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Abstract: Recently, the approach that defines the total life cycle assessment (LCA) and the end of
life (EoL) in the early design phases is becoming even more promising. Literature evidences many
advantages in terms of the saving of costs and time and in the fluent organization of the whole
design process. Design for disassembly (DfD) offers the possibility of reducing the time and cost of
disassembling a product and accounts for the reusing of parts and of the dismantling of parts, joints,
and materials. The sequence of disassembly is the ordered way to extract parts from an assembly
and is a focal item in DfD because it can deeply influence times and operations. In this paper,
some disassembly sequences are evaluated, and among them, two methods for defining an optimal
sequence are provided and tested on a case study of a mechanical assembly. A further sequence of
disassembly is provided by the authors based on experience and personal knowledge. All three are
analyzed by the disassembly order graph (DOG) approach and compared. The operations evaluated
have been converted in time using time measurement units (TMUs). As result, the best sequence has
been highlighted in order to define a structured and efficient disassembly.
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1. Introduction

The concept of design for assembly is now rooted and consolidated within industrial activity,
gaining important benefits regarding the production costs of various products, from mechanics to
electronics; these policies also allow for a rational use of production environments and improve the
working conditions of operators. With the relentless technological progress, the volume of goods
produced has increased exponentially, and consequently, a reduction in the useful life due to the
obsolescence of the systems (above all in the field of electronics); this has led to the increase of waste
and old machinery that can become a potential risk for the environment. As a result, policies have
been implemented for the proper disposal of this waste through the dismantling of various disused
devices; however, this activity can potentially become disadvantageous when dismantling is difficult
to implement due to difficult to manage materials and design choices totally aimed at optimizing
production. Many optimization methods based on QFD (quality functional deployment), TRIZ (theory
of inventive problem solving), and benchmarking can support the product design from the early phases
onward [1–4]. They try to convert the user’s requirements into product specifications and they are useful
instruments for competitive analysis and continuous improvement [5]. Chen adopted [6], for example,
an innovative design methodology based on TRIZ is proposed that uses active disassembly technology
as fasteners made using shape memory plastics in order to achieve an easy dismantling of parts.
Sakao [7] adopted LCA, an extension of QFD (QFDE—quality function deployment for environment)

Appl. Sci. 2019, 9, 3638; doi:10.3390/app9173638 www.mdpi.com/journal/applsci

http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0003-4809-3536
https://orcid.org/0000-0002-3255-9381
http://dx.doi.org/10.3390/app9173638
http://www.mdpi.com/journal/applsci
https://www.mdpi.com/2076-3417/9/17/3638?type=check_update&version=2


Appl. Sci. 2019, 9, 3638 2 of 21

and TRIZ in order to reduce the energy consumption of a hair drier. The methodology suggests to
designers to be aware of the product’s high impact on global warming through energy consumption
during its use phase, which is one of the LCA results, to define a requirement objectively in QFDE, i.e.,
“reduce the energy consumption” with a high weighting. The QFDE result was that “dry quickly” and
“dry quietly” have a contradiction. For this contradiction, the implementation of TRIZ suggested four
improvement solutions, and among them, the best one was chosen. Fargnoli et al. [8] presented an
application of QFD to many ambits of Design for Disassembly (DfD). Many houses of quality were
proposed (safety function deployment, quality function deployment for environment, quality function
deployment for maintenance, green quality function deployment, QFD for product/service system),
and they were tested on a common case study, confirming the success of the house of quality theory.

All these optimization applications give advantages toward finding the best solution to issues
concerning the product development; design for disassembly (DfD) puts the attention, already in the
preliminary design phase, to the EoL (end of life) cycle of the product, which involves implementing
choices that allow for an effective dismantling and minimizing of waste, thus exploiting the potential
re-use of parts and materials obtained after the disassembly. The main factors influencing the ease
of disassembly of products are the financial aspects, including the costs of the disassembly process,
the cost of benefits of the item reuse, and the recycling costs of disposal and environmental impact.
These aspects reflect on the improvement of the environmental performance of re-manufacturing
and recycling activities. A method suggested by Harjula [9] shows how the disassembly sequence
can influence financial benefits, even if the environmental implications have to be taken into account.
DfD can be intended toward three areas: selection of materials, design of components and layout
of products, and careful selection of fixing and connection systems. Assembly and disassembly
plants can be optimized [10–12] and disassembly operations can be mechanized, also with the help of
digital/augmented reality tools [13]. It is essential to notice that DfD is not simply the inverse of the
design for assembly, but a trade-off between the production cycle and the recycling cycle that leads to
an optimization of both costs and maintenance during the life of the mechanism.

2. State of the Art

Many attempts have been made in the literature toward products’ disassembly planning.
They mainly focus on the definition of strategies that can guide the designer toward a quantitative
evaluation of disassembly ease for products. In Reference [14], the disassembly plant of a computer
power unit (CPU) has been analyzed in order to validate a method based on the filling of an evaluation
chart that described the disassembly process by means of some entries such as the quantity, the task
types and repetitions, the required tools to disassemble parts, and the difficulty rating of the disassembly
process. Finally, it evaluated the ease of disassembly in terms of the design effectiveness and the
disassembly time.

Integrating the principles and ideas of the DfD is useful for verifying the disassembly cycle
while the component still needs to be produced by exploiting the virtual environment. Computer
simulation is a powerful method for designing and analyzing manufacturing processes in industry [15],
for operations management [16], or just in the disassembly process organization [17]. As described by
Osti [18], during ESD (early stage design), the best configuration should be sought to make the product
more sustainable throughout its life cycle. The study of these needs through the study of the Computer
Aided Design (CAD) model remains effective. In this paper, we started from the CAD model of a
gearbox in order to analyze its disassembly sequence. It was found that CAD models did not highlight
the problems related to the physical interactions between the component and the operator.

The disassembly sequence is an essential step for product disassembly because it influences the
productivity and the costs. Other approaches use a geometrical reasoning technique to establish this
precedence knowledge. However, there are cases that cannot be solved using geometric reasoning
alone. Although the geometric reasoning technique has weaknesses, the approach has the advantage
of achieving integration with CAD models.
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These approaches can detect interference directly from the 3D representation of a CAD model.
However, higher accuracy of the result increases the cost of the computation. Using CAD, product
disassembly can be carried out visually on a computer, so it is easier to generate an optimal disassembly
sequence and to establish a correct and practical disassembly path for the part in the product.
The product disassembly time depends on several factors such as component shape, size and
weight, joining element, joining direction, disassembly tools, and equipment [19]. In the literature,
different classifications have been proposed for mechanical connections and part interfaces [20,21].
Mandolini [22] proposed a structured method for analytically estimating the disassembly time in
a complex assembly. They defined a repository (called Liaison_DB) containing the essential time
base data of the main assembly liaisons and corrective factors that are used for the disassembly time
estimation for calculation of the effective disassembly time.

Even if the proposed classifications can be considered to be the basis for the development of a
complete characterization of assembly/disassembly liaisons, they have some limitations as they are not
complete and do not propose an effective disassembly time for each category or item, and they are
based on a theoretical framework and not on experimental analyses.

As is well known, the number of possible disassembly sequences significantly increases with the
number of parts in a product. Thus, the generation of proper disassembly sequences order is critical.
Good attempts to define methods that could help the designer achieve DfD optimization have been
presented by Cappelli [23]. The main issue concerns the complexity of mechanical assemblies that
require high computational resources to be solved. The cited method proposed, despite introducing
a very good methodology to find an optimal sequence of disassembly, is applied to a very simple
subassembly. The application of such a method to a complex assembly does not provide the same
optimal results, in terms of computational times, as most of the existing methods often require expensive
computational resources while, at the same time, they often fail to find optimal solutions for complex
product disassembly. However, the available disassembly evaluation methods today seldom make
disassembly the preferred end-of-life solution for the reuse of parts or components in an economically
sustainable way for lower value products. DfD has become a challenging problem for the automotive
industry because it has been estimated that 75% of the weight of each vehicle disposed of can be
recovered. Nowadays BMW is a leader in the dismantling and recovery of parts, and great interest
from the market is addressed toward the dismantling of the gearbox [5].

A general classification for disassembly methods can be made as follows:

• Interactive methods for the sequence generation that get information from the users. They can
become unrealistic when the disassembly operator is not the designer of the product [24,25].

• Automatic methods are preferred way for sequences generation. This allows one to generate
the disassembly sequences automatically, according to the geometry relationship among the
components in a product. However, how to find the easiest and simplest model for sequence
generation in an automatic way is still an issue [26–33].

• Searching algorithms, based on heuristic searching, wave propagation approach, and Dijkstra’s
algorithm [34–38], have high computational complexity [39].

• Artificial intelligence methods try to find the optimized way for sequence generation relating to
the expert system or online calculations for real applications in industries and need relatively long
execution times for sequence searching [40–42].

Exploiting mixed and augmented reality (AR) technologies enables one to deal with both design
for assembly and DfD by performing assembly/disassembly simulations and the training of operators
who will then perform the established operations, despite the use of digital mock-up (DMU) models
for assembly/disassembly evaluation, which has limited application areas because of its high cost
investment. Advantages from the use of AR within the industrial sector are several: reduction of the
risk of accidents in dangerous operations; reduction of the cycles of development; reduction of human
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error in the execution of the operations; improvement of efficiency, and reduction of time and costs
related to the maintenance, production, and disposal of products [43,44].

However, a further integration of the current analysis with VR tools will be implemented using a
system equipped with an HMD (head mounted device) [45], on which the step-by-step instructions are
displayed and can be implemented with the operator’s knowledge in a virtual environment.

3. A Virtual Gearbox as a Disassembly Case Study

Disassembly sequence planning consists of the realization of a disassembly sequence coherent with
the benefits that DfD can offer. Villalba et al. [46] utilized the important aspects of DfD. For Zhou [47],
the main existing disassembly sequence planning methods from the perspectives of disassembly mode,
disassembly modelling, and planning method have been reviewed; the characteristics of different
methods have been analyzed; and future trends in disassembly sequence planning are discussed.

In order to reduce the time and cost of disassembling a product and to optimize the reuse of parts
and different materials, this paper discusses the evaluation of an optimal disassembly sequence to be
performed on a case study. The method is developed and discussed in the context of relatively small
products that can be disassembled by a seated person using hand-held tools. The market has recently
demonstrated great interest in the dismantling and recovery of parts in the automotive industry, and in
particular, in the dismantling of gearboxes.

This helped us to choose the product under evaluation, which is an orthogonal axis speed gearbox
from the Rossi Motoriduttori Soc. of Modena (Figure 1), whose bill of materials (BOM) is shown in
Table 1.

Figure 1. Technical 2D drawing of the orthogonal axis speed gearbox.
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Table 1. The Bill of Material of the speed gearbox.

Part No. Description Qty.

1 Lower casing 1
2 Bearing 75 KB UNI 4219 2
3 Elastic plug B 20 × 12 × 120 UNI 6604 1
4 Transmission shaft 1
5 Oil seal 75 × 95 × 10 1
6 Flange 1
7 Elastic plug B 14 × 9 × 58 UNI 6604 1
8 Spacer 1
9 Gear 1
10 Pinion 1
11 Elastic plug B 12 × 8 × 40 UNI 6604 1
12 Spacer 1
13 Conic pinion 1
14 Bearing 30 KB UNI 4219 2
15 Flange 1
16 Oil seal 30 × 40 × 7 1
17 Elastic ring 30 × 2 1
18 Spacer 1
19 Conic gear 1
20 Spacer 2
21 Bearing 49 KB UNI 4219 2
22 Spacer 2
23 Bearing 50 KB UNI 4219 2
24 Pinion 1
25 Flange 1
26 Spacer 1
27 Elastic plug B 20 × 12 × 70 UNI 6604 1
28 Spacer 1
29 Gear 1
30 Screw M8 × 30 UNI 5737 - 8.8 4
31 Support 1
32 Screw M6 × 20 UNI 5739 - 8.8 4
33 Elastic plug B 8 × 7 × 45 UNI 6604 1
34 Screw M12 × 100 UNI 5737 - 8.8 6
35 Rosetta A 13 UNI 1751 6
36 Flange 2
37 Screw M8 × 25 UNI 5737 - 8.8 16
38 Rosetta A 15 UNI 1751 4
39 Screw M14 × 100 UNI 5737 - 8.8 4
40 Upper casing 1
41 Load cap G 3/4 1
42 Screw M10 × 30 UNI 5739 - 8.8 8
43 Drain plug G 3/4 1
44 E × haust hole G 3/4 1
45 Pin 8 × 25 UNI 1707 2

Cop A Flange 1
Dist B Spacer 1

The speed gearbox was reproduced from the original 2D drawings in a 3D environment using
CAD by employing the CREO PARAMETRIC 3.0 software, developed by PTC—Parametric Technology
Corporation, Needham, USA, which is a parametric 3D modeler that is quite intuitive and specifically
created for mechanical engineering.

The gearbox was disassembled by following three different sequences. Two of these have been
suggested by References [48,49], while the third has been proposed by the current authors, which were
guided by personal knowledge and experience.
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In the assembly environment, the virtual gearbox has been modelled by taking into account all
the functionality of the components. Given the number of components, the total assembly has been
subdivided into four sub-groups, represented in Figure 2 that enables for the data to be managed in a
more accessible way.

Figure 2. The total assembly of the gearbox.

The four sub-groups correspond to the four shaft sections, parts of the transmission of the motion.
One of this sub-groups is shown in Figure 3 for convenience.

Figure 3. One of the four subgroups composed of a shaft, gears, and bearings.

The assembly refers to the first part inserted into the ambient that is the box. The four sub-groups
were inserted starting from the output shaft, going up to the pinion, which was entry of the motion.
The groups were assembled so that the bearings are aligned with their seats, made in two components.
During the assembly arrangement, eventual errors accumulated along the measurement phase and the
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conversions through the scale factor were checked. During the assembly operations, it was necessary to
pay attention to the correct alignment of the wheels, a determining factor for their correct functioning.
Before “closing” the gearbox, two plugs were inserted (placed at the two ends of the support surface)
such that they can act as a centering for the aligned installation of the cover with respect to the casing.
Finally, the lock washers were inserted and then the screws that clench onto the casing were tightened
to the correct torque. A complete assembly of the gearbox is shown in Figure 2. Once the assembly
was completed, the disassembly evaluation could start.

4. The Disassembly Sequences for Evaluating the Disassembly Efficiency of the Virtual Gearbox

The optimal sequence of disassembly has been investigated by seeking the best compromise
between the time taken for disassembly and the operations performed. This subject matter is the
object of the attention of many teachers/technicians because it is essential to find an optimal working
cycle for two reasons: the dismantling of the device and its maintenance. The first is devoted to
an eco-friendly perspective, since it tries to limit the environmental impact of industrial operations,
while the second is oriented toward the limitation of management costs by reducing the time for
ordinary and/or extraordinary maintenance. In searching for the optimal sequence for this case study,
three different paths have been compared in order to grasp the differences in their modus operandi
and to understand how these methods interact with the work environment and with the geometry of
the component.

4.1. DfD Sequence Proposed by the Current Authors

The sequence developed by the current authors was derived from the observation of the 3D model
and from how to remove the gearbox. Four subgroups of the assembly were considered as a whole
block and their sequence was calculated separately and then integrated into the optimized sequence.
The four groups, shown in Figure 4, were made of components numbered as follows:

Group A: 3-2-28-29-27-2-4 (referred to in the text as grA);
Group B: 23-8-9-7-26-23-24 (referred to in the text as grB);
Group C: 21-13-19-11-12-21-10 (referred to in the text as grC);
Group D: 33-32-16-15-17-18-14-13-31 (referred to in the text as grD).
In the list of the above groups, the elements have already been indicated in the order in which

they must be disassembled.

Figure 4. The four sub-groups of the gearbox.

The sequence developed tries to reproduce how to disassemble the gearbox and is described as
follows: start by removing all the external components of the gearbox, such as the tongues of the
connecting shafts, then the group consisting of the shaft from the incoming pinion with its relative
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support. Then, proceed with the removal of the intermediate shaft covers (and related screws),
followed by the oil seal of the output shaft and the output shaft covers. Once the cover is free, proceed
by loosening the clamping screws (M12 and M14) and then removing the cover, taking care not to
damage the two pins that act as guides. Then, remove the pins and the bearing spacers. Focus on
the various sub-groups, starting from group C (i.e., the one containing the crown gear) and then its
disassembly. Remove the bearing, then the spacer between the inner ring and toothed wheel, then
remove the toothed wheel and the relative tongue for the transmission of the motion. Conclude
the group C removal by removing the opposite bearing and the relative spacer. Proceed to remove
subgroup B, i.e., the intermediate shaft for the cylindrical gears. The procedure follows that used for
the previous sub-group: remove the bearing with diameter 50, the spacer between inner ring and
wheel, the cylindrical toothed wheel with the relative key, and finally, the spacer between the wheel
and the shoulder. For the opposite side, it remains to remove the second bearing that directly supports
the pinion. Then, follow with the removal of group A, the one containing the output tree, which is
disassembled by a process very similar to that used for the other two groups.

The disassembly of the input shaft group remains to be addressed, which requires some precautions
given its particular structure. Always starting from the external elements, remove the oil seal and the
relative cover (including the screws that bind it). Remove the elastic ring that binds the bearing and
then the spacer ring. The “O” configuration of the two bearings makes the disassembly difficult, but
with the aid of a press and a perforated support (such that the pinion passes inside), it is possible to
first remove the bearing on the lid side, then to easily disassemble the gearing side bearing. The last
detail that can be defined as necessary activity is the removal of the top-up and oil drain plugs.

The final sequence for the disassembly is detailed below:
3-33-30-37-36-copA-5-42-6-25-34-39-35-38-39-40-45-20-22-grC-21-distB-19-11-12-
21-10-grB-23-8-9-7-26-23-24-grA-2-28-29-27-2-4-16-32-15-17-18-14-13-14-31-41-43-44

4.2. DfD Sequence Proposed by the Jianjun’s Method

This first sequence is the result of the algorithm illustrated by Jianjun [48] and is based on the
concept of “disassembling waves.” It consists of considering the component to be reached during
the disassembly as the origin of a wave that propagates to touch, in all directions, the elements in
contact with the target element; then, the wave is propagated further by touching the elements that
are in contact with the elements previously interacted with. A necessary preliminary element is a
complete and in-depth knowledge of the elements that make up the mechanism and how they are
in contact with each other; for this purpose, the authors went on to define two types of components:
the “d-dependent” and “1-dependent” components. A “d-dependent” component is an element that is
in contact simultaneously with n elements: in order to break it up, the n elements have to be removed
beforehand to access it. Otherwise, a 1-dependent element is an element that only needs the removal
of one of the elements with which it is in contact to access it. In light of this classification and of the
concept underlying the algorithm, it is possible to build the “removal influence graph” (RG) that is the
representation of the “disassembly wave.” Indicating with a circle and a number the target element,
all the elements that have been hit by the wave at the first moment have been arranged around this
element, and in order to reflect the directions in which they are mounted, an arrow is used to connect
them. Starting from the elements found on the wave at the time t, the wave has to propagate by
intercepting the elements in contact with it. The process is repeated until all the components have
been reached. Once the RG has been generated, it is necessary to find the disassembling sequence
by tracking down the path that leads from the outermost level to the desired component, always
respecting the respective rules for “d-dependent” and “1-dependent” components. Briefly, the method
presents the disadvantage of understanding the enigmatic basic principle and the necessity for a deep
knowledge about the mechanism, but on the other hand, this is compensated for with an ease of
application and a good versatility.
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Using a contextualization of this method toward the proposed case study, it has been applied
to the three groups of trees, and from here, the sequence for total disassembly has been deduced.
By placing the wave source as single tree, the RG became uselessly rich at moments and too articulated
to exploit the immediacy of the method; alternatively, by applying the method to the three subgroups,
three RGs were obtained that could be connected to each other, creating a map of easy interpretation.
They are shown in Figures 5–7.

Figure 5. The RG that enables the disassembly of group A.
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Figure 6. The RG that enables the disassembly of group B.

Figure 7. The RG that enables the disassembly of group C.
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The various subgroups were then disassembled with the sequence previously mentioned given
by the geometry of the system. The sequence obtained following this process is:

3-34-39-5-37-30-42-35-38-6-25-36-copA-grD-41-40-45-43-44-20-22-grC-21-distB-19-
11-12-21-10-grB-23-8-9-7-26-23-24-grA-2-28-29-27-2-4-33-16-32-15-17-18-14-13-14-31

4.3. DfD Sequence Proposed by the Mitrouchev et al.’s Method

The second sequence was obtained by the application of the method proposed by Mitrouchev [49].
It performs a very accurate study, both on the structure and spatial configuration of the elements
creating the sequence through two instruments: the first is the DGCG (disassembly geometry contacting
graph) and the second is the DOG (disassembly order graph). For the construction of the DGCG,
a careful study of the structure of the gearbox is necessary through the search for “geometric feasibility,”
the “Set of Directional Removal (i.e., SDR),” and the “collision detection.” “Geometric feasibility” refers
to two elements that can be assembled/disassembled so as not to create interference/collisions between
them; the knowledge about these properties allows one probe the directions in which to disassemble the
connected elements. The “SDR” refers to all the directions in which the component can be disassembled
based on the functional surfaces of the component. As far as the screws and the connecting parts
are concerned, only one SDR was proposed in order to simplify and optimize the calculation (in the
case of software coding). In order to find the SDRs of two elements, it is important to notice whether
their projection on a plane creates some overlaps that can indicate a potential impact between the
objects in 3D. After reading the publication, the current authors conclude that if a component cannot be
disassembled, it may be because SDRs are not available or because there are collisions in the projection
in that direction. Following these introductory concepts, the DGCG was created for the gearbox, which
describes the contacts and the configuration of the elements. It is shown in Figure 8.

Figure 8. The DGCG used to analyze the levels.

Various “disassembly levels” are defined in the diagram of Figure 8 by ordering the elements
according to their accessibility. On the first level are all those elements that can be removed directly
without going to touch other elements. Regarding these elements, the possibility of collisions or
absence of SDR was checked. Then, it was possible to proceed by removing the elements on the second
level, which are all those parts able to be accessed after the dismantling of the first level. Once again,
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the possible collisions and the SDR were checked. This process repeats until the lowest level was
reached, so it was possible to connect the elements in contact with each other by arrows so as to have a
complete view of the system’s scheme. Once the mechanism was explicated, there were some small
rules to respect to build the graph: the elements were indicated using a circle while the connecting
elements indicated with a square. Here, the notation to indicate the collisions and the absence of SDR
is introduced:

• If the ith component cannot be disassembled at this nth level for a collision with the jth element,
it is indicated as.

• If there are no disassembly directions at the nth level for the ith component, it is indicated as.

Therefore, the DOG can be defined by arranging the various elements following the levels
previously obtained, starting from the target component, which forms the base. Then the subgroups
could be disassembled since they cannot be the object of optimization. The elements were connected
together to represent the possible paths for the component disassembly. By observing the two
classifications made before, it was possible to find the path that led to the desired element. The procedure
was the following: from the external level, enter the previous level, identifying the component that
allows access to the next level, then remove all the elements that surround it and finally the element
that brings it to the next level.

The RG to generate the sequence created and it is shown in Figure 9.

Figure 9. The RG created to generate the sequence.

This procedure was repeated until the destination level was reached. By following this working
method, the desired sequence is:

3-41-43-44-34-39-30-37-42-5-6-25-copA-36-grD-35-38-40-45-20-22-grA-grB-grC-1-
2-28-29-27-4-23-8-9-7-26-23-24-21-disB-19-11-12-21-10-33-16-32-15-17-18-14-13-14-31
A tentative hypothesis can be formed stating that this sequence is better than the previous one

because a better care in the research is observed through the analysis of the contacts of the functional
surfaces and the connecting elements.
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5. A Quantitative Evaluation of Sequences and Time

Having reached the end of the search for the disassembly sequence, the three sequences found have
been checked in order to decide upon the optimal sequence in terms of savings of time. The calculation
of times, referring to the disassembling of the gearbox, has been made using TMUs due to the
unavailability of the gearbox that was only a CAD model. The environment with tools has been
hypothesized too, compatibly with a credible production environment. These assumptions have been
made according to References [50,51] that allow for an estimate of the disassembly time through a
process of assigning points to then be converted into seconds.

Desai [50] considers DfD to optimize the workings and the interaction of the operator with the
process, being the aim of the project activity. The resulting life cycle of the product is already influenced
during the first design phases, defining structure, and components. In this phase, if a careful choice
of the elements and a homogenization of the parts are adopted, 10–20% of gain on the following
EOL cycle of the product or on the maintenance phase can be obtained. After the design concerns
a “disassembly judgment,” which can be defined as the degree of difficulty related to disassembly.
In this context, the following aspects have to be highlighted:

• Use of force: to quantify the effort of the operator and the relative conditions.
• Disassembly mechanism: a lean and fast path minimizes time.
• Use of tools: ideally, try to disassemble without using tools, but in practice, try to reduce the tools

used in terms of cost and versatility of the workstations.
• Repetition of the parts: a limited repetition of the components allows the operator to identify the

elements, reducing possible errors.
• Recognition of the joints: an easy access of the connections allows the operator to work in an optimal

position without fatigue.
• Product structure: a simplified structure, or at least one without redundant elements, makes the

process easier.
• Accessibility: the elements that must be disassembled must not be positioned in such a way as to

make it difficult to remove them through unfavourable disassembly directions.
• Positioning: tools and connections are preferable when they do not require high precision in the

positioning and disassembly approach.
• Basic time: an attempt is made to take care of and to quantify the time required for the operator to

perform elementary movements, which repeated in a given sequence, define the whole operation.

Following the aforementioned elements, eleven parameters have been defined, which allow one
to best describe the dismantling operation of an element. By performing the sum of these values,
an evaluation of the operation under examination is obtained, expressed in TMUs. This has to be
combined with a classification of the “EOL option,” i.e., how the component will be used/disposed of
once it has been disassembled from the assembly; or how to allocate the recycling of elements such as
precious metals, plastic materials, and elements that cannot be used; or how to recondition processes
and reintegrate into the production cycle; or how to best perform maintenance. As performed in the
publications, the total value of the TMUs has been converted using the formula:

Time (s) = (10 × TMU) × 0.036 (1)

where 0.036 is the standard value of conversion from a TMU task to seconds.
For the calculation, an Excel sheet was prepared in order to easily calculate the various amounts

of TMUs. It was possible to associate the correct tool for each operation, and the aim was to evaluate
the number of tool changes in each sequence, a further evaluation parameter.
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6. Results

Results have been organized using Excel sheets in which all the operations completed in the
disassembly are tabled. Three sheets have been produced: one describing operations that follow the
Mitrouchev et al.’s sequence, one describing operations that follow the Jianjun’s sequence, and the last
one following the sequence proposed by the current authors. Table 2 describes the structure of the
Excel sheet for the first two sequences.

Table 3 describes the sequence proposed by the authors and is shown completely and in detail in
order to specify all the operations assumed.

As shown, the estimated time of the sequence found with the method described by Mitrouchev [49]
was a few seconds shorter than the time of the sequence calculated with the method described by
Jianjun [48]; a longer time is calculated for the sequence performed by the current authors. The reasons
can be found in the slightly disordered path that led to working in less than optimal conditions.
Concerning to the sequence proposed by the authors, the spending of more time was probably due to
the lack of a path during the sequence elaboration. The resumed results are reported in Table 4.

The comparison between the two methods highlights that the Jianjun et al.’s method [48] was
slightly slower because it did not pay attention to how the links with the elements of the assembly
interact. Instead, this can be allowed for by using the Mitrouchev et al.’s method [49]. Numerically,
it was possible to adjust the coefficients concerning accessibility and applied force since work was
carried out in less than optimal conditions; this was possible because the Table 4 indicates three or
four reference values for each item and intermediate values have been employed in order to discretize
the situation.

A further analysis has been made via the evaluation of the number of tool changes made in the
three sequences that validated the results obtained previously. Results are collected in Table 5.

The sequence applied with Mitrouchev et al.’s method [49] adopted a number of tool changes
equal to 27, followed by the sequence using Jianjun et al.’s method [48] with a value of 32, and finally,
the current authors’ sequence with a value of 33. This further evaluation confirmed that the best
sequence to be adopted was that suggested by Mitrouchev et al.’s method [49]. The total time for the
three sequences could then be obtained by adding the time obtained from the analysis of the operations
and the time spent in tool changes and other accessory operations.
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Table 2. The structure of data collection for Mitrouchev et al.’s and Jiaunjun et al.’s disassembly sequences.

Time Calculation: Mitrouchev et al.’s and Jianjun et al.’s Sequences

Task No Comp. No Task Tool EOL Option (Rank of the
Component) Disassembly Force Material Handling Requirement

of Tools Accessibility of Joints Positioning Total Task
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Table 3. The structure of data collection and the detail of disassembly operations completed following the sequence proposed by the current authors.

Sequence Proposed by the Authors
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1 3 Pu / 1 0.5 0 0 0 0 2 2 0.8 1 0 1 2 1.2 10.5 Remove Elastic plug shaft OUT
2 33 Pu / 1 0.5 0 0 0 0 2 2 0.8 1 0 1 2 1.2 10.5 Remove elastic plug
3 30 Un Cb 1 0 1 0 0 0 2 2 0.8 0 2 1.6 1.6 1.2 12.2 Remove shaft screws IN M8

3.1 30 Un Cb 1 0 1 0 0 0 2 2 0.8 0 2 1.6 1.6 1.2 12.2 Remove shaft screws IN M8
3.2 30 Un Cb 1 0 1 0 0 0 2 2 0.8 0 2 1.6 1.6 1.2 12.2 Remove shaft screws IN M8
3.3 30 Un Cb 1 0 1 0 0 0 2 2 0.8 0 2 1.6 1.6 1.2 12.2 Remove shaft screws IN M8
4 Gr.D Pu / 2 0 0 3.5 0 0 4 2.2 2.2 1 1 1 2 5.5 22.4 Remove shaft group IN
5 37 Un Ps 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 Remove lateral flange M8 screws

5.1 37 Un Ps 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 Remove lateral flange M8 screws
5.2 37 Un Ps 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 Remove lateral flange M8 screws
5.3 37 Un Ps 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 Remove lateral flange M8 screws
5.4 37 Un Ps 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 Remove lateral flange M8 screws
5.5 37 Un Ps 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 Remove lateral flange M8 screws
5.6 37 Un Ps 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 Remove lateral flange M8 screws
5.7 37 Un Ps 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 Remove lateral flange M8 screws
5.8 37 Un Ps 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 Remove lateral flange M8 screws
5.9 37 Un Ps 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 Remove lateral flange M8 screws
5.10 37 Un Ps 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 Remove lateral flange M8 screws
5.11 37 Un Ps 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 Remove lateral flange M8 screws
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5.12 37 Un Ps 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 Remove lateral flange M8 screws
5.13 37 Un Ps 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 Remove lateral flange M8 screws
5.13 37 Un Ps 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 Remove lateral flange M8 screws
5.14 37 Un Ps 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 Remove lateral flange M8 screws

6 36 Pu Sd 3 0.5 0 0 0 0 2 2 0.8 2 0 1.6 2 2 12.9 Remove first side flange
6.1 36 Pu Sd 3 0.5 0 0 0 0 2 2 0.8 2 0 1.6 2 2 12.9 Remove first side flange
7 Cop. A Pu Sd 3 1 0 0 0 0 2 2 0.8 2 0 1.6 2 2 13.4 Remove intermediate flange

7.1 Cop. A Pu Sd 3 1 0 0 0 0 2 2 0.8 2 0 1.6 2 2 13.4 Remove intermediate flange
8 5 Pu Lp 1 0 0 0 0 4.5 3.5 2 0.8 3 0 1.6 2 5.5 22.9 Remove shaft seal OUT
9 42 Un Ps 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 Remove lateral flange M10 screws

9.1 42 Un Ps 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 Remove lateral flange M10 screws
9.2 42 Un Ps 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 Remove screws M10 lateral flange
9.3 42 Un Ps 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 Remove lateral flange M10 screws
9.4 42 Un Ps 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 Remove lateral flange M10 screws
9.5 42 Un Ps 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 Remove lateral flange M10 screws
9.6 42 Un Ps 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 Remove lateral flange M10 screws
9.7 42 Un Ps 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 Remove lateral flange M10 screws
10 6 Pu Sd 3 1.5 0 0 0 0 2 2 0.8 2 0 1.6 2 2 13.9 Remove shaft flange out-side OUT
11 25 Pu Sd 3 1.5 0 0 0 0 2 2 0.8 2 0 1 2 2 13.3 Remove shaft flange OUT-side gear
12 34 Un Cd 1 0 0 2 0 0 2 2 0.8 0 3 1 1 1.2 13 Remove upper M12 screw

12.1 34 Un Cd 1 0 0 2 0 0 2 2 0.8 0 3 1 1 1.2 13 Remove upper M12 screw
12.2 34 Un Cd 1 0 0 2 0 0 2 2 0.8 0 3 1 1 1.2 13 Remove upper M12 screw
12.3 34 Un Cd 1 0 0 2 0 0 2 2 0.8 0 3 1 1 1.2 13 Remove upper M12 screw
12.4 34 Un Cd 1 0 0 2 0 0 2 2 0.8 0 3 1 1 1.2 13 Remove upper M12 screw
12.5 34 Un Cd 1 0 0 2 0 0 2 2 0.8 0 3 1 1 1.2 13 Remove upper M12 screw
13 39 Un Cd 1 0 0 3 0 0 2 2 0.8 0 3 1 1 1.2 14 Remove upper M14 screw

13.1 39 Un Cd 1 0 0 3 0 0 2 2 0.8 0 3 1 1 1.2 14 Remove upper M14 screw
13.2 39 Un Cd 1 0 0 3 0 0 2 2 0.8 0 3 1 1 1.2 14 Remove upper M14 screw
14 35 Pu / 1 0.5 0 0 0 0 2 0.8 0.8 1 0 1 1 1.2 8.3 Remove washer M12

14.1 35 Pu / 1 0.5 0 0 0 0 2 0.8 0.8 1 0 1 1 1.2 8.3 Remove washer M12
14.2 35 Pu / 1 0.5 0 0 0 0 2 0.8 0.8 1 0 1 1 1.2 8.3 Remove washer M12
14.3 35 Pu / 1 0.5 0 0 0 0 2 0.8 0.8 1 0 1 1 1.2 8.3 Remove washer M12
14.4 35 Pu / 1 0.5 0 0 0 0 2 0.8 0.8 1 0 1 1 1.2 8.3 Remove washer M12
14.5 35 Pu / 1 0.5 0 0 0 0 2 0.8 0.8 1 0 1 1 1.2 8.3 Remove washer M12
15 38 Pu / 1 0.5 0 0 0 0 2 0.8 0.8 1 0 1 1 1.2 8.3 Remove washer M14

15.1 38 Pu / 1 0.5 0 0 0 0 2 0.8 0.8 1 0 1 1 1.2 8.3 Remove washer M14
15.2 38 Pu / 1 0.5 0 0 0 0 2 0.8 0.8 1 0 1 1 1.2 8.3 Remove washer M14
15.3 38 Pu / 1 0.5 0 0 0 0 2 0.8 0.8 1 0 1 1 1.2 8.3 Remove washer M14
16 39 Un Cd 1 0 0 3 0 0 2 2 0.8 0 3 1 1 1.2 14 Remove upper M14 screw
17 40 Pr Pr 2 3 0 0 0 0 4 3 5 2 0 2 1.6 5,5 26.1 Remove upper case
18 45 Pu Pi 1 2 0 0 0 0 2 2 0.8 2 0 1 1 1.2 12 Remove pins

18.1 45 Pu Pi 1 2 0 0 0 0 2 2 0.8 2 0 1 1 1.2 12 Remove pins
19 20 Pu / 3 0.5 0 0 0 0 2 2 0.8 1 0 1 1.6 1.2 10.1 Remove spacers
20 22 Pu / 3 0.5 0 0 0 0 2 2 0.8 1 0 1 1.6 1.2 10.1 Remove spacers

Removal of Group C
21 C Pu / 0 2 0 0 0 3 2.5 2 1 1 1.6 2 5 20.1 Disassemble group C
22 21 Pu Pr 1 0 0 5 0 0 2 2 0.8 3 0 1.8 2 5 21.6 Remove bearing 40
23 Dist. B Pu / 1 0.5 0 0 0 0 2 2 0.8 1 0 1.3 2 1.2 10.8 Remove spacer
24 19 Pu / 3 1 0 0 0 0 2 2 0.8 1 0 1.3 2 2 12.1 Remove conical gear wheel
25 11 Pu / 1 0.5 0 0 0 0 2 2 0.8 1 0 1.3 2 1.2 10.8 Remove elastic plug
26 12 Pu / 3 0.5 0 0 0 0 2 2 0.8 1 0 1.3 2 1.2 10.8 Remove spacer
27 21 Pu Pr 1 0 0 5 0 0 2 2 0.8 3 0 1.3 2 5 21.1 Remove bearing 40

10 3
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Removal of Group B
28 B Pu / 0 2 0 0 0 3.5 2.3 2 1 1 2 2 5 20.8 Disassemble group B
29 23 Pu Pr 1 0 0 5 0 0 2 2 0.8 3 0 2 2 5 21.8 Remove bearing 50
30 8 Pu / 1 0.5 0 0 0 0 2 2 0.8 1 0 2 2 1.2 11.5 Remove spacer
31 9 Pu / 3 1 0 0 0 0 3.5 2 0.8 1 0 2 2 2 14.3 Wheel
32 7 Pu / 1 0.5 0 0 0 0 2 2 0.8 1 0 2 2 1.2 11.5 Remove elastic plug
33 26 Pu / 3 0.5 0 0 0 0 2 2 0.8 1 0 2 2 1.2 11.5 Remove spacer
34 23 Pu Pr 1 0 0 5 0 0 2 2 0.8 3 0 2 2 5 21.8 Remove bearing 50

24 3
Removal of Group A

35 A Pu / 0 2 0 0 0 4 2.5 2 1 1 2 2 5 21.5 Disassemble group A
36 2 Pu Pr 1 0 0 5 0 0 2 2 0.8 3 0 2 2 5 21.8 Remove bearing 75
37 28 Pu / 3 0.5 0 0 0 0 2 2 0.8 1 0 1 2 1.2 10.5 Remove spacer
38 29 Pu / 3 1 0 0 0 0 3.5 2 2 1 0 1 2 2 14.5 Remove wheel
39 27 Pu / 1 0.5 0 0 0 0 2 2 0.8 1 0 1 2 1.2 10.5 Remove elastic plug
40 2 Ps Pr 1 0 0 5 0 0 2 2 0.8 3 0 1 2 5 20.8 Remove bearing 75

4 3
Removal of Pinion Group

41 16 Pu Lp 1 0 0 0 0 4.5 2 2 0.8 3 0 1.6 2 5.5 21.4 Remove shaft seal IN
42 32 Un ps 1 0 0 2 0 0 2 2 0.8 0 2 1 1 1.2 12 Remove screws M6

42.1 32 Un ps 1 0 0 2 0 0 2 2 0.8 0 2 1 1 1.2 12 Remove screws M6
42.2 32 Un ps 1 0 0 2 0 0 2 2 0.8 0 2 1 1 1.2 12 Remove screws M6
42.3 32 Un ps 1 0 0 2 0 0 2 2 0.8 0 2 1 1 1.2 12 Remove screws M6
43 15 Pu Sd 3 0.5 0 0 0 0 2 2 0.8 2 0 1 2 2 12.3 Remove flange
44 17 Pr Ps 1 0 0 0 3.5 0 3.5 2 1.2 0 3 2 2 2.5 19.7 T Remove elastic ring
45 18 Pu / 3 0.5 0 0 0 0 2 2 0.8 1 0 1.6 2 1.2 11.1 Remove spacer
46 14 Pu Pr 1 0 0 5 0 0 2 2 0.8 3 0 2 2 5 21.8 Remove bearing 30
47 13 Pu / 3 0 0 2.5 0 0 3.5 2 1.2 1 0 1.6 1.6 2 15.4 Remove conical pinion
48 14 Ps2 Pr 1 0 0 5 0 0 2 2 0.8 3 0 2 2 5 21.8

31 3
49 41 Un An 1 0 2 0 0 0 2 2 0.8 0 2 1 1.6 1.2 12.6 Remove topping plug
50 43 Un An 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 Remove overflow plug
51 44 Un An 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 Remove drain plug

Tools changes = 33
TMU 1298.4

Nomenclature: Cd—torque wrench; Cb—socket wrench; lp—lever oil seals; Pi—nipper; Pr—press; Ps—seiger nipper.
Time conversion (min) 7.7904

Table 4. The evaluation of spending of time through the three sequences.

Criterion Sequence Using Jianjun et al.’s Method [48] Sequence Using Mitrouchev et al.’s Method [49] Sequence by the Authors

Time calculated in minutes 7.78 7.73 7.79

Table 5. Number of tool changes during the three sequences.

Criterion Sequence Using Jianjun et al.’s Method [48] Sequence Using Mitrouchev et al.’s Method [49] Sequence by the Authors

No. of tool changes 32 27 33
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7. Conclusions

According to recent policies that encourage the implementation of the proper disposal of wastes
through the dismantling of various disused devices, design for disassembly (DfD) puts the attention,
already in the preliminary design phase, on the EoL (end of life) cycle of the product, which implement
choices that allow for an effective dismantling of the product to minimize waste, thus exploiting the
potential re-use of parts and materials obtained after the disassembly.

In this paper, DfD has been applied in order to enhance the disassembly in terms of time savings
and of the use of tools. Nowadays, great interest from the market is addressed toward the dismantling
of gearboxes, as it has been estimated that 75% of the weight of each vehicle can be recovered.

This motivated us to study such products in order to choose an optimal sequence to be applied for
their disassembly. A virtual product, reproducing a speed gearbox, has been designed and analyzed
using methods suggested by the literature. These methods made it possible to calculate the disassembly
sequence of the product. Disassembly order graphs and time measure units were adopted to define
the sequences and to guarantee a unique assessment meter. A further sequence was proposed by
the current authors, suggested using personal knowledge and experience. The three sequences were
compared in terms of time spent and use and number of tools employed. The time spent in the
disassembly operations and the number of tool changes were minimized by finding the optimal
disassembly sequence that enabled the extraction of parts from the assembly in a structured and
efficient way. The evaluation proposed in this paper was revealed to be useful and efficient since it
made possible the quantification of times and tools changes, even on a complex assembly. In fact, even
some more structured method is proposed in the literature that starts from CAD data and automatically
calculates feasible disassembly sequences, the application of such methods to a complex assembly does
not provide the same optimal results in terms of computational times as most of the existing methods
often require expensive computational resources, and at the same time, they often fail to find optimal
solutions for complex product disassembly.
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