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ABSTRACT

The design of production systems has been greatly modified by the application of lean production concepts, but many of theses applications do not reach the expected benefits. The lack of results can be overcome by the application of a Production System Design Methodology. Before approaching into the solution, the production system design emphasizes the establishment of the correct functional requirements and constraints that must be satisfied by the final system design. This paper presents two assembly cell designs, in which constraints imposed by mix, volume, and product characteristics were especially important and made a decisively impact in the system design. To structure the analysis and to permit the comparison among these two different assembly systems, the axiomatic design methodology was used. This approach clearly shows why and how the design process leads to different design solutions although they are based on the same upper level system functional requirements. Through axiomatic design, the design process (design hierarchy) and the design solutions used in each assembly cell and pull system are clearly stated.

KEY WORDS: Lean Manufacturing, Assembly Cells, Axiomatic Design, and Assembly System Design. 

INTRODUCTION

The principles of Lean Manufacturing have been applied to improve manufacturing competitiveness within companies without a system design view. This is clearly shown by the comparison of Lean Manufacturing implementations in different companies and countries. The benefits obtained in different Lean Manufacturing system implementations can vary a lot. Without considering the overall system performance, the result of any Lean Manufacturing implementation can be deficient. 

The Lean Manufacturing goal is to eliminate sources of time variations, delays and wastes from manufacturing systems, which can be reached by applying the five principles pointed by Womack and Jones [1996]: Specify & enhance product value; Identify the value stream & remove wasted actions (muda); Make the product flow; Let the customer pull the value chain; and, Seek perfection. These principles are very wide, because each system has its particular characteristics that make its implementation unique. In particular, the second and the third principles are directly related to the manufacturing system design, and have great relation with product characteristics, number of models and production volumes. Consequently, depending on what will be produced and in what basis it will be done, the resultant system design is totally different.

Usually the Lean assembly design is developed according to the same principles that guide the Lean machining design, although the former has functional requirements totally different from the assembly requirements. Consequently, there is a lack of research on assembly system design particularities, and specially on how to apply Lean Manufacturing concepts to assembly systems. In this paper, the analysis of Lean assembly system designs will be developed. We will use a methodological approach – Axiomatic Design, to show how different the final Lean assembly cell design are for different systems, although the fundamental functional requirements for them are the same.

The research work being done in assembly systems has not focused the two Lean Manufacturing principles of creating flow and pull systems, that are very important to the manufacturing system design. On the contrary, they were mostly focusing the level of automation, degree of flexibility, and degree of manual operation of assembly system to obtain cost reductions. Lotter (1989), in the Manufacturing Assembly Handbook emphasizes the assembly systems importance in product cost. Different ways to assembly parts and components are presented using a high level of automation, special machines and robots. Although he emphasizes the assembly cost, Lotter did not explore cellular arrangements and a better use of the operators, neither considered different production volumes and different flexibility degrees. In a different approach, Kochhar and Pegler [1991] developed a systemic methodology for better designing assembly systems. They proposed three steps to the develop an assembly system: Assessment of assembly alternatives; Comparison of production capacity alternatives; and, Specification of cell arrangement. Using these steps, they classify the assembly system and use this information to decide about the assembly system concept – automation degree, type of transport, number of manual operations and others. Differently, Makino and Arai [1994], analyzed the influence of the required flexibility for assembly systems  in the resultant designs. They pointed out that a high level of automation can be used in systems with high and medium volume, including automatic transport and flexible stations. Differently from Kochhar and Pegler that stopped in system design level, Makino and Arai are interested in the lower level design, more specifically, how to design the machines and stations. However, they did not investigate how the flexibility increase affects the system design and the overall performance. 

More recently, several papers have being published in Lean Manufacturing system design. Looking for a set of steps to implement Lean Manufacturing Systems, Black [1991] emphasized the hierarchy of the design process. According to him, the first step to implement a Lean Manufacturing system is to design the overall system, and then to design its machines and stations (Black, 1996). The hierarchical design process is developed using Axiomatic Design [Suh, 1990], as discussed above, to establish the right set of Functional Requirements and Design Parameters (solutions). This design methodology applied to assembly system supports the implementation of flow and pull in assembly cells. Therefore, products are delivered with shorter lead times, higher quality, and lower cost without the use of complex optimization systems.

THE AXIOMATIC DESIGN AND THE PRODUCTION SYSTEM DESIGN

[image: image1.jpg]Axiomatic design is a general design methodology proposed by Suh (1990) involving the continuous interaction between the desired objectives and the means to achieve them. The objectives of a design are stated in the functional domain and are called functional requirements (FR’s); the physical solutions are generated in the physical domain and are called design parameters (DP’s), as shown in Fig. 1. A basic principle of axiomatic design is translating customers needs – external or internal - into functional requirements, and then translating these FR’s into design parameters. Consequently, the customers’ needs guide the task of designing. There are also constrains defined in the functional domain that restrain possible design solutions (DP’s). In order to obtain a better design, Suh proposed two axioms to be used in the selection of design parameters: the independence axiom and the information axiom. The independence axiom states that the functional requirements must be independent. This means that an adjustment of a design parameter should only affect the corresponding functional requirement. Therefore, this design approach requires the design to find one and only one solution (DP) for each objective (FR). The second axiom states that the information content in the design must be minimized. The information content is defined in terms of the probability of a DP satisfies a given FR. Based on this definition, systems that have a high content of information have a low probability of success.

The theory of axiomatic design has been applied to the design of production systems (Cochran, 1994; Suh, Cochran and Lima, 1998; Cochran et al., 2000). According to this decomposition, the highest level FR is to maximize the return on investment over the system lifecycle. The DP for achieving this is the design of the manufacturing system. This DP can be further decomposed into three functional requirements: maximizing sales revenue, minimizing production costs, and minimizing investment over the production system lifecycle. This process of going back and forth between the functional and physical domains continues, resulting in a hierarchical decomposition of system requirements and design parameters.
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In the production system design decomposition, the FR’s are more general at the upper levels, and are focused in the overall production system design. At the lower levels the FR’s are more specific and focus on the sub-systems or cell design and further on the machine and assembly stations design. 
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In this paper, are analyzed the design of two different Lean assembly cells. Independently of what product will be assembled and what is the customer, the upper levels of functional requirements are the same for both systems, but in the lower levels, the solutions used (DP’s) are different and require different FR’s. So the decomposition designs are totally different in the lower levels due to the system particularities. This paper will discuss the lower levels that are different. Table 1 shows the last level of FR’s that are the same for both Lean assembly cells. Although the FR’s are the same, the system constrains showed in Tab. 2 are different. Consequently the resultant designs will be different.

Considering these product characteristics (constrains) and the common FR’s, the design for each assembly system is described in the topics bellow.

ASSEMBLY CELL 1

The customer of assembly cell 1 is a car assembly plant. As showed in Tab. 1, the main characteristics are medium production volume, a small number of models, and a sub-assembly that is medium size and light. Because of the size of the product, it is hard to manipulate the product in the  last operations in the assembly process, and also due to the production volume a palletized conveyor was used. A U-shaped assembly cell was built and the conveyor is located as one leg of the U-shape. A sketch of the assembly cell 1 and the information and material flow is shown in Fig. 2.
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Figure 2. Sketch of the assembly cell 1 and material and information flow

The customer sends a withdrawal kanban card every three hours to shipping. As the parts are delivered from final storage, the related production kanban cards are sent back to the assembly cell. There is a very short setup time that enables production leveling, therefore, the whole mix is assembled every customer demand cycle time and transported to storage. The incoming parts are supplied as used in small containers based in two hours basis replenishment loops.
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The design decomposition of this assembly cell is shown in Fig. 3. The decomposition also shows the design matrixes that indicate that the design solution satisfy the independence axiom.  They show a uncoupled design for FR1 and FR4, but a decoupled design for FR2 and FR3. In FR2 decomposition, DP21 is coupled with FR22. To keep the production lot size small, and to produce only the parts needed (FR22), a short setup time (DP21) is necessary. DP31, to enable assembly stations to run autonomously, makes possible to the worker to operate more than one assembly station (FR32).

ASSEMBLY CELL 2

The customer of assembly cell 2 is a truck assembly plant. As showed in Tab. 1, the main characteristics are lower production volume, a medium number of models, and a sub-assembly that is large and heavy. Because of the size and weight, it is hard to handle the product requiring the operator to move around the product during the assembly process. The product, therefore, is placed over karts that move continuously, in a very low speed.
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Also because of the size of this product, the customer plant requires the product to be delivered synchronized with the customer assembly line. Therefore, even with a higher takt time the complexity of the assembly system increases due to the requirement of producing lots of one. The assembly process is mainly manual with a low level of automation. A large number of improvements were done since the cell was built to improve ergonomics and a single piece handling of incoming parts, as shown in Fig. 4.

A pull system was implemented to coordinate the delivery to the customer and the kiting process of components. Every each takt time a tow tractor moves to the kiting areas pulling material and sending information for the next lap.

The design decomposition of this assembly cell is shown in Fig. 5. The design matrix reveals that only FR2 has a decoupled design. To produce what, and when, only when, it is needed (FR21) requires no setup time (DP22).

A COMPARISON BETWEEN THE  DESIGN SOLUTIONS

The differences between the design decompositions of cell design 1 and 2 are indicated in Fig. 5 with shadowed boxes. The higher-level FR’s that represent the customer needs are the same, but due to the different constrains, the decompositions are different. Consequently the final designs (DP’s) used are different.

The first FR, Produce at customer demand rate, is solved in both cells by linked assembly sub-systems able to produce at takt time. Moreover, the design decomposition of this DP leads to the same FR-DP. In both cells DP1 was decomposed in FR11, Create product flow in a sequence of operations with cycle time lower than takt time. As shown in Fig. 2 and 4, the DP11 that solves FR11 is to establish a single piece flow between assembly stations.

The second FR, produce the mix required by the customer, is satisfied by leveling production in cell 1, but assembly cell 2 required synchronized production. This different DP2 leads to different FR’s in the next level. In cell 1, a small setup time is acceptable, so it is used SMED (DP12) to reduce it (FR12). Differently, cell 2 requires no setup time (FR12), that can only be obtained by stations design that do not require setup time (DP12). Level production (DP2) in cell 1 requires to control what to produce and when to start production to produce only the parts needed (FR22), and to convey in small quantities (FR23). In this case, the product output lot size is small but also the number of models and different components, so they can be always  available in the cell. Consequently, the DP’s that solve these FR’s are a takt time based Heijunka box with card sequencer to signal products (DP22), and material handler replenish containers with components as they are consumed (DP23). Differently, cell 2 requires a synchronized production (DP2) that implies in producing exactly what is needed by the customer – production lot size equal to one. So it requires a kitting area to prepare components. The DP’s used are takt time based heijunka box with card sequencer to signal production of one product and withdrawal its components (DP22), and material handler following heijunka supplies component kit for each product (DP23).

The third FR, Minimize operational costs, is satisfied by targeting performance for operational activities (DP3). At the lower level, the FR’s are different due to constrains of production volume and due to the size and weight of the product. In cell 1, assembly stations were designed to run autonomously (FR31) in order to reduce the tasks that tie the operator to the machine (DP31). In addition, the higher takt time and palletized stations for last operations when the product is bigger and heavier enabled the creation of a typical U-shaped assembly cell (DP32). In cell 2 the heavy weight and size of the product conducted the solution to an assembly system based on karts. The operations were balanced to make the cycle time of each operation close to takt time (DP31) in order to reduce the number of stations, and consequently, to reduce the material motion.

The fourth FR, reduce investment in assembly equipment, is solved in cell 1 by stations specifically designed to meet expected takt time with the lowest cost and complexity. This DP imply low automation and some mechanization. Further, the cost and complexity compromise implies and stations with less flexibility, what implies a setup activity between different models. Differently, in cell 2, the low volume – that means a high takt time, allows to use manual assembly operations requiring simple assembly equipment with no setup time. 

CONCLUSION

Although the studied Lean assembly systems have the same FR’s, the resultant design is different for each case. The constrains – volume, product characteristics, and production mix, lead to use different DP’s to design the assembly system. The Axiomatic Design made possible a methodological view of these different assembly system designs. The right use of design axioms – independence and information content axiom supports the development of systems with low operational costs, low response time, and the right flexibility degree, or the desired Lean design. The operational control of the cells for output products and input components are also based on low complexity systems.
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Figure 1. The framework of Axiomatic Design





FR 1�
Produce at customer demand rate�
�
FR 2�
Produce the mix required by the customer�
�
FR 3�
Minimize operational costs �
�
FR 4�
Reduce investment in assembly equipment�
�
Table 1. Basic Functional Requirements





Assembly�
Volume (daily)�
Mix (models)�
Size (liters)�
Weight (kg)�
�
Cell 1�
~1000�
6�
50�
8�
�
Cell 2�
~150�
~25�
250�
200�
�
Table 2. Production system characteristics
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Figure 3. Axiomatic Design Decomposition for Assembly Cell 1
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Figure 4. Sketch of the assembly cell 2 and material and information flow
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Figure 5. Axiomatic Design Decomposition for Assembly Cell 2
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