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Abstract

:

A mechanical product is the result of collaboration between different domains. In this paper we focus on the collaborative work that brings together the system engineer and the designer in the realization process of a mechanical system. A design solution, conceived in the CAD environment, is considered valid if all the specification requirements, defined in the MBSE (Model Based System Engineering) domain, are met. Thus, the preliminary study of these requirements has a major influence on the choice and validation of the design solution. In this paper a methodology for handling the requirements has been detailed. These requirements are classified into two main categories. The first one deals with the product performance and the second addresses the process performance in order to generate the best assembly sequence. Depending on the response of the designed solution to these requirements, it becomes easy to decide not only whether the design solution can be validated or not but also to choose the most optimal assembly sequence that ensures the best operation quality. A validation example of a speed reducer is used to demonstrate the added value of the proposed approach.
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1. Introduction and State of the Art


The search for the right compromise between cost, quality and production time has led researchers to better contribute to technological development. This in turn led to the development of highly complex systems [1]. Among them we can cite mechanical systems. Their complexity appears not only in the complexity of parts but also in the difficulty of finding the most optimal assembly sequence that leads to a highly quality of the product. The accumulation of all these requirements from different fields makes the task of validating the final product more difficult. For this reason, good collaboration between all disciplines is essential [2]. This concentration of efforts helps to produce valid systems that strive for perfection [3]. Model-Based Systems Engineering (MBSE) is a multi-disciplinary approach that facilitates the exchange between different domains to validate systems design [4]. SysML is one of the languages used by System Engineer (SE) to document requirements in order to describe the overall solution in a simple and efficient way [5]. Thus, the MBSE approach using Systems Modeling Language (SysML) is a good choice for system design to better manage all the constraints [6,7]. Currently the problem is how to ensure the exchange of data between the SE, who has a global view of the product, and the designer, who is a Computer Aided Design (CAD) specialist, in order to validate the design solution of the mechanical assembly and to define the most appropriate assembly sequence that allows for a better quality.



Several research works focused on the development of MBSE and CAD. However, little works treated the interconnection between these two engineering domains to assess the response of mechanical systems by involving SE in the choice of the design solution [4]. Indeed, to solve the problem of the assembly sequences generation, researchers initially relied on the philosophy of determining disassembly sequences. The assembly plans are considered, thus, as the reverse order of the disassembly sequences. However, this philosophy has met with many counter examples [8]. Therefore, the second philosophy focuses on the determination of assembly plans directly without going through the reverse path. Bourjault is considered the first to develop an approach for determining all possible assembly sequences of a product [9]. Other researchers generated the assembly sequences based on a simplification of the assembly model by eliminating the connecting parts [10,11]. There is also Wolter who proposed an approach that allows the generation of a single assembly sequence by respecting the following criteria: the trajectories of the operation, the handling of the component, and the tools used for the assembly [12]. The generation of assembly sequences is certainly an important step in the development phase of mechanical systems, but it is always necessary to choose the most optimal sequence to ensure proper operation and better profitability of the system. To this end, Design For Assembly (DFA) methodologies have been very successful in improving product assemblability [13]. In the literature, several DFA methodologies have been studied but the most extensive are those of Boothroyd and Dewhurst [14], Lucas methodology [15], Modified Westinghouse methodology [16], and Hitachi-AEM methodology [17]. Other research studies have combined the 4 methodologies mentioned above to come up with a methodology that allows the product development method to be reinforced in all phases of the design process [18]. However, these methodologies do not allow the study of product design problems at the beginning of the product life cycle, so researchers have proposed new analysis indicators to determine the correct assembly sequences from a ranked list [19]. In the same context, a new approach using essential metrics to define optimal assembly sequences were developed [20]. Another persisting problem is the problem of generating of CAD data. Indeed, to solve the problem of data exchange between the CAD system and CAD applications, a tool called CADLAB that ensures the extraction of CAD data from mechanical assemblies were developed [21].



In the MBSE environment, some researchers are interested in defining the functional architecture of products, which facilitates the definition of system requirements and makes it easier to understand [22]. Similarly, a methodology that consists of two phases of analysis of the internal and external architecture of a mechatronic system in order to reduce systems complexity were developed [23]. In the MBSE environment the validation stage plays a key role in testing whether the proposed system will meet the customer’s needs or not. To this end, Selvy et al. used SysML to verify and validate the planning on the Large Synoptic Survey Telescope (LSST) [24]. In order to improve the tools used by systems engineers, some researchers addressed the limitations of SysML [25].



During the last few years, researchers have felt the major importance of communication between engineers to ensure a good understanding of the systems, which helps to produce satisfactory systems that meet all needs. Brahmi et al. developed a SysML profile capable of reading assembly data from the CAD software tree and translating them into SysML data [1]. They also defined a methodology to ensure continuity of work between SE and designers to facilitate the validation of proposed design solutions [4]. In the same theme, a methodology that enriches the CAD database with functional information collected from the MBSE area were developed [26].




2. Synthesis and Main Objectives


From the previous literature review, it can be concluded that research works are under development but each one separately. The main limitations of the ongoing research are as follow:




	▪

	
Remarquable communication discontinuity between SE and designers.




	▪

	
Retained product solutions do not fulfill to all system-engineering requirements.




	▪

	
No conformity of the product with specifications.









To remedy these limitations, this paper presents an automatic validation approach of design requirements. The proposed approach is based on a set of assemblability indicators which represent the assembly performances.




3. Proposed Approach


The proposed methodology illustrated in Figure 1 deals with the realization process of mechanical system from the functional analysis phase until the validation. Subsequently, this methodology allows the selection of the most optimal assembly sequence based on the response of the design solution to some assemblability indicators. The approach defines a bridge of exchange between the two domains of MBSE and CAD and integrates the SE in the validation of the design solution, a task that was previously dedicated only to designers. This methodology ensures a qualitative mechanical design that meets all requirements, which has an impact on the manufacturing cost and production time of the mechanical systems produced afterwards.



In the following, each step of the methodology will be detailed and illustrated by a case study example which is a planetary gear for speed reduction. Figure 2 illustrates the treated mechanism. The cycloidal speed reducer is a mechanism that serves to reduce the input speed of a motor shaft by achieving relatively high ratios in compact sizes with very small clearances.



3.1. Functional Analysis and Requirements Definition


Understanding the use context of each product is essential in order to be able to describe the requirements to satisfy. Thus, gathering all the informations about the use purpose will increase the design efficiency and ultimately lead to the development of a winning product. This is the purpose of the functional analysis step, which is the key to define all the product requirements before developing design solutions. Consequently, the first step of the proposed methodology, is an essential step as it allows to deconstruct the customer need and to express all the requirements related to their satisfaction.



This step is carried out in the MBSE domain where the SE is asked to fix all the requirements to be satisfied by the mechanical system. Once identified and characterised this will subsequently help to test the response of the designed solution to these requirements and measure its progress and success against the defined objective criteria. This step is a very interesting and important one in the project management process, which avoids some of the classic design pitfalls and enables dialogue between the designer and the SE. It is a guarantee of objectivity and creativity in the management of the project.



All the requirements are represented in a SysML requirements diagram. Among them, there are those related to the design assemblability. These requirements are classified into two categories and a calculation indicator is assigned to each of them. The classification of these assemblability indicators is as follows:




	▪

	
Product performance indicators: Their values remain invariant even when changing the assembly sequences. Used to judge whether the designed solution is valid and indicates the possibility of improving the design.




	▪

	
Process performance indicators: Their values change by changing the assembly sequence. Thus, used to help in the determination of the most optimal assembly sequence among a list of sequences.









In this phase, eight assembly indicators (Table 1) are proposed for inclusion in the requirements document for each mechanical system. A detailed analysis of these indicators allows SE to progressively focus on tasks that require improvement. It is noticed that the boundary values of these indicators are either defined by the working group or imposed by the SE depending to the treated mechanism.



3.1.1. Product Performance


Several researchers have developed methodologies and analysis tools to improve assembly during the development phase of mechanical systems. According to the predefined principle, the product performance indicators are used to quantify the quality of the proposed solution and indicate whether the latter needs improvement. For each indicator, a limit value is assigned. These values serves to allow their comparison to those calculated for each designed solution. The indicators used for the product performance analysis are: maximum number of parts (N), cost (C), efficiency (De) and are calculated using Equations (1)–(3). These equations as follows:


  N = A + B  



(1)






  C =   ∑   k = 0  N   C k   



(2)






   D e  = 100    A  A + B    



(3)




where



	
A: Essential components;



	
B: Non-essential components;



	
N: total number of parts;



	
Ck: Part assembly cost.






It is noticed that all parts are classified into essential (A) and non-essential parts (B) according to the working group and based on the answer to the subroutine shown in Figure 3.



Based on an in-depth needs study of each mechanical system under consideration, the SE defines limit values for the product performance indicator in a requirement diagram. These values serve to judge the validity of the design solution later on. The product performance requirements of the speed reducer are represented in Figure 4.




3.1.2. Process Performance


As well as the product performance indicators, the process indicators also need to be studied. As they are time dependent, their values change as the assembly sequence changes. The process performance indicators are used to determine which assembly sequence offers the best operation quality. The indicators studied in this paper are: total assembly time (TAT), insertion ratio (IR), handling ratio (HR), assemblability ratio (AR) and complexity factor (CF). These process performance indicators are formulated by Equations (4)–(8). The process performance requirements defined for the speed reducer example are modeled in Figure 5. It is noticed that the working group gives the limit values of each indicator. For example, the design efficiency (De) value must exceed 60% for the case study.


  Total   assembly   time   ( s ) :    T  AT   =      T   H  +  T i   



(4)






  Insertion   ratio :      I   R  =    T i    NUP    



(5)






  Handeling   ratio :    H R  =    T H    NUP    



(6)






  Assemblability   ratio :    A R  =   A ·  T  min      T  AT       · 100  



(7)






  Complexity   factor :    C F  =  T  AT   − 2.35  (  A + B  )   



(8)




where



	
Ti: insertion time.



	
TH: handeling time.



	
NUP: the amount of unrepeated essential parts (A).



	
   T  min    : Minimum assembly time in the industry’s assembly line.
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Figure 5. Process performance requirements of the speed reducer. 
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3.1.3. XML-MBSE Data Generation


The data exchange between disciplines from different specialities can be the cause of huge problems due to use of different languages. Indeed, the lack of standard means of communication between them can lead to misunderstanding or loss of informations. This can obviously result in systems with poor quality that do not meet requirements. The data exchange phase is therefore essential to ensure the fully transfer of informations. Therefore, during this stage, the data generation is performed in Extensible Markup Language (XML) format for its simplicity and to allow the easily translation of all the previously studied informations. The resulting file contains a summary of the boundary values of the assemblability indicators fixed by the SE and needed by the designer during the design phase in order to produce a satisfactory design solution that meets all the requirements.



The XML-MBSE data generation file for the speed reducer example is represented in Figure 6.





3.2. 3D Design and Assembly Sequences Generation


3.2.1. 3D CAD Development


The collaborative work between the designer and the SE takes place at this stage. The CAD domain enables an idea extracted from a customer requirement to be transformed into an industrialisable object based on design techniques and methods. Thus, the designer is responsible for transforming the ideas and requirements of the SE into a useful product design. Based on the data collected from the MBSE domain defined in the XML file, the designer propose and design the most suitable solution that can meet all the customer needs.



In this step, the CAD specialist creates three-dimensional mechanical parts with their properties i.e., dimensions, mechanical strength, type of materials etc. This obviously gives a global visibility of the behaviour of a part before it exists, in terms of its appearance and its structure and functioning. This stage gives also the opportunity for the designer to refer to each constituant if any changes are required. At the end of the designers work, the plans of each part and all the dimensions that characterize them are modeled.



The exploded view of the speed reducer is represented in Figure 7 and the bill of materials in Table 2. The software FreeCAD were used for the design of the treated example.




3.2.2. Assembly Sequence Generation


During this step and based on the designed solution, the designer is asked to define all the possible Assembly Sequence Plans (ASP) for the proposed design. The purpose of this step is to detail all the possible assembly solutions in order to select the most satisfactory sequence later. Based on the work detailed in [10], three possible assembly sequences (ASP1, ASP2 and ASP3) of the speed reducer are summarized in Table 3.




3.2.3. CAD XML Generation


After developing a detailed design and generating all the possible assembly sequences, and similar to the generation of MBSE data, CAD data need also to be described in a simple and efficient way in an XML file that summarizes the designers contribution. This will help the SE, a non-CAD specialist, to understand the work previously elaborated in the CAD domain in order to check the design solution response to requirements.




3.2.4. Analysis and Validation


The importance of the collaborative work between the designer and the SE appears in this step. It is at this stage that the designed solution may be judged satisfactory or not. The SE is involved in the validation of the design solution proposed in CAD domain. After receiving the CAD-XML file, the proposed design solution should be analyzed based on its response to the initially defined requirements. Thus, if all the requirements are validated, the solution is considered satisfactory and the manufacturer takes over. If not, a report detailing the non-reconciled requirements should be sent back to the designer with the aim of making the appropriate changes.



Figure 8 illustrates the analysis methodology. The first step is to analyse the product performance indicators of the proposed design solution. If their values are in line with those of the initially defined requirements, then the product performance is deemed satisfactory. If not, an analysis report should be sent to the designer to make the appropriate changes. The next step is to analyse the process performance indicators for each assembly sequence separately, and to test their response to the specification requirements. Based on the results of the analysis, the SE can select the best assembly sequence that meets all the requirements and offer a higher quality. Given the predefined criteria, it is very rare to have two assembly sequences with the same score. However, if the system engineer ends up with several acceptable ASPs then the designers team will choose the most optimal solution. For the speed reducer example, the analysis of the design solution is carried out using Modelcenter MBSE connection tool, which connects the requirements stored in Magicdraw software in the requirement diagram to the analysis indicators values for the proposed solution. Figure 9, Figure 10 and Figure 11 shows the responses of ASP1, ASP2 and ASP3 to the initial requirements respectively.






4. Results and Discussion


The outcomes of the proposed methodology are as follows:




	
Requirement definition: in this step the SE identifies all the requirements and assigns limit values for the product performance and process performance indicators.



	
CAD development: in this stage the designer proposes an adequate design solution and generates all the possible assembly sequences.



	
Validation and choice of the appropriate assembly sequence: during this stage the SE analyses the designed solution and compares its response to the initially defined requirements to judge whether it is acceptable in order to select the most optimal assembly sequence.








Designing in the shortest possible time, with the least expense and the best quality remains a constant challenge for designers. By combining product performance and process performance metrics, the proposed methodology allows a good evaluation of the designed solution with an optimal assembly sequence. Based on the results of the Figure 9, Figure 10 and Figure 11, all the product performance indicators are satisfied. Indeed, the designed solution perfectly meets the SE expectations and the calculated values are in concordance with the system specifications. This implies that the design solution can be required if the process performance requirements are also met.



Based on the methodology detailed in Figure 8, as the product performance indicators were validated the SE should move on to the analysis of the process indicators. Thus, ASP1 and ASP2 of the treated example does not meet the threshold values of some assemblability indicators as indicated in Figure 9 and Figure 10. As a result, these two assembly sequences are not acceptable. In contrast to ASP3, all the requirements are marked in green (Figure 11), which implies that the requirements are fully met.



Since the SE is looking to minimize as much as possible the values of the indicators TAT, IR, HR, CF and to have a value of AR between 50 and 100%, then according to Figure 12, ASP3 is the sequence with the smallest surface area compared to ASP1 and ASP2, which reflects the choice of ASP3 as the best assembly sequence.




5. Conclusions and Future Works


Interoperability between SE and designers plays an important role in ensuring the production of high mechanical assemblies quality. In this paper, a methodology that proposes the necessary steps to preserve the continuity of communication between them were developed. This methodology allows testing the response of a proposed CAD design solution to the requirements defined in the MBSE based on a set of assemblability indicators. Based on these requirements, the SE participates in the choice of the most appropriate assembly sequences, which were previously the responsibility of the designer. Subsequently, the proposed approach helps to measure the quality of the design, facilitate the identification of assembly problems and significantly increases the quality of the products to be developed. The main objective is to minimize damage and problems before embarking on the manufacturing phase.



In future work, the developed approach can be improved by promoting the automated validation step. Furthermore, an implementation of an automatic conversion between the two domains using a graphic user interface is under development.
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Figure 1. Flowchart of proposed methodology. 
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Figure 2. Speed reducer. 
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Figure 3. Algorithm for classifying components into essential and non-essential. 
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Figure 4. Product performance requirements of the speed reducer. 
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Figure 6. Generation of functional requirement data in XML format. 
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Figure 7. The exploded view of the speed reducer design. 
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Figure 8. Analysis methodology for the choice of the appropriate assembly sequence. 
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Figure 9. ASP1 response to system specifications. 
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Figure 10. ASP2 response to system specifications. 
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Figure 11. ASP3 response to system specifications. 
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Figure 12. Process performance analysis of ASP1, ASP2 and ASP3. 
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Table 1. Assemblability indicatorsc.
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	Indicators
	Specifications
	Limit Values





	Product performance
	Number of parts (N)

Cost (C)

Design efficiency (De)
	Defined by SE in accordance with the working group



	Process performance
	Total assembly time (TAT)

Insertion ratio (IR)

Handeling ratio (HR)

Assemblability ratio (AR)

Complexity factor (CF)
	Defined by SE in accordance with the working group
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Table 2. Speed reducer assembly nomenclature.






Table 2. Speed reducer assembly nomenclature.





	Rep
	Item
	No





	1
	Customer enclosure
	1



	2
	Housing bottom output interface
	1



	3
	Bearing out bottom
	1



	4
	PTFE film adhesive
	1



	5
	Internal gear output
	1



	6
	Gear inner output
	1



	7
	Spring belleville
	1



	8
	Bearing bottom
	1



	9
	Counter weight bottom
	1



	10
	Bearing compound
	1



	11
	Gear compound
	1



	12
	Shaft eccentric
	1



	13
	Counter weight top
	1



	14
	Bearing top
	1



	15
	Gear inner fixed
	1



	16
	Gear inner fixed
	1



	17
	Motor stepper
	1



	18
	Nut
	2



	19
	Screw
	2










[image: Table] 





Table 3. Three possible assembly sequence plans of the speed reducer.
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ASP1

	
Part

	
1

	
2

	
4

	
3

	
5

	
6

	
7

	
8

	
9

	
12

	
10

	
11

	
15

	
13

	
14

	
16

	
17




	
Axis

	

	
−x

	
−x

	
−x

	
−x

	
−x

	
−x

	
−x

	
−x

	
−x

	
−x

	
−x

	
−x

	
−x

	
−x

	
−x

	
−x




	
ASP2

	
Part

	
16

	
17

	
14

	
13

	
12

	
9

	
8

	
7

	
15

	
10

	
11

	
6

	
5

	
4

	
3

	
2

	
1




	
Axis

	

	
−x

	
+x

	
+x

	
+x

	
+x

	
+x

	
+x

	
+x

	
+x

	
+x

	
+x

	
+x

	
+x

	
+x

	
+x

	
+x




	
ASP3

	
Part

	
17

	
16

	
14

	
13

	
12

	
15

	
11

	
10

	
6

	
9

	
8

	
7

	
5

	
3

	
4

	
2

	
1




	
Axis

	

	
+x

	
+x

	
+x

	
+x

	
+x

	
+x

	
+x

	
+x

	
+x

	
+x

	
+x

	
+x

	
+x

	
+x

	
+x

	
+x
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