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Abstract

:

Low-carbon product design involves a redesign process that requires not only structural module modification, but more importantly, generating innovative principles to solve design contradictions. Such contradictions include when current design conditions cannot satisfy design requirements or there are antithetical design goals. On the other hand, configuration tasks in the reconfiguration process are interdependent, which requires a well-scheduled arrangement to reduce feedback information. This study proposes an effective configuration methodology for low-carbon design. Firstly, configuration tasks and configuration parameters are designated through quality characteristics, and the directed network along with the associated values of configuration tasks are transformed into the design structure matrix to construct the information flow diagram. Then, the Extenics-based problem-solving model is presented to address design contradictions: low-carbon incompatibility and antithetical problems are clarified and formulated with a basic-element model; extensible and conjugate analysis tools are used to identify problematic structures and provide feasible measures; the Gantt chart of measures execution based on the information flow diagram is constructed to reduce feedback and generate robust schemes with strategy models. The methodology is applied to the vacuum pump low-carbon design, the results show that it effectively solves contradictions with innovative design schemes, and comparative analysis verifies the performance of Extenics.
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1. Introduction


To accommodate population growth and global economic development, sustainability research has become increasingly important to more efficiently use material resources and energy; on the other hand, the consumption of material resources and energy produces a large amount of greenhouse gas (GHG), especially from industrial production, which accelerates global warming and brings a significant threat to human survival [1,2]. The international academy for production engineering (CIRP) established the low carbon manufacturing working group in Paris, France, in 2008. It unified the research work about the design and manufacturing process with respect to energy conservation and emissions reduction and participated in launching a collaborative research project called CO2PE! [3]. Design decisions impact greatly on the manufacturability of the product in production, product quality and cost to society, and sustainability for the environment [4,5]. Low-carbon design takes into account the low-carbon requirements and aims at reducing carbon emissions throughout the product lifecycle, and it has attracted heated research in both academia and industry [6,7,8,9,10].



In low-carbon product design, when low-carbon attributes are taken into account, this study makes the assumption that there are not predefined components that can be directly used to replace the problematic components, and thus designers need to break the original equilibrium design system in which all design attribute factors are well balanced and re-plan the design scheme to satisfy design targets. For instance, in order to reduce carbon emissions throughout the product lifecycle, designers could consider taking a low-carbon related strategy, modifying the structure parameter, adjusting the structure layout, and even adopting a new design principle; we call this procedure the configuration process. Furthermore, during the configuration process, designers should be aware of the following issues.



(1) Design contradictions commonly emerge from the configuration process for low-carbon product design. Here, design contradiction is defined according to the Extenics theory [11], which comprises the incompatibility problem, that is, the objective condition cannot satisfy the subjective target, and the antithetical problem, namely, two subjective targets cannot be satisfied together under the current objective condition. Generally, in current configuration methods, such as the quality function deployment (QFD), the mapping of product function onto the components is not straightforward, and the function should be indirectly mapped onto the components by configuring quality characteristics (QCs). However, components interact with each other in many ways to deploy QCs, which results in the coupling properties between the QCs [12]. Thus, there is a phenomenon that, on the one hand, design conditions cannot satisfy the low-carbon demand, and on the other hand, the low-carbon performance characterized by QCs is improved while the other performance associated with the coupled QCs is weakened; these situations cause the design contradictions, namely the incompatibility problem and the antithetical problem, respectively.



(2) In order to accomplish the low-carbon reconfiguration tasks that are accompanied by design contradiction solving, designers need to go through multiple complex backtracking analysis processes. Tong and Sriram [13] described the function mapping process as an ill-structured problem and pointed out that the nature of product design is to gradually and clearly define the messy description of initial function configurations. In terms of low-carbon configuration tasks (CTs), to accomplish the CTi, requires the input configuration parameters from the preceding CTs, and CTi also provides output configuration parameters for the subsequent CTs; consequently, there is a complex association network between CTs. For the coupled CTs, retrospective analysis is necessary, as the configuration tasks involve both qualitative and quantitative design objectives; the retrospective analysis process cannot be treated as an engineering optimization problem, and thus designers should coordinate the configuration parameters through multiple trial-and-error iterations [14,15]. Additionally, the potential design conflicts increase the complexity of the retrospective analysis process.



Consequently, low-carbon product design involves a redesign process that encompasses multiple complex configuration tasks with numbers of trial-and-error iterations to reconfigure the structural modules, and more importantly, the reconfiguration process is usually accompanied by design contradictions, which require innovative design strategies and ideas. The purpose of this study is to address the aforementioned two issues in low-carbon product design by proposing a systematic Extenics-based scheduled configuration methodology. In the methodology, the information flow diagram (IFD) of configuration tasks is constructed to help designers reasonably arrange the configuration process and reduce the number of trial-and-error iterations in backtracking analysis; on the other hand, an effective design-contradiction-solving model is developed based on Extenics, which provides designers with innovative design strategies and ideas for addressing low-carbon design incompatibility and antithetical problems.



The rest of the paper is articulated as follows. Section 2 provides the literature review, including the low-carbon product design, and the contradictory problem-solving method Extenics. Section 3 is about the materials and methods of this paper; in Section 3.1, the low-carbon requirements are deployed with the QFD method, and the IFD of CTs is constructed based on the design structure matrix; in Section 3.2, the contradictory problem-solving model for low-carbon design based on Extenics is developed, which consists of problem clarification and formulation, extensible and conjugate analysis, and extension transformation; in Section 3.3, the outline of the combination of the scheduling model of CTs and the design-contradiction-solving method based on Extenics is illustrated. In Section 4, implementation of the proposed methodology to a case study of the vacuum pump low-carbon design and the comparative performance assessment are presented. Discussion is provided in Section 5, and conclusions are finally drawn along with the recommendations for further research in Section 6.




2. Literature Review


In this section, the literature review of the low-carbon product design is provided to reveal that it is urgent to develop an effective methodology to provide practicable strategies and solve design contradictions associated with the two issues described in the introduction section and then the literature review of design problem-solving method Extenics is introduced.



2.1. Low-Carbon Product Design


The product design process typically consists of product planning, conceptual design, embodiment design, and detailed design. Low-carbon product design is a redesign process that incorporates environmental impacts into the original design system with the goal of carbon emissions reduction, while satisfying the initial product functional performance and encouraging economic progress [16,17]. Related studies of low-carbon product design have been initiated and implemented by CIRP since 2008 [3], and now there are three main research branches under this area: (1) carbon emissions estimation throughout the entire life cycle of a product [18,19,20], (2) development of strategies and ideas for low-carbon product conceptual design [21,22,23,24], and (3) development of the constraint model and algorithm for low-carbon product optimization design [25,26].



The carbon footprint (CFP), the sum of GHG emissions at each life cycle stage, is a widely accepted quantitative metric to evaluate the environmental impact of the product; this study adopts the CFP to estimate whether the new generation products are better than the previous generation products regarding low-carbon performance. The life cycle assessment method [27] and PAS 2050 framework [28] provide standards and specifications for CFP estimation by mapping the product bill of materials to the CFP life cycle inventory. With the CFP data, designers could identify the problematic structures that require environmental improvement. For instance, Song and Lee [29] developed a low-carbon design system based on g-BOM, which contains the embedded CFP data to help designers evaluate alternative parts. Zhang et al. [30] reported a CFP calculation approach for the connection characteristics between components to effectively identify the connection units with high carbon emissions. After the identification of problematic structures, measures should be taken to reconfigure these structures to realize the low-carbon target. If the measures for the problematic structures are only associated with material section and structure parameter optimization, an effective method is to construct the constraint optimization model or multi-objective optimization model to make a trade-off between the product CFP, functional performance, and cost [31,32]. For example, Zhang et al. [33] reported a hybrid low-carbon optimization model for structural components by integrating material selection, structure layout, and structure parameter optimization. Hu et al. [34] estimated the energy consumption in the manufacturing process based on the structural features at the product design stage to optimize structure parameters.



However, the low-carbon design problem cannot be always addressed by the optimization method; on the one hand, even if the optimal design parameters are obtained under the existing principle scheme, the carbon emissions reduction is not obvious; on the other hand, although the obtained design parameters in the new design scheme would improve the low-carbon performance, the conventional performance of the product would deteriorate, which makes the optimization result unacceptable. This is because although the low-carbon optimization method can solve the parametric design problem, it cannot solve the concept generation problem. As such, the low-carbon design problem requires design strategies and ideas to solve design contradictions and generate an innovative design scheme.



Low-carbon product conceptual design plays a critical role in the entire low-carbon product design stage; the new conceptual scheme can provide strategies and ideas for the product improvement, that is, the developed design scheme based on the strategies and ideas can satisfy the low-carbon requirements with the coordination of the design contradictions. For instance, Peng et al. [23] evaluated the hierarchical CFP information for direct structure design elements and indirect design elements, and innovative design strategies were proposed from the perspective of product structures, principle, function, and process to make product improvement associated with the low-carbon performance. However, the existing low-carbon product design literature is largely silent on the systematic methodology that provides strategies and ideas for conceptual scheme generation by solving contradictory problems. The purpose of the QFD method is to transform design needs into structural modules, and thus to improve product quality. By incorporating environmental aspects of a product into QFD as new design needs, a new set of eco-design tools have been generated, such as green QFD [35], QFD for the environment [36,37]. At an earlier time, Zhang et al. [35] proposed the green QFD method for product development or improvement, where the quality house, green house, and cost house are constructed to evaluate the product quality, environmental impacts, and cost of the design scheme, respectively. Devanathan et al. [38] integrated QFD and life cycle assessment methods to establish a function–environment impact matrix, which enables designers to know how the function of the product affects the environment in its life cycle at the design stage and identify the reconfiguration opportunities for problematic structures from the conventional and environmental perspectives. Nevertheless, the QFD method is not design problem solving oriented, and it cannot provide specific strategies for designers to solve the design contradictions. Sakao [39] thus proposed a QFD-centered design method for product eco-design by introducing the TRIZ method to help designers generate improvement solutions to contradictory problems among the quality characteristics.



Moreover, during the configuration process for the low-carbon requirements, structures interact with each other to realize the functional requirements, which results in the coupling of properties between performance indicators. Therefore, when modifying the structural module or increasing a new one to enhance the low-carbon related indicators, possibly other satisfied performance indicators deteriorate, which causes design contradictions. On the other hand, as the coupled correlative relationship between configuration tasks, it is necessary to reasonably arrange the configuration process and reduce the number of trial-and-error iterations for the designers. Consequently, the development of an effective methodology to solve design contradictions emerging from the configuration process and provide practicable strategies for finding solutions would be a critical issue in low-carbon product design.




2.2. Extenics—An Effective Contradictory Problem-Solving Methodology


Real society is full of various contradictions, which are mainly reflected in the fact that the existing conditions cannot meet the needs of people’s activities (for instance, using a scale with a range of 200 kg to weigh an elephant weighing several tons), and there is a conflicting relationship between the needs, which means the needs cannot be satisfied at the same time under the existing conditions (for example, establishing a conversion system to connect the left-driving road system and the right-driving road system at the border to meet the different traffic rules of the two countries) [40]. It is precisely because of dealing with various contradictions that human society has developed and formed valuable problem-solving methods [11,41].



Extenics is an effective contradictory problem-solving methodology put forward by professor Wen Cai in the 1980s. It contains the mathematical, philosophy, and engineering models with the goal to address two kinds of problems, the incompatibility problem that contradictions exist between the subjective target and the objective condition, and the antithetical problem that contradictions exist between two subjective targets [11]. For most contradictory problems, the treatment of quantitative relations among characteristic values cannot effectively contribute to problem solving. Instead, the object, characteristics, and values related to the contradiction should all be focused on, and by studying the relationship and changes between these three elements the reasonable solution to the contradiction could be obtained [40]. To this end, the concept of basic-element is proposed in Extenics, which integrates the object, characteristics, and values into a triple frame. This basic-element model is used to formally represent the matter, relationship, and affair action related to the contradiction, which is considered as the logical cell for the problem analysis and solving. Feng et al. [42] used the basic-element model to describe the feature information, connection information, and transformation information for the mechanical conceptual structure, and thus the design knowledge of the mechanical part could be formally stored, which facilitates the knowledge representation for the computer-aided design system. In the product modular design, Li et al. [43] adopted basic-element model to record the module history and the module family information and studied the extensibility and transformation of the basic-element.



On the basis of the basic-element model, the extension exploration for the basic-element is essential, consisting of the divergent, correlative, implication, opening-up, and conjugate analysis. These analytical methods provide multiple possibilities for the extension exploration from the perspective of the divergence, similarity, implication, combination and decomposition, and philosophical conjugate proprieties of the basic-element, which can stimulate people’s creative thinking and enable them to put forward innovative solutions to contradictory problems [44,45,46,47].



After the extension exploration for all basic-elements associated with the contradictory problem, the acceptable basic-elements, namely the representation of the final scheme for the contradiction, could be obtained. From the initial basic-element to the acceptable basic-element, the extension transformation needs to be implemented to generate a specific solution strategy, which consists of the basic transformation, compound transformation, and the transforming bridge method. For example, Chen et al. [48] adopted the transforming bridge method to solve the design contradictions between the incorporated green attributes and the conventional design attributes for product green design. Olaru et al. [49] addressed the important contradictory problem of the precision and stability of the dynamic system by means of the extension transformation and dependent function. The creative ideas generated in Extenics mainly arise from the extensible and conjugate analysis for the basic-elements related to the contradiction. Another effective problem-solving method TRIZ theory offers an extensive series of analysis tools and knowledge base tools to solve conflicting problems. Thus, Extenics scholars carried out the research on integrating the TRIZ and Extenics to handle contradictions [50]; in these studies, the similarity between physical and technical contradictions in TRIZ and incompatibility and antithetical problems in Extenics was revealed, the TRIZ inventive principles were introduced into Extenics for conducting extension transformation [22,51].



The above steps of problem modeling, problem analysis, and problem solving form a systematic framework for contradictory problem solving by means of Extenics, which is used in product design, system control, architectural design, engineering management, and other fields [11,52,53]. In low-carbon product design, design contradictions are commonly emerging from the configuration process due to the consideration of low-carbon factors; this study employs Extenics to solve low-carbon design contradictions, which provides more methodology choices for designers in design problem solving for product development. Extenics classifies the contradiction into the incompatibility problem and the antithetical problem; however, in some specific domains, the current classification cannot clearly clarify the property of the contradiction. In low-carbon product design, the reason for the antithetical problem on the one hand is possibly that the two demand intervals of the core characteristic value corresponding to the two design goals have no common range; on the other hand, the reason is possibly that even if there is the common range of the two demand intervals of the core characteristic value, improving one design goal by modifying the core characteristic value will deteriorate the other design goal. The above two phenomena all belong to the antithetical problem in Extenics; however, the strategies for them should be different and more specific, which cannot be classified as the transforming bridge method. Therefore, when employing Extenics to solve contradictory problems in low-carbon product design, the contradictions should be clarified in detail and corresponding strategies should also be provided.



In addition, although Extenics provides a holistic framework for a single contradictory problem solving, in a complex low-carbon product design system, it is often necessary to handle the design contradictions in configuration tasks simultaneously or in parallel. Thus, designers need to reasonably schedule the configuration tasks, and accordingly make an arrangement for the execution of the strategy measures to the design contradictions. This paper constructs the information flow diagram of the configuration tasks for the low-carbon requirements, and then the Gantt chart of the execution of the measures to the design contradictions can be obtained, which effectively helps designers reduce the number of trial-and-error iterations in the configuration process and enhance the quality and efficiency of the low-carbon product design.





3. Materials and Methods


Low-carbon product design takes into account low-carbon attributes on the basis of the original design scheme and generates the new design scheme to reduce carbon emissions throughout the product life cycle. Based on the original design information, carbon emissions data of components could be obtained by means of the related evaluation method. Designers identify and reconfigure the problematic components with high carbon emissions by conducting corresponding configuration tasks from four levels, using low-carbon related strategies, modifying the structure parameters, adjusting the structure layout, and putting forward new functional principles. However, during the configuration process, design contradictions are emerging, and the configuration tasks require a well-scheduled arrangement to reduce the feedback information. This section presents a systematic low-carbon design configuration methodology, in which the information flow model is constructed to schedule the configuration tasks and the Extenics theory is introduced to solve design contradictions.



3.1. A Scheduled Arrangement Model of CTs for Low-Carbon Requirements


3.1.1. Low-Carbon Requirements Analysis and the Potential Design Contradictions


In low-carbon product design, environmental items should be considered as well as traditional targets. QFD is a useful design tool to collect customer requirements and deploy them to the actual design work by reusing configuration solutions to the traditional requirements and reconfiguring the structure modules to satisfy the newly added low-carbon demands; in addition, the QFD method is also used to reveal the potential design conflicts associated with the QCs. Masui et al. [54] applied QFD to an eco-design project and investigated the general requirements and QCs that should be considered from an environmental point of view throughout the product life cycle. In our previous research work, we adopted the QFD method to identify the important design attributes with high relative weight and took them as the retrieval attributes to obtain the suitable similar product case for reuse and adaptation in a case-based reasoning system for vacuum pump low-carbon design [55]. In this paper, we select low-carbon related requirements and QCs and incorporate them into the low-carbon reconfiguration process for the vacuum pump; as illustrated in Figure 1, design requirements of the vacuum pump are mapped into QCs through QFD phase I.



In Figure 1, italic items in the row of requirements and in the column of QCs are low-carbon related needs and QCs. The importance of requirements is weighted based on the market survey, and the relational strength between requirements and QCs is determined by the designer; then, the absolute score and relative weight of each quality characteristic can be obtained. In competitive analysis, the competitiveness of current and next generation products is matched in strength associated with traditional requirements, such as the high work efficiency and low vacuum degree of the vacuum pump. However, the differences are obviously presented in terms of low-carbon requirements. So, how can the new generation product be developed? On the one hand, the prior configuration solutions to traditional requirements should be reused; on the other hand, low-carbon requirements need to be deployed. In addition, designers must notice the phenomenon that although low-carbon requirements are satisfied through reconfiguration tasks, the traditional performance may be deteriorated by analyzing the correlation of QCs.



The roof of the house of quality describes the correlation of QCs; in this paper, QCs are classified into two types, the benefit type, labeled with a regular triangle, and the cost type, labeled with an inverted triangle. Whether the correlation attribute is positive or negative between two QCs is dependent on the design expectation and the actual performance of QCs. For instance, QC1 <Rate of suction and exhaust> belongs to benefit type, QC2 <Ultimate pressure> belongs to cost type, when the designer expects to improve the performance of QC1, and the performance of QC2 gets better naturally; thus, the correlation attribute of QC1 and QC2 is positive, with the symbol “+”. Nevertheless, QC3 <Rated power> belongs to cost type; when QC1 is enhanced by adjusting QC3, the value of QC3 should be increased, which does not meet the low-carbon demand; thus, the correlation attribute of QC1 and QC3 is negative, with the symbol “–”. The correlation matrix of QCs in the roof qualitatively reveals the potential contradictions between QCs; however, QFD does not provide specific strategies for design contradiction solving.




3.1.2. Construction of the IFD for CTs


The objective of design activities is to realize the functional performance characterized by QCs, and the property of each quality characteristic relies on the corresponding engineering characteristics (ECs), which are deployed through CTs. When new QCs are added and some related components should be modified, it is common to see the change propagation problem in engineering design as the coupled relationship of QCs [56]. Thus, it is crucial to reasonably arrange CTs in a scheduling mode to improve the design efficiency by reducing the number of trial-and-error iterations for configurations. In our research work, we extract the CTs, the mapping operations from QCs to ECs, as described in Equation (1), and construct the information flow model for all tasks gradually.


QCi⇐CTi = [MAi]{ECs}



(1)




where CTi denotes the configuration task i for QCi, and [MAi] denotes the configuration matrix between QCi and ECs.



According to the relationship between CTs, which is associated with the input and output configuration parameters of each configuration task, the directed network of CTs can be generated, and the evaluation model for the associated value of each pair of correlated CTs is proposed as Equation (2).


   d  i , j   (  CT i  ,  CT j  ) =   ∑  k = 1  n    ω k     γ  j , k     (  γ  i , k   +  γ  j , k   )      



(2)




where di,j(CTi, CTj) denotes the associated value that CTi depends on CTj, i, j = 1, 2, …, m, m is the number of CTs; γi,k, γj,k denote the relational strength of QCi and ECk, and QCj and ECk in QFD phase II, respectively; ωk denotes the relative weight of ECk, k = 1, 2, …, n, n is the number of ECs; and given the condition that if γi,k = 0 or γj,k = 0, then γj,k/(γi,k + γj,k) = 0.



The directed network of CTs to an activity-based DSM are mapped, as shown in Figure 2, taking six items as an example. DSM stores CTs along its diagonal, each configuration task to be completed in a row depends on the information of other tasks in the column, and the total sum of associated values stored in the upper-diagonal region is called feedback information, and thus the configuration process can be sequenced by reordering CTs such that feedback information is minimized. This paper adopts the variant feedback information estimation model as Equation (3) [57], and the genetic algorithm (GA) is implemented to obtain the optimal sequence of CTs, where the stopping criteria for the GA is that when the number of iterations reaches the maximum number of iterations allowed, the algorithm will stop, and the IFD of CTs can be generated.


  F I =   ∑  i = 1   m − 1      ∑  j = i + 1  m    (  j − i  )  ⋅  d  i , j    (    CT  i  ,   CT  j   )       



(3)




where FI denotes the feedback information, i, j denote the i-th row and j-th column in the DSM, respectively, and m denotes the DSM size, corresponding to the number of CTs.



In the IFD, CTs are scheduled by three types of junctions: the control junction, labeled as symbol “C”, which connects two dependent CTs; the summing junction, labeled as symbol “S”, which connects two independent CTs; and the feedback junction, labeled as symbol “F”, which connects two interdependent CTs. Accordingly, based on the IFD, CTs can be accomplished in a sequential and concurrent arrangement to improve the design efficiency.



The sequencing result in Figure 2 clearly indicates that CT1 should be completed first, and then CT4 and CT3 can be finished in a concurrent way, then CT2, CT5, and CT6 follow. In addition, CT5 and CT6 are coupled tasks, and CT3 and CT2 lack the necessary information provided by CT5 and CT6, respectively, when they are completed; thus, they still need to have some iterations. Although the IFD of CTs provides the reasonable arrangement to deploy the QCs when taking into account the low-carbon demands, designers require an effective problem-solving methodology to address the potential design conflicts during the configuration process. In the next section, we present the Extenics-based model to solve the design contradictions.





3.2. Contradictory Problem Solving for Low-Carbon Product Design by Extenics


The process of low-carbon requirement configuration goes along with the emerging design contradictions due to the coupling properties of the QCs. In this section, the contradictory problem-solving model based on Extenics is established, as shown in Figure 3. The framework of Extenics for design contradiction solving consists of the following six units: (1) representation of the design problem, (2) definition of the design contradiction, (3) extensible analysis, (4) conjugate analysis (5) extension transformation, and (6) evaluation of the solutions, and each unit contains 3–4 sub-units. In the procedure, Unit 1 is used to formally describe the initial design problem, including the design goal and design condition; Unit 2 is used to identify the incompatibility and antithetical problem; extensible analysis and conjugate analysis are adopted in Unit 3 and Unit 4 to reveal the causes of the design contradiction and put forward the possible measures; based on the analysis result, Unit 5 is used to conduct the extension transformation to generate possible solutions to the design contradictions; and finally, Unit 6 focuses on the evaluation of the solutions and obtains the optimal design scheme.



3.2.1. Contradictory Problem Clarification and Formulation


Extenics defines the basic-element and compound-element to describe attributes and relations of the objects, and this study redefines a low-carbon design basic-element model to formally represent the design knowledge of mechanical parts and design contradictions as follows.



The low-carbon design matter-element model of part m describes its characteristics c1, c2, …, cn, and the corresponding values v1, v2, …, vn, with an ordered triple framework; item (a) in Table 1 is a case of a matter-element model that records the design information of the impeller.



The low-carbon design relation-element model describes the constraint relationship of parts, and item (b) in Table 1 describes the relationship between the impeller and shaft, where, c1, c2 denote the former item and latter item, and accordingly, v1, v2 are two related mechanical parts. c3, …, cn are attributes of the relationship, such as the constraint sensitivity, constraint type, etc. v3, …, vn are the values of the corresponding characteristics.



The low-carbon design affair-element model represents the design expectation or transformation rules. In Table 1, the expression “a” denotes the action and the dominating object. Additionally, the designer is considered as the acting object in default. c1, …, cn denote the receiving object (rece_obj), modification magnitude, constraints, etc. v1, …, vn are the values of the corresponding characteristics. Item (c) in Table 1 records the adaptation knowledge of the impeller for CFP reduction.



The low-carbon design compound-element model is used to represent composite information, item (d) in Table 1 describes the design information of the transmission component, where O can represent the matter m, relation r, or affair action a.



Based on the basic-element model, this study clarifies and formalizes the incompatibility and antithetical problems in low-carbon design. The low-carbon design incompatibility problem (LCD-IP) refers to the contradiction that current design conditions cannot satisfy low-carbon requirements. Supposing that design problem P, design goal g, and design condition l, then P can be described as below.


P = g ∗ l
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(4)




where symbol “*” denotes that design goal g depends on the design condition l; vi, in the compound-element model of design goal g, denotes a certain value or a range of the value that should be satisfied for ci, and it can also be described as ci(g). vj, in the compound-element model of design condition l, denotes the actual value of cj. The characteristic that reflects the performance of the design goal is defined as the core characteristic, and there can be one or more core characteristics in a basic-element model. When value cj(l) of the core characteristic cj in the design condition cannot meet the corresponding value ci(g) of the core characteristic ci in the design goal, then it causes the design contradiction. On this condition, P belongs to the LCD-IP, described as P = g↑l.



For the low-carbon design antithetical problem (LCD-AP), this paper classifies it into two types; LCD-AP(I): two design goals cannot be satisfied simultaneously by the design conditions; LCD-AP(II): modify the design conditions to satisfy or improve one design goal; however, the performance of the other design goal deteriorates. Equation (5) describes the problem P associated with two design goals, and when P is consistent with either of the above two cases, then P is an antithetical problem and described as P = (g1^g2)↑l.


P = (g1 ^ g2) * l



(5)




where symbol “^” denotes the logical And, design goals g1, g2, and design condition l can also be represented in a compound-element model.



We take an example to illustrate those two types of LCD-AP in Figure 4. Assume that g1 and g2 are both cost type design goals and are reflected by one core characteristic ci, cj, respectively, and the corresponding core characteristic of design condition l is ck. Suppose that the value of characteristic ci is ci(g1) = [la1, lb1], and the value of characteristic cj is cj(g2) = [lc1,ld1], then ci(g1)∩cj(g2) = ∅. If the value of characteristic ck satisfies ck(l) = lx1∈ci(g1), at this design condition, g1 and g2 cannot be satisfied together; thus, P belongs to the LCD-AP(I).



The designer can change the range of ci(g1) and cj(g2), ci(g1) = [la2, lb2], cj(g2) = [lc2, ld2], then ci(g1)∩cj(g2) = [lc2, lb2]. If the designer wants to improve the performance of g2, such as set cj(g2) = [lc1, lb2], then ci(g1)∩cj(g2) = [lc1, lb2]. The designer can modify the design condition ck(l) from lx1 to lx2, lx2∈[lc1, lb2]. At this condition, although the performance of g2 is enhanced, the performance of g1 is badly deteriorated; thus, P belongs to the LCD-AP(II).



The most intuitive difference between LCD-IP and LCD-AP is that LCD-IP only involves one design goal, while LCD-AP involves two design goals. LCD-IP is the basic contradictory problem in Extenics, which is addressed through extension transformation to generate strategies. Generally, LCD-IP and LCD-AP can be transformed into each other; LCD-AP can be considered as two coupled LCD-IPs with two design goals that cannot be satisfied together; while if the design goal in LCD-IP can be decomposed into sub-goals that with opposite property, then the original LCD-IP would be considered as LCD-AP. This paper makes the assumption that the complex design contradiction with more than two design goals can be decomposed into the incompatibility and antithetical problems, and for coupled design problems, retrospective analysis is required. For design contradiction solving, it is crucial to find core characteristics and corresponding components that cause the conflict. In Extenics, extensible and conjugate analysis tools are provided to help designers comprehensively understand design goals and conditions and put forward possible measures.




3.2.2. Extensible and Conjugate Analysis


(1) Extensible analysis



The inconsistency between low-carbon requirements and design conditions results in the contradictory problems, namely the LCD-IP and LCD-AP; the extensible analysis method for the design goal and condition provides possible measures to solve design contradictions, comprising divergent analysis, correlative analysis, implication analysis, and opening-up analysis.



Divergent analysis is used to expand the object O and the characteristics {ci} in the compound-element model, which is summarized as two principles. The principle “one object and multiple characteristics”, described as Z(O) = (O, c, v) ┤ {(O, c1, v1), (O, c2, v2), …, (O, cn, vn)}, requires the designer to be clear about all characteristics of the research object, as different characteristics can reflect certain performances required in design tasks. The principle “multiple objects and one common characteristic”, described as Z(O) = (O, c, v) ┤ {(O1, c, v1), (O2, c, v2), …, (On, c, vn)}, indicates that if one object is not applicable in a design task, then objects with the common characteristics can be employed.



Correlative analysis contains the analysis of characteristics in a compound-element model and in different compound-element models, expressed as ci(Z(O)) = f[cj(Z(O))], ci(Z(O1)) = f[cj(Z(O2))], respectively. Where f[·] denotes the correlative function, if ci, cj are correlated, then it can be labeled as ci(Z(O))~cj(Z(O)), ci(Z(O1))~cj(Z(O2)). In design tasks, the functional performance is reflected by the predominant characteristics and the correlated characteristics; thus, it is essential to clearly understand the relationship between characteristics to facilitate the design contradiction solving.



Implication analysis is mainly for design goals, expressed as Z(g2) ⇒ Z(g1). It indicates if g2 is satisfied, then g1 can be completed. g1 and g2 are called the upper-level design goal and lower-level design goal, respectively. Accordingly, if the upper-level design goal is difficult to complete, then it can be divided into several lower-level design goals. When lower-level design goals are completed, the upper-level design goal is accomplished.



Combination and decomposition are two common means used in opening-up analysis; the former contains the accumulation method, expressed as Z(O) = Z(O1)  ⊕  Z(O2), namely, putting two objects together to obtain two kinds of functions, and the integration method, expressed as Z(O) = Z(O1)  ⊗  Z(O2), namely, integrating two objects to achieve one certain requirement function or to reinforce the original functional performance. Decomposition analysis is the inverse process of the integration analysis expressed as (O, c, c(O))//{(O1, c, c(O1)), (O2, c, c(O2)),…, (On, c, c(On))}, which simplifies the complex design system.



(2) Conjugate analysis



Extensible analysis of the design goals and conditions provides possible approaches to solve the contradictory problems; conjugate analysis, another powerful analysis tool in Extenics, focuses on four pairs of conjugate parts, namely the nonmaterial–material part, soft–hard part, negative–positive part, and latent–apparent part, as illustrated in Figure 5. In this paper, the conjugate analysis method is implemented to generate robust design schemes for low-carbon design from the viewpoint of the physical property, systematic property, antithetic property, and dynamic property.



In terms of the physical property of matter, all matters are composed of a physical part and a non-physical part; the former is referred to as the material part of matter, expressed as re(Om), and the latter is referred to as the nonmaterial part of matter, expressed as im(Om). For instance, the structural entity of the component is the material part, and its functional performance belongs to the nonmaterial part. Designers pay more attention to reduce CFP on the structures; however, if a new principle to realize the same function can be applied with less CFP, this design scheme may be more acceptable. Thus, the estimation of the low-carbon property of function and its principles is also important to facilitate the layout of structural entities from the perspective of the nonmaterial part of the product [23,38]. In addition, the systematic design approach, e.g., presented by Pahl and Beitz, could be used to generate alternative feasible alternative principles for each function [58].



When considering a matter’s structure from the systematic property, components as a whole are referred to as the hard part, expressed as hr(Om), and the relations between the matter and its components and other matters are referred to as the soft part, expressed as sf(Om). It reminds designers of the fact that it should not be limited to a single part or component for CFP reduction, but consider the low-carbon effect of the entire product system, as good coordination in a design system can make up for the weakness of local quality in design tasks.



The positive value of the characteristic is referred to as the positive part about the characteristic, expressed as psc(Om), and the negative part is that the value is negative, expressed as ngc(Om). In low-carbon design, new functional principles and alternative modules are adopted to reduce carbon emissions, but this also increases the product cost and affects its functional performance; thus, designers should make a trade-off for the design objectives, i.e., carbon emissions, cost, and functional performance.



The matter’s latent parts are referred to as the latent part, expressed as lt(Om), and apparent parts are referred to as its apparent part, expressed as ap(Om). The latent–apparent conjugate analysis indicates that decision-making for one stage in the life cycle produces obvious efforts, but it will cause latent effects for other stages, which may be positive or negative. For instance, at the raw material stage, cast iron is selected as the material for the impeller with a lower price and carbon emission factor. However, the physical lifetime of the impeller made of cast iron is limited, and the cost and carbon emissions for maintenance at the use stage are higher than those of the impeller made of copper.



Here, we take the design problem of a disposable lunch box as an example to explain the application of extensible and conjugate analysis. There is a disposable lunch box made of plastic, as shown in Figure 6. However, the customer requires a disposable lunch box that is environmentally friendly; obviously, the current design scheme cannot satisfy the requirement.



Based on the basic-element model, the design information of the original lunch box can be described as Z(O), where object O denotes the lunch box made of plastic, as depicted in Figure 6.



We first designate the design goal g <design a disposable lunch box that is environmentally friendly>, and the upper-level design goal can be divided into lower-level design goals with the implication analysis; g1 <the lunch box can hold different kinds of food>, g2 <the lunch box is not harmful to the environment in the disposal stage>, g3 <the price of the lunch box is acceptable>, g4 <the lunch box is light and solid>, and g5 <the lunch box has long store time>.



To achieve design goal g2, we can make a divergent analysis for the material associated with the design information Z(O). Rather than the plastic, there are alternatives: the fully-degradable materials derived from starch and plant fiber, paper pulp, stainless steel, aluminum, etc.; thus, we can obtain possible measures, that is, the Z(O1), Z(O2) Z(O3)…, as shown in Figure 6.



To achieve design goal g1, opening-up analysis can be implemented for the chambers, that is, redesigning the shape and size of the chamber to satisfy g1, for example, changing the shape of chamber 1 or combining chamber 1 and chamber 2 to hold some special food. We take Z(O1) as an example, and new possible measures are generated, the Z(O11), Z(O12), Z(O13)…., as shown in Figure 6.



After obtaining all possible measures, designers should estimate each measure from the physical, systematic, antithetic, and dynamic properties’ perspective to generate robust design schemes with the conjugate analysis tool.




3.2.3. Extension Transformation for the Generation of Design Schemes


Extension transformation determines the transformation strategy to solve design contradictions according to the extensible and conjugate analysis, and it provides specific operations, consisting of substitution, increasing/decreasing, expansion/contraction, decomposition, and duplication. Generally, it always adopts multiple operations simultaneously or successively to solve a contradictory problem, and all transformation operations could be represented with the basic-element model to record the adaptation knowledge.



For the LCD-IP, if the design goal is complex, lower-level design goals can be obtained through implication analysis. To address sub-goals, three steps are included: identifying the core characteristics and components of the design condition; taking extensible and conjugate analysis for the design contradiction; and implementing extension transformation to objects, characteristics, or characteristic values that cause the contradiction.



For the antithetical problem, in Extenics, the transforming bridge method with the thought of “reciprocal indifference and proper place” is proposed, which indicates that the antithetical parties can be satisfied with different manners by constructing the connective transforming parts or separating transforming parts. According to the transforming bridge method, this study presents the strategy models for these two types of antithetical problems, as illustrated in Figure 7.



LCD-AP(I) in item a1 depicts that design goal g1 and g2 both locate at the low score line with the poor performance, and they cannot simultaneously reach the high score line with the good performance, which is similar to the description in Figure 4, where the values ci(g1), cj(g2) of the core characteristic ci, cj locate at [la1, lb1], [lc1,ld1], respectively, and there is no common design area to satisfy the design goals together. The strategy for LCD-AP(I) is to generate a common design area by constructing the connective transforming part as shown in item a2; then, two design goals can be achieved. LCD-AP(II) in item b1 depicts that design goal g2 is improved while the related design goal g1 deteriorates, the similar description in Figure 4 is that ci(g1), cj(g2) locate at the common design interval [lc2, lb2], where two core characteristics ci, cj present the opposite property. The strategy for LCD-AP(II) is to form the design border area by constructing the separating transforming part as shown in item b2; thus, g1 and g2 do not interfere with each other, and when g2 reaches the high score line, g1 also can be realized.





3.3. Outline of Proposed Extenics-Based Scheduled Configuration Methodology


Integrating the IFD of CTs for deploying the low-carbon demands and the Extenics-based contradictory problem-solving model, the proposed methodology in support of low-carbon product design is depicted in Figure 8, and the implementation steps are elaborated as below.



Step 1. Low-carbon requirements analysis and configuration



Designers collect the design requirements and convert them into the QCs through QFD phase I as illustrated in Figure 1, and for low-carbon demands, it is necessary to add low-carbon related QCs. Consequently, designers also need to modify the existing ECs or add new ECs to meet QCs by synthesizing and designating corresponding CTs in QFD phase II. On the other hand, the adaptation for the structure modules may impact the original functional performance, and thus, it is essential to identify the potential design conflicts arising from the inclusion of the low-carbon demands.



Step 2. Construction of the IFD for CTs



CTs are determined according to the QCs by analyzing the input configuration parameters for configuration task CTi and the output configuration parameters that CTi can provide for other CTs, establishing the directed network of the CTs, and calculating the associated values di,j(CTi, CTj), dj,i(CTj, CTi) of two interdependent CTi and CTj based on Equation (2). Transforming the directed network of CTs into an activity-based DSM, the genetic algorithm is used to generate the optimal sequence of CTs with the goal to minimize the feedback in the configuration process.



Step 3. Design contradictions clarification and formulation



For newly added CTs, it is necessary to identify the low-carbon design incompatibility problem LCD-IP and low-carbon design antithetical problem LCD-AP(I) and LCD-AP(II), and the design goal and design condition of each contradictory problem can be represented with the basic-element model, which facilitates further extensible and conjugate analysis.



Step 4. Extensible and conjugate analysis for design contradictions



The implication analysis for the design goal is implemented to obtain lower-level sub goals; the divergent analysis, correlative analysis, and opening-up analysis for the design condition are conducted to reveal the problematic structures that cause the design conflict, and possible measures to solve the contradiction are put forward. The conjugate analysis is then employed to evaluate the feasibility of the possible measures. In addition, extensible and conjugate analysis can also reveal the potential antithetical problems and update the preliminary design contradictions.



Step 5. Generation of the design scheme based on extension transformation



Transformation operations are used to modify the problematic structures based on extensible and conjugate analysis, and to address antithetical problems LCD-AP(I) and LCD-AP(II), two strategy models are proposed, as illustrated in Figure 7. On the other hand, the implementation of extension transformation also needs to follow the arrangement of CTs by constructing the Gantt chart of measures execution for design contradiction solving.





4. Results—A Case Study of Vacuum Pump Low-Carbon Design


This section exhibits a detailed case study to demonstrate the applicability of the proposed Extenics-based scheduled configuration methodology. This case study focuses on the environmental improvement of the traditional vacuum pump by reconfiguring the problematic structural modules with high carbon emissions. This case study is an academic example and a work by a team that consists of one assistant researcher and two undergraduates majoring in product design and three experts who have at least three years of product design and development work experience. According to the framework of the proposed methodology as illustrated in Figure 8, the implementation results are elaborated as below; and we also make the comparative study between the Extenics and other methods in design contradiction solving.



4.1. Implementation of Extenics-Based Scheduled Configuration Methodology for Vacuum Pump Low-Carbon Design


4.1.1. Requirements Configuration and the IFD of CTs for Vacuum Pump Low-Carbon Design


The vacuum pump is widely used in the industry field to provide a required working pressure environment. Existing design schemes of the vacuum pump are mainly for satisfying functional performance requirements, such as the high rate of suction and exhaust and low ultimate pressure, and there is a lack of the low-carbon performance consideration throughout the product life cycle. In the case study, the SK-15 vacuum pump is taken as an academic example, and in Table 2, it enumerates the components and CFP information of parts; the estimation model for CFP is based on the PAS 2050 framework adopted in our previous research work [31].



In QFD phase I, the mapping relationship between design requirements and QCs for the vacuum pump has been established as illustrated in Figure 1, where it should update the existing CTs or add new CTs to satisfy the low-carbon related QCs. Additionally, each configuration task is not independent; to accomplish the CTi, designers require the input configuration parameters from the preceding CTs, and also CTi provides the output configuration parameters for the subsequent CTs; consequently, there is a complex association network between CTs, as illustrated in Figure 9. On the basis of the CTs, the QCs of the vacuum pump for low-carbon design are transformed into components, namely the engineering characteristics ECs; the information of CTs and configuration parameters are described in Table 3.



The mapping relationship between QCs and components in Figure 9 can be converted into the QFD phase II as illustrated in Figure 10, and according to the configuration parameters, experts are asked to evaluate the relational strength between each QCi and the ECk, namely, the k-th component cptk, by providing the score γi,k, where “1” indicates the relation is weak, “3” shows the relation is relatively strong, and “9” shows the relation is strong, and then the relative weight ωk of ECk can be obtained. Subsequently, based on the Equation (2), the associated values di,j(CTi, CTj) and dj,i(CTj, CTi) of two correlated CTs are calculated, and then the directed network of CTs along with the associated values can be represented by the activity-based DSM, as depicted in Figure 11a.



For instance, CT1 and CT2 are interdependent configuration tasks; then, d1,2(CT1, CT2), which denotes the associated value that CT1 depends on CT2, is calculated as below:



d1,2(CT1, CT2) = ∑k(ωk ⋅ γ2,k/(γ1,k + γ2,k))



= 0.163 × 9/(3 + 9) + 0.146 × 9/(3 + 9) + 0.145 × 3/(3 + 3) + 0.227 × 1/(9 + 1) + 0.103 × 1/(1 + 1) = 0.378



and d2,1(CT2, CT1), which denotes the associated value that CT2 depends on CT1, is calculated as below:



d2,1(CT2, CT1) = ∑k(ωk ⋅ γ1,k/(γ1,k + γ2,k))



= 0.163 × 3/(3 + 9) + 0.146 × 3/(3 + 9) + 0.145 × 3/(3 + 3) + 0.227 × 9/(9 + 1) + 0.103 × 1/(1 + 1) = 0.406.



The optimal sequence scheme of CTs is obtained with a GA-DSM algorithm, as shown in Figure 11b, and then the IFD of CTs of the vacuum pump is generated, as shown in Figure 12.



Figure 12 indicates that CT3, CT10, and CT7 can be firstly deployed together; to complete CT10, it should predefine the input parameters x10,5, x10,8, and configuration task CT7 depends on the configuration parameter x7, 10 from CT10. CT1 and CT2, CT9 and CT6 can be deployed together, CT1 and CT2 are two interdependent tasks, and CT1 still depends on the configuration parameters x1,3, x1,7 from CT3 and CT7, respectively, CT2 relies on the configuration parameter x2,3; CT9 and CT6 are two dependent tasks, CT9 requires the configuration parameter x9,7 from CT7, and CT6 requires the configuration parameter x6,9 from CT9. CT11, CT4, CT8, and CT5 can be deployed together, CT11 depends on the parameters x11,6, x11,9, and x11,10 from CT6, CT9, and CT10, respectively; CT4 depends on the parameters x4,1 and x4,6 from CT1 and CT6; CT8 and CT5 are interdependent tasks; CT8 still needs the configuration parameters x8,1, x8,3, x8,4, x8,6, x8,7, and x8,10; CT5 still needs the configuration parameters x5,1, x5,2, x5,3, x5,6, x5,7, and x5,10; in addition, the output parameters x10,8 and x10,5 from CT8 and CT5 are taken as the feedback information for CT10. The IFD of the CTs facilitates the reconfiguration process in an appropriate sequential and concurrent arrangement for the vacuum pump low-carbon design; however, as there are interdependent configuration tasks in the flow diagram, namely CT1 and CT2, CT8, CT5, and CT10, it still needs some iterations to adjust and balance the configuration parameters.




4.1.2. Design Contradiction Clarification and Formulation for Vacuum Pump Low-Carbon Design


The IFD of CTs of the vacuum pump provides instructions for designers to conduct the CTs in a reasonable order. In this section, contradictory problems associated with the newly added design tasks CT8, CT9, and CT10 are clarified and formulated with the basic-element model.



For the configuration task CT8 <consideration of CFP and environmental impact>, the design goal g <reduce the carbon footprint of the vacuum pump> is extracted, and it can be divided into three sub-goals by implication analysis, that is, g1 <reduce the volume and mass of the vacuum pump>, g2 <reduce the power consumption>, and g3 <improve the reusability and adaptability of parts>. Design goal g1 can be further divided into six sub-goals g11–g16, which aim at reducing the volume and mass of parts with high carbon emissions as estimated in Table 2; they are the pump cover, pump body, impeller, suction and exhaust pipeline, bearing seat, and transmission shaft. Accordingly, the design information of each part is taken as the design condition l11–l16, and then we can obtain six potential incompatibility problems P11–P16 as described in Table 4.



Design goal g2 of CT8 is divided into two sub-goals, namely g21 <reduce the inner power consumption> and g22 <improve the work efficiency>; the corresponding design problems P21 and P22 are described in Table 4. The inner power consumption is caused by the over-compressed air in the working chamber of the vacuum pump; the effective solution is to make the exhaust pressure adjustable, and thus the over-compressed air can be discharged through the suction and exhaust disc (part12) timely. The method to improve the work efficiency is mainly to enhance the rate of suction and exhaust, which is related to the working volume composed of the volume of the pump body and pump cover; in addition, increasing the number of impellers can also promote the work efficiency.



Design goal g3 comprises g31 <improve the reusability of parts> and g32 <improve the adaptability of parts>. In design condition l31, part1, part6, part15, and part24 can be reused by remanufacturing in the end of life stage; however, part2, part12, and part18 are not designed for reuse. In terms of design goal g32, the adaptability of part12 and part24 is expected to be improved; the exhaust pressure cannot be adjusted in the current design scheme of part12 when the input pressure is changed, which leads to the inner power consumption; and although part24 can be reused by remanufacturing, the dimensions of part24 are fixed, which makes it difficult to be adapted for reuse to the series SK vacuum pumps. Thus, here we take P31 and P32 as design contradictions in Table 4.



In the configuration task CT9, the design goal g <maintenance of parts in use stage> is extracted, and it contains two sub-goals g1 <maintenance of the continuous working parts> and g2 <maintenance of the sealing parts>; the corresponding design problems P1 and P2 are described in Table 5. For g1, we expect to enhance the maintenance for the continuous working parts, that is, the transmission shaft (part6), impeller (part15), bearing seat (part18), and the bearing (part19), and in the actual maintenance work, the worker provides the lubrication for the part19, makes the crack detection for part15 and part18, and implements the tolerance detection for part6; all these maintenance measures can reduce the fault rate in the use stage. For g2, the maintenance work is focused on the sealing component parts; during the maintenance, the sealing packing (part9) and profiling seal ring (part11) are replaced if they are loosened, and the rear bushing (part7), sealing gland (part8), and front bushing (part10) are usually needed to adjust the assembly gap, as the parts are easy to wear out during the working process; the maintenance for the sealing parts can effectively guarantee the ultimate pressure of the vacuum pump, which reduces the energy consumption. The design problems P1 and P2 of CT9 in Table 5 are not the contradictory problems, as the current maintenance conditions can satisfy the design requirements.



In the configuration task CT10, the design goal g <material selection, the recycling and disposal methods> is extracted, and it is divided into two sub-goals, g1 <select suitable materials for the parts> and g2 <improve the recycling and disposal methods>; the design problems are described in Table 6. The material of the part determines its mechanical properties, cost, carbon emission factor, and the recycling and disposal methods in the end of life stage. The material selection for the transmission shaft and the impeller should be carefully considered, as the transmission component greatly affects the physical lifetime of the vacuum pump. In the current design scheme, the materials of the transmission shaft and impeller are 45# and copper, respectively, which cannot ensure that the selection is the optimal scheme with minimum carbon emissions throughout the product lifecycle; thus, we take the P11 and P12 of CT10 in Table 6 as the potential design contradictions. For g2, considering the recycling measures for parts, we require that part2, part12, and part18 can be reused by remanufacturing rather than material recycling, as mentioned in g31 of CT8 associated with the reusability of the parts; for the disposal measures, part9 is disposed of with landfill, and part11 and part13 are disposed of with incineration, which satisfies the low-carbon demands; thus, we only take P21 as the design contradiction in terms of the design goal g2.



Finally, the design problems of the newly added configuration tasks CT8, CT9, and CT10 are concluded in Table A1 in Appendix A. However, to accomplish these three tasks, designers require the input design information from other CTs, and CT8, CT9, and CT10 could also provide output configuration parameters; thus, when dealing with design problems of CT8, CT9, and CT10, the configuration parameters associated with the other related CTs also need to be adjusted.




4.1.3. Extensible and Conjugate Analysis for Design Contradictions


Since the preliminary contradictory problems associated with CT8 and CT10 are clarified, it is necessary to make the extensible and conjugate analysis for the design contradictions to put forward feasible measures, as illustrated in Figure 13 and Figure 14.



Based on the extensible analysis for the design condition of each contradictory problem, the extension characteristics (ecs) are generated, which are viewed as the possible measures to solve the design contradictions. For example, for the contradictory problem P11 of CT8, in order to satisfy the design goal g11, namely, to reduce the volume and mass of the pump cover, there are five extension characteristics provided based on the extensible analysis, ec1 <pump cover diameter>, ec2 <pump cover eccentricity>, ec3 <pump cover width>, ec4 <pump cover wall thickness>, and ec5 <dimensions of the connection section with the suction and exhaust pipeline>. Thus, modifying the values of these extension characteristics can provide possible measures to solve P11. Take contradictory problem P21 of CT8 as another example; there are three extension characteristics generated based on the extensible analysis, as depicted in Figure 14, and thus redesigning the location of the exhaust port, increasing the number of exhaust ports, and adding the pressure-adjusting component are the possible measures to solve P21.



When implementing the extensible analysis for design conditions, the design constraints are not fully considered, which would be able to radiate innovative solutions. Thus, the possible extension characteristics may not be the feasible measures; in this paper, each extension characteristic is evaluated qualitatively and quantitatively by means of the conjugate analysis, which takes into account the functional performance, cost, and low-carbon environmental impact of the design solution from the physical, systematic, antithetic, and dynamic properties perspectives. Due to the space limitations, in this section, we only provide the quantitative evaluation result for the extension characteristics of the P21, P22, P31, and P32 of the CT8, as shown in Table 7, where eight conjugate parts are taken as the evaluation indicators. The material part considers the complexity of the design structure, and the nonmaterial part indicates the corresponding functional performance, cost, and carbon emissions; the hard part considers the compatibility of the structural layout, and the soft part indicates the coordination of overall functional performance; the positive part estimates the positive effect taken from the design solution, and the negative part reveals its negative effect; the apparent part analyzes the obvious or current benefits, and the latent part considers the long-term benefits to the society and environment.



According to the evaluation indicators, each extension characteristic is estimated by three experts, and the mean scores are used to calculate the total score, where the weight of each evaluation indicator is equal to 0.125. In addition, the evaluation scale for the negative part of eci should be explained; for example, when the evaluation for the negative part of eci is very good (VG), it indicates that taking this measure (eci) to solve the problem only has a slight negative effect. Finally, the qualitative and quantitative evaluation results based on the conjugate analysis are taken as the feedback information to determine whether the extension characteristic should be adopted, and thus to obtain the robust design solution, as depicted in Figure 13 and Figure 14.



In addition, based on the conjugate analysis, the design contradictions about the incompatibility problems are further studied. Figure 13 and Figure 14 conclude that P11, P12, and P22 of CT8 can be summarized as an antithetical problem P01, as reducing the volume of the pump cover and pump body will deteriorate the work efficiency, while improving work efficiency will inevitably increase the volume of parts. P01 can be described as below:


P01 = ((g11, g12) ^ g22)↑l01








where P01 belongs to the LCD-AP(II).



For the incompatibility problem P21 of CT8, design goal g21 <reduce the inner power consumption> can be replaced with g211 <reduce the air pressure> when the air in the working chamber is over-compressed, and g212 <increase the air pressure> when the air pressure of the working chamber does not satisfy the exhaust pressure. Thus, P21 is actually an antithetical problem, and it can be redefined as:


P02 = (g211 ^ g212)↑l21








where P02 belongs to the LCD-AP(I). P01 and P02 are all added to Table A1 in Appendix A.




4.1.4. Generation of the Design Scheme Based on Extension Transformation for Vacuum Pump Low-Carbon Design


According to the extensible and conjugate analysis for the design contradictions of CT8 and CT10, sixteen feasible measures are obtained to solve the low-carbon design problems. As the coupling relationship is caused by the input and output configuration parameters between CTs, measures corresponding to the CT8 and CT10 should be mapped to related CTs. Ultimately, based on the IFD of CTs depicted in Figure 12, all measures for the design contradictions can be scheduled with a Gantt chart in Figure 15 to clearly describe the order of the execution.



In the Gantt chart, the material selection of the shaft and impeller associated with the P11 and P12 of CT10 is first determined, and then measures for P21 of CT10 concerned with the parts designed for direct reuse, reuse by remanufacturing, and material recycling are implemented; these measures also require the modification information of the dimensions of the parts involved in the CT7. Based on the conjugate analysis, the measure of increasing the times of suction and exhaust is adopted to enhance the work efficiency of the vacuum pump for P22; however, P22, P11, and P12 of CT8 cause the antithetical problem P01; thus, they should be addressed together. In the Gantt chart, it can be seen that the design contradictions P11–P16 of CT8 associated with the structural modifications of the parts are all mapped onto the CT7, and the modifications for the dimensions of the pump cover, pump body, and shaft precede the modifications for the impeller, suction and exhaust pipeline, and bearing seat, as the latter parts require the design information from the former parts; at the same time, measures of improving the reusability of the pump body (measure 8), bearing seat (measure 14), and the adaptability of the suction and exhaust pipeline (measure 12) are implemented accordingly. Measure 15 is to design a pressure-adjusting component for the suction and exhaust disc to solve the P21 of CT8, which is considered as the antithetical problem P02, and measure 15 is also related to the CT1 and CT2 concerned with the rate of suction and exhaust, and the ultimate pressure. Measure 16 is finally conducted for the suction and exhaust disc; it is necessary to redesign the structure to fix the newly added pressure-adjusting component and consider reusability and adaptability to reduce the environmental impact in the use stage and end of life stage.



(1) Solutions to the incompatibility problems



To solve the incompatibility problems, design conditions should be modified to satisfy the design goals based on the inspiration of the measures. For example, the incompatibility problems P15 <how to reduce the volume and mass of the bearing seat> and P31 <how to improve the reusability of parts>; measure 13 can modify the dimensions of the brackets of the bearing seat, that is, the bracket width, wall thickness, height, and the curvature radius of the bracket, and adjust the number of brackets to reduce the volume and mass of the bearing seat. However, when considering the reusability of the bearing seat, designers should make a trade-off between the structure dimensions and physical lifetime, and the optimization algorithm could be applied to obtain the optimal design parameters; measures to solve P31 also include measure 8 and measure 16, namely, improving the reusability of the pump body and the suction and exhaust disc.



However, in terms of the antithetical problems, modifying the design parameters to solve one incompatibility problem will cause another design conflict, which requires innovative ideas to generate the feasible design scheme. This study adopts the proposed strategy models for LCD-AP to solve the antithetical problems P01 and P02 as below.



(2) Solution to the antithetical problem P01 (LCD-AP(II))



P01 is a conflicting problem between design goals (g11 and g12) and g22 of CT8. To solve P01, Figure 16a illustrates the work principle of the SK-15 vacuum pump. It is a variable capacity vacuum pump, which realizes air suction, compression, and exhaust by changing the working chamber volumes. When the impeller makes a revolution, each working chamber volume changes from small to large and back to small, and the air sucked from the suction port can be discharged from the exhaust port. Thus, the vacuum pump completes the air suction and exhaust process once a revolution, and increasing the pump volume can promote the work efficiency to some extent, but the design goals g11 and g12 deteriorate.



According to the result of extensible and conjugate analysis, we adopt the measure of increasing the times of suction and exhaust in one working revolution, and the antithetical problem P01 is transformed to get a new design scheme that can realize the function of increasing the times of air suction and exhaust. Inspired by the strategy model for LCD-AP(II) in Figure 7(b2), a novel principle scheme for the adaptation of the SK-15 vacuum pump is put forward, as illustrated in Figure 16b. In the new principle scheme, the original suction and exhaust system is replaced by two subsystems, and each subsystem has the air suction function and air exhaust function. Therefore, the vacuum pump can obtain the ability of air suction and exhaust twice in one revolution of the impeller, which improves the work efficiency. Meanwhile, the pump volume can also be appropriately reduced by changing its shape.



Figure 17a illustrates the new conceptual design scheme to solve P01; the cross-sectional shape of the pump body and pump cover is redesigned to be a similar ellipse, and a new pair of suction and exhaust ports are added to the suction and exhaust disc, and the air passages on the pump cover are also redesigned accordingly. Thus, when the impeller makes a revolution, the vacuum pump can suck and exhaust the air twice to enhance the work efficiency. Furthermore, the working chambers with variable volumes are naturally constructed by an oval-shaped cavity; thus, the impeller is not required to be installed in an eccentric mode and it can make the stress load well-balanced.



(3) Solution to the antithetical problem P02 (LCD-AP(I))



Antithetical problem P02 comes from the design goal of reducing the inner power consumption caused by the over-compressed air and the design goal of enhancing the adaptability of the suction and exhaust disc to the different requirements for the exhaust pressure. The measure provided for P02 based on the extensible and conjugate analysis is to add a pressure-adjusting component for the suction and exhaust disc, which can reduce the air pressure of the working chamber when it is too high and continue to compress the air when the pressure is insufficient. As shown in Figure 17b, a pair of simple and effective pressure-adjusting components composed of the rubber ball valves and the fixing plates with hole slots are designed and installed in the front of each exhaust port. When the working chamber pressure is higher than the exhaust pressure, the air in the working chamber can be pre-exhausted through the passages of the rubber ball valves, and when the air pressure of the working chamber does not reach the exhaust pressure, the rubber ball valves will not work, and finally the air is smoothly discharged from the exhaust port. For the different exhaust pressure requirements, we can adjust the location of the rubber ball valves installed in the hole slots of the fixing plates to improve the adaptability of the suction and exhaust disc. In this process, the pressure-adjusting component acts as a connective transforming part corresponding to the strategy model for LCD-AP(I) in Figure 7(a2), and it successfully solves the conflicting problem that the working chamber pressure needs to be reduced when the air is over-compressed and the working chamber pressure also needs to be increased when the air is under-compressed.



Based on the measures for the incompatibility problems and the antithetical problems, the adaptations for components of the SK-15 vacuum pump are provided, as described in Table 8.



Figure 18 presents a comparison result of the CFP information at each life cycle stage of parts before and after adaptation. It demonstrates that the CFP of the improved parts is lower than that of the original parts, especially at the use stage due to the improvement of the suction and exhaust efficiency of the vacuum pump. Additionally, the pre-sale stage is analyzed as well; the CFP information of the pre-sale stage is the sum of the CFP of the raw material stage, manufacturing stage, and distribution stage, which is located at the interval of the Dist. stage, where the CFP of the original parts and improved parts at the pre-sale stage are 5454.0 and 4865.6 kgCO2e, respectively. Figure 18 also reveals that measures such as reducing the volume and mass of parts, selecting appropriate materials, and optimizing structure parameters can help to reduce the CFP of the vacuum pump.





4.2. Comparative Performance Assessment against Other Design Problem-Solving Methods


TRIZ (Theory of Inventive Problem Solving, a Russian acronym), pioneered by Altshuller and his colleagues in the mid-1940s, is another systematic method and widely used to solve contradictions in creative problem solving [59,60]. The eco-design strategy wheel is a strategy-oriented ideation mechanism with environment-related guidelines to inspire designers to put forward design ideas for products throughout their whole life cycle [61]. This section conducted a comparative study between the Extenics and TRIZ and the eco-design strategy wheel, and accordingly, the commonly used evaluation indicators were selected [61,62], namely the two process-based criteria: the number of ideas and the variety of ideas generated, which implies the exploration of the design space, and two result-based criteria: the novelty (are the ideas original and unusual?) and the quality (are the ideas feasible and satisfying the design specifications?).



To conduct the comparative study, we recruited twenty students majoring in product design; students all volunteered to join our study, and they were all beginners and had the same level of design experience. Students were divided into four groups by lottery: the no-method aided group, eco-design strategy wheel group, TRIZ group, and Extenics group. The comparative study was a team study; five students in each group were trained in the corresponding method, and they worked together to solve design problems; on the day of the test, the task of low-carbon design for the vacuum pump was assigned; for example, the design for the vacuum pump required less material usage, low carbon emissions, easy reuse for the components, etc.; each group was required to provide possible design ideas within the prescribed 2 h. The arrangement of the comparative study is shown in Table 9.



After completing the experiment, we analyzed the collected data to obtain the results of four criteria for each group. Figure 19 shows the number of cumulated ideas generated in 2 h by different groups; it illustrates that the number of ideas generated by the no-method aided group and eco-design strategy wheel group was greater than that of the TRIZ group and Extenics group in 60 min, but it was hard for the former groups to generate new ideas after 60 min, and then the number of ideas was no longer increasing. In contrast, the number of ideas in the TRIZ group and Extenics group was increasing nearly at a constant rate in this phase, which indicated that the TRIZ method and Extenics could effectively stimulate their group students to generate ideas with the analysis tools and knowledge base tools.



To measure the variety of ideas generated, we proposed four levels to explore the design space: the functional principle, structure layout, structure parameter, and low-carbon related strategy. The use of different principles to satisfy the same function makes two ideas more distinct than those that only differ in structure layout level or structure parameters. Table 10 represented the distribution of ideas generated in each group associated with four levels; although the ideas mainly focused on the structure layout level and structure parameter level in each group, the TRIZ group and Extenics group were able to generate more ideas on the functional principle level, namely, they could explore the design space in depth.



Considering the novelty and quality of ideas, three eco-design experts were required to score each idea generated in each group; Table 11 describes the scoring rule. For the novelty scoring, experts should identify whether the generated idea adopted a novel principle to realize the main functions of the vacuum pump, including the power transmission function, suction and exhaust function, and sealing function, and whether the idea was beneficial to environmental protection. If the generated idea adopted the conventional principles and structure layout to realize the main functions, then the score was equal to 1, which indicated that the novelty of the idea was low; if the main functions were achieved with novel principles and structure layout by the generated idea, then the score was equal to 2, which indicated the novelty of the idea was moderate; furthermore, if the generated idea adopted a novel principle and structure to realize the main functions, and the design scheme also had good environmental performance, then the score was equal to 3, which indicated the novelty of the idea was high.



For quality scoring, experts were required to evaluate whether the initial specifications of basic quality characteristics (the rate of suction and exhaust, ultimate pressure, and cost) and the specifications of low-carbon related quality characteristics (environmental impact and carbon footprint) were satisfied by the generated ideas. If the generated idea could satisfy specifications of low-carbon related quality characteristics, but the specifications of basic quality characteristics could not be met, then the score was equal to 1; if the specifications of basic quality characteristics could be satisfied in the generated idea, and the specifications of low-carbon related quality characteristics were not satisfied, then the score was equal to 2; and if the design specifications of basic quality characteristics and low-carbon related quality characteristics both could be satisfied, then the score was equal to 3.



To obtain the final result, the score of one idea about one certain criterion was the sum of three experts’ scores, and the score for the idea could only be was 7, 8, or 9 if only one certain criterion could be taken into account. Figure 20 shows the number of ideas that met the condition about the novelty and quality.



Figure 20 illustrates that the proportions of the generated ideas for which the score was greater than or equal to 7 regarding the novelty in the no-method aided group, eco-design strategy wheel group, TRIZ group, and Extenics group were, respectively, 34.78%, 34.48%, 57.45%, and 44.23%, and 21.74%, 27.59%, 27.66%, and 30.77% regarding the quality. It could be observed that the TRIZ group generated the most ideas that were considered novel, and the Extenics group generated the most ideas that were considered quality.



In conclusion, the effective design problem-solving method Extenics has good performance both on process-based criteria quantity and variety and the result-based criteria novelty and quality in our comparative study, which verifies that Extenics can help designers generate creative ideas to solve contradictory problems in low-carbon product design.





5. Discussion


Low-carbon product design incorporates the low-carbon indicators into the original design system; it not only involves the parametric design problem, but also the design concept generation problem. However, the current literature of low-carbon product design is largely silent on the systematic methodology that provides strategies and ideas for conceptual scheme generation through design contradiction solving. In this paper, a low-carbon product design configuration methodology that integrates the configuration tasks sequencing model and Extenics-based contradictory problem-solving method into a comprehensive framework is proposed. A case study of an academic example concerning the vacuum pump low-carbon design along with a comparative study is conducted to verify the feasibility of the proposed methodology, and the implications of our research work are discussed below.



(1) The contribution of this paper



The purpose of this paper is to address two issues associated with low-carbon product design mentioned in the introduction section. The contribution of this study is the novel combination of a configuration tasks sequencing model based on the GA-DSM method and the Extenics theory; it is also novel in some methodology steps. In the configuration tasks sequencing model, the contribution is that we designated the configuration tasks and corresponding configuration parameters through quality characteristics and proposed the estimation model of associated values of correlated configuration tasks. In the Extenics-based contradiction-solving method, the contribution is that we clarified and formulated the low-carbon design incompatibility problem LCD-IP and two types of low-carbon design antithetical problems, LCD-AP(I) and LCD-AP(II), and provide two strategy models for LCD-AP(I) and LCD-AP(II), respectively.



(2) The information flow diagram and the Gantt chart



The information flow diagram is constructed for the configuration tasks, while the Gantt chart is built for the measures that were included in the corresponding CTs.



This study constructs the information flow diagram of CTs to help designers effectively coordinate the configuration parameters among CTs and reduce the number of trial-and-error iterations in backtracking analysis; for coupled CTs, configuration tasks CTi and CTj are interdependent, as CTi depends on the output configuration parameter of CTj, and CTj also depends on the output configuration parameter of CTi, and thus the necessary backtracking analysis is still needed for coupled CTs even if the information flow diagram is provided. Therefore, when only considering the coordination for configuration parameters, the iteration in this study has a similar meaning to the classical iteration in general design research.



However, the iteration in this study is also associated with design contradiction solving; based on the information flow diagram of CTs, the Gantt chart of measures execution is constructed to solve the contradictory problems in each configuration task with a reasonable sequence. In order to reduce the iterations for design contradiction solving, contradictory problems in CTi may be mapped to CTj for solving, as CTi and CTj are dependent or interdependent. For example, for the Gantt chart in Figure 15, contradictory problems P11–P16 in CT8 <consideration of CFP, environmental impact> should be mapped onto the CT7 <control the volume and mass>, that is, the modification for the problematic parts should be conducted in CT7. In this aspect, the iteration associated with contradictory problem solving is different from the classical iteration.



In addition, the definition of configuration tasks is different from the definition in the reference [63], where configuration tasks are defined as the special type of design activities to design an artifact only by assembling the predefined components together. In our study, we make the assumption that there are not predefined components that can be directly used to replace the problematic components with high carbon emissions; thus, configuration tasks in this paper not only refer to the reuse of predefined components that are satisfied with low-carbon demand, but also involve measures to improve the environmental impact of the problematic components in four aspects, functional principle, structure layout, structure parameter, and low-carbon related strategy.



(3) Explanation for the comparative study



In the comparative experiment, the ideas proposed by each group of students are conceptual schemes, and no specific configuration tasks are involved to realize these schemes, that is, students only used the contradiction-solving methods to put forward possible design ideas for the design requirements.



The proposed low-carbon configuration method is mainly to solve two issues; for the issue about configuration task arrangement, this study constructs the information flow diagram for configuration tasks to reduce the trial-and-error iterations during the configuration process. We consider that the implementation of low-carbon configuration in which all configuration tasks are well scheduled would be more effective and efficient than the implementation of the configuration process where configuration tasks are not well arranged; thus, we do not make the comparative analysis for the constructed information flow model.



For another issue about low-carbon design contradictions, the Extenics-based contradictory problem-solving model is presented to help designers generate innovative design strategies and ideas for addressing low-carbon design incompatibility and antithetical problems. In order to make the research more solid and valid, we conducted a comparative study between the Extenics, TRIZ, and eco-design strategy wheel; the result shows that Extenics has good performance both on the process-based criteria and result-based criteria.



In addition, the comparative study is a team study; five students in each group work together to solve the vacuum pump low-carbon design problem, and we obtained the obvious results to verify the performance of the Extenics. However, if there were more students in each group, such as thirty students in each group, or there were more teams in each condition, then the experimental results would be more reasonable.



(4) Application of proposed methodology



In low-carbon product optimization design, the optimization model and algorithm can be used to obtain the optimal design parameters, and then low-carbon product design is considered as a parametric design problem; however, low-carbon product design also belongs to the design concept generation problem, and designers are required to put forward innovative design schemes to reconfigure the design requirements that are considering the low-carbon demand. The current research on low-carbon product design lacks systematic design theories and methods to help designers produce innovative ideas to solve the design concept generation problem. The commonly used creative method is TRIZ, which provides designers with innovative principles to solve technical and physical contradictions for generating novel design schemes. This study presents an Extenics-based design-contradiction-solving method, which helps designers produce strategies and ideas to address low-carbon design incompatibility and antithetical problems; on the other hand, the information flow diagram of the configuration tasks is constructed along with the Gantt chart of measures execution for design contradiction solving, which improves the efficiency of the low-carbon configuration.



In terms of the product design and development, design activities need to be carried out according to different design purposes such as product redesign and adaptive design, design schemes need to be adjusted quickly according to user requirements, and design contradictions and design changes with iterations will also arise in this process. Thus, the proposed methodology could also be applicable to these design activities; Extenics is used to solve the design contradictions, and design activities could be reasonably scheduled based on the information flow model to reduce the trial-and-error iterations.




6. Conclusions


The low-carbon demand requires designers to conduct the reconfiguration tasks for the original equilibrium design system. However, the low-carbon design incompatibility and antithetical problems are emerging from the configuration process; designers need to solve design contradictions and put forward new principle solutions. On the other hand, the input and output configuration information of each configuration task in the configuration process greatly depends on each other; it is essential to make an arrangement for the implementation of CTs with minimum feedback. For these problems, this paper proposes an Extenics-based scheduled configuration methodology to support low-carbon product design by providing the sequencing model for CTs and the effective design-contradiction-solving method.



Low-carbon requirements are mapped to QCs and ECs through the QFD method, and accordingly, CTs and configuration parameters are designated. The directed network along with associated values of CTs are mapped onto an activity-based DSM to construct the IFD of CTs. The Extenics-based contradictory problem-solving model in this methodology is introduced, the low-carbon incompatibility problem and two types of low-carbon antithetical problems are clarified and formulated with basic-element model, and two strategy models for antithetical problems are established; extensible and conjugate analysis tools are used to provide feasible measures. Based on the information flow diagram of CTs, the Gantt chart of measures execution could be established, which helps designers effectively complete configuration tasks for the low-carbon requirements. The proposed methodology is used for the vacuum pump low-carbon design; the results show that the improved design scheme of the vacuum pump is more environmentally friendly than the previous one, and the comparative analysis indicates that Extenics has good performance based on both the process-based criteria for generated ideas, quantity and variety, and the result-based criteria, novelty and quality.



This paper presents an IFD construction model for CTs, which is useful for reducing the number of trial-and-error iterations in the reconfiguration process. However, considering the complex configuration tasks that need to be decomposed according to the configuration parameters, it is necessary to integrate the component-based DSM and activity-based DSM to construct the IFD for fine-grained CTs. For the contradictory problem solving, it is also essential to develop a knowledge management platform to share and reuse the basic-element model knowledge obtained from the contradiction-solving process by means of computer-aided design technologies.
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Abbreviations and Symbols




	
CFP

	
Carbon footprint




	
CTs

	
Configuration tasks




	
DSM

	
Design structure matrix




	
ECs

	
Engineering characteristics




	
FI

	
Feedback information




	
IFD

	
Information flow diagram




	
LCD-AP(I)

	
Low-carbon design antithetical problem (I)




	
LCD-AP(II)

	
Low-carbon design antithetical problem (II)




	
LCD-IP

	
Low-carbon design incompatibility problem




	
MA

	
Configuration Matrix




	
QCs

	
Quality characteristics




	
QFD

	
Quality function deployment




	
TRIZ

	
Theory of inventive problem solving, a Russian acronym




	
Symbols

	




	
di,j

	
Associated value that CTi depends on CTj




	
ωk

	
Relative weight of ECk




	
xi,j

	
The input configuration parameter for CTi provided by CTj




	
γj,k

	
Relational strength of QCj and ECk




	
Symbols in Extenics

	




	
(1) Symbols for problems clarification and formulation




	
M(m)

	
Matter–element model




	
R(r)

	
Relation–element model




	
A(a)

	
Affair–element model




	
Z(O)

	
Compound-element model




	
P

	
Design problem




	
g

	
Design goal




	
l

	
Design condition




	
(2) Symbols for extensible analysis




	
A ┤ {A1, A2, …}

	
A1, A2, …are generated by the divergent analysis for A




	
A~B

	
A and B have correlative relationship




	
A ⇒ B

	
A is the lower-level design goal of B in implication analysis




	
A ⊕ B, A ⊗ B,

A//{A1,A2, …}

	
In opening-up analysis, put A and B together with symbol ⊕ , integrate A and B into an unit with symbol ⊗ , A is decomposed into A1, A2, … with symbol//




	
(3) Symbols for conjugate analysis




	
im(Om), re(Om)

	
Nonmaterial part and material part of object Om




	
sf(Om), hr(Om)

	
Soft part and hard part of object Om




	
ngc(Om), psc(Om)

	
Negative and positive part of object Om about characteristic c




	
lt(Om), ap(Om)

	
Latent part and apparent part of object Om
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Table A1. Conclusion of the design problems for CT8, CT9, and CT10.






Table A1. Conclusion of the design problems for CT8, CT9, and CT10.





	
CTi

	
Design Problem

	
Design Goal of the Problem

	
Design Condition of the Problem






	
CT8

	
P11 = g11↑l11

P12 = g12↑l12

P13 = g13↑l13

P14 = g14↑l14

P15 = g15↑l15

P16 = g16↑l16

	
reduce the volume and mass of part 1

reduce the volume and mass of part 2

reduce the volume and mass of part 15

reduce the volume and mass of part 24

reduce the volume and mass of part 18

reduce the volume and mass of part 6

	
design information of part 1

design information of part 2

design information of part 15

design information of part 24

design information of part 18

design information of part 6




	
P21 = g21↑l21

P22 = g22↑l22

	
reduce the inner power consumption

enhance the work efficiency

	
design information of part 12

working state of the vacuum pump




	
P31 = g31↑l31

P32 = g32↑l32

	
improve the reusability of the parts

improve the adaptability of the parts

	
design information of part 1,2,6,12,15,18,24

design information of part 12, 24




	
P01 = ((g11,g12)^g22)↑l01

	
reduce the volume and mass of part 1, 2

enhance the work efficiency

	
design information of part 1, 2

working state of the vacuum pump




	
P02 = (g211^g212)↑l21

	
reduce the working chamber air pressure

increase the working chamber air pressure

	
design information of the suction and exhaust disc




	
CT9

	
P1 = g1↓l1

	
maintenance of the continuous working parts

	
design information of continuous working parts




	
P2 = g2↓l2

	
maintenance of the sealing parts

	
design information of sealing parts




	
CT10

	
P11 = g11↑l11

P12 = g12↑l12

	
material selection of the transmission shaft

material selection of the impeller

	
design information of the transmission shaft

design information of the impeller




	
P21 = g21↑l21

P22 = g22↓l22

	
improve the recycling methods for parts

improve the disposal methods for parts

	
current recycling measures for the parts

current disposal measures for the parts








“↑” denotes design condition l cannot satisfy design goal g; “↓” denotes design condition l can satisfy design goal g. part 1: pump cover, part 2: pump body, part 6: transmission shaft, part 12: suction and exhaust disc, part 15: impeller, part 18: bearing seat, part 24: suction and exhaust pipeline.
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Figure 1. QFD phase I, mapping between the design requirements and QCs for the vacuum pump low-carbon design. 
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Figure 2. A reasonable sequence of CTs based on the DSM with minimum FI. 
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Figure 3. Framework of the design contradiction solving based on Extenics. 
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Figure 4. An example to illustrate two types of LCD-AP. 
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Figure 5. Conjugate analysis of four pairs of conjugate parts for low-carbon product design. 
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Figure 6. An example of extensible analysis of the disposable lunch box design for the environment. 
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Figure 7. Strategy models for LCD-AP based on the transforming bridge method. 
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Figure 8. Framework of the Extenics-based scheduled configuration model for low-carbon product design. 
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Figure 9. The directed network of CTs. 
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Figure 10. QFD phase II, mapping between QCs and ECs for the vacuum pump low-carbon design. 
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Figure 11. Sequencing for the configuration tasks (CTs) of the vacuum pump: (a) correlation representation of CTs with DSM and (b) the optimal sequence of CTs. 
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Figure 12. The information flow diagram (IFD) of CTs for vacuum pump low-carbon design. 
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Figure 13. Extensible and conjugate analysis for P11–P16 of CT8. 
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Figure 14. Extensible and conjugate analysis for P21, P22, P31, and P32 of CT8 and for contradictory problems of CT10. 
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Figure 15. The Gantt chart of measures execution for design contradiction solving. 
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Figure 16. Principle scheme to solve the antithetical problem P01: (a) work principle of the vacuum pump and (b) principle scheme for adaptation. 
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Figure 17. Solutions to antithetical problems of the vacuum pump: (a) the new conceptual scheme for P01 and (b) the new conceptual scheme for P02. 
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Figure 18. CFP information of vacuum pump parts before and after adaptation. 
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Figure 19. The number of ideas generated in each test group. 
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Figure 20. Comparative analysis of the result-based criteria: (a) number of ideas with the score was 7, 8, and 9 for novelty; (b) number of ideas with the score 7, 8, and 9 for the quality. 
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Table 1. Low-carbon design basic-element model for knowledge representation.
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(a) matter-element model of the impeller.

m: impeller (part 15).

  M ( m ) =  [       m ,       material ,      copper         ⋮   ⋮         mass ,     50  . 52 kg           CFP ,     705    . 59 kgCO   2  e      ]   

	
(b) relation-element model of the shaft and impeller.

r: assembly relationship (part 6 and part 15).

  R ( r ) =  [      r ,     the   former   item ,     part   6          the   latter   item ,     part   15         ⋮   ⋮         connection   type ,     key   connection      ]   




	
(c) affair-element model of the shaft to reduce CFP.

a1: reduce CFP.

  A (  a 1  ) =  [       a 1  ,      rece _ obj  ,     part   6          material ,     45 #          diameter ,     40 mm         ⋮   ⋮         constraint ,     stress      ]   

	
(d) compound-element model of transmission components. O: transmission component (cpt 6).

  Z ( O ) =  [      O ,     function ,     transmitting   power          constituents ,     M ( part   6 , 15 , 20 )          assembly ,     R ( r )         ⋮   ⋮         improved   item ,     A (  a 1  ) ,   A (  a 2  )      ]   
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Table 2. Components (cpts) and CFP information of the vacuum pump/unit kgCO2e.
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Components and Parts

	
CFP of Parts at Each Life Cycle Stage

	
CFP_Part




	
RM

	
Mfg

	
Dist.

	
Use

	
EoL






	
cpt1

	
(18) bearing seat × 2

	
117.37

	
123.16

	
1.09

	
65.04

	
4.35

	
311.01




	
(19) bearing × 2

	
45.81

	
9.55

	
0.52

	
180.76

	
0.29

	
236.92




	
(21) front bearing seat gland

	
35.66

	
37.74

	
0.33

	
40.50

	
1.29

	
115.52




	
(5) rear bearing seat gland

	
24.09

	
26.47

	
0.22

	
40.50

	
0.89

	
92.18




	
(22) gland washer ×2

	
1.59

	
1.88

	
0.01

	
41.72

	
0.002

	
45.20




	
cpt2

	
(1) pump cover × 2

	
1298.03

	
1282.15

	
12.03

	
180.76

	
1.45

	
2774.43




	
(17) pump cover gland × 2

	
18.62

	
21.25

	
0.17

	
40.50

	
0.70

	
81.25




	
cpt3

	
(12) suction and exhaust disc × 2

	
90.52

	
101.22

	
0.42

	
52.77

	
0.144

	
245.08




	
cpt4

	
(11) profiling seal ring × 2

	
1.72

	
2.07

	
0.34

	
44.96

	
1.15

	
50.24




	
(9) sealing packing × 2

	
4.72

	
0.40

	
0.26

	
78.13

	
6.29

	
89.80




	
(8) sealing gland × 2

	
10.05

	
11.28

	
0.53

	
133.62

	
0.01

	
155.50




	
(10) front bushing × 2

	
4.81

	
5.64

	
0.04

	
76.75

	
0.01

	
87.25




	
(7) rear bushing × 2

	
13.36

	
15.68

	
0.12

	
111.77

	
0.01

	
140.94




	
cpt5

	
(2) pump body

	
559.54

	
559.78

	
5.19

	
110.63

	
0.47

	
1235.60




	
(13) seal ring × 2

	
1.17

	
1.17

	
0.19

	
36.96

	
0.62

	
40.12




	
(14) tightening bolt × 6

	
6.30

	
0.15

	
1.53

	
25.90

	
0.10

	
33.99




	
cpt6

	
(6) transmission shaft

	
105.64

	
11.96

	
2.15

	
110.63

	
0.16

	
230.55




	
(15) impeller

	
298.88

	
292.91

	
2.97

	
110.63

	
0.19

	
705.59




	
(20) connection key × 2

	
0.91

	
4.49

	
0.43

	
53.46

	
0.005

	
59.29




	
cpt7

	
(24) suction and exhaust pipeline × 2

	
187.01

	
196.00

	
1.73

	
180.76

	
0.64

	
566.15








The shaded mechanical parts are self-produced parts, and the figure in the bracket in front of each part is the number in the assembly drawing. RM, Mfg, Dist., Use, and EoL denote five life cycle stages, namely, raw material stage, manufacturing stage, distribution stage, use stage, and end of life stage.
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Table 3. Description of the configuration tasks and configuration parameters.
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	Configuration Task CTi
	Input Parameter xi,j
	Output Parameter xj,i





	CT1 configuration for suction and exhaust module
	x1,2 ultimate pressure; x1,3 rated power

x1,7 volume of the working chamber
	x2,1, x4,1, x5,1, x8,1



	CT2 configuration for ultimate pressure module
	x2,1 rate of the suction and exhaust; x2,3 rated power
	x1,2, x5,2



	CT3 rated power determination
	
	x1,3, x2,3, x5,3, x8,3



	CT4 noise control
	x4,1 effect of the pumping rate to the noise

x4,6 noise stems from the mechanical faults
	x8,4



	CT5 cost control
	x5,1 cost with different pumping rates

x5,2 cost with different ultimate pressure needs

x5,3 cost with different rated power needs

x5,6 cost of faults diagnosis and maintenance

x5,7 cost of mechanical parts

x5,8 cost of the environmental measures

x5,10 cost of materials of parts and the recycling
	x8,5, x10,5



	CT6 consideration of fault rate and operation safety
	x6,9 maintenance and faults resolution for components
	x4,6, x5,6, x8,6, x11,6



	CT7 control the volume and mass
	x7,10 materials of the parts
	x1,7, x5,7, x8,7, x9,7



	CT8 consideration of CFP, environmental impact
	x8,1 rate of suction and exhaust

x8,3 rated power

x8,4 noise of the product

x8,5 cost for the environmental demands

x8,6 fault rate of the components

x8,7 materials usage of the parts

x8,10 material types, recycling and disposal methods
	x5,8, x10,8



	CT9 consideration of the maintenance convenience
	x9,7 volume and mass of the parts
	x6,9, x11,9



	CT10 material selection, recycling, and disposal
	x10,5 cost constraint for material selection, recycling, and disposal

x10,8 environmental demands for material selection, recycling and disposal
	x5,10, x7,10, x8,10, x11,10



	CT11 determination of product physical lifetime
	x11,6 fault rate of the components

x11,9 maintenance convenience for the parts

x11,10 service life of materials for the parts
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Table 4. Description of design problems of the configuration task CT8.
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	Design Problem
	Description of the Design Goal
	Description of the Design Condition





	P11 = g11 * l11
	g11: reduce the volume and mass of the pump cover

  Z (  g  11   ) =  [       g  11   ,      rece _ obj  ,     Z ( part   1 )          volume ,     smaller          mass ,     < 95.0 kg      ]   
	l11: design information of the pump cover (part1)

  Z (  l  11   ) =  [      part   1 ,     material ,     cast   iron                  ⋮             ⋮          mass ,     101.77 kg          CFP ,     1387.21   kgCO  2  e      ]   



	P12 = g12 * l12
	g12: reduce the volume and mass of the pump body

  Z (  g  12   ) =  [       g  12   ,      rece _ obj  ,     Z ( part   2 )          volume ,     smaller          mass ,     < 82.0 kg      ]   
	l12: design information of the pump body (part2)

  Z (  l  12   ) =  [      part   2 ,      material ,      cast   iron                  ⋮             ⋮          mass ,     87.74 kg          CFP ,     1235.60   kgCO  2  e      ]   



	P13 = g13 * l13
	g13: reduce the volume and mass of the impeller

  Z (  g  13   ) =  [       g  13   ,      rece _ obj  ,     Z ( part   15 )          volume ,     smaller          mass ,     < 47.0 kg      ]   
	l13: design information of the impeller (part15)

  Z (  l  13   ) =  [      part   15 ,     material ,     copper                  ⋮             ⋮          m a s s ,     50.25 kg          C F P ,     705.59   kgCO  2  e      ]   



	P14 = g14 * l14
	g14: reduce the volume and mass of the suction and exhaust pipeline

  Z (  g  14   ) =  [       g  14   ,      rece _ obj  ,     Z ( part   24 )          volume ,     smaller          mass ,     < 13.5 kg      ]   
	l14: design information of the suction and exhaust pipeline (part24)

  Z (  l  14   ) =  [      part   24 ,     material ,     cast   iron                  ⋮             ⋮           mass ,      14.66 kg          CFP ,     283.08   kgCO  2  e      ]   



	P15 = g15 * l15
	g15: reduce the volume and mass of the bearing seat

  Z (  g  15   ) =  [       g  15   ,      rece _ obj  ,     Z ( part   18 )          volume ,     smaller          mass ,     < 8.5 kg      ]   
	l15: design information of bearing seat (part18)

  Z (  l  15   ) =  [      part   18 ,     material ,     cast   iron         ⋮   ⋮         mass ,     9.20 kg          CFP ,     155.51   kgCO  2  e      ]   



	P16 = g16 * l16
	g16: reduce the volume and mass of the shaft

  Z (  g  16   ) =  [       g  16   ,      rece _ obj  ,     Z ( part   6 )          volume ,     smaller          mass ,     < 33.0 kg      ]   
	l16: design information of the shaft (part6)

  Z (  l  16   ) =  [      part   6 ,     material ,     45 #                  ⋮             ⋮          mass ,     36.38 kg          CFP ,     230.55   kgCO  2  e      ]   



	P21 = g21 * l21
	g21: reduce the inner power consumption

  Z (  g  21   ) =  [       g  21   ,      rece _ obj ,      Z ( part 12 )          inner    pressure ,      moderate          exhaust   pressure ,     adjustable      ]   
	l21: design information of the suction and exhaust disc (part12)

  Z (  l  21   ) =  [      part 12 ,     material ,     aluminium                      ⋮                 ⋮          inner   pressure ,     over   pressure          exhaust   pressure ,     unadjustable      ]   



	P22 = g22 * l22
	g22: improve the work efficiency

  Z (  g  22   ) =  [       g  22   ,      rece _ obj  ,     Z ( part   1 , 2 , 15 )          pumping   rate ,     enhanced          vacuum     degree ,     < 9000 Pa      ]   
	l22: working state of the vacuum pump

  Z (  l  22   ) =  [       l  22   ,     pumping   rate ,     15  m 3  / min          working   volume ,     0.084  m 3           number   of   impellers ,    1                             ⋮                 ⋮      ]   



	P31 = g31 * l31
	g31: improve the reusability of parts

  Z (  g  31   ) =  [       g  31   ,      rece _ obj  ,     Z ( parts )          reuse      method 1  ,     direct   reuse          reuse      method 2  ,     remanufacturing      ]   
	l31: design information of part1, 2, 6, 12, 15, 18, 24

  Z (  l  31   ) =  [       l  31   ,     direct   reuse   parts ,     none          remanufacturing ,     Z ( part   1 , 6 , 15 , 24 )          no   reused   parts ,     Z ( part   2 , 12 , 18 )      ]   



	P32 = g32 * l32
	g32: improve the adaptability of parts

  Z (  g  32   ) =  [       g  32   ,      rece _ obj  ,     Z ( part   12 , 24 )          exhaust   pressure ,     adjustable          dimensions   of    part 24  ,     scalable      ]   
	l32: design information of part12, 24

  Z (  l  32   ) =  [       l  32   ,     exhaust   pressure ,     unadjustable          number   of    part 24  ,    2         dimensions   o f   part 24 ,     unscalable      ]   
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Table 5. Description of design problems of the configuration task CT9.
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	Design Problem
	Description of the Design Goal
	Description of the Design Condition





	P1 = g1 * l1
	g1: maintenance of continuous working parts

  Z (  g 1  ) =  [       g 1  ,      rece _ obj  ,     Z ( part   6 , 15 , 18 , 19 )          measure 1 ,     lubrication          measure 2 ,     crack   detection          measure 3 ,     tolerance   detection      ]   
	l1: design information of part 6, 15, 18, 19

  Z (  l 1  ) =  [       l 1  ,     lubrication ,     Z ( part   19 )          crack   detection ,     Z ( part   15 , 18 )          tolerance   detection ,     Z ( part   6 )      ]   



	P2 = g2 * l2
	g2: maintenance of the sealing parts

  Z (  g 2  ) =  [       g 2  ,      rece _ obj  ,     Z ( part   7 , 8 , 9 , 10 , 11 )          measure 1 ,     parts     replacement          measure 2 ,     assembly     gap     adjustment      ]   
	l2: design information of part 7, 8, 9, 10, 11

  Z (  l 2  ) =  [       l 2   ,     parts     replacement ,     Z ( part   9 , 11 )          assembly   gap   adjustment ,     Z ( part   7 , 8 , 10 )          ultimate   pressure ,     satisfied      ]   
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Table 6. Description of design problems of the configuration task CT10.
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	Design Problem
	Description of the Design Goal
	Description of the Design Condition





	P11 = g11 * l11
	g11: material selection of the shaft

  Z (  g  11   ) =  [       g  11 ,        rece _ obj  ,     Z ( part   6 )          carbon   emission   factor ,     low          mechanical   properties ,     satisfied      ]   
	l11: design information of the shaft (part6)

  Z (  l  11   ) =  [       l  11   ,     material ,     45 #                  ⋮             ⋮          mass ,     36.38 kg          CFP ,     230.55   kgCO  2  e      ]   



	P12 = g12 * l12
	g12: material selection of the impeller

  Z (  g  12   ) =  [       g  12   ,      rece _ obj  ,     Z ( part   15 )          carbon   emission   factor ,     low          mechanical   properties ,     satisfied      ]   
	l12: design information of the impeller (part15)

  Z (  l  12   ) =  [       l  12   ,     material ,     copper                  ⋮             ⋮          mass ,     50.52 kg          CFP ,     705.59   kgCO  2  e      ]   



	P21 = g21 * l21
	g21: recycling measures for the parts

  Z (  g  21   ) =  [       g  21   ,      rece _ obj  ,     Z ( parts )          measure 1 ,     direct   reuse          measure 2 ,     remanufacturing          measure 3 ,     material   recycling      ]   
	l21: current recycling measures for the parts

  Z (  l  21   ) =  [       l  21   ,     direct   reuse ,       Z ( p a r t   5 , 7 , 8 , 10 ,     17 , 21 , 22 )            remanufacturing ,     Z ( part   1 , 6 , 15 , 24 )          material   recycling ,       Z ( p a r t   2 , 3 , 4 , 12 , 14     16 , 18 , 19 , 20 , 23 )        ]   



	P22 = g22 * l22
	g22: disposal measures for the parts

  Z (  g  22   ) =  [       g  22   ,      rece _ obj  ,     Z ( parts )          measure 1 ,     landfill          measure 2 ,     incineration      ]   
	l22: current disposal measures for the parts

  Z (  g  22   ) =  [       l  22   ,     landfill ,     Z ( part   9 )          incineration ,     Z ( part   11 , 13 )      ]   
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Table 7. Evaluation for extension characteristics (ecs) of P21, P22, P31, and P32 of the CT8 based on the conjugate parts.






Table 7. Evaluation for extension characteristics (ecs) of P21, P22, P31, and P32 of the CT8 based on the conjugate parts.





	
eci

	
Physical Property

	
Systematic Property

	
Antithetic Property

	
Dynamic Property

	
Score




	
Material Part

	
Nonmaterial Part

	
Hard Part

	
Soft Part

	
Positive Part

	
Negative Part

	
Apparent Part

	
Latent Part






	
P21

	
ec1

	
M,M,M

	
P,M,P

	
G,M,M

	
G,M,M

	
M,M,M

	
M,M,M

	
M,G,M

	
M,P,VP

	
0.483




	
Mean = 0.50

	
Mean = 0.37

	
Mean = 0.57

	
Mean = 0.57

	
Mean = 0.50

	
Mean = 0.50

	
Mean = 0.57

	
Mean = 0.30




	
ec2

	
M,M,M

	
P,M,M

	
M,G,M

	
G,M,M

	
M,M,M

	
P,M,P

	
M,M,P

	
M,P,P

	
0.467




	
Mean = 0.50

	
Mean = 0.43

	
Mean = 0.57

	
Mean = 0.57

	
Mean = 0.50

	
Mean = 0.37

	
Mean = 0.43

	
Mean = 0.37




	
ec3

	
M,M,G

	
G,G,VG

	
M,M,M

	
M,M,G

	
G,M,G

	
M,M,M

	
G,M,M

	
G,M,G

	
0.592




	
Mean = 0.57

	
Mean = 0.77

	
Mean = 0.50

	
Mean = 0.57

	
Mean = 0.63

	
Mean = 0.50

	
Mean = 0.57

	
Mean = 0.63




	
P22

	
ec1

	
M,M,M

	
M,M,G

	
P,M,P

	
P,M,P

	
M,M,G

	
M,P,P

	
M,M,P

	
M,M,G

	
0.467




	
Mean = 0.50

	
Mean = 0.57

	
Mean = 0.37

	
Mean = 0.37

	
Mean = 0.57

	
Mean = 0.37

	
Mean = 0.43

	
Mean = 0.57




	
ec2

	
M,P,M

	
G,M,G

	
M,P,P

	
M,P,M

	
G,M,M

	
M,P,P

	
P,M,P

	
M,G,M

	
0.467




	
Mean = 0.43

	
Mean = 0.63

	
Mean = 0.37

	
Mean = 0.43

	
Mean = 0.57

	
Mean = 0.37

	
Mean = 0.37

	
Mean = 0.57




	
ec3

	
M,M,M

	
G,M,G

	
M,P,M

	
M,M,G

	
G,M,G

	
M,P,M

	
M,M,G

	
G,M,G

	
0.550




	
Mean = 0.50

	
Mean = 0.63

	
Mean = 0.43

	
Mean = 0.57

	
Mean = 0.63

	
Mean = 0.43

	
Mean = 0.57

	
Mean = 0.63




	
P31

	
ec1

	
M,G,M

	
M,G,M

	
M,G,M

	
M,G,M

	
M,G,G

	
M,M,P

	
M,M,P

	
G,G,M

	
0.550




	
Mean = 0.57

	
Mean = 0.57

	
Mean = 0.57

	
Mean = 0.57

	
Mean = 0.63

	
Mean = 0.43

	
Mean = 0.43

	
Mean = 0.63




	
ec2

	
M,M,M

	
M,M,M

	
M,M,M

	
M,M,M

	
G,M,M

	
M,M,M

	
M,M,P

	
G,M,M

	
0.508




	
Mean = 0.50

	
Mean = 0.50

	
Mean = 0.50

	
Mean = 0.50

	
Mean = 0.57

	
Mean = 0.50

	
Mean = 0.43

	
Mean = 0.57




	
ec3

	
G,M,M

	
M,M,M

	
G,M,M

	
M,M,M

	
G,M,G

	
M,M,P

	
G,M,M

	
M,M,M

	
0.533




	
Mean = 0.57

	
Mean = 0.50

	
Mean = 0.57

	
Mean = 0.50

	
Mean = 0.63

	
Mean = 0.43

	
Mean = 0.57

	
Mean = 0.50




	
P32

	
ec1

	
M,M,G

	
G,G,G

	
M,M,M

	
M,G,M

	
G,M,G

	
M,P,M

	
G,M,M

	
G,M,G

	
0.575




	
Mean = 0.57

	
Mean = 0.70

	
Mean = 0.50

	
Mean = 0.57

	
Mean = 0.63

	
Mean = 0.43

	
Mean = 0.57

	
Mean = 0.63




	
ec2

	
G,M,M

	
G,M,M

	
M,M,M

	
M,M,M

	
G,G,M

	
M,M,P

	
M,M,M

	
G,G,M

	
0.542




	
Mean = 0.57

	
Mean = 0.57

	
Mean = 0.50

	
Mean = 0.50

	
Mean = 0.63

	
Mean = 0.43

	
Mean = 0.50

	
Mean = 0.63








Evaluation scale: Very good (VG) 0.9, Good (G) 0.7, Moderate (M) 0.5, Poor (P) 0.3, Very poor (VP) 0.1.
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Table 8. Adaptations for components (cpts) of the SK-15 vacuum pump.






Table 8. Adaptations for components (cpts) of the SK-15 vacuum pump.





	cpti
	The Original Design Scheme
	The Improved Design Scheme





	cpt1
	(1) bearing seat wall thickness is 20 mm;

(2) dimensions of the bracket of the bearing seat: the bracket width is 36 mm, the wall thickness is 8 mm;

(3) number of the bracket is three;

(4) the bearing seat is designed for material recycling.
	the bearing seat stands the dynamic load of the transmission component; it should make a trade-off between the size reduction and the mechanical demand: the bearing seat wall thickness is 16 mm; the bracket width is 40 mm, bracket wall thickness is 15 mm, the number of brackets is two; the bearing seat is redesigned for reuse.



	cpt2
	(1) the cross-sectional shape of the pump cover is a circle;

(2) the pump cover diameter is 480 mm, the width is 124 mm;

(3) the eccentricity of the pump cover is 30 mm.
	adaptation for the pump cover: the cross-sectional shape is similar to an ellipse, the diameter is 540 mm, the width is 156mm, the eccentricity is zero; air passages are redesigned to satisfy the function of suction and exhaust twice in one working revolution.



	cpt3
	(1) the suction and exhaust disc has one suction port and one exhaust port;

(2) there is no pressure-adjusting component applied;

(3) the suction and exhaust disc is designed for material recycling.
	the suction and exhaust disc is modified to improve its reusability and adaptability: it has two pairs of suction and exhaust ports to meet the requirement of suction and exhaust twice in one working revolution; the pressure-adjusting component is designed to reduce the inner power consumption; the part is redesigned for reuse.



	cpt4
	the shape of the profiling seal ring is a circle.
	the profiling seal ring is replaced by an oval-shaped one.



	cpt5
	(1) the cross-sectional shape of the pump body is a circle;

(2) the pump body diameter is 480 mm, the wall thickness is 30 mm; the width is 235 mm;

(3) the pump body is designed for material recycling.
	adaptation for the pump body: the cross-sectional shape is similar to an ellipse, the diameter is 540 mm, the wall thickness is 16 mm, the width is 210 mm; the pump body is redesigned for reuse by remanufacturing.



	cpt6
	(1) the impeller material is copper, the diameter is 400 mm, the width is 235 mm;

(2) the material of the shaft is 45#, diameter of the first shaft segment is 60 mm.
	adaptation for the impeller and the shaft: the material of the impeller is still copper, the diameter is 450 mm, the width is 210 mm; the material of the shaft is still 45#, diameter of the first shaft segment is 40 mm.



	cpt7
	the length of the suction and exhaust pipeline is fixed, which depends on the length of the pump cover and pump body.
	the length of the suction and exhaust pipeline can be adjusted, it can be reused for the series vacuum pumps.
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Table 9. The arrangement of the comparative experiment.






Table 9. The arrangement of the comparative experiment.





	
Group

	
Arrangement

	
Data Collection and Metrics






	
No-method aided group

	
30 min: description of the task;

2 h: design problem clarification and idea generation.

	
The ideas generated could be recorded by sound and sketch.

Each method was measured by evaluating the ideas generated with two process-based criteria: quantity and variety, and two result-based criteria: novelty and quality.




	
Eco-design strategy wheel group

	
2 h: training students in this group for the eco-design strategy wheel method;

30 min: description of the task;

2 h: design problem clarification and idea generation.




	
TRIZ group

	
1 day: training students in this group for TRIZ method;

30 min: description of the task;

2 h: design problem clarification and idea generation.




	
Extenics group

	
1 day: training students in this group for Extenics;

30 min: description of the task;

2 h: design problem clarification and idea generation.
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Table 10. The distribution of generated ideas on different levels.






Table 10. The distribution of generated ideas on different levels.





	Levels of Generated Ideas
	No-Method Aided Group
	Eco-Design Strategy Wheel Group
	TRIZ Group
	Extenics Group





	Functional principle
	2
	3
	8
	6



	Structure layout
	7
	6
	12
	21



	Structure parameter
	11
	12
	19
	16



	Low-carbon related strategy
	3
	8
	8
	9
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Table 11. Scoring rule for novelty and quality of the generated idea.






Table 11. Scoring rule for novelty and quality of the generated idea.





	
Criterion

	
Description of the Scoring Rule




	
Score = 1

	
Score = 2

	
Score = 3






	
Novelty

	
Function realization with conventional principle and structure layout.

	
Function realization with novel principle and structure layout.

	
Function realization with novel principle and structure layout, and the design scheme has good environmental improvement potential.




	
Quality

	
Specifications of low-carbon related quality characteristics were satisfied, but the specifications of the basic quality characteristics could not be met.

	
Specifications of basic quality characteristics were satisfied, but specifications of low-carbon related quality characteristics could not be met.

	
Both specifications of basic quality characteristics and low-carbon related quality characteristics were satisfied.
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| eci: the working volume composed 0467 (1) expanding the working volume of the vacuum pump can enhance the work efficiency, which |
Y of partl and part2 also leads to more material usage for the pump cover and pump body.
EO_ ec2: number of impellers 0467 Feedbackl (2) increasing the number of the impeller can promote work efficiency, but this method needs to
& | ecs: times of suction and exhaust 0.550 for Px increase the rated power and expand the volume of the pump body.
—l A | (3) increasing times of suction and exhaust in one working revolution can enhance work efficiency.
— [ (1) considering the reusability of the pump body, it is necessary to increase its wall thickness and |
oy 2 _r_ey_sgb%l%iy of Lh_e_pmgp body 0.550_____ enhance the maintenance in the use phase.
) reusabﬂlty of the suction and 0508 (2) realizing the reusability of the suction and exhaust disc requires the remanufacturing for the
I exhaust disc Feedback| part to ensure matching accuracy and thus guarantee the ultimate pressure of the vacuum pump.
R+ | eca: reusability of the bearing seat 0533 fox i (3) considering the reusability of the bearing seat, it is necessary to make the trade-off between the
T | less material usage and mechanical properties by designating the structure parameters. )
8| ec1: adaptability of the suction and 0.575 ' (1) make the suction and exhaust disc be adapted to the varied exhaust pressure by redesigning the )
*| " “exhaustdisc T part or providing an additional component, thus the over-compressed air can be discharged in time
Iio | ec2: adjustability of the suction and 0542 Feedb i to reduce the inner power consumption; but the complexity of the design task is increased.
=¥ exhaust pipeline ﬁ;e P;C (2) make the length of the suction and exhaust pipeline adjustable, thus the part can be reused for

Extensible and conjugate analysis for P21, Pz, Ps, P32 of CTs.

Extensible analysis to generate the

Conjugate anu}ysis and evaluation for each extension characteristic to obtain a robust low-carbon

— st dhnea e (aes), Sermsn Adlaptn design scheme from the physical, systematic, antithetic, and dynamic properties perspective.
= ' (1) the material Q235 for the transmission shaft(part6) satisfies the performance requirement, the
5| _eci: material of the shaft, Q235 0.508_____ emission factor and cost of which are moderate.
% | ec2: material of the shaft, 45# 0517 Feedback| (2) the material 454 for part6 satisfies the performance requirement, compared to the Q235, it has
i- o S for P | the equal emission factor and higher cost; but the shaft made of 45# is more suitable for the reuse.
| eci: material of the impeller, 0.508 (1) emission factor and cost of the cast iron are moderate in raw material stage, but the carbon |
| castiron S emissions and cost of maintenance for the impeller made of the cast iron in use stage are high.
Iio | ec: material of the impeller, 0525 Feedback| (2) emission factor and cost of the copper are high in raw material stage, but the carbon emissions
a3 copper for P12 and cost of maintenance for the impeller made of the copper in use stage are low. ‘
T - (1) reuse the parts (5, 7, 8, 10, 17, 21, 22) to reduce CFP of the vacuum pump.
$ | _ecu: direct reuse coee 0517 (2) remanufacture the parts (1, 2, 6, 12, 15, 18, 24) for reuse increases the carbon emissions and cost
;OFO | _ec2: remanufacturing for reuse 0533 Py in remanufacturing, but in raw material and manufacturing stages they are reduced.
o material recycling 0542 for Psy (3) recycle the materials of parts (3, 4, 14, 16, 19, 20, 23) to reduce carbon emissions and cost of the
- product in raw material stage.

Extensible and conjugate analysis for contradictory problems of CTo.
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1.1 describe the attributes of the object with matter-element model M.

1.2 describe the relationship between two objects with relation-element model R.

1.3 describe the expectation or the action to the object with affair-element model A.

1.4 describe the composite information of the object with compound-element model Z.

2.1 identify the incompatibility problem (P), design goal (g), design condition (I), P=¢*I.

2.2 identify the antithetical problem (P), two design goals (g1 and g2), and the design
condition (I), P=(g1"g2)*!.

2.3 describe the design goal ¢ and design condition / with the basic-element M, R, A
and the compound-element Z.

Clarification and formulation

of the design problem

3.1 discover different attributes of one object, and find the objects with same attributes.

3.2 clarify the related factors of the object attribute that causes the design conflict.

3.3 reveal lower-level goals of the upper-level design goal by implication analysis.

3.4 increase the system functional attributes by accumulation and integration methods,
reduce the system complexity through decomposition analysis.

4.1 analyze the material and nonmaterial parts of the object for the physical property.
4.2 analyze the hard and soft parts of the object for the systematic property.

4.3 analyze the positive and negative parts of the object for the antithetic property.
4.4 analyze the apparent and latent parts of the object for the dynamic property.

Extensible and conjugate
analysis for the contradiction

5.1 conduct transformation operations for the problematic design goals and conditions

5.2 address the incompatibility problem with the transformation strategies.

5.3 solve the antithetical problem with the transforming bridge method by establishing
the connective transforming parts or separating transforming parts.

5.4 generate a set of possible solutions to the contradictory problem.

6.1 establish the dependent function model of each design attribute.

6.2 evaluate the solution based on the sum of the product of each attribute dependent
function value and its attribute weight.

6.3 obtain the final solution to the design contradiction.

Generation of the solution to

the design contradiction

directly output the possible solutions
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|:| divergent analysis |:| implication analysis

[ ] correlative analysis [ | opening-up analysis

Extensible analysis to generate the
extension characteristics (ecs).

Scores Adoption

sixth shaft segment

ec1: pump cover diameter 0.508 v
—| ecz: pump cover eccentricity 0.450 X
* | ecs: pump cover width 0.517 N
79 ecs: pump cover wall thickness 0.483 X
&, | ecs: dimensions of the connection 0.467 X
= section with the suction and
| exhaust pipeline
?; eci: pump body diameter 0.517 z
1°| _ec2: pump body wall thickness 0.525 N
&, | ecs: pump body width 0.517 ]
*;i ect: impeller diameter 0.500
&o| eco: impeller wi.dth 0.500
« | ecs: number of impeller blades 0.450
_3 eci: length of the suction and 0.467
5 exhaust pipeline
Ef’ | ec2: wall thickness of the suction 0.433
e, and exhaust pipeline
] eci: bearing seat diameter 0.442 [x]
= | ec2: bearing seat wall thickness 0.517 Y
o ecs: bearing seat width 0.442 %
b | ecs: dimensions of the bracket 0.550 g
® | ecs: number of brackets 0.517 /]
_S ec, ec2: diameter/length of the 0.533
5 first shaft segment
M P s sen
I
- 0.467

Feedback
for P11

Feedback
for P12

Feedback
for Pis

Feedback
for Pia

Feedback
for Pis

Feedback
for Pis

|:| nonmaterial-material conjugate analysis |:| negative-positive conjugate analysis

[ ] soft-hard conjugate analysis [ ] latent-apparent conjugate analysis
Conjugate analysis and evaluation for each extension characteristic to obtain a robust low-carbon
design scheme f;f/om the physical, systematic, antithetic, and dynamic properties perspective.

(1) reducing the values of ec, ecz, ecs, ecs, ecs can decrease the volume of the pump cover, and thus ]
the part requires less material usage.

(2) when the values of ec1 and ecs are reduced, the working volume is accordingly decreased, which
leads to the reduction of the pumping rate.

(3) reducing the value of ec: facilitates the working stability, but the individual chamber volume is
contracted, which has a negative impact on the working efficiency.

_ (4) reducing the wall thickness impacts on the physical lifetime of the pump cover.

[ (1) reducing the values of ec1, ec2, ecs can decrease the volume of the pump body, thus the part |
requires less material usage, but the pumping rate of the vacuum pump is decreased.
(2) reducing the value of ec2 impacts on the physical lifetime and reusability of the pump body.

(1) reducing the values of ec1 and ec2 can decrease the volume of the impeller, and thus the part ]
requires less material usage, but the rate of suction and exhaust is also deteriorated.
(2) reducing the number of impeller blades decreases the mass of the part, but the number of
| working chambers is also reduced, which affects the ultimate pressure of the vacuum pump.

' (1) the length of the suction and exhaust pipeline is associated with the dimensions of the pump |
cover and pump body, reducing the value of ec: can decrease the material usage of the part.
(2) reducing the wall thickness affects the physical lifetime and the part reusability.

(1) reducing the values of ec1, ec2, ecs can decrease the volume of the bearing seat to have less
material usage, but the values of ecy, ec, ecs are associated with the selected bearing.
(2) the bearing seat brackets carry the dynamic load of the transmission component, dimensions of
the bracket comprise the bracket width, wall thickness, height, and the radius of the curvature;
reducing the dimensions of the bracket and the number of brackets can decrease the material
| usage, but the mechanical property and the physical lifetime of the part are affected.

(1) reducing the diameter and length of the transmission shaft makes less material usage.
(2) the first shaft segment is connected with the coupling, and the diameter of which is subject to
the torsional tear stress; the sixth shaft segment is a dangerous section connected with the impeller,

_ and the diameter of which should satisty the bending stress.
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Components(cpts)

Components deployment by
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cptl bearing seat component
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