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Abstract 
 

This paper presents a study based on Design for Disassembly (DfD) applied to a hydraulic pump through the 
Disassembly Geometry Contacting Graph (DGCG) methodology. DfD is today very important to reduce the disposal 
or maintenance costs foreseeable already in the planning phase. One of the key points in reducing costs is reducing 
time for disassemble each component. Because of that, the disassembly time was considered respect to other 
fundamental and optimizable characteristics such as: disassembly costs, operations to be performed, quantity of 
material, etc. All the operations have been evaluated using the time measurement units (TMUs). The objective of the 
paper is to minimize the disassembly times required for an operator to separate each single component from the other. 
The study of accessibility, positioning, strength, and basic time led to a comparison between different disassembly 
methods in order to produce the optimal sequence. In the end, the validation of the sequence was carried out in an 
Augmented Reality (AR) environment in order to predict the manual disassembly understanding the possible issues 
without the need of building the components. Using AR, it was possible to look at the assembly during the design 
phase in a 1:1 scale and evaluate the chosen sequence. 
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1. Introduction 
The starting point of the presented paper is the study of Design for Disassembly (DfD) related to the analysis of the 
design of an industrial product in order to optimize a disassemble sequence. The optimization can refers to different 
parameters depending on the necessities: costs, number of operations to be performed, quantity of recyclable material 
for the disposal, time required for the selective disassembly of a component or for the total disassembly of the product. 
In this specific case study, the DfD is discussed with the aim of minimize the disassembly times required from an 
operator to separate each individual component from the others. In particular, an hydraulic pump (Figure 1) is studied.  
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Figure 1. 3D representation of the Hydraulic Pump 

 
1.1 Objectives 
This paper is divided in several steps. Firstly, the product is drown using Creo Parametric 3.0 in order to have a solid 
3D representation of each components.   
In the second phase, a study of the Design for Disassembly is carried out leading to the presentation of a first criteria 
for a quantitative analysis of the disassembly process. Consequently, other standard sequences are taken into account 
and the best one is chosen.   
In the end, a comparison between the hypothetical sequence derived from virtual experience and to a sequence 
obtained using a well-known methodology is presented comparing the times of each sequence in the different cases. 
The Augmented reality representation of the model is a key point in the virtual sequence because it is carried out in 
an immersive environment and real time (Osti et al., 2017). To summarize, the intent of this paper is to compare a 
disassembly sequence obtained using scientific method with a sequence hypothesized on the basis of personal 
experience taking time as a criterion. Once the best one is found, it is possible to simulate it in a virtual reality 
environment to ensure its actual physical feasibility. 
 
2. Literature Review 
Design For Disassembly (DfD) is the analysis of the product design used to optimize its disassembly during 
maintenance operations or at its end of life (Jovane et al., 1993)(Boothroyd & Alting, 1992). 
In general, the disassembly is seen as a systematic combination of operations in which all the various components 
forming part of a product are separated. This operation can lead to: the change of a defective component, a simple 
maintenance manoeuvre, the change of a product that is no longer the optimal for a specific task, or for environmental 
purposes (Rios et al., 2015)(Chang et al., 2017). The latter case is becoming increasingly important in an era where 
recycling and reuse are becoming relevant to prevent major disasters. 
Disassembling an object can be destructive or non-destructive depending on whether the separate components could 
be reused, or their capabilities are irreversible compromise. 
The DfD is therefore the tool that allows to deal with these problems already in the design phase. The technological 
development is moving toward DfDs algorithms that can be implemented on computers, but the direct experience 
remains a key feature in the definition of the best sequence. In fact, these algorithms, do not consider that most of the 
disassembly operations are carried out manually. As result, they do not evaluate some operations in a realistic way 
such as: the amount of manual force required by an operation, the need of special tools and the body position of the 
worker for long periods of time. Considering the definition of “Disassemblability” provided by (Mok et al., 1997), it 
is possible to say that the disassemble path is affected by the following factors:  

• strength: the minimum possible use of force recommended for the operator; 
• disassembly mechanism: a simple mechanism is always preferred; 
• tooling: the less tools are used, the faster the disassembly will be. Ideally, it should not be necessary to use 

any tool since this would already mean a demand of human force; 
• part repairing: it is preferred to minimize the repetition of equal parts in order to speed up the identification 

of the parts; 
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• recognition of the disassembly points: a search must be made available for the connection points which must 
necessarily be dismantled in order to allow a part to be disassembled; 

• structure of the product: a simple structure characterized by the fact that each part is always easy to reach; 
• use of toxic materials: since disassembly is often done manually, it is recommended to use nontoxic materials. 

Moving forward through the new technologies, it is possible to enhance the points defined above including the direct 
experience of a worker simulated in augmented environments (Frizziero et al., 2019)(De Amicis et al., 2018). 
 
3. Methods 
3.1 The criterion for choosing the disassembly sequence 
Kroll and Carver in (Kroll & Carver, 1999) created a system that uses time-based parameters useful to design a product 
in order to simplify disassembly and facilitate recycling. 
The method presented relies on the assignment of numerical values to each parameter defined in the following for 
each component that is a part of the product to be disassembled. The lower the result, the easier the component will 
be disassembled. These values are defined in Time Measurement Units corresponding to 36 thousandths of a second. 
For simplicity all the TMUs are divided by a factor of 10 (TMU/10).  
The parameters are: 

• Accessibility: how easily the component can be reached by the hands of an operator or a tool. Accessibility, 
takes into account the size of the component and its allocation whether it is on a flat surface, in a hidden or 
clearly visible place; 

• Positioning: it is the degree of precision required for the placement of the operator’s hands or tools in order 
to grasp correctly the object. Within this parameter, the symmetry or asymmetry of the component is taken 
into account; 

• Strength: it is the measure of the effort required to carry out the maneuver. In this case, account shall be taken 
of the actual value of the effort required, the type of effort (if torque or linear), the possible combination of 
twisting pulls and moments and all the effects of the material including stiffness, friction, etc.; 

• Basic time: it is the time required to perform the required maneuvers or movements without any difficulty. 

The algorithm follows these steps: 
1. Step 1: Assignment to each individual component of the product an End Of Life (EOL) solution:  Reuse, 

Regeneration, Recovery. 
2. Step 2:  Choosing of a disassembly sequence and removing the selected components studying and assigning 

a numerical value in TMU. Subsequently, analyze the set of values obtained checking for any anomalies that 
can produce too high values. 

3. Step 3:  this step should be carried out only in case unconventional postures are required for disassembly in 
analysis. If so, some tolerances related to them should be calculated, for example: if an operation requires a 
prolonged extension of the forward arm, its score will have to be increased by 3 points; if instead a prolonged 
bend or twist of the neck is required, the score will be increased by 4 points, etc.. 

4. Step 4:  Diagnostic of the project. Points with very high score should be identified and the causes related to 
them should be reported and modified in order to optimize the sequence. 

This quantitative analysis, in terms of process time, allows to immediately identify the situations of the entire process 
and allows an immediate comparison between two or more sequences. In order to consider also the actual feeling in 
the decision of the right manual disassembly sequence, a virtual environment is built. Using Unity it is possible to set 
up a scene and import the CAD model into it. The main benefits derived from this solution are: fidelity of the model 
respect to the scale of the components, immersive environment that replicates the real situation of the operator and an 
hand interaction that provides the correct times respect to the simple operation performed using a mouse. Setting up 
the correct constraints between each component makes possible to test many sequences and chose the faster one. The 
model is now transposed in the real world (Figure 2) with all its specifications. 
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Figure 2. Augmented reality disassembly for the case study 

The disassembly sequence derived from the combination of a virtual reality environment and the criteria defined above 
is compared with a standard methodology (Mitrouchev et al., 2015) to underline the main difference between an 
experience sequence and a scientific application. 

 
4. Data Collection  
The model has been drawn in PTC Creo 3.0 from scratches and it refers to a hydraulic pump of Casappa S.p.a.. It 
offers a displacement range of 1-138 𝑐𝑐𝑚𝑚3/𝑟𝑟𝑚𝑚𝑟𝑟 and a pressure up to 250 bar. The rotational speed can vary between 
350 and 3000 𝑟𝑟𝑟𝑟𝑚𝑚. Figure 3-4 show the target component. 
 

 
Figure 3. Exploded view of hydraulic pump 
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Figure 4. Target component for the disassembly sequence 

Table 1 shows more specifications of the component. 

Table 1. Target component's specifications 

 
 
5. Results and Discussion  
5.1 Numerical Results  
First Sequence: 
It is considered a disassembly sequence derived from a virtual reality experience. The result obtained is the extraction 
of the component 9 in order to simulating the maintenance on the gear. The first maneuver is to set free the connecting 
organs that keep the pump lids closed; for this reason, the initial operation of the sequence is to unscrew the nuts and 
remove rosettes and screws. Secondly, the front cover is opened and all the elastic safety ring are left to their position. 
This operation doesn’t affect the disassembly sequence. The shaft is extracted through an operation of manual pulling. 
This maneuver pulls out of the pump’s body a subassembly composed of a shaving, two bushings inside the latter and 
the conductive wheel (the target).  At this point, the last necessary operation is to extract the desired component from 
its location in the shaving, and the selective disassembly of component 9 is successfully completed. 
 
Quantitative analysis of the assumed sequence: 
Through the quantitative analysis described above, it is possible to calculate the needed time to complete the whole 
sequence that correspond to 1448 TMUs or 51.13s (Table 2).  
 

Table 2. Time calculation for disassembly using virtual sequence 
Task No. Component No. EOL option Disassembly Forces    

Push/pull op. with 
hand 

twisting and 
push/pull op. 
with hand 

inter-
surface 
friction 

inter-
surface 
wedging 

material 
stiffness 

        

Number of Teeth 9 Degree of accuracy 6FL 

Form 3.5 Conjugate wheel teeth 9 

Primitive diameter 31.5 Wheelbase 31.5 

Head diameter 38.5 Gauge on K teeth 15,9397 

Foot diameter 23.24 Pressure angle 20th 

Tooth height 7.58 Gear ratio 1:1 

MrCoeff. Displacement 0 Type of teeth Straight cylindrical 
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1.1.1 13a 3 0 1 0 0 0 
1.1.2 13b 3 0 1 0 0 0 
1.1.3 13c 3 0 1 0 0 0 
1.1.4 13d 3 0 1 0 0 0 
1.2.1 12a 3 0,5 0 0 0 0 
1.2.2 12b 3 0,5 0 0 0 0 
1.2.3 12c 3 0,5 0 0 0 0 
1.2.4 12d 3 0,5 0 0 0 0 
1.3.1 11a 3 0,5 0 0 0 0 
1.3.2 11b 3 0,5 0 0 0 0 
1.3.3 11c 3 0,5 0 0 0 0 
1.3.4 11d 3 0,5 0 0 0 0         

2.1 1 3 0,5 0 0 0 0         

3.1 9  7 10 1 3 0,5 0 0 0 0 
3.2 7 9 3 0,5 0 0 0 0 

 
 

Material Handling Requirement of Tools Accessibility of Joints Positioning Total task 

component 
Size 

component 
weight 

component 
symmetry 

applied 
force applied torque dimension locations accuracy of tool 

placement 
 

         

2 2 0,8 0 2 1 1 1,2 11 
2 2 0,8 0 2 1 1 1,2 11 
2 2 0,8 0 2 1 1 1,2 11 
2 2 0,8 0 2 1 1 1,2 11 
0 2 0,8 1 0 1 1 1,2 7,5 
0 2 0,8 1 0 1 1 1,2 7,5 
0 2 0,8 1 0 1 1 1,2 7,5 
0 2 0,8 1 0 1 1 1,2 7,5 
2 2 0,8 1 0 1 1 1,2 9,5 
2 2 0,8 1 0 1 1 1,2 9,5 
2 2 0,8 1 0 1 1 1,2 9,5 
2 2 0,8 1 0 1 1 1,2 9,5 
         

2 2 0,8 1 0 1 1 2 10,3 
         

2 2,5 2,4 1 0 1 1 1,6 12 
2 2 1,4 1 0 1 1 1,6 10,5 
       Total TMUs*10 1448 
       Secondi 52,13 
       Minuti 0,87 

 
 
It should be noted that the operation that takes the most time is the extraction of the subassembly asymmetric 
component including the component-target. This value is 120 TMUs, corresponding to 4.32s. The average number of 
transactions encountered throughout the work is 96 TMUs, or 3.5 s.   
In general, the sequence does not require special equipment, nor large strength exercises so all the scores mentioned 
in the previous chapter are modest.  
 
Second Sequence: 
To build a sequence using the “Mitrouchev” method for the presented case study, it is necessary to collect elements 
in three subassemblies:  S1, S2 and S3. Subsequently, SDR and possible collisions are detected for all components. 
It should be noted that in this assembly all constraints are coaxial or at most contact between the body and the lids. 
Each element is coaxially inserted into another and the contact surface is cylindrical. As described in (Iacob et al., 
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2011), this implies that the translations perpendicular to the link axis are excluded from any SDR, because the only 
degree of freedom left is precisely the relative movement parallel to it. In addition, for the conformation of the pump, 
it is noted that collisions are certainly not possible, as each piece can only be freed once its movement along the axis 
of the connection has been unlocked.  
In conclusion, there is only one disassembly direction throughout the operation that remains unchanged and it is the 
same for all the components of the assembly. This information is important because the pump can be opened and 
dismounted without the need of particular movements or rotations on the work bench. Figure 5 shows the Disassembly 
Geometry Connecting Graph (DGCG) of the analyzed assembly. 
 

 
Figure 5. DGCG of hydraulic pump 

 
 
Considering the sequence related to the front cover (S1), the operation requires a total of 1433 TMUs, corresponding 
to 51,58 s (Table 3). 
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Table 3. Time calculation for disassembly using standard sequence. 
Task No. Component No. EOL option Disassembly Forces    

Push/pull 
op. with 
hand 

twisting and 
push/pull 
op. with 
hand 

inter-
surface 
friction 

inter-
surface 
wedging 

material 
stiffness 

        
1.1.1 13a 3 0 1 0 0 0 
1.1.2 13b 3 0 1 0 0 0 
1.1.3 13c 3 0 1 0 0 0 
1.1.4 13d 3 0 1 0 0 0 
1.2.1 12a 3 0,5 0 0 0 0 
1.2.2 12b 3 0,5 0 0 0 0 
1.2.3 12c 3 0,5 0 0 0 0 
1.2.4 12d 3 0,5 0 0 0 0 
1.3.1 11a 3 0,5 0 0 0 0 
1.3.2 11b 3 0,5 0 0 0 0 
1.3.3 11c 3 0,5 0 0 0 0 
1.3.4 11d 3 0,5 0 0 0 0         
2.1 1 3 0,5 0 0 0 0         
3.1 S2 3 0,5 0 0 0 0 
3.2 7 9 3 0,5 0 0 0 0 

 
Material Handling Requirement of Tools Accessibility of Joints Positioning Total 

task 
component Size component 

weight 
component 
symmetry 

applied 
force 

applied 
torque 

dimension locations accuracy of 
tool placement 

 

         

2 2 0,8 0 2 1 1 1,2 11 
2 2 0,8 0 2 1 1 1,2 11 
2 2 0,8 0 2 1 1 1,2 11 
2 2 0,8 0 2 1 1 1,2 11 
0 2 0,8 1 0 1 1 1,2 7,5 
0 2 0,8 1 0 1 1 1,2 7,5 
0 2 0,8 1 0 1 1 1,2 7,5 
0 2 0,8 1 0 1 1 1,2 7,5 
2 2 0,8 1 0 1 1 1,2 9,5 
2 2 0,8 1 0 1 1 1,2 9,5 
2 2 0,8 1 0 1 1 1,2 9,5 
2 2 0,8 1 0 1 1 1,2 9,5          

2 2 0,8 1 0 1 1 2 10,3          

2 2 1,4 1 0 1 1 1,6 10,5 
2 2 1,4 1 0 1 1 1,6 10,5        

Totale 
TMUs*10 

1433 
       

Seconds 51,59        
Minutes 0,86 

 
 
 
Observing the results obtained in the two cases, the times required for both sequences are almost the same and they 
differ by a few fractions of a second. This very slight difference exists because in the first sequence it was considered 
to extract an assembly that already includes the driving wheel, giving rise to a heavier asymmetrical. This aspect 
increase (for the criterion used) slightly the TMUs values . The Mitrouchev sequence, clearly deny considering the 
target parts as subpart of a subassembly. It is emphasized that the disassembly of the product under analysis is not 
particularly complex, but it reflects many possible applications in a mechanical environment because of the axial 
symmetry of the target component.  
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6. Conclusion 
This paper proposed a comparison between two disassembly sequence, the first one is based on virtual experience and 
the second one is scientifically supported by a defined algorithm.  The hypothesis made at the beginning resulted in 
few fractions of difference between the two method. This is due to the fact that the assembly has a particular 
arrangement of the pieces for which disassembly is constrained to be carried out in a specific order. All constraints 
are cylindrical coaxial with cylindrical contact surface.  
However, the equality of the two-sequence underlines that for simple cases it is not necessaire to use complex matrices 
or algorithms to perform the right disassembly sequence and that virtual/augmented reality should be more considered 
in the disassembly process and design phase to discover and underline simpler general principles that can be used for 
operator’s training. 
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