords. Disassembly; partial disassembly sequence planning; subassembly detection; minimum
disassembly level method; toxic material separation.

1. Introduction
End of Life (EoL) products management becomes essential
to reduce different types of pollution and to meet the
demand of raw materials for the future production [1–4].
Jirang and Roven [5] estimated that the raw material
extraction through recycling of EoL products can reduce
production cost and carbon foot print enormously compared
with ores. The recycling process eliminates the mining and
smelting steps in the overall raw material extraction process
compared with conventional methods [5]. De-Manufacturing is widely employed for the raw materials conversion by
dismantling the EoL product into parts either by destructive
or non-destructive mode [6–8]. It is observed that most of
the recyclers prefer destructive operations for high value
*For correspondence

material extraction, because it consumes less time compared with systematic disassembly operations. Due to these
practices, the beneﬁts obtained from material recycling are
mitigated with release of toxic gases into the environment
[9].
Ruan et al [10] observed signiﬁcant cost reduction in
cartridge recycling by materials segregation and opinioned
that environmental release of toxic gases can be reduced
with the installation of chimneys. However the setup
requires huge investment, which cannot be achieved in
minimum time period, and produces more amount of CO2
emissions during its erection. Smith and Chen [11] found
that the solutions generated at product development stage
are non-optimal for EoL product management because they
demand more effort to extract high-economic-value parts
through systematic and non-destructive disassembly tasks.
Ilgin and Gupta [12] stated that disassembly sequence
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planning (DSP) originated in 1990s and underwent
respective changes according to objectives framed by the
industries. DSP has been classiﬁed into three types: 1.
Complete disassembly sequence planning (CDSP) 2.
Selective disassembly sequence planning (SDSP) and 3.
Partial disassembly sequence planning (PDSP). CDSP is
used to support assembly actions at the assembling stage
and disassembly actions at repair and maintenance stage. It
considers the disassembly and reassembly aspects of every
part and connector in a product. Later SDSP emerged as the
most appropriate technique to support repair and maintenance objectives, which aimed to disassemble and
reassemble targeted parts in a product. However, PDSP is a
technique that prioritizes the disassembly actions to extract
targeted parts without considering their reassembly conditions [12]. Researchers opinion that PDSP is the most
appropriate technique for EoL product management and it
can increase the proﬁts while satisfying environmental
concern at minimum energy and time consumption [13].
Rickli and Camelio [14] proposed a method to perform
PDSP and restricted the disassembly operations at an
optimal point to attain maximum proﬁt. Zhou et al [15]
stated that the method is followed to evaluate the resale
value generated from the extracted parts without considering the cost required in terms of disassembly effort for
their extraction. The non-consideration of cost criteria
might affect the economic feasibility of the generated
solution [15]. However, the environmental consequences
with the execution of necessary disassembly actions are not
evaluated in their method. Gkeleri and Tourassis [16]
investigated various DSP techniques and identiﬁed that
increasing such layers can create too many complexities to
handle and selection of tools to execute the generated
solution [16].
The current research is aimed to develop a sustainable
PDSP method that can generate a viable solution to obtain
maximum proﬁts while satisfying the environmental safety.
The article is organized as follows. Section 2 presents the
reviewed literature, which brieﬂy establishes DSP and its
importance of application in de-manufacturing. Section 3
describes working methodology in ‘Minimum Disassembly
Level (MDL)’. Section 4 presents the results obtained by
the application of proposed MDL method on a selected case
study and the related discussion is presented in section 5.
Section 6 concludes the article and proposes the future
scope of the research.

2. Literature review
Sasikumar and Kannan [17] studied the various issues in
de-manufacturing and found that it is different from
conventional production lines, which had to deal with
different varieties of products for raw material conversion
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from the dismantled parts. Shih and Lee [18] stated that
nearly 95% of de-manufacturing is organized by the
informal sector where the disassembly workers are given
wages in daily basis according to the quantity of valuable
parts extracted from the EoL products. Due to the lack of
minimum education and proper training, it became
obvious to prefer destructive operations, which consume
less time in the extraction when compared with systematic disassembly actions [18]. Kongar and Gupta [19]
identiﬁed that the EoL products have undergone several
changes in the use phase and various damages during
their transportation to dismantling centers. Even the
trained disassembly worker was facing severe difﬁculty
to identify valuable materials and the feasible directions
for their extraction through systematic disassembly
actions [19]. Xiang et al [20] performed an experimental
investigation on inﬂuence of the destructive actions over
workers in the informal sector and found the possibility
of incurable cancers due to the presence of different
carcinogenic elements in plastics. The direct exposure of
ﬂame retardants through burning and their deposition
over skin can cause severe damage to various tissues in
human body. Destructive actions become inevitable in
de-manufacturing because it requires minimum time
compared with systematic disassembly for the extraction
of valuable materials. The current research requires a
method to produce an optimal solution by making an
assessment between the reasons behind the practice of
destructive actions and the permissible level in de-manufacturing to avoid the damage of worker health and
environment.

2.1 Threshold limit value exceedment
Threshold limit value (TLV) is used as a measure to indicate the amount of toxic material to which a worker can be
exposed in a certain time interval. If the TLV is exceeded,
he/she may be affected with serious illness in short-term
exposure and it leads to death in the long time period [21].
Li et al [22] performed an extensive study on de-manufacturing sites and found that the workers were exposed to
toxic material at more than TLV in their daily working
hours. It is identiﬁed that the workers are affected with
incurable lung cancers with the overexposure of polybrominated diethyl ethers. Panwar and Ahmad [23] performed an assessment on TLV-exceeded de-manufacturing
sites and found severe environmental damage in the nearby
areas such as ground water contamination with the deposits
of heavy metals. Song and Li [24] opinioned that direct
shredding of EoL products in properly secured area with
installation of necessary chimneys can reduce environmental damage and usage of electric/magnetic separators to
extract valuable material can eliminate labor requirement
[24].
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2.2 Reduced environmental beneﬁts

2.4 PDSP method

Burlakovs et al [25] opinioned that the installation of such a
production line might be expensive but the rate of returns
obtained is higher by this process. Direct shredding is
involved in pulverization of the parts into powder form in
the ﬁrst step; then in the later stages the electric separators
can segregate the valuable materials, non-valuable materials and plastic residue [25]. Mikulcic et al [26] identiﬁed
that the average carbon emission content through electricity
generation is about 450 g/kWh and the heavy requirement
of electricity to perform these processes can cause severe
threat in the future compared with other greenhouse gas
emissions [26]. In most of the instances non-valuable
materials and plastic residue are disposed off at landﬁlls
meant for open burning without proper treatment, which
can contaminate air pollution with the release of toxic
gases. Charvat et al [27] performed an extensive study on
the carbon foot print and observed that combustion process
is the largest contributor of emissions among various processes in the industry [27]. Ruan and Xu [28] identiﬁed that
the systematic disassembly can eliminate environmental
hazards but the disassembly plans generated at product
design stage were found to be non-optimal because it
suggests unnecessary disassembly operations to extract the
high recovery valued parts [28]. JuJun et al [29] stated that
systematic disassembly demanded more time for the valuable material extraction and increased the labor cost, which
affected the overall proﬁt adversely.

PDSP is a solution that supports the dismantling activities
in both systematic disassembly and destructive actions
based on the recovery value of each part and connector of
an EoL product [15]. Rickli and Camelio propose the PDSP
concept to restrict the disassembly operations at an optimal
point to attain maximum proﬁt and such a point can be
identiﬁed from various LCA software such as GaBi, Eco
Invent, Sima pro, Eco Indicator 99 and Open LCA. The
relationship between the parts of a product is represented in
AND/OR graph and weights have been allotted to generate
the solution [13, 36]. Marconi and co-authors considered
different EoL aspects such as wear and rust, and reduced
the disassembly time consumption by eliminating the disassembly actions on low-recovery-value materials. A CAD
model has been developed to extract the liaison relationships (contact/connection) between the parts of a product.
The standard disassembly time and penalty has been
applied by breaking the each liaison between the targeted
parts of a product. It is observed that the economic aspects
are considered to evaluate recovery value materials but the
environmental consequences do not account for their safe
disposal [37]. Smith et al [38] performed cost–beneﬁt
analysis in PDSP by taking economic and environmental
constraints using Sima Pro LCA software. A model has
been developed in the 4th generation CAD tool and the
product information is represented in AND/OR graph. A set
of heuristics has been applied and an optimal point identiﬁed to achieve through permissible destructive operations
[38]. Igarashi et al [39] proposed a multi-scenario model to
optimize the disassembly process by considering the recycling cost and CO2 savings rate. It is a semi-automated tool
that can produce an optimal solution with the given inputs
from the expert. It is acclaimed that environmental beneﬁts
can be achieved by reducing the total amount of CO2
emissions through recycling of the material when compared
with extraction from ore [39]. Harivardhini et al [40] prioritized environmental aspects at EoL disassembly and
developed the Ideassemble software tool to estimate the
effort needed to perform necessary disassembly operations.
It requires human assistance to categorize the parts in an
EoL product into high risk, low risk and no risk based on
the existing material. It is inferred that limited range of
proﬁts can be achieved through systematic disassembly
when environmental aspects are given priority [40]. Tao
et al [41] used a precedence order matrix to represent the
disassembly tasks and identiﬁed the possibility of overall
time reduction through parallel disassembly operations.
The PDSP methods cited in the literature produce
sequential solutions, which suggest step-by-step operation
to perform disassembly; however, the possibility of parallel
disassembly is explored without subassembly detection.

2.3 Disassembly time
Disassembly time is deﬁned as the minimum time required
or consumed to disassemble the required parts from a
product and the effort spent during the disassembly activities is referred to as disassembly effort [30]. Das et al [31]
developed a model to estimate the disassembly effort based
on the seven factors time, hazard, tool, access, instruct,
force and positioning. It is found that disassembly time is
the most inﬂuencing and interrelated one among all the
factors [31]. Kroll and Carver [32] proposed a disassembly
time evaluation model by considering tool and hand
manipulations required to complete the necessary disassembly activities. Favi et al [33] stated that the existing
disassembly effort evaluation models considered the time
of standard disassembly tasks by assuming the reverse of
assembly; however, the conditions rust and wear of parts in
an EoL product demand more time. An optimal DSP can
reduce the overall disassembly time and effort signiﬁcantly
but non-consideration of EoL aspects at the solution generation makes it unsuitable for current research interest
[34, 35].

3. Methodology
The working schema of proposed MDL method is presented in ﬁgure 1. It consists of ﬁve layers, namely data
input layer, application layer, modiﬁcation layer, implementation layer and performance layer.

3.1 Data input layer
This layer consists of bill of materials (BOM), liaison
matrix, geometric feasibility and stability matrix of the
product. A hypothetical product represented is used to
demonstrate the working of the method and its exploded
view is presented in ﬁgure 2.
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Based on the observed research gaps, the research is
aimed to propose a sustainable PDSP generation method
that can maximize the proﬁts by reducing overall disassembly effort with minimum computations.

Table 1. Brief summary on existing PDSP methods in the cited literature.

• Organizations adopt direct shredding and do not
follow systematic disassembly to avoid the excess
consumption of operation costs; however the environmental safety is not considered in these processes.
• The existing CDSP method generates a solution to
perform undesirable operations by disassembling all
parts of the product.
• Necessary product information and cost criteria are
not included in most of the approaches to save the
computational time. This leads to an inappropriate
solution that is practically not feasible.
• The existing PDSP methods are capable of generating a linear disassembly sequence, which requires
more disassembly effort for the maximum material
recovery. Performing parallel disassembly operations is not signiﬁcantly highlighted in the methods
due to their inability to detect subassemblies in the
product.

Toxic material
separation

Although few of the studies consider subassembly detection, the precedence over other existing parts is identiﬁed
manually by taking a few of the disassembly attributes
such as liaison and geometric feasibility. Bahubalendruni
et al [42] analyzed the inﬂuence of predicate consideration
in the solution quality and proposed stability concept to
perform subassembly detection in the automated manner.
Abdulla et al [43] opinioned that non-consideration of
necessary disassembly attributes might inﬂuence the
practical feasibility of solution [43]. Table 1 presents a
brief description on PDSP methods in the cited literature
and the identiﬁed research gaps.
The literature reviewed earlier represents the state-ofart existing methods in DSP for EoL products management. The major research gaps in the de-manufacturing
are identiﬁed and listed here.
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Rickli and Camelio AND/OR graph and precedence relations
(2013)
Smith et al (2016) AND/OR and precedence relations
Igarashi et al (2016)Precedence graph and its relations
Harivardhini et al –
(2017)
Tao et al (2018) Constraint and precedence matrices
Mandolini et al
Liaison matrix and precedence relations
(2018)
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Figure 1. Working schema of the proposed method.

Table 2 presents the BOM, which consists of the name,
weight, material and its nature, i.e. whether it is recyclable
or toxic, of each part in the selected hypothetical product.
The weights are estimated from the 5th generation CAD
tool and the materials such as polypropylene (PP), aluminum (Al), polyvinyl chloride (PVC) and cast iron (CI)
are assumed to support the demonstration of proposed
MDL concept.

Figure 2. Hypothetical product used for demonstrating the MDL
method.

3.1a Liaison matrix: It is an n  n sized matrix in which
the ‘n’ represents the total number of parts in the product.
Here, the liaison refers to the contact between two different
parts of the product. The 8  8 sized liaison matrix of the
selected hypothetical product is presented in ﬁgure 3. The
cells such as (1, 2), (1, 5), (1, 6), (1, 7) and (1, 8) contain
‘1’, which indicates that part-1 possesses contact, respectively, with part-2, part-5, part-6, part-7 and part-8 whereas

Table 2. BOM for hypothetical product.
Part number
1
2
3
4
5
6
7
8

Part name
Base plate
Holder
Shaft
End plate
Tube-1
Tube-2
Rivet-1
Rivet-2

Weight (g)
140
240
120
70
23
23
20
20

Material
PP
Al
Al
Al
PVC
PVC
CI
CI

Recyclable
4
4
4
4
7
7
7
7

Toxic
4
7
7
7
4
4
7
7
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• Partial stability: It is an instance at which a pair of
parts of a product maintain the contact at initial
position and loses the same with orientation of axis.
• Permanent stability: It is an instance at which a pair of
parts can maintain their position irrespective of its
orientation.
A stability matrix consists of 0, 1 and 2 to represent,
respectively, the existence of no stability, partial stability
and permanent stability between the assembled parts of a
product. Figure 6 presents the stability matrix of a hypothetical product. Here cells (1, 5), (1, 6), (1, 7), (1, 8)
contain ‘2’, which indicates that part-1 possesses permanent
stability with part-5, part-6, part-7, part-8, and ‘1’ in cell (1,
2) indicates the existence of partial stability with part-2
whereas ‘0’ indicates no stability between the respective
parts.

3.2 Application layer
Figure 3. Liaison matrix of hypothetical product.

‘0’ in the respective cells indicates the non-existence of
contact.
3.1b Geometric feasibility matrix: It is a matrix that represents the feasibility of disassembling a part in the presence of other existing parts of the assembly. An
omnidirectional feasibility matrix is used to represent the
feasibility to disassemble in other than principal axis
directions [44].
Figure 4 presents the omnidirectional feasibility matrix
for the selected hypothetical product. The value
(-0.707107 0 -0.707107:0 1 0:0 -1 0:0 0 -1: -1 0
0:0.707107 0 -0.707107:0.707107 0 0.707107:0 0 1:
-0.707107 0 0.707107) is allocated to the cell (2, 5),
which is a disassembly vector to represent a disassembly
direction for the part indicated in the column with respect to
the part in a row.
3.1c Stability matrix: If the relation between two parts of
the product is maintained irrespective of their orientation it
is referred to as permanent stability; if the relation is
maintained only along one axis it is called partial stability
[45]. Figure 5(X) and (Y) presents, respectively, no stability
and partial stability whereas ﬁgure 5(Z) presents permanent
stability with external connectors.
• No stability: It is an instance at which a pair of
parts of a product loses the existing contact due
to non-coincidence of center of gravity between
them.

The proposed MDL model performs two kinds of disassembly: checking the removability of an individual part and
separating the group of parts (subassembly). The following
heuristics are implemented in this layer.
Heuristics:
• Formulate the combination of parts with respect to its
part number.
• Verify the satisfaction of each disassembly attribute
such as liaison, geometric feasibility and stability.
• The combinations that fail to satisfy all disassembly
attributes are eliminated to go for next levels.
• Prefer formulation of permanent stable subassemblies
than partially stable subassemblies.
• Parts that fail to ﬁt any subassembly are treated as
single parts and they are promoted to formulate the
sequence based on their precedence over existing
subassemblies.
The working principle of part concatenation method has
been adopted in this research to validate the subassemblies
and the feasible disassembly sequence plan is created by
taking the identiﬁed subassemblies [46].
Table 3 presents the working of the application layer for
2-part subassemblies and the part combinations that fail to
qualify the liaison rule are exempted for attribute testing to
avoid unnecessary computational effort consumption at the
next level. The stable subsets are promoted at each level
from level-2 to level-n; here ‘n’ represents the total number
of parts in a product.

3.3 Modiﬁcation layer
The ﬁnal optimized solution is generated at this layer by
reordering the solution developed in the previous layer
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0.707107 0 0.707107:0 1 0:0 1 0:0 0 1:1 0 0:-1
0 0:-0.707107 0
0.707107:-0.707107 0 0.707107:0 0 1:0.707107 0 0.707107:

000

-0.707107 0 0.707107:0 1 0:0 -1 0:0
0 -1:-1 0 0:1 0
0:0.707107 0 0.707107:0.707107 0
0.707107:0 0 1:0.707107 0 0.707107:

001

001

0.707107 0
0.707107:0 -1
0:0 1 0:0 0
1:1 0 0:-1 0
0:-0.707107 0
0.707107:0.707107 0 0.707107:0 0
-1:0.707107 0
-0.707107:

0 -1 0:0 1 0:0
0 1:1 0 0:-1 0
0:-0.707107 0
0.707107:0.707107 0 0.707107:0 0
-1:0.707107 0
-0.707107:

0.707107 0 0.707107:0 1 0:0 1 0:0 0 1:1 0 0:-1
0 0:-0.707107 0
0.707107:-0.707107 0 0.707107:0 0 1:0.707107 0 0.707107:

0.707107 0 0.707107:0 1 0:0 1 0:0 0 1:1 0 0:-1
0 0:-0.707107 0
0.707107:-0.707107 0 0.707107:0 0 1:0.707107 0 0.707107:

0.707107 0 0.707107:0 1 0:0 1 0:0 0 1:1 0 0:-1
0 0:-0.707107 0
0.707107:-0.707107 0 0.707107:0 0 1:0.707107 0 0.707107:

000

5

6

7

8

102

000
1

2
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Figure 4. Omnidirectional feasibility matrix for hypothetical product.

according to PDSP objectives. A set of heuristics are
framed to save the disassembly time by avoiding the disassembly of toxic and less-recovery-value parts while
extracting high-recycle-value parts from the EoL product.
Heuristics:

• Prioritize the high-recovery-value material parts to
disassemble early stages and perform minimum disassembly operations to extract the part.
• Parts damaged during transportation are taken to be of
no recovery value and avoided for further disassembly.
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Figure 5. Types of stability between the parts.

1

2

3

4

5

6

7

8

profit ¼ Cov  Civ

ð1Þ

1

0

1

0

0

2

2

2

2

Cov ¼ Crv

ð2Þ

2

0

0

1

0

0

0

2

2

Civ ¼ CM þ Cop þ Coh

ð3Þ

3

0

1

0

2

0

0

0

0

4

0

0

2

0

0

0

0

0

5

2

0

0

0

0

0

0

0

6

2

0

0

0

0

0

0

0

7

2

2

0

0

0

0

0

0

Recovery value (CRV) – revenue obtained by selling the
recovered material; Machine cost (Cm) – setup cost ?
running cost ? maintenance cost; Overhead cost (Coh) –
rent ? security ? safety cost ? transportation cost; Operational cost (Cop) – total time spent (Tt)  cost per unit time
(Ct); Total time (Tt) – basic time to perform the task by the
worker (Tb) ? penalty due to directional changes and tool
changes (TP).

8

2

2

0

0

0

0

0

0

Figure 6. Stability matrix of a hypothetical product.

• Avoid the effort spent in disassembling parts of less/no
recovery value and toxic material.
• Toxic materials should be sent for safe disposal
section.
3.3a Economic parameters: De-manufacturing is a process in which the outputs are set to be a constant and the
inputs have to be manipulated for proﬁt maximization.
The resale value of the recovered material from the
recycling of the EOL products is taken as output whereas
the variables such as machine cost, operational cost and
overhead cost are taken as input. The overall proﬁt is
represented as the difference between the output (Cov ) and
input cost (Civ ):

3.3b Environmental parameters: The existing PDSP
method considered the reduction in CO2 emissions through
recycling of the material when compared with extracting
the same from ore. However, the CO2 emissions produced
in the form of electrical energy to carry out the recycling
process is not accounted.
Enet ¼ Er  Ep

ð4Þ

Enet = total CO2 savings rate; Er = CO2 emissions
reduced through recycling; Ep = CO2 emissions produced
during recycling.
The release of toxic gases can cause harm to workers by
direct and indirect exposure; however ingestion of toxic
elements at different steps in de-manufacturing is inevitable. The TLV indicates the amount of time a worker can
be exposed to toxic environment without any health issues.
Short-term exposure TLV (STLV) and long-term exposure
TLV (LTLV) are considered for the study in this research,
which indicate the amount of toxic substance released in
15 min and 8 h, respectively [47, 48].
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Table 3. Feasibility of subassembly formulation.
Part combinations

Liaison
4
7
7
4
4
4
4
4
7
7
–
4
4
4
7
7
7
7
7
7
7
7
7
7
7
7
7
7

1-2
1-3
1-4
1-5
1-6
1-7
1-8
2-3
2-4
2-5
2-6
2-7
2-8
3-4
3-5
3-6
3-7
3-8
4-5
4-6
4-7
4-8
5-6
5-7
5-8
6-7
6-8
7-8

Geometric feasibility
4
–
–
4
4
4
4
4
–
–
–
4
4
4
–
–
–
–
–
–
–
–
–
–
–
–
–
–

Stability

Valid subassembly

4
–
–
4
4
4
4
4
–
–
–
4
4
4
–
–
–
–
–
–
–
–
–
–
–
–
–
–

4
–
–
4
4
4
4
4
–
–
–
4
4
4
–
–
–
–
–
–
–
–
–
–
–
–
–
–

TMSc – the amount of toxic material separated from the
EOL product in STLV period; TMSD – the amount of
toxic material separated from the EOL product in LTLV
period; LD50 – lethal dose of toxic material that can kill
50% of sample population by direct exposure; LC50 –
lethal concentration of toxic that can kill 50% of sample
population in a certain time; TLV – threshold limit value
of a product; C1, C2, C3, …, Cn – the concentration of
materials in each part of a product; T1, T2, T3, …, Tn – the
TLV of each individual material existing in the part of a
product.
Objective function ðZ Þ ¼

n
X
i¼1

Figure 7. Working of modiﬁcation layer for hypothetical
product.

TLV ¼

TMSC ¼ LC50

ð5Þ

TMSD ¼ LD50

ð6Þ

C1 C2 C3
Cn
þ
þ
þ  þ
T1 T2 T3
Tn

ð7Þ

max



Cop Cip


ð8Þ

þ ðEr EP Þ þ TMSc Þ:
Figure 7 presents the working of modiﬁcation layer for the
selected hypothetical product and the respective legends are
given. The materials are categorized into four types: (i) recyclable and non-toxic material, (ii) recyclable and toxic
material, (iii) non-recyclable and non-toxic material and
(iv) non-recyclable and toxic material. In this research, the
recyclable and non-toxic material is given highest priority
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Table 4. Optimal solution produced by MDL method for hypothetical product.

No. of
parts

No. of subassembly
possibilities

8

46

No. of
disassembly
levels

Final solution
(8-(7-[((1-5)-6)-((2-3)-4)]

No. of directional
changes

5

No. of tool
changes

4

2

Disassembly
time (min)
2

Table 5. Subassembly-based tool and resource allocation.
Disassembly level

Part/subassembly

1
2
3
4
5

Disassembly operation

8
7
(4-(2-3))
6
5, 1

Tool

Break
Break
–
Extract
Extract

Allocation

Hammer
Hammer
Hand
Pliers
Pliers

Landﬁll
Landﬁll
Recycle
Safe disposal
Safe disposal, recycle

Table 6. Results obtained by MDL method for the hypothetical product.
CO2 savings rate (kg)

Input cost
No. of products
360

Working time (h)
8

Cm

Cop

4940

1200

Output cost (Cov)
26750

Proﬁt
20610

Er

Ep

973

570

Enet
403

TMS (kg)
LC50

LD50

0.051

1.65

The MDL method identiﬁes the possibility of forming a
subassembly (4-(2-3)) with the parts 2, 3, 4 and it gives
priority to disassemble at initial stages. A modiﬁcation in
the initial solution is made by bringing such a subassembly
followed with other existing parts such as 6, 5 and 1.
However the precedency is not supported with part-7, -8
due to geometric infeasibility; hence the modiﬁcation
process is terminated and ﬁnal optimal solution at step-3
shown in ﬁgure 7 is produced. Table 4 has the optimal
solution, which represents time required to extract necessary parts from the hypothetical product. Here ‘[‘ represents
partial stability and ‘(‘ represents permanent stability in the
ﬁnal solution.
Figure 8. Exploded view of torch light assembly.

3.4 Implementation layer
because it can generate maximum revenue with considerable beneﬁts whereas recyclable and toxic material category can generate good revenue at the expense of minimum
environmental safety. Category-1, -2 are given priority at
initial levels and category-4 is left undisturbed to provide
ease of safe disposal. Hence the respective weights such as
0.4, 0.3, 0.2 and 0.1 for each category of material are
allotted.

This layer analyzes the solution obtained from the modiﬁcation layer and it requires the expert intervention for the
decision making to execute the disassembly operations. The
tools required to perform disassembly and permissibility of
destructive operations are analyzed using the BOM and
TLV. Table 5 presents the execution of necessary disassembly operation to disassemble a part/subassembly and
respective tool, resource allocation at each disassembly
level.
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Table 7. BOM for torch light assembly.
Part number

Part name

1
2
3
4
5
6
7
8
9
10
11

Material

Tail cap
Frame
Lamp holder
Focus lock
Reﬂector
Lens
Face cap
Lamp
Switch
Battery-1
Battery-2

Weight (g)

Al
Al
Al
Al
PVC
Glass
Al
–
Al
Li-ion
Li-ion

Recyclable

Toxic

4
4
4
4
4
7
4
7
4
7
7

35
100
20
20
20
20
25
15
5
23
23

7
7
7
7
4
4
7
4
7
4
4

Table 8. Optimal solution produced by MDL method for selected case study.

No. of
parts

No. of
subassemblies
detected

11

Final solution

35

No. of
directional
changes

No. of
disassembly
levels

([[11-10]-((1-2)-9)]-([[[[3-5]-8]-6]-7]-4))

3

2

Time
spent
(min)

No. of tool
changes
0

1

Table 9. Stepwise disassembly operation for the torch light assembly.
Disassembly level

Part/subassembly

1

Disassembly operation

[[11-10]-((1-2)-9)],
[[[[3-5]-8]-6]-7]-4]
[11-10],
((1-2)-9)
4, 7
[[3-5]-8]-6]

2
3

Tool

Allocation

De-fastening

Hand

-

De-fastening

Hand

De-fastening

Hand

Recycling
Recycling
Recycling
Safe disposal

Table 10. Results obtained by MDL method for selected case study.
CO2 savings rate (kg)

Input cost
No. of products
720

Working time (h)
8

Cm

Cop

4940

1200

Output cost (Cov)
42000

3.5 Performance layer
This layer presents the outcomes such as economic and
environmental aspects given in equation 8 from the given
inputs. The output cost is estimated from the recovery value
of a product after performing the disassembly activities.
The overhead cost, setup and maintenance costs in machine
cost are not considered in this study whereas running cost is
taken as number of power units consumed for conversion of
individual parts into the material. The economic parameters
such as CO2 savings rate and toxic material separation are

Proﬁt
35860

TMS (kg)

Er

Ep

Enet

LC50

2400

576

1824

1.16

LD50
35.2

achieved by implementing the solution generated from
MDL method. Table 6 presents an estimated results for the
hypothetical product based on the given information. Here
the working time represents the total disassembly time
required to complete the necessary disassembly activities
for the extraction of valuable material from the hypothetical
product. The disassembly time is taken as the average value
from the onsite case studies and experimental investigations
carried at NIT Puducherry. However these values may vary
based on the skill level of the labor and available
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material can be separated in the time period of 15 min and
8 h, respectively.

5. Discussion

Figure 9. Computational time consumption comparison of the
proposed method and existing PDSP methods.

disassembly tools. The economic parameters are taken from
the actual market conditions, which may vary in accordance
with region, time and season. The current study adopts the
Puducherry market conditions whereas the environmental
parameters are estimated through eco-invent database by
providing the product’s BOM.

4. Application
The developed MDL method has been tested on a Windows
operated system with 64-GB RAM, 1-TB memory, I6 dual
core processor. An 11-part numbered torch light assembly
has been selected for case study and the exploded view of
the product is presented in ﬁgure 8.
Table 7 presents the BOM for the selected case study to
apply the proposed MDL method and the material data that
exist in the product. The weights have been taken from
direct measurement and nature of material evaluated with
the Eco invent database.
CAD model of the product has been supplied to the input
layer along with BOM to extract disassembly attributes for
solution generation. Upon receiving the essential information, it produced an optimal solution based on the given
objectives. Table 8 presents the optimal solution and time
required to extract necessary parts from the selected case
study.
Table 9 presents the execution of necessary disassembly
operation to disassemble a part/subassembly and respective
tool, resource allocation at each disassembly level.
The results obtained by applying the proposed MDL
method are represented in table 10. It can be observed that
4 workers are required to perform necessary disassembly
operations in 8 h of working time. Here each worker is
allowed exposure to toxic environment for 4 h at the permissible level of TLV, i.e. 0.785. Nearly 180 EoL products
can be disassembled by each of the worker at the rate of
1/min and the remaining time is taken for recycling of
valuable material. It is shown that 1.16 and 35.2 kg of toxic

This section presents a comparative analysis of the proposed MDL method with the existing PDSP methods
developed by Smith et al [38], Igarashi et al [39] and
Harivardhini et al [40]. The parameters such as computational effort, savings in disassembly time and economic
outputs has been considered to evaluate the performance
whereas direct shredding is considered for environmental
safety evaluation.

5.1 Computational time consumption at different
levels
The comparative analysis of computational time consumption to generate a solution by the proposed method
and the existing PDSP methods is presented in ﬁgure 9. The
selected methods consider a few of the disassembly predicates such as liaison and geometric feasibility to evaluate
precedence relation.
The overall solution generation process is divided into
three different stages: attribute test, feasible solution generation and optimality ﬁtness test. The similarity of attribute consideration and iterative nature represent the similar
trend in their performance. It has been observed from ﬁgure 9 that the developed MDL method consumes more time
compared with other methods at the ﬁrst stage and gradually reduces the time consumption for subsequent levels
because subassembly detection has been performed at the
ﬁrst phase whereas the selected methods directly pressure
for solution generation. However, signiﬁcant reduction in
the time consumption has been observed in the further
phases for the generation of complete DSP. Subassembly
detection allowed organizing the disassembly in parallel
operations. In the third phase, the optimality ﬁtness has to
be veriﬁed by taking directional changes and tool changes
offered by the generated solution. It is obvious that subassembly detection reduces total number of changes compared with linear solution due to elimination of step-by-step
evaluation for each part in the product.

5.2 Savings in disassembly time
PDSP through parallel disassembly operations is an effective choice to maximize the returns and minimize the disassembly time. Signiﬁcant savings in disassembly time by
utilizing the proposed PDSP method are observed. The
existing PDSP methods are considered precedence relations
between parts of a product and generate a linear disassembly plan such as 8-10-7-9-11-2-3-4-5-6-1-12. It can be
observed from table 7 that the targeted parts are 1, 2, 3, 4, 5,
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Figure 10. (a) No. of disassembly levels. (b) No. of directional changes. (c) Disassembly time comparison between the proposed and
existing PDSP methods.

7 and 9 from the selected case study. Figure 10(a) shows
that existing PDSP methods give a solution to complete the
disassembly in 10 disassembly levels compared with 3
disassembly levels by the proposed MDL method. Figure 10(b) shows that it requires 6 directional changes
compared with 2 by the proposed method. Figure 10(c) shows that the solution by the proposed MDL
method needs 1 min to complete the disassembly activities
and existing PDSP methods need 4 min of time. It has been
observed that the total time spent on disassembly increases
with the number of disassembly levels, directional changes
and tool changes. Subassembly detection feature in the
proposed method prioritizes the parallel disassembly
operations whereas the existing PDSP with sequential
PDSP can allow only one operation in one step. The
observed savings of 3 min/product is equivalent to 240 min
in the TLV and it can be utilized to disassemble other 240
EoL products.

utilization of worker effort in disassembly. The effectiveness of proposed method over existing PDSP methods is
presented in ﬁgure 11.
A 250 kg/day capacity shredder has to be supplied with
40 kg/h segregated parts in order obtain the pulverized
form of desired material. Approximately 13 workers are
required to execute the disassembly operations in the
speciﬁed TLV according to the solution given by the

5.3 Maximal economic outputs
Operator cost is found to be the most inﬂuencing parameter
among the input costs given in equation 3. The maximization in the returns is observed by the effective

Figure 11. Operator cost required from the MDL and existing
PDSP methods.
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Figure 12. (a) CO2 savings rate. (b) Toxic material separated by the proposed MDL method and direct shredding.

existing PDSP methods [38–40]. However, the proposed
method utilizes the disassembly effort and it needs minimum number of workers for the same in toxic-free work
environment.

5.4 Environmental safety achievements
The total CO2 saving from recycling of aluminum and
electricity consumption with systematic disassembly and
the direct shredding is given in ﬁgure 12(a), and (b) presents the separation of toxic materials by disassembly and
their elimination in the recycling process further.
A shredder and magnetic separator, respectively, can
recycle 250 kg/day at the consumption of 25 and 50 KWh.
The average working time is taken as 8 h in a day, which
consumes 600 units and throws 471.6 kg of CO2 emissions
(1 unit = 0.786 kg of CO2). The systematic disassembly
eliminated the need of a magnetic separator by avoiding the
contamination of glass granules, PVC with aluminum. It is
observed from equation 7 that for direct shredding, of
STLV of 1.16 is larger whereas the ﬁrm is supported at
0.785. The release of Argon gas, silica fumes, Tungsten,
Lead fumes and Li-ion rechargeable batteries are greatly
reduced in the de-manufacturing stage, which are sent for
safe disposal through the transportation used for regular
waste dumping. It is proved from this study and the results
indicate that environmental safety is greatly achieved
through systematic disassembly while maximizing the
proﬁts [48–50].

6. Conclusion
The research is aimed to produce an optimal solution to
achieve maximum proﬁts through systematic disassembly
operations in the de-manufacturing of EoL products. It is

found that de-manufacturing is a process where the outputs
are constant and only the input costs have to be minimized
for the proﬁt maximization. Operating cost is the most
inﬂuencing parameter among all input costs involved with
labor wages related to working time. PDSP concept has
been tried to control the disassembly activities at optimal
point but the execution of sequential operations needs more
input cost to work within TLV.
In this research a novel multi-layered PDSP method is
proposed for the maximization of returns by reducing the
input costs within TLV.
• The method produces a valid solution with minimum
computational effort by considering different cost
criteria. Subassembly detection feature plays a crucial
role in reducing number of disassembly levels to meet
the optimal point for the material recovery within less
time.
• The observed savings in the working time are utilized
to perform more economic operations for disassembly
of more EOL products. The utilization of working time
reduces the excess consumption of operating cost and
projects positive inﬂuence over the input costs.
• The execution of systematic disassembly operations in
de-manufacturing directly reduced the machine running cost by recycling of maximum-recovery valued
parts and avoided the use of separators for material
segregation.
• Nearly 1824 kg of CO2 emissions can be minimized
through recycling of the high-value material and
electricity consumption of the recycling equipment
such as shredders. The requirement of electric/magnetic separator is completely eliminated by the
systematic disassembly activities performed within
TLV.
• The toxic gas release into environment is minimized;
the TLV of 0.785 offered by the ﬁrm is effectively

Sådhanå (2021)46:102
utilized and nearly 1.18 kg of toxic materials is
separated through systematic disassembly operations.
• The limitation in this concept is task execution and
resource allocation for heavy weighted EoL products
because in some instances, robotic assistance to
execute the necessary actions is essential. The future
scope of this research is to automate the implementation layer by considering ergonomic factors and to
implement the proposed concept on different ranges of
EoL products.
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