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FACTORY LAYOUT PRINCIPLES
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INTRODUCTION

This note is intended to provide guidance on laying out machines in a factory, based upon decisions about the type of manufacturing process to be accommodated.

Laying out a factory involves deciding where to put all the facilities, machines, equipment and staff in the manufacturing operation.  

Layout determines the way in which materials and other inputs (like people and information) flow through the operation.  Relatively small changes in the position of a machine in a factory can affect the flow of materials considerably.  This in turn can affect the costs and effectiveness of the overall manufacturing operation.  Getting it wrong can lead to inefficiency, inflexibility, large volumes of inventory and work in progress, high costs and unhappy customers.  Changing a layout can be expensive and difficult, so it is best to get it right first time.

The first decision is to determine the type of manufacturing operation that must be accommodated.  This depends on product volume and variety.  At one extreme, the factory will produce a wide variety of bespoke products in small volumes, each of which is different (this is called a ‘jobbing’ operation).  At the other extreme it will produce a continuous stream of identical products in large volumes.  Between the extremes, the factory might produce various sized batches of a range of different products.

BASIC LAYOUT TYPES

Once the type of operation has been selected (jobbing, batch or continuous) the basic layout type needs to be selected.  There are three basic types:

· Process layout

· Cell layout

· Product layout

Jobbing operations (high variety/low volume) tend to adopt a process layout.

Batch operations (medium variety and volume) adopt either a cell or process layout.

Continuous operations (low variety/high volume) adopt a product layout.

1. Process layout

In process layout, similar manufacturing processes (cutting, drilling, wiring, etc.) are located together to improve utilisation.  Different products may require different processes so material flow patterns can be complex.  

An example is machining parts for aircraft engines. Some processes (such as heat treatment) need specialist support (e.g. fume extraction), while other processes (e.g. machining centres) need technical support from machine setters/operators.  So the factory will be arranged with heat treatment together in one location and machining centres in another.  Different products will follow different routes around the factory.

2. Cell layout

In cell layout, the materials and information entering the operation are pre-selected to move to one part of the operation (or cell) in which all the machines to process these resources are located.  After being processed in the cell, the part-finished products may go on to another cell.  In effect the cell layout brings some order to the complexity of flow that characterises process layout.

An example is specialist computer component manufacture.  The processing and assembly of some types of computer components may need a dedicated cell for manufacturing parts to the quality requirements of a particular customer.

3. Product layout

Product layout involves locating the machines and equipment so that each product follows a pre-arranged route through a series of processes.  The products flow along a line of processes, which is clear, predictable and relatively easy to control.

An example is automobile assembly, where almost all variants of the same model require the same sequence of processes.  

Another is paper making.  Although different types of paper can be manufactured, all types have the same processing requirements.  First the wood chips are combined with chemicals, water and steam in the ‘cooking’ process to form pulp. The pulp is then put together through a cleaning process before being refined to help the fibres lock together.  The mixing process combines the refined pulp with more water, fillers, chemicals and dyes, after which it is spread on a fine flexible wire or plastic mesh.  This is shaken from side to side as it moves along to lock the fibres into the sheet of paper and to drain away the water.  The press rollers squeeze more water out of the paper and press the fibres closer together.  The drying process continues to reduce the water content in the paper before finally it is wound onto large reels.

It makes sense then to locate these processes in the order that they are required (cooking, then cleaning, then mixing, spreading, shaking, squeezing, drying and winding) and to let materials flow through them in a predictable manner.

SELECTING A LAYOUT TYPE

Table 1 shows some of the more significant advantages and disadvantages of each layout type.  One significant difference is their association with fixed and variable costs.  Process layouts tend to have relatively low fixed costs but high variable costs, as each product is different.  By contrast, product layouts have high fixed costs to set up the manufacturing lines, then low variable costs for producing large volumes of the same product. Hence if volume is high and variability low, product layout is likely to be the best option.

Table 1: Advantages and disadvantages of different layout types

	Layout
	Advantages
	Disadvantages

	Process
	High mix and product flexibility

Robust against disruptions

Easy to supervise equipment
	Low utilisation of machines

Can have high work-in-progress

Complex flow can be difficult to control

	Cell
	Good compromise between cost and flexibility for high-variety operations

Fast throughput
	More machines needed

Can give lower plant utilisation

	Product
	Low unit costs for high volume

Equipment can be specialised, improving efficiency

Materials movement optimised
	Low flexibility

Not very robust to disruptions


DETAILED DESIGN OF THE LAYOUT

Once the basic layout type has been decided, the next step is to decide on the detailed design of the layout to determine:

· The exact location of all facilities, plant, equipment and staff that constitute the ‘work centres’ of the operation.

· The space to be devoted to each work centre.

· The tasks that will be undertaken by each work centre.

General objectives

The general objectives of detailed design of factory layouts are:

· Inherent safety.  Dangerous processes should not be accessible without authorisation.  Fire exits should be clearly marked with uninhibited access.  Pathways should be clearly defined and not cluttered.

· Length of flow. The flow of materials and information should be channelled by the layout to fit best the objectives of the operation.  This generally means minimising the distance travelled by materials.

· Clarity of flow.  All flow of materials should be clearly signposted, for example using clearly marked routes.

· Staff comfort.  The layout should provide for a well ventilated, well lit and, where possible, pleasant working environment.

· Management coordination.  Supervision and communication should be assisted by the location of staff and communication equipment.

· Accessibility. All machines, plant and equipment should be easily accessible for cleaning and maintenance.

· Use of space.  All layouts should make best use of the total space available (including height as well as floor space).  This usually means minimising the space for a particular process.

· Long-term flexibility.  Layouts need to be changed periodically.  Future needs (such as expansion) should be taken into account when designing the layout.

Detailed design in PROCESS layout

The detailed design of process layouts is complex, because of the complex workflow patterns that are associated with this layout to ensure a very wide variety of products can be made.  Optimal solutions are difficult to achieve and most process layouts are designed through intuition, common sense and systematic trial and error.

To design a process layout, the designer needs to know:

· The area required by each work centre.

· The constraints on the shape of the area allocated for each work centre.

· The degree and direction of flow between each work centre (for example number of journeys, number of loads, cost of flow per distance travelled).

· The desirability of work centres being close together.

The degree and direction of flow are usually shown on a flow record chart, like that in Figure 1(a), which records in this case the number of loads per day transported between work centres.  If the direction of flow between work centres makes little difference to the layout, then the information can be collapsed as shown in Figure 1(b).

In some operations, the cost of moving materials between different work centres varies considerably.  For example in Figure 1(c) the unit cost of moving a load between the five work centres is shown.  The unit cost of moving loads from work centre B is slightly higher than from most other centres, perhaps because products need careful handling between these operations.  Combining the unit cost and flow data gives the cost per distance travelled data shown in Figure 1(d). Minimising the distance between B and C and between B and E would reduce the overall costs of production with this process layout.
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(a) Loads/day





(b) Loads/day

	From/To
	A
	B
	C
	D
	E

	A
	
	17
	-
	30
	10

	B
	13
	
	20
	-
	20

	C
	-
	10
	
	-
	70

	D
	30
	-
	-
	
	30

	E
	10
	10
	10
	10
	

	From/To
	A
	B
	C
	D
	E

	A
	
	30
	-
	60
	20

	B
	
	
	30
	-
	30

	C
	
	
	
	-
	80

	D
	
	
	
	
	40

	E
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(c) Unit cost/distance travelled


(d) Daily cost/distance travelled

	From/To
	A
	B
	C
	D
	E

	A
	
	2
	2
	2
	2

	B
	3
	
	3
	3
	3

	C
	2
	2
	
	2
	2

	D
	10
	10
	10
	
	10

	E
	2
	2
	2
	2
	

	From/To
	A
	B
	C
	D
	E

	A
	
	34
	
	60
	20

	B
	39
	
	60
	
	60

	C
	
	20
	
	
	140

	D
	300
	
	
	
	300

	E
	20
	20
	20
	20
	



(e) Daily cost/distance travelled

	From/To
	A
	B
	C
	D
	E

	A
	
	73
	-
	360
	40

	B
	
	
	80
	-
	80

	C
	
	
	
	-
	160

	D
	
	
	
	
	320

	E
	
	
	
	
	


Figure 1: Collecting information in process layout

The general approach to determining the location of work centres in a process layout is as follows:

1. Collect information relating to the work centres and flow between them.

2. Draw up a schematic layout showing the work centres and the flow between them, putting the work centres with the greatest flow closest to each other.

3. Adjust the schematic layout to take into account the constraints of the area into which the layout must fit.

4. Draw the layout showing the actual work centre areas and distances that materials must travel.  Calculate the effectiveness measure of the layout either as total distance travelled or as the cost of movement.

5. Check to see if exchanging any two work centres will reduce the total distance travelled or the cost of movement.  If so, make the exchange and return to step 4.  If not, make this the final layout.

Figure 2 shows a schematic layout for the operation described in Figure 1. The thickest lines represent the highest daily cost of movement.


Figure 2 Preliminary schematic layout

Figure 3 shows this schematic adjusted to fit the building geometry.


Figure 3 Adjusted schematic layout
The effectiveness of different layouts is calculated as 

∑ Fij Dij Cij
Where:

Fij is the flow in loads between work centre i and work centre j

Dij is the distance between work centre i and work centre j

Cij is cost per distance travelled between work centre i and work centre j

For the layout schematic shown in Figure 3, the cost effectiveness is £1073/day and it is clear that these costs can be minimised by situating A and E as close to D as is practicable.  From this schematic, the actual plant layout can be drawn, taking into account the space needed for each process and any storage space needed for inventory.

Detailed design in CELL layout

Cells are a compromise between the flexibility of process layout and the simplicity of product layout (covered next).  They are best used when a predictable variety of products have to be produced.  The detailed design involves deciding the extent and nature of the cells to be used and which resources to allocate to which cells.

The extent and nature of cells depends primarily on the processing resources to be located in each cell.  A cell might include for example two machines that are frequently needed to perform a given transformation (like a milling machine and a drill, for facing and drilling metal blocks); alternatively a cell might provide all specialist equipment and services needed to perform specialised heat treatment.

The detailed design of cell layouts is difficult, because cells are a compromise between process and product layout.  In process layout, the focus is on the location of various processes in the factory.  With product layout, the focus is on the requirements of the product.  Cell layout must consider both.

One method is to find which processes naturally group together. This involves examining each process and asking which other processes might also be needed for a typical product.  For example, when making furniture, if all parts that need holes drilling in them also need those holes to be countersunk, then it makes sense to locate drilling and countersinking machines in the same cell.

Another method is to design the cells around product families.  The families indicate the characteristics of similar products, such as size, shape and material that determine their processing requirements. Cells can then be designed to co-locate the necessary processes for different product families.

A popular method of allocating tasks and machines to cells is production flow analysis, which examines both product requirements and process grouping simultaneously.  In Figure 4(a) a manufacturing operation has grouped the products it makes into eight product families – for example, the products in family 1 require machines 2 and 5.  In this state the matrix does not exhibit any natural groupings.  However, if the order of the rows and columns is changed to move the crosses as close as possible to the diagonal of the matrix that goes from top left to bottom right, then a clearer pattern emerges (Figure 4(b)).  This shows that the machines could be conveniently grouped together in three cells, identified as cells A, B and C, with each cell covering a distinct group of product families.

This analysis rarely results in a totally clean division between cells.  In this case, product family 8 (allocated to cell A) needs processing by machine 3, which has been allocated to cell B.  There are three ways of dealing with this:

· Purchase another machine the same as machine 3 and put it in cell A.  This solves the problem but requires investing capital in a new machine that might be under utilised.

· Send products in family 8 to cell B after they have been processed in cell A.  This avoids the need to purchase another machine but it results in more complex materials flow.

· If there are several product families that have this problem, devise a special cell for them including all necessary machines to tackle their processing needs. This involves extra capital expenditure, but removes the ‘problem’ product families from the rest of the operation, leaving it with a more predictable and ordered flow.

(a) Basic product family and machine data

	
	
	Product families

	Machines
	
	1
	2
	3
	4
	5
	6
	7
	8

	
	1
	
	
	
	
	
	X
	
	X

	
	2
	X
	
	
	X
	
	
	X
	

	
	3
	
	X
	
	
	X
	
	
	X

	
	4
	
	
	X
	
	
	X
	
	X

	
	5
	X
	
	
	X
	
	
	X
	

	
	6
	
	
	X
	
	
	
	
	X

	
	7
	
	
	
	X
	
	
	X
	

	
	8
	
	X
	
	
	X
	
	
	X


(b) Machines and product families reorganised into cells

	
	
	Product families

	Machines
	
	3
	6
	8
	5
	2
	4
	1
	7

	
	4
	X
	X
	X
	
	
	
	
	

	
	1
	
	X
	X
	
	
	
	
	

	
	6
	X
	
	X
	
	
	
	
	

	
	3
	
	
	X
	X
	X
	
	
	

	
	8
	
	
	
	X
	X
	
	
	

	
	2
	
	
	
	
	
	X
	X
	X

	
	5
	
	
	
	
	
	X
	X
	X

	
	7
	
	
	
	
	
	X
	
	X


Figure 4 Using production flow analysis to allocate machines to cells

Detailed design in PRODUCT layout

Product layout involves arranging the various manufacturing processes to fit the sequence required by the product.  Detailed design involves allocating work tasks to locations.  The decisions to be made are:

· What cycle time is needed?

· How many processing stages are needed?

· How should variation in time taken for different tasks be dealt with?

· How should the layout be balanced?

· How should the stages be arranged?

Cycle time

The cycle time of a product layout is the time between completed products emerging from the operation.  Cycle time is a vital factor in the design of product layouts and influences most other detailed design decisions.  It is calculated by considering the likely demand for the products over a period and the amount of production time available in that period.  For example, suppose a factory is to process wooden doors.  The number of doors to be processed is 160 per week and the time available to process the doors is 40 hours per week.

Cycle time for the layout = time available / number to be processed

In this case, cycle time = 40/160 = ¼ hour = 15 minutes.  Therefore the factory layout must be capable of processing one completed wooden door every fifteen minutes.

Number of stages

The next decision concerns the number of processing stages, where a processing stage is a distinct period of time to carry out part of the door manufacture.  The number of such stages can be anything between one and several hundred, depending on the cycle time required and the quantity of work involved in making the product. The latter quantity is called the ‘total work content’ of the product.  The larger the total work content and the smaller the required cycle time, the more stages will be necessary.

For example, suppose the factory calculated that the average work content to manufacture a wooden door is 60 minutes.  The number of stages needed to process a wooden door every 15 minutes is then calculated as follows:

Number of stages = total work content / required cycle time

In this case, number of stages = 60/15 = 4 stages.  If this number had not been a whole number, then it would have been necessary to round up to the next largest whole number, since it is difficult (but not impossible) to hire fractions of people to staff the stages.

Task-time variation

At the moment we can imagine a line of four stages, each contributing a quarter of the total work content in processing the door.  In practice of course, the flow would not be so regular.  Each stage might on average take 15 minutes, but this time would vary for each door processed because:

· Products being processed along the line might be a little different, for example different models of the same basic door.

· Products might require slightly different treatment, for example it may take longer to plane the surface of one door than another because of the quality of the wood.

· There are usually slight variations in the physical coordination and effort of the person, or the performance of the machine undertaking the task.

This variation can make the flow of work along the line irregular, which in turn can lead to work-in-progress queues at the stages and lost processing time. This reduces efficiency and may require additional resources (such as more staff time or more storage space) at additional cost to compensate for this variation.

Balancing work time allocation

The most problematic, detailed design decision in product layout is ensuring the equal allocation of tasks to each stage in the line.  This is called line balancing.  In the door-processing example, we have assumed that 15 minutes of work content has been allocated equally to the four stations.  This is nearly always impossible to achieve in practice and some imbalance in the work allocation between stages will inevitably result.  This will increase the effective cycle time of the line.

The effectiveness of line balancing is measured by balancing loss.  This is the time wasted through the unequal allocation of work as a percentage of the total time invested in processing the product.  In Figure 5, the work allocations in a four-stage line are illustrated.  The total amount of time invested in producing each product is four times the cycle time.  When the work is equally allocated between the stages the total time invested in each product is 4 x 15 minutes = 60 minutes.  However when work is unequally allocated as illustrated, the time invested is 20 x 4 = 80 minutes.  Hence 20 minutes (25%) of the total is wasted.
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Figure 5 Balancing loss

Balancing techniques

There are a number of techniques to help with line balancing.  Most common is the precedence diagram.  Each element of the total work content is represented by a circle.  The circles are connected by arrows that show the ordering of the elements.  Two rules apply when building the diagram:

· The circles that represent the elements are drawn as far to the left as possible.

· None of the arrows should be vertical.

The general approach to balancing elements is to allocate elements to the first stage, starting from the left, in order of the columns until the work allocated to the stage is as close to, but less than, the cycle time.  When that stage is as full of work as possible, move on to the next stage and so on until all work elements are allocated.  When more than one element could be chosen, select elements using these rules:

· Choose the largest that will fit into the time remaining in the stage.

· Choose the element with the most ‘followers’: that is the one with the highest number of subsequent elements that can only be allocated after that element has been allocated.

Example: Cake factory

A cake factory has been contracted to supply a supermarket chain with a speciality cake.  The required volumes warrant a special production line to perform the finishing, decorating and packing of the cake.  The elements and the precedence diagram for the job are shown in Figure 6.


Figure 6: Element listing and precedence diagram for speciality cake production

The initial order from the supermarket is for 5,000 cakes a week and the number of hours worked by the factory is 40 per week.  From this we can calculate:

Required cycle time = 40 hours x 60 minutes / 5000  = 0.48 minutes

Required number of stages = 1.68 mins (total work content) / 0.48 mins = 3.5 stages

In practice this means that four stages will be needed.

Working from the left on the precedence diagram, elements A and B can be allocated to stage 1 (since they total 0.42 minutes, which is lower than the cycle time of 0.48 minutes).  Allocating element C to stage 1 would exceed the cycle time, so it is allocated to stage 2. In fact only element C can be allocated to stage 2, because including element D would again exceed the cycle time.  Element D is therefore allocated to stage 3.  Either element E or element F can also be allocated to stage 3, but not both.  Following the ‘largest element’ rule, element E is chosen.  The remaining elements are allocated to stage 4.  Figure 7 shows the final allocation and the balancing loss of the line.


Idle time every cycle = (0.48 – 0.42) + (0.48 – 0.36) + (0.48 – 0.42) = 0.24 minutes

Proportion of idle time per cycle = 0.24 / (4 x 0.48) = 12.5%
Figure 7: Allocation of elements to stages and balancing loss for speciality cake

Arranging the stages

All the stages do not have to be laid out in a sequential ‘single line’.  Some elements can usually be arranged in parallel.  For example with the wooden door example, four stages must work on the task to achieve a cycle time of one door every 15 minutes.  But these stages can be arranged in one line of four, 15-minute sequence steps, or in two parallel lines each of two, 30-minute stages, or in four parallel lines of single, 60-minute stages. This leads to a decision on whether the layout should be arranged as a single, ‘long-thin’ line, as several, ‘short-fat’ parallel lines, or somewhere in between (note that ‘long’ means the number of stages in the line, while ‘fat’ means the amount of work allocated to each stage).  The advantages of each extreme are as follows.

Advantages of the long-thin arrangement
· Controlled flow of materials.
· Simple materials handling, especially if products are heavy or large.
· Lower capital requirements, because fewer machines will be needed.
· More efficient operation, since each person and machine will have high utilisation on productive work.
Advantages of the short-fat arrangement
· Higher mix flexibility.  If several types of product must be produced, each stage or line could specialise in different types.
· Higher volume flexibility. As volume varies, stages can be closed down or started up as required, whereas long-thin lines would need rebalancing every time the cycle time changes.
· Higher robustness. If one stage breaks down, parallel stages are unaffected, whereas a long-thin line would stop operating completely.
· Less monotonous work, because tasks are repeated less often.
The shape of the line
If the line has some sequential flow between stages, the designer must also decide on the shape of the line.  In Japanese factories, curved lines are commonly used, in ’U’ shapes for shorter lines or ‘serpentine’ shapes for longer lines (Figure 8). 

Advantages are:

· Staffing flexibility and balance. The U-shape enables one person to tend several workstations – adjacent or across the U – without much walking.  This opens up options for balancing work among operators: when demand grows, more labour can be added until each station has an operator.
· Rework.  When the line bends around itself, it is easy to return bad work to an earlier station for rework without disruption or the need to travel far.
· Handling.  From a centre position in the U, a handler (human or vehicle) can deliver materials conveniently.
· Passage.  Long straight lines make crossing the line difficult.  This can hinder the rest of the operation.  Curved lines reduce this problem.
· Teamwork.  A semicircular arrangement brings team members into contact with each other more easily.












Figure 8: Arrangement of stages   
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