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Abstract: This work aims to analyze the characteristics and importance that design techniques for 
disassembly assume in the modern design phase of a mechanism. To this end, the study begins by 
considering a three-dimensional model of a gear motor, taken from the components of which the 
overall drawings are arranged and from the relief of those not available. Once the mechanism has 
been digitally reconstructed, the activity focuses on the study of the optimal disassembly sequence 
by comparing different methodologies, according to two evaluation criteria—minimizing the time 
taken and minimizing the number of tool changes necessary to complete the sequence. The main 
results of the work are (1) defining a standard methodology to improve disassembly sequence 
planning, (2) finding the best disassembly sequence for the specific component among the literature 
and eventually new methods, and (3) offering to the industrial world a way to optimize maintenance 
operations in mechanical products. Referring to the limitation of the present works, it can be 
affirmed that the results are limited to the literature explored and to the case study examined. 
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1. Introduction 

Disassembly is a reversal process in which a product is separated into its components and/or 
subassemblies by nondestructive or semi-destructive operations that only damage the 
connectors/fasteners. If the product separation process is not reversible, this process is called 
dismantling [1]. 

The issue of disassembly in the industrial world assumed importance as early as the 1990s, but 
it is in recent decades that it has established itself as a fundamental pivot of the design phase. 
Increasing attention to the use of material resources, energy, and awareness of respect for the 
environment have made the approach to the design and construction of mechanical components 
essential with a view to optimizing costs and, therefore, reusing materials. 

The principle on which disassembly sequence planning (DPS) is based is to enhance the set of 
pieces in which it is possible to dismantle a component at the end of its life rather than discarding the 
product in its entirety [1–8]. 

The prerogatives of design for assembly (DfA) and DSP are different. DfA is a process by which 
products are designed with ease of assembly in mind (if a product contains fewer parts, it will take 
less time to assemble, thereby reducing assembly costs) and aims to reduce assembly time and costs; 
instead, DSP aims to reduce the complexity of disassembly for target components, providing efficient 
design solutions able to meet the end-of-life requirements of products. This aspect becomes 
increasingly important and increasingly essential as the complexity of the building increases. 
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It is evident that there is no universal algorithm that gives the certainty of implementing the 
disassembly sequence absolutely, but that this procedure is strongly influenced by the type and 
complexity of the object in question. Therefore, a design phase of this kind is presented as a study 
and evaluation of the available possibilities. 

Although the present works is certainly limited to a specific case study and to a recent reduced 
literature, we can demonstrate that the present implementation of disassembly sequence planning 
can be standardized in a repeatable methodology. Moreover, this methodology is interestingly 
orientated to find out the best disassembly sequence, for a specific component, among the literature. 
Finally, we can say that the most important research questions can find answers in the results of the 
methodology, i.e., offering to the industrial world a way to optimize maintenance operations in 
mechanical products [2–4]. 

DSP can be considered a special application of design for disassembly (DfD). In general, design 
for disassembly is part of the great theory of design for X (DfX). 

Design for X is one of the tools of concurrent engineering; in particular, DfX is an English 
expression used in the industrial sector to indicate a design method designed based on the product’s 
life cycle in order to improve quality and reduce costs and times of realization of a project. With this 
approach, we try to break down the walls of serial design in order to obtain an integrated approach 
through, for example: 

• Design for economic manufacturability; 
• Design for producibility; 
• Design for testability; 
• Design for reliability; 
• Design for installability; 
• Design for serviceability; 
• Design for recycling; 
• Design for environment; 
• Design for assembly; 
• Design for disassembly; 
• Design for manufacturing; 
• Design for cost. 

Design for excellence (DFX) is a systematic approach useful for industrial engineers that are 
involved in both design and process; the letter “X” represents targeted objectives or characteristics of 
the product or process. DFX comes under the topic of design for Six Sigma (DFSS), which consists of 
a design method for the development of new products that aims to better respect the customer’s 
requests and expectations. There are different approaches to applying the DFSS method: DMADV—
define, measure, analyze, design, and validate; CDDOV—concept, define, design, optimization, and 
verification phases; IDOV—concept, design, optimize, and verify; IDDOV—identify, define, develop, 
optimize, and verify; RADIOV—requirements, architecture, design, integration, optimization, and 
verification. These require a cross-functional team approach with the involvement of stakeholders. 
In order to stay successful in the current market, companies need to meet customer expectations, and 
continuous efforts should be there to understand these demands. Several aspects, such as cost, 
quality, reliability, recyclability, etc., should be considered when designing a product according to 
these consumer needs [5–10]. 

Since the late 1990s, hundreds of papers have been published pertaining to DFX applications in 
manufacturing. Most of them are widely distributed over many different disciplines and 
publications. This makes it very difficult for one to locate all the information necessary for the 
application of DFX in disassembly. A paper that can help researchers and practitioners applying this 
emerging technology is highly desirable. The objective of this paper is to present the concepts, 
applications, and perspectives of DFX in disassembly, thus providing some guidelines and references 
for future research and implementation [1,9–10]. 

The main objectives of this work are 
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a. The definition of a new DSP standard methodology; 
b. The detection of the best disassembly sequence for the specific component among the literature.  

1.1. The Gearbox Case Study 

In order to improve what abovementioned process, a reducer of globoid type was considered in 
this work; in this kind of reducer, a worm screw is coupled with a wheel with straight teeth. This 
mechanism is generally used in the transmission of motions for generally orthogonal axes, but in any 
case, they are always skewed, with a low transmission ratio between 1/5 and 1/200. The gearbox taken 
into consideration, as the case study of the present paper, is depicted, initially, in the 2D drawing 
(Figure 1a). It is a reducer with a warm screw, usually employed to transmit the motion between two 
perpendicular asses. 

 
(a) 

  
(b) (c) 
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(d) 

Figure 1. (a) 2D drawing of the gearbox with warm screw (staring point of the process). (b) Entire 
assembly. (c) Transversal section. (d) Longitudinal section. (b–d) Screw-helical wheel pair; 2D 
drawings taken from Straneo Consorti et al. [11] and 3D modeled. 

The above 2D drawing is the starting point of the application, because it is the basis from which 
to generate the 3D model (Figure 1b–d) [11]. Taking reliefs from the technical 2D document, the user 
is able to realize the 3D CAD (COMPUTER AIDED DESIGN) assembly. 

As it can be seen in Figure 1b, the average axial section of the life corresponds to a rack, whose 
translational motion sets the wheel in rotation. Therefore, indicating with V the speed of translation 
of the denture and with Ω2 the angular velocity of the wheel, the relative motion between the two 
components is given by the rolling of a circumference of radius R = V⁄Ω2 on a straight line, elements 
that can be understood as the primitive lines of the motion itself. 

Each revolution of the screw corresponds to an ideal displacement of the denture equal to the 
pitch of the screw h, which is nothing other than the production of the denture pitch p for the number 
of threads i: h = p i. 

The angular displacement of the wheel due to a turn of the screw (and therefore for a space 
covered h) is 

ϴ2 = h / R = pi / R =  2 πi / z2 (1) 
 

Therefore, the transmission ratio of the screw-helical wheel pair can be expressed as 

Τ = Ω2 / Ω1 

In the present case, the head and foot surfaces of the teeth of both the screw and the toothed 
wheel are not cylindrical but toric and appear as in Figure 1a for the wheel and Figure 1c for the 
screw, which in this case it is called globoidal note. These solutions have the purpose of increasing 
the contact arc between the teeth during the coupling. 

By consulting the material available for the construction of the mechanism, the incompatibility 
between the regulations in force and those used in construction drawings, which have become 
obsolete, is evident. This requires a thorough analysis of all the sales staff present in the project to 
replace non-unified pieces with the standards currently in use. Subsequently, the compatibility (or 
the adjustment, where unavoidable) of the dimensional quotas on the drawings of the parts was 
verified. 

This complication arises again in the designation of the materials used for the manufacture of 
the components, but this problem has been omitted since the study in question has the objective of 
verifying the disassembly algorithms proposed in the following chapters without dwelling on the 
complete product processing cycle. Some metal alloys used, in fact, are not only obsolete in 
designation but also in use, and this activity does not set itself the intention to verify the adequate 
use of materials during the design phase of the mechanism. 
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Regarding the updating of sales staff, it is specified that the UNI regulations were used in order 
to depart as little as possible from the original version (Table 1). 

Table 1. Updating of the regulations. 

Element Previous Designation Updated Designation 
n.6 ball bearing 40 UNI 606 SKF 6208 

n.7 thrust ball bearing reggispinta not unified SKF 52308 
n.19 gaskets not unified not unified 

n.20 nuts 8 UNI 205 M8 UNI 5588 
n.21 elastic rosettes A 8 UNI 1751 UNI 1751–B8 
n.22 captive screws 8 × 26 UNI 114 UNI 5908–M8 

n.23 screws 8 × 17 UNI 256 TSB M8 × 16 UNI 5933 
n.25 nuts 16 UNI 205 M16 UNI 5588 

n.26 captive screws 16 × 97 UNIM 120 UNI 5914–M16 
n.27 nuts 12 UNI 205 M12 UNI 5588 

n. 28 screws 12 × 60 UNI 183 M12 × 60 UNI 5740 
n.30 gaskets not unified not unified 
n.31 gaskets not unified not unified 
n.34 screws 10 × 34 UNI 183 M10 × 35 UNI 5740 

n.35 nuts 10 UNI 205 M8 UNI 5588 
n.36 lubricators Type A 2 UNI not unified 

n.37 keys 18 × 11 × 70 UNIM 92 not unified 
n.38 screws 6 × 13 UNI 137 M6 × 12 UNI 5740 

n.39 elastic rosettes A 6 UNI 1751 UNI 1751–B6 
n.43 gaskets not unified not unified 

n.45 elastic rosettes A 16 UNI 1751 UNI 1751–B16 

However, the proposed methodology does not affect the replacement of non-unified pieces with 
the standards currently in use; in fact, it is independent from the coding of parts, but it is dependent 
on their geometry and, moreover, on their currently position inside the assembly. 

Eventually, the only thing that could be performed before starting disassembly is the reset of the 
machined operating the phases of the sequence. However, the net time of disassembly does not 
change. 

Besides these aspects, the DSP methodology presented is also not so independent from the 
materials: the speed of disassembly can change relating to the kindness and properties of each 
material; in fact, different disassembly speed should be performed in order to follow exigencies of 
hardness, fragility, deformability, malleability, etc. 

1.2. The DSP Methodology 

Moreover, a new methodology was developed and used in the present case study; this 
methodology can be schematized in the following block diagram (Figure 2): 
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Figure 2. Block diagram of the methodology. 

It is therefore described that, in order to find out the best disassembly sequence related to a 
specific case study (i.e., a mechanic assembly—for example, a globoid type), the following steps must 
be improved: 

a. 3D modeling of the mechanic assembly. In order to simulate the best sequence, it is necessary to 
build the virtual CAD model of the mechanism object of the study; so, subsequently, it will be 
arranged a model on which “physically” improve the trials of the disassembly sequences; 

b. Detection and analysis of the main disassembly sequences in literature. In order to find out the 
best disassembly sequence, it is important to detect in literature the best and recent sequence 
available. Many are the scientists in the world that publish disassembly sequence; the present 
study will analyze some and few of them, applying them to the case study. 

c. Classification of the best sequence following times criterion vs. case study. Using times criterion 
and applying the disassembly sequences found out in literature, it is possible to make a 
classification of the best sequences, in order to disassemble and maintain a mechanism or a 
machine. 

d. Implementation of the best sequence found to the case study in the virtual environment (CAD). 
The first implementation of the sequence will take part in the virtual 3D CAD model realized in 
the step a). It is possible to see the advancement of the disassembly already in the virtual CAD 
environment. 

e. Possible evolution of the implementation of the best sequence to the case study in an advanced 
virtual environment (i.e., augmented reality or virtual reality). Finally, what happens in CAD 
virtual environment could be exported also in an advanced virtual environment, just like AR or 
VR hospitality. 
It is also possible to add the following considerations. 
The analyzed disassembly sequence, and eventually a third one from them derived, can be 

applied both to a simple and a complex assembly. However, it was demonstrated by several authors 
(Francia et al., Frizziero et al., [12,13] etc.) that each sequence could be the best related to a specific 
assembly. In other words, potentially, any sequence could be the best one; this depends on the special 
type of assembly. 

The best one found in this paper could not be the best one if applied to another products. It does 
not depend on assembly complexity but only from the specific geometry. 

Another aspect to be considered is the correlation between the disassembly sequence and the 
aging of the components. It is important to say that the first reason because a Disassembly 
Methodology is studied is exactly the necessity to substitute the specific component that aged or that 
that no longer works. 

So, it is part of the definition of the disassembly methods the possibility of arriving at 
disassembly and change the desired part. Aging is one of the most important reason why DSP is 
studied and developed. 
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2. Selective Disassembly 

The fundamental theory behind this approach is what can be defined as “selective disassembly 
analysis,” a principle according to which the chain of pieces to be disassembled is sought to arrive at 
a certain element. This is because activities such as the replacement of a component are not necessarily 
required to dismantle the whole mechanism. Therefore, this technique is useful in many areas besides 
the one under examination, such as maintenance, recycling or initial assembly. 

There are therefore two phases of selective disassembly: 

1. Understand the possible disassembly sequences to arrive at a specific objective piece; 
2. Evaluate which of the built sequences is the most advantageous. 

All this translates into, given an assembled mechanism and a piece to be disassembled, finding 
a function that determines the optimal sequence of steps to get there. The optimization can be carried 
out according to different criteria: shorter disassembly time, lower cost, maximization of recycling or 
fewer tool changes, and so on. 

In this project, two objective criteria have been chosen that are dependent only on the 
characteristics of the mechanism’s geometries and techniques: the minimization of disassembly and 
tool change times. It is evident that such a method, although simple and linear at the theoretical level, 
presents increasing computational difficulties with the complexity of the model in question. 

Destructive disassembly (end-of life) is considered to replace the damaged element. In fact, in 
this case, you should change old elements with new elements but only during the new consequently 
assembly sequence. So, it is indifferent for DSP and DfD the destructive disassembly sequence study. 

Optimal Sequence Search Algorithm 

In order to find out the optimal sequence search algorithm, authors will go on applying two 
scientific sequences, part of literature in this filed, i.e., Yi algorithm and Mitrouchev algorithm (Figure 
3). Applying both of them to the assembly previously designed, verifying subsequently through the 
“times criterion” the best one in term of speed, it is easy to find the most suitable disassembly 
sequence for the case study, i.e., the gearbox. It is important to underline that in absolute there is not 
a best sequence; the best sequence is always related to the specific product to which it is applied. 
Here, the flow-diagram summarizing the main steps of the work: 

 

 
Figure 3. Optimal sequence search algorithm. 
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3. Yi Algorithm 

3.1. Introduction 

The Yi method [14] from this point of view was created with the aim of simplifying the search 
for the optimal disassembly sequence. Once an element has been chosen as a “target,” it is ideally 
imagined as the origin of a wave that crosses, neatly over time, all the other elements to which it is 
connected. The goal is to create a sort of “map” that highlights, moment by moment, all the different 
connection levels of the pieces to be traversed by the selected target at the ends of the mechanism, 
such as the effect of the propagation of a wave from the inside on the outside (Figure 4a–d). 

 
(a) (b) 

 
(c) (d) 

Figure 4. (a–b) Removal influence graph (RG); (c–d) The RG that enables the disassembly of group B 
and group C. 

The fundamental hypothesis on which this method is based is, first of all, the deep and total 
knowledge of the mechanism in question. This burden is then repaid by the extreme simplification 
in the creation of the “removal influence graph” (hereinafter RG), or the representation of 
“disassembly wave”. 

To do this we must distinguish the components based on the number of adjacent elements that 
must be removed for local disassembly around the piece. In particular, the following are classified: 

1. “1-dependent” components if it is sufficient to remove only one element to access them; 
2. “d-dependent” components if “d” elements need to be removed. 

3.2. Algorithm for 1-Dependent Components 

For example, if we call Cx the target piece, the propagation source of the wave disassembly. Let 
us name ta the set of pieces that are part of the same wave level at instant a, where a = 0 identifies the 
instant relative to the origin, i.e., the level containing only Cx. The distance between two levels is 
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defined by τ, while the set of all pieces disassembled from the origin of the wave up to the time τ-1 is 
indicated with W. 

At time τ0, the wave contains only Cx and therefore t0 = {Cx}, W = {}, while it results W = { t0 ∪ t1 ∪ 
… ta } for τ = a + 1. 

At this point we construct the RG graph starting from the Cx piece, arranging for each ti all the 
elements that are hit by the wave at the same time. When the instant corresponding to t1 has been 
built, you will have the first set of pieces directly connected with Cx. Therefore, a number m of possible 
elements of this level is chosen so that a disassembly sequence [14] is built up to touch an edge 
element Cb. 

In this way, we construct an optimal path OS = {Cb →P Cx} to access the initial piece Cx starting 
from an element at the edge Cb. 

Clearly if there are more on-board elements taken into consideration, an evaluation must be 
made of the optimal sequence, for example as follows: 

Ci τ 0-1 →Cj τ 0 or in alternative Ci τ 0-1 → Ck τ0 

3.3. Algorithm for D-Dependent Components 

Usually within a structure there are 1-dependent [14] components and d-dependent components. 
It means that the structure could be represented as the following sequence: 

- C4 and C5 depends from C1 
- C5 and C6 depends from C2 
- C6 and C7 depends from C3 

Then it can be assumed that: 

- C9, C10 depend from C4 
- C11, C12, C13 depend from C5 
- Etc. 

With the same logic of the previous algorithm, we build some “super graphs”, taking into 
account the fact that to remove a generic d-dependent component Ci∈ tτ-1 it is necessary to first remove 
all the components hit by the wave Cj∈ tτ in time t. 

The principle is well described by Yi et al.: the above described layout proposed can become 
more complex, as the resulting RG structure, here below reported [14]. 

Time t1)       C5 ← C6 → C7 
 
Then also, 
 

Time t1)       C2 ← C6 → C1 

 

Then also, 
 

Time t1)         C12 ← C6 → C13 

↓ 
C14 

Then also, 
 

Time t2)      C7 → C8 and C5 → C4 

Therefore, in this case, the algorithm starts from a Cx objective component and ends when the 
edge elements Cb are reached. 

We hypothesize that the algorithm finds at the time τ-1 of the d-dependent components Ci∈ tτ-1; 
at this point what happens is as follows: 
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1. If the elements adjacent to the Ci∈ tτ-1 can be treated as an independent local assembly, the 
algorithm constructs the sequence by treating these elements as 1-dependent; 

2. Otherwise, the algorithm generates a disassembly wave tτj (with j = 1, ..., d) respectively at time 
τ; 

3. The algorithm is executed d-times for each tτj wave, up to being able to remove Ci; 
4. Unraveled this case, the algorithm continues until the conclusion (when Cb is reached). 

3.4. Application to the Model 

Consider the gear motor under consideration. Since the objective of this analysis is to identify a 
sequence of a disassembly of the device, choose the heart of the mechanism as the target element, i.e., 
the globoid screw that transmits the motion. 

The algorithm proceeds from the inside to the outside, gradually highlighting the different 
contact levels between the various components. To facilitate understanding of the path and not 
unnecessarily burdening the paragraph, the sequence will be considered complete once the elements 
of the carcass are reached, without further lingering on the external connection elements that, by 
logical evidence, must necessarily be all those removed without exception no. 

Since the goal is complete disassembly, each subgroup that can be considered as a single 
component for removal, will be followed, in parallel with the others, also for the disassembly of the 
individual pieces of which it is formed. 

Proceed initially considering the elements to which the worm screw (level t0) is directly 
connected. Thus, the crown wheel and the two ball bearings on the shaft (t1) are immediately 
identified. In turn, the groups to which they belong are analyzed: level t2 includes the entire gear unit 
(crown bearing disc, output shaft and connecting parts) and internal assemblies in the bushes 
(bearings and spacers) [15-21]. 

Now consider these subassemblies as distinct unique components. The t3 level is represented by 
the adjacent elements—the gear unit arrives at the casing formed by the casing, cover, and grease 
nipples, while the bush groups are in contact with the elements that interact with the lateral edge 
caps. 

At this point, although the objective of the algorithm has been achieved, the subassemblies still 
assembled must be disassembled step by step, with the same logic used so far. It is immediate to note 
that these assemblies are made up of few elements, whose succession of disassembly is immediate. 

Analyzing the backward path, after removing the elements of external links, the searched 
sequence is constructed. 
The sequence is shown through the calculation tables of the dismantling times shown in the 

“Appendix A”. 

4. Mitrouchev Algorithm 

4.1. Introduction 

The Mitrouchev method proposed below is built on theoretical principles different from the 
previous one. If we consider an assembly, depending on how the elements are connected, for each 
piece there are different constraint directions. 

By analyzing a pair of elements at a time, for each we define the constraint directions (hereinafter 
referred to as CDs, that is “constraints directions”) for example joining the external vertices of the 
pieces under examination, as described by Mitrouchev et al. [15]. 

In the proposed method, the CDs are divided into the following two categories: 

1. Possible directions of disassembly of the piece; 
2. Directions that determine one or more collisions during actual disassembly. 

As regards the first essential point, the basic idea is to think of the single piece as a “Gauss 
sphere” [15], to identify the possible directions of translation of the component (henceforth set of 
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directions removal (SDR)), taking into account the constraints created by the contact planes with 
adjacent elements. 

As described by Iacob et al. [16], each piece the hypothetical sphere is reduced based on how it 
is assembled with the others. It is then necessary to identify the possible disassembly directions for 
each pair of elements in which there are no collisions. This passage is in fact called “detection 
collision.” To do this, taking a possible direction of disassembly, the volumes of the elements are 
projected in a plane orthogonal to this line. If the resulting sections do not have intersections this 
means that there are no collisions. 

Obviously for each element, the section of the projected volume is defined by the largest 
dimension of the piece itself, so the SDRs define a convex corner where disassembly can take place, 
as shown by Mitrouchev et al. [14] and Iacob et al. [16]. 

4.2. Construction of the Sequence 

Now that these theoretical concepts have been defined at the base of the method, the procedure 
is illustrated. 

The first phase consists in building the “Disassembly Geometry Contacting Graph” (DGCG) and 
then the “Disassembly Order Graph” (DOG). 

To realize the DGCG it is necessary to analyze the structure, through the study of SDRs and 
“collision detection”, in order to determine which pieces can be disassembled without interference 
(“geometric feasibility”). 

Thus, it is possible to define the various levels of disassembly, ordering the elements according 
to the accessibility of each one. Starting from the first level, with all the components that can be 
removed without touching any other, each subsequent level must contain all the pieces that, after 
removing the previous level, no longer have collisions or the absence of SDR. 

A positive aspect of this approach to disassembly is the fact that the method not only returns an 
optimal sequence but makes it clear why each element must be disassembled at a certain level and 
not in the previous ones, since the diagram shows all the links between the various pieces. Also in 
this regard, it is explained the need to use some notations, shown below, to refer to the elements: 

• the collision at the n-th level is identified with Cni, j with the j-th element which does not allow the 
i-th piece to be disassembled; 

• the lack of SDR of the i-th component that does not allow disassembly at the n-th level is identified 
with NSni. 

Some graphic conventions are also used to simplify reading. In particular, a single color is used 
to represent all the elements that belong to the same disassembly level and the connection elements 
are distinguished (represented by a square and automatically associated with a unique disassembly 
direction to simplify the computational burden) by the real components and own (represented by 
circle). 

Therefore, after having schematized the various levels of disassembly and the possible links or 
interferences between the various components, a schematized sequence called DOG is organized, as 
described by Mitrouchev et al. [14] in their examples. 

4.3. Application to the Model 

Again, consider the globoid gear motor in question. 
The first components to be removed in order to access the actual mechanism are the external 

connection elements and subsequently those that make up the carcass. 
Therefore, the first operations consist essentially in removing all the bolts in sight; these 

constitute the first two levels of the sequence. 
Once this is done, work begins on the first elements of the actual carcass. Starting from the caps 

with relative gaskets, then the fixing elements such as ring nuts and washers. 
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At this point, the two casings that enclose the mechanism are loose between them. It is therefore 
possible to remove the lower casing and uncouple the ring gear with all its hub assembly, with respect 
to the upper casing which contains the globoid screw assembly. 

Now the mechanism is divided into two parts that can be disassembled in parallel. 
On the gear unit the wheel is released from the crown bearing disc, removing the bolts. 

Subsequently the bushings between the tree and the disk must be removed. 
At the same time, the worm screw is released from one of the two bearing bushes. In this way it 

is possible to let the upper cover slide out as well. So you can also extract the other bushing group 
and now the various bearings. 

The organization by levels allows to quickly identify the most linear sequence to reach the heart 
of the mechanism, dissolving each constraint step by step [17]. 
The sequence is shown through the calculation tables of the dismantling times shown in the 

“Appendix B”. 

5. Considerations 

Many of the algorithms proposed for the DSP focus on the theoretical aspect of the disassembly 
process, basing the proposed techniques for example on economic or project analysis at the CAD 
level. In this way, the following. fundamental practical factors are neglected: 

• The amount of manual labor required; 
• The need to have specific manuals available to facilitate disassembly; 
• The importance of accessibility to a component in order to work on it; 
• The problem of having to take irregular postures for a long time. 

The above-mentioned factors affect the results in the related ways: 

• The disassembly sequences reduce and optimize the amount of manual labor required; 
• The disassembly sequences help the implementation of specific manuals to facilitate 

disassembly (also digital and augmented reality sequences); 
• The disassembly sequences improve the accessibility to a component in order to work on it; 
• The disassembly sequences limit and reduce the problem of having to take irregular postures 

for a long time. 

In fact, these considerations directly influence the process, although they are difficult to assess 
in the design phase. Therefore, in the disassembly study phase, it is important to evaluate the 
algorithms taking into consideration aspects such as the size and shape of the components, weight, 
disassembly frequency, labor requirements, postural requirements and material management 
requirements [16–18]. 

Since the algorithm itself does not take it into account, these factors must be kept in mind when 
directly evaluating the individual disassembly sequences generated by the various procedures. This 
means focusing not only on DSP techniques, but also on which parameters to use to evaluate them 
[19–22]. 

6. Time Calculation 

Suppose we subdivide each disassembly operation into basic elemental tasks, so-called tasks. It 
is noted that only a small part of all the tasks of the entire disassembly operation are actually 
responsible for performing the disassembly [17]. 

Consider, as an example, a simple fractional unscrewing operation in task: 

1. Fix the product to prevent movement during disassembly; 
2. Reach the instrument (screwdriver); 
3. Grasp the instrument; 
4. Position the instrument (accessibility of the screws); 
5. Align the instrument to start the operation (accessibility of the screws); 
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6. Perform disassembly (actual unscrewing operation: exercise of force as a manual operation); 
7. Install the instrument; 
8. Remove the screws and place them in a container; 
9. Remove the component and set it aside. 

It is evident that only the operations 4, 5 and 6 contribute to the actual disassembly, while the 
others are for the preparation or removal of the piece. 

Therefore the disassembly operations of a mechanism are strongly influenced by its structure, 
defined in the design stage. Thus the idea of the importance of the role of the DSP in the modern 
economy is rendered [23–25]. 

So, the need to reduce the disassembly sequences to an objective evaluation is also explained, 
also taking into consideration the ergonomic aspects mentioned above. 
To do this, two distinct aspects must be considered: 

1. the assignment of an “EOL option” value, that is relative to the use or disposal of the component 
once it has reached the end of life (EOL, End of Life) of the mechanism; 

2. the numerical evaluation of parameters directly or indirectly linked to the disassembly of each 
piece. 

Regarding the first aspect, there are three options: 

• Re-use (pts. 3): the component is disassembled and re-used “as is”, without any modification; 
• Regeneration (pts. 2): the component is disassembled and revised before being reused; 
• Recycling (pts. 1): the component is dismembered in all its parts for the recycling of individual 

materials. 

Therefore, a numerical score is assigned to each parameter according to the ease with which it 
can be achieved [15,26–28]. The parameters considered are the following: 

• Level of accessibility (range: 1–2): a high score corresponds to an accessibility to the difficult 
piece; 

• Use of force (manual)(range: 0–3): in this case the score is directly proportional; 
• Placement (range: 1–2): the score increases with the degree of precision required; 
• Use of tools (range: 0–1): ideally one tries to design mechanisms that do not require the use of 

force or tools for disassembly, but in practice it is necessary to consider their use; 
• Structural characteristics (range: 0.8–3.5) of the components such as weight, shape and size; 
• Repetition of the parts (range: 0–5): the errors of evaluation are reduced if the repetitions are 

limited so that the operator recognizes the elements more simply; 
• Recognizability (range: 0–5) of the connection organs: ease of access to the connection elements 

is fundamental; 
• Time base (range: 0–5): the time required by the operator for certain movements that make up 

the operation to be performed must be quantified and optimized [29,30]. 

The resultant numerical evaluation is expressed, according to the indications of the publication 
[17] in TMU: unit of temporal measurement elaborated empirically evaluating the elemental 
operations. It can be traced back to the latter with the relation (TMU) × 10 × 0.036 = (sec). 

A table is therefore constructed that summarizes the disassembly sequence and the estimate of 
its effectiveness according to the aforementioned principles. 

At this point, comparing the Mitrouchev sequence with the Y one, it is possible to find out the 
best ones in order to respect the times Criterion. Much more sequences could be found in literature 
and compared each other; moreover, many other sequences could be invented, taking as starting 
points the ones analyzed and studied. 

Referring to “Appendix A and B” 
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7. Synthetizing the Methodology 

Trying to synthetize the whole method developed during the present work, it can be affirmed 
that 

1. In order to improve the maintenance of a new mechanical product (for example, a gearbox, or 
alike), it can be useful to develop a customized disassembly sequence 

2. Starting from the 2D technical drawing (for example, Figure 1a) of the assembly, it is possible to 
realize a 3D model of the same object; 

3. Phases 1 and 2 can be considered the technical phases; 
4. Shen, the scientific steps start; in the literature, many papers can be found about scientific 

disassembly sequences, published by scientists all over the world; 
5. Scientific sequences (i.e., Mitrochev and Yi ones) can be put in comparison choosing a specific 

criterion, for example the times criterion, as in the presented case study, towards the specific 
product to be disassembled (i.e., gearbox); 

6. The best sequence found will be able to be the one chosen for optimize maintenance process. 
Other future applications and developments can be also: 

a. Inventing another disassembly sequence, eventually mixing the best practices of the above 
studied ones; 

b. Reproduction a technical disassembly animation in CAD environment; 
c. Exporting the CAD disassembly animation into Augmented Reality environment, in order to 

generate a technical innovative user manual for maintenance. 

Disassembly issues emerged during the above-mentioned study and process can also impact 
toward the design process, suggesting to the designer how to optimize the product in order to reduce 
or augment the number of parts and their relative connections. So, in this sense, DSP (or in general 
DfD) can be considered part of DfX, just like DfA [31]. 

8. Conclusions 

Keeping into consideration what written in the previous paragraph (i.e., nr. 7), authors followed 
the new process illustrated in Figure 5. 

 
Figure 5. Disassembly process developed. 
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The results obtained from the calculations, shown in the table, do not allow to fully appreciate 
the differences between the two techniques used to elaborate the searched disassembly sequence. 
This is because the times obtained have discrepancies of a few seconds, due to the fact that the 
algorithms presented have been designed for more complex situations than the geared motor 
considered. 

In the case in question, in fact, there are no significant subgroups that require special precautions 
in the disassembly approach. 

From the point of view of the use of tools, what emerges is the importance of following an order 
that allows to optimize the use of the tools in such a way as to minimize the changes. In the specific 
case, the simplicity of the connecting elements of the mechanism in question has significantly 
facilitated the choice of the disassembly order of the elements within the various levels. This has led 
to minimizing the change of tools to the strict minimum, making the difference between the two 
techniques null. 

The subgroup approach of the Jianjun technique gave poorly appreciable results compared to 
the Mitrouchev method since the number of components considered (just under 150 in total) ,and the 
structure of the mechanism did not require particular compartments to significantly optimize the 
disassembly from the point of view of minimum use of time. 

However, the theoretical differences in perspective of the two algorithms, almost opposite to 
each other, are very evident. This shows, as also stated in the introductory phase of the work, that 
there is no optimal method to apply in order to obtain a disassembly sequence that is a priori the best 
possible of all. 

The choice of the algorithm to be used cannot therefore disregard the omniscient knowledge of 
the product being considered. 

Author Contributions:  All authors have read and agreed to the published version of the manuscript. L.F. 
Conceptualization, supervision, word draft; A.F. softwares, formal analysis, data curation. 

Funding: This research received no external funding 

Conflicts of Interest: The authors declare no conflict of interest 

Appendix A 

Table A1. Time calculation with Jianjun method. Take into consideration that the most external 
dismantling levels focus on the connecting elements, which have no different way of being treated 
according to the algorithm. They must all be removed and therefore, to avoid redundancy, the first 
disassembly levels are now omitted. Assume, therefore, to consider the mechanism as it appears at 
the beginning of level 4 of the previously described algorithm. 
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Task no. 

C
om

ponent no. 

Task 

Tool 

EO
L option 

D
isassem

bly force 

M
aterial H

andling 

R
equirem

ent of tools 

A
ccessibility of joints 

Positioning 

Total task 

N
ote 

          

push/pull operation w
ith hand 

tw
isting and push/pull 

inter-surface friction 

inter-surface w
edging 

m
aterial stiffness 

size 

w
eight 

sym
m

etry 

force exertion 

torque exertion 

dim
ension 

location 

accuracy of tools placem
ent 

  

EOL option:       1 recycling; 2 

remanufacturing; 3 reuse 

Level 1: external and connecting elements 

                  458.0 tot. Level 1 

Level 2: external and connection elements released from level 1 

                  228.9 tot. Level 2 

Level 3: external and connecting elements 

                  233.5 tot. Level 3 

Level 4: release of the gear and bush release subassembly 

4.1 1 p. u. - 3 1 0 0 0 0 2 2.5 2.2 1 0 1 1 1.2 12 remove lower casing 

4.2 gr. 32 p. u - - 1 0 0 0 0 3.5 2.5 2.4 1 0 1 1 1.2 14 separate gear unit 

4.3 11 un cg 1 0 2 0 0 0 2 2 0.8 0 2 1 1 2 13 remove ring nut 

4.4 13 p. u - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove washer 

4.5 12 un cg 1 0 2 0 0 0 2 2 0.8 0 2 1 1 2 13 remove ring nut 

4.6 14 p. u - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove washer 
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Level 5: junction of the bushing subgroups 

5.1 4 p. u p. r. - 0 0 5 0 0 3.5 2 1.2 3 0 1 1.6 5 22 remove bush 

5.2 gr. 3 p. u p. r - 0 0 5 0 0 3.5 2 1.2 3 0 1 1.6 5 22   

5.3 32 p. u - 3 1 0 0 0 0 3.5 2 0.8 1 0 1 1 0.8 11 remove crown 

5.4 41 un pi 1 0 1 0 0 0 2 2 0.8 0 2 1 1 1.2 11 remove bronze bushing grain 

5.5 41 un pi 1 0 1 0 0 0 2 2 0.8 0 2 1 1 1.2 11 remove bronze bushing grain 

5.6 35 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove nut M10 

5.7 35 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove nut M10 

5.8 35 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove nut M10 

5.9 35 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove nut M10 

5.10 35 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove nut M10 

5.11 35 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove nut M10 

5.12 35 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove nut M10 

5.13 35 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove nut M10 

Level 6: removal of the upper casing 

6.1 2 p. u - 3 1 0 0 0 0 2 2.5 2.4 1 0 1 1 1.2 12 remove top cover 

6.2 34 un - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove screw M10 

6.3 34 un - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove screw M10 

6.4 34 un - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove screw M10 

6.5 34 un - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove screw M10 

6.6 34 un - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove screw M10 

6.7 34 un - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove screw M10 

6.8 34 un - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove screw M10 

6.9 34 un - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove screw M10 
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6.10 42 p. u p. r 3 0 0 5 0 0 2 2 0.8 3 0 1 1 5 20 remove bushing 

6.11 42 p. u p. r 3 0 0 5 0 0 2 2 0.8 3 0 1 1 5 20 remove bushing 

6.12 6 p. u p. r 1 0 0 5 0 0 2 2 0.8 3 0 1 1 5 20 remove bearing 

6.13 7 p. u p. r 1 0 0 5 0 0 2 2 0.8 3 0 1.6 2 5 21 remove bearing 

 - 17 - - 3 - - - - - - - - - - - - - - bearing spacer 

 - 3 - - 3 - - - - - - - - - - - - - - bush 

6.14 18 p. u pi 3 0 0 3 0 0 2 2 0.8 3 0 1 1 2 15 remove spacer from the globoid screw 

Level 7: junction of the last parts 

7.1 33 p. u p. r 3 0 0 5 0 0 3.5 2 1.2 3 0 1 1 5 22 remove crown disc 

7.2 6 p. u p. r 1 0 0 5 0 0 2 2 0.8 3 0 1 1 5 20 remove bearing 

7.3 24 p. u - 3 1 0 0 0 0 2 2 0.8 1 0 1 1 1.2 10 remove spacer 

Level 8: total disassembly 

8.1 6 p. u. p. r 1 0 0 5 0 0 2 2 0.8 3 0 1 1 5 20 remove bearing 

  10     3                               

8.2 37 p. u. - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 2 1.2 11 remove tongue 

  44     3                             shaft 

                            

tool changes: 12        total disassembly time (TMU): 1429.7  

           

(TMUs)×10×0.036 = (sec) 
514.692  

          8 min 35 sec  

 
  



Appl. Sci. 2020, 10, 4591 19 of 28 

 

Appendix B 

Table A2. Time calculation with Mitrouchev method. 
  

Task no. 

C
om

ponent no. 

Task 

Tool 

EO
L option 

D
isassem

bly force 

M
aterial H

andling 

R
equirem

ent of tools 

A
ccessibility of joints 

Positioning 

Total task 

N
ote 

          

push/pull operation w
ith hand 

tw
isting and push/pull 

operation
w

ith
hand

inter-surface friction 

inter-surface w
edging 

m
aterial stiffness 

size 

w
eight 

sym
m

etry 

force exertion 

torque exertion 

dim
ension 

location 

accuracy of tools placem
ent 

  

EOL option:        1 recycling; 2 

remanufacturing; 3 reuse 

Level 1: external and connecting elements 

1.1 20 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 
remove nut  

M8 

1.2 20 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 
remove nut  

M8 

1.3 20 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 
remove nut  

M8 

1.4 20 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 
remove nut 

M8 

1.5 20 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove nut 
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M8 

1.6 20 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 
remove nut  

M8 

1.7 20 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 
remove nut  

M8 

1.8 20 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 
remove nut  

M8 

1.9 20 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove nut M8 

1.10 20 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 
remove nut  

M8 

1.11 20 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 
remove nut  

M8 

1.12 20 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 
remove nut  

M8 

1.13 25 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove nut M16 

1.14 25 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove nut M16 

1.15 25 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove nut M16 

1.16 25 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove nut M16 

1.17 27 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove nut M12 

1.18 27 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove nut M12 

1.19 27 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove nut M12 

1.20 27 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove nut M12 

1.21 29 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove oil cap 

1.22 30 pu - 0 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove gasket 

1.23 29 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove oil cap 
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1.24 30 pu - 0 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove gasket 

1.25 23 un c. b. 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove screw TSB M8 

1.26 23 un c. b. 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove screw TSB M8 

1.27 38 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove screw M6 

1.28 45 pu - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove rosette A6 

1.29 38 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove screw M6 

1.30 45 pu - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove rosette A6 

1.31 38 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove screw M6 

1.32 45 pu - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove rosette A6 

1.33 38 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove screw M6 

1.34 45 p. u. - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove rosette A6 

1.35 38 Un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove screw M6 

1.36 45 p. u. - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove rosette A6 

1.37 38 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove screw M6 

1.38 45 p. u. - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove rosette A6 

1.39 36 un - 1 0 2 0 0 0 2 2 0.8 0 1 1 1 1.2 11 unscrew grease nipple 

1.40 36 un - 1 0 2 0 0 0 2 2 0.8 0 1 1 1 1.2 11 unscrew grease nipple 

Level 2: external and connection elements released from level 1 

2.1 28 p. u. - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove screw M12 

2.2 28 p. u. - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove screw M12 

2.3 28 p. u. - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove screw M12 

2.4 28 p. u. - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove screw M12 

2.5 39 p. u. - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove rosette A16 

2.6 39 p. u. - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove rosetteA16 

2.7 39 p. u. - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove rosette A16 
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2.8 39 p. u. - 1 0,5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove rosette A16 

2.9 15 p. u. - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove plate 

2.10 16 p. u. - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove plate 

2.11 21 p. u. - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1,2 9,5 remove rosette A8 

2.12 21 p. u. - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1,2 9,5 remove rosette A8 

2.13 21 p. u. - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1,2 9,5 remove rosette A8 

2.14 21 p. u. - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1,2 9,5 remove rosetteA8 

2.15 21 p. u. - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1,2 9,5 remove rosette A8 

2.16 21 p. u. - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1,2 9,5 remove rosette A8 

2.17 21 p. u. - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1,2 9,5 remove rosette A8 

2.18 21 p. u. - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove rosette A8 

2.19 21 p. u. - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove rosette A8 

2.20 21 p. u. - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove rosette A8 

2.21 21 p. u. - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove rosette A8 

2.22 21 p. u. - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove rosette A8 

2.23 5 p. u. - 3 1 0 0 0 0 2 2 1.2 1 0 1 1 1.2 10 remove cover 

2.24 40 p. u. - 3 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove little cover 

Level 3: external elements 

3.1 8 un - 3 0 2 0 0 0 2 2 0.8 1 0 1 1 1.2 11 remove cap 

3.2 19 p. u. - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove gasket 

3.3 9 un - 3 0 2 0 0 0 2 2 0.8 1 0 1 1 1.2 11 remove cap 

3.4 31 p. u. - 1 1 0 0 0 0 2 2 0.8 1 0 1 1 1.2 10 remove gasket 

3.5 22 un e. s. 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove stud screw 

3.6 22 un e. s. 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove stud screw 
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3.7 22 un e. s. 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove stud screw 

3.8 22 un e. s. 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove stud screw 

3.9 22 un e. s. 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove stud screw 

3.10 22 un e. s. 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove stud screw 

3.11 22 un e. s. 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove stud screw 

3.12 22 un e. s. 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove stud screw 

3.13 22 un e. s. 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove stud screw 

3.14 22 un e. s. 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove stud screw 

3.15 22 un e. s. 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove stud screw 

3.16 22 un e. s. 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove stud screw 

3.17 26 un e. s. 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove stud screw 

3.18 26 un e. s. 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove stud screw 

3.19 26 un e. s. 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove stud screw 

3.20 26 un e. s. 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove stud screw 

Level 4: decoupling of the mechanism 

4.1 11 un cg  1 0 2 0 0 0 2 2 0.8 0 2 1 1 2 13 remove ring nut 

4.2 12 un  cg 1 0 2 0 0 0 2 2 0.8 0 2 1 1 2 13 remove ring nut 

4.3 1 p. u. - 3 1 0 0 0 0 2 
2.

5 
2.2 1 0 1 1 1.2 12 remove lower casing 

4.4 gr. 32 p. u. - - 1 0 0 0 0 3.5 
2.

5 
2.4 1 0 1 1 1.2 14 remove gear assembly 

Level 5: gear unit and screw assembly 

5.1 35 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove nut M10 

5.2 35 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove nut M10 

5.3 35 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove nut M10 
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5.4 35 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove nut M10 

5.5 35 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove nut M10 

5.6 35 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove nut M10 

5.7 35 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove nut M10 

5.8 35 un cd 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove nut M10 

5.9 41 un pi 1 0 1 0 0 0 2 2 0.8 0 2 1 1 1.2 12 
remove bronze 

bushing grain 

5.10 41 un pi 1 0 1 0 0 0 2 2 0.8 0 2 1 1 1.2 12 
remove bronze 

bushing grain 

5.11 13 un - 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove washer 

5.12 14 un - 1 0 2 0 0 0 2 2 0.8 0 2 1 1 1.2 12 remove washer 

Level 6: gear unit and screw assembly 

6.1 34 un - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove screw M10 

6.2 34 un - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove screw M10 

6.3 34 un - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove screw M10 

6.4 34 un - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove screw M10 

6.5 34 un - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove screw M10 

6.6 34 un - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove screw M10 

6.7 34 un - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove screw M10 

6.8 34 un - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 1 1.2 9.5 remove screw M10 

6.9 42 p. u. p. r. 3 0 0 5 0 0 2 2 0.8 3 0 1 1 5 19.8 remove bushing 

6.10 42 p. u. p. r. 3 0 0 5 0 0 2 2 0.8 3 0 1 1 5 19.8 remove bushing 

6.11 4 p. u. p. r. 3 0 0 5 0 0 2 2 0.8 3 0 1 1 5 20 remove bush 

Level 7: upper casing junction 



Appl. Sci. 2020, 10, 4591 25 of 28 

 

7.1 2 p. u. - 3 1 0 0 0 0 2 
2.

5 
2.4 1 0 1 1 1.2 12 remove top cover 

7.2 32 p. u. - 3 1 0 0 0 0 3.5 2 1.2 1 0 1 1 1.2 12 remove crown 

7.3 
gr. Buss. 

3 
p. u. p. r. - 0 0 5 0 0 2 2 1.2 3 0 1 1 5 20 

remove bushing 

assembly 3 

Level 8: release of last parts 

8.1 33 
p. 

u.. 

p. r. 
3 0 0 5 0 0 3.5 2 1.2 3 0 1 1 5 21.7 remove crown disc 

8.2 6 p. u. p. r. 1 0 0 5 0 0 2 2 0.8 3 0 1 1 5 20 remove bearing 

8.3 3 
p. u. p. r. 

3 0 0 5 0 0 2 2 0.8 3 0 1 1 5 20 
separate bush and 

bearing 

8.4 18 p. u. pi 3 0 0 3 0 0 2 2 0.8 3 0 1 1 2 15 
remove spacer from 

the globoid screw 

Level 9: release of last pieces 

9.1 37 p. u. - 1 0.5 0 0 0 0 2 2 0.8 1 0 1 2 1.2 11 remove tongue 

  44     3                             shaft 

9.2 17 p. u. pi 3 0 0 3 0 0 2 2 0.8 2 0 1 2 2 15 
remove spacer from 

bearing 

-  7 -  -  1 -  -  -  -  -  -  -  -   - -  -   - -  -  bearing 

9.3 6 p. u. p. r. 1 0 0 5 0 0 2 2 0.8 3 0 1 1 5 20 remove bearing 

9.4 24 p. u. - 3 1 0 0 0 0 2 2 0.8 1 0 1 1 1.2 10 remove spacer 

Level 10: release of last pieces 

10.1 6 p. u. p. r. 1 0 0 5 0 0 2 2 0.8 3 0 1 1 5 20 remove bearing 

-  10  -  - 3 -  -  -  -  -   - -   - -  -  -   - -  -   - 
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tool changes: 11        total disassembly time (TMU): 1444.1  

           (TMUs)×10×0.036 = 519.876 sec  

Sigle: c. d. torque wrench                8 min 40sec  

   c. b. socket wrench             

   e. s. captive stud screw             

  c. g. wrench for ring nut             

   p. r. press             

    pi nipper             
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