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Abstract. In this paper we will propose a set of considerations and guidelines 
we believe are critical to achieve efficient flow in non-repetitive production. 
The proposed factors are insights gained through application of lean principles 
to two cases of non-repetitive manufacturers.  
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1 Introduction 

High-variety, low volume (HVLV) manufacturing aims at providing manufacturing 
services tailored towards a variety of customised products. The level of product cus-
tomisation offered by HVLV manufacturers can vary significantly ranging from 
standard products made to order to pure customisation where the entire product is 
designed and manufactured according to customer specification [1]  

There is no clear consensus in extant literature as to the actual characteristics that 
constitute a HVLV manufacturer. Many definitions of HVLV production environ-
ments are related to supply chain structures and the customer decoupling point. [2], 
however, propose decoupling of the engineering and production dimensions with a 
separate engineering dimension ranging from Engineer-To-Order, where a new prod-
uct is designed, to Engineer-To-Stock, where a specific design is already "in stock". 
Between ETO and ETS engineering modifications are used in varying degrees [3]). In 
accordance with this, a definition of HVLV as non-repetitive manufacturing [4] is 
used here without distinguishing different degrees of engineering change or redesign. 
This to avoid the ambiguous characterisation of an ETO producer depending on the 
level of engineering content and the confusion surrounding the amount of design 
standardisation [3]. 

In this paper we will propose a set of considerations and guidelines we believe are 
critical to achieve efficient flow in non-repetitive production. The proposed factors 
are insights gained through application of lean principles to two cases of non-
repetitive manufacturers.  

Literature on non-repetitive manufacturing tend to focus on creating flow through 
either Work Load Control (WLC) or a card-based system, such as Conwip [5], Polca 
[6] and latest Cobacabana [7]. We find however that the challenge in producing prod-
ucts with complex structures, often is in coordinating the different flows of parts in 
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order to assemble finished products. We have found little support in existing literature 
on how to synchronize the flow of unique parts from fabrication to assembly with the 
possible exemption of Polca [6]. By synchronization we understand the necessary 
coordination of fabrication lines for customized parts in order to have all parts availa-
ble at assembly.  The presence of synchronization constraints at assembly stations 
results in intractable analytical models for throughput estimation of fabrica-
tion/assembly systems [8]. This paper however proposes some practical guidelines for 
achieving better synchronization.  

2 Cases 

Case A is a manufacturer of ETO equipment for offshore and maritime industries. 
The company offers a wide range of tailor-made packages of different equipment for 
propulsion, manoeuvring and control systems for medium speed configurations. Their 
main products and spare parts for maintaining earlier installed equipment, are all 
manufactured at the same plant. The plant produces less than 500 units a year in a 
large variety of sizes and configurations.  

In recent years the company has experienced a shift in demand towards increased 
physical size and configurations with more and larger machined parts. As a result, the 
workload of the plant per delivered unit has increased significantly as a result of more 
machined parts that also require more time for machining due to their size.  

Case B produces customized hydraulic cylinders and dampers in a variety of con-
figurations and sizes. The customization ranges from relatively simple modifications 
of rod and cylinder mountings to complete design of new cylinders according to cus-
tomer technical specifications. About 50% of the revenue of the factory comes from 
producing large cylinders of more than 200 mm diameter, but this segment only 
makes up about 15% of the total number of cylinders. The company has quite recently 
invested in new machinery for machining large size cylinders and other parts and 
aims at creating more business in this segment.  

Both case companies produce customized products that need to be managed like 
projects. The degree of customization in a product might vary, but all products con-
tain some parts that are either unique to the customer order due to customization or 
some parts/components where demand is too low for stock-keeping, ie. made-to-
order.  

The typical product structures for both case companies are complex with multiple 
level BOMs. The parts for several different products/projects are produced simultane-
ously utilizing the same production resources. All products include both fabrication of 
parts and assembly of finished products. The fabrication process is a mix of 
ETO/MTO (project specific) parts and more generic MTS parts. The product struc-
tures usually contain subassemblies with similar synchronization constraints as the 
main assembly. The necessary synchronisations have so far been achieved by routing 
all parts to stock before (sub-)assembly. This practice is not very lean. 

Load distribution between products varies greatly. Many factors influence the 
choice of which resources to apply for a task, but these choices are often made during 
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the engineering phase. The typical choice of resource is the most technically efficient 
in terms of processing time. In both companies there are few opportunities to reroute 
production through other resources with lesser load depending on the current situation 
although alternative routes are described in some cases.  

3 Scheduling challenge 

With the fall in oil prices both case companies have experienced serious changes in 
the demand for their products. Most of their customers used to be in the oil explora-
tion industry so the subsequent decline in activity forced the case companies to look 
for other markets at a time when many other companies were in a similar situation. 
Even for highly customised products/producers the typical trends today are: 

• Increasing need for shorter delivery times 
• Increasing product variety  
• Capacity utilisation is still important for cost efficiency 

Meeting these requirements implies a balancing act for scheduling: How to create 
shorter throughput time for all projects, and still maintain satisfactory capacity utilisa-
tion from a cost perspective?  

4 Considerations 

4.1 Uncertainty and variations  

A common feature of the production in both case companies is that many parts are 
Made-To-Order. Parts are made for a specific product/customer and there is only 
limited opportunity for using stocks as buffers. Non-repetitive manufacturing is inher-
ently uncertain as there will always be limited experience in making parts that are 
sufficiently similar for comparison and guiding towards production time estimates. 
That some of the products will even be Engineer-To-Order will only add to this un-
certainty.  

Production buffers against variations are necessary but are limited to either time 
buffers or slack capacity (underutilisation of machinery) for non-repetitive produc-
tion. Traditionally this type of industry has solved this by defining slack time either 
directly as extra time in the manufacturing process or indirectly by adding to process 
times. 

According to [6] the use of slack time is a self-increasing spiral where long lead 
times imply the need for expediting jobs which in turn delay "normal" jobs and there-
by increase the need for additional defined slack time. [9] proposes the use of capacity 
buffers and points to complex series of dysfunctional interaction that results from 
focus on the 100% capacity utilization. Adequate slack capacity is also an important 
condition for lean production.  

The start/release of the assembly process should ensure the availability of all parts 
and the assembly operations thus require high inbound delivery precision. A special 
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characteristic of this type of join operations is that the resulting variation on start-up 
time for the assembly will depend on the worst outcome of the preceding tasks and 
the likelihood of a long delay increases with the number of parts that should be as-
sembled [10]. In practice this means that a buffer/slack time is required. The chal-
lenge is then to keep control of this buffer without having to resort to standard stock 
keeping practises. After all, these are non-standard parts assigned to a specific project.  

4.2 Shifting bottlenecks and capacity utilization 

Customization implies that both product structure and routing as well as workload 
will change from project to project. This creates shifting bottlenecks in fabrication 
depending on the product mix. These bottlenecks determine the possible throughput 
of the production system and thus determine the response-time for the project. 
Ideally you would want to plan and release workorders to the shop floor that balances 
workload between the available resources [11] The result of a balanced workload will 
be the overall fastest throughput of the production system, but the lack of synchroni-
zation between the different value streams may lead to a lot of parts and no finished 
product.  

The sequence of a given mix of project orders has a major impact on the workload 
distribution on resources and the location of the bottleneck(s). The Cobacana card-
based system for workload control [7] claims to achieve a better balance of workloads 
through managing workloads for the different work-centres when orders are released 
to the shop floor. Orders with workloads that doesn't fit the current reservations of 
capacity on the shop floor will sit in a pre-shop pool until the situation changes or the 
order must be released for due date adherence. Coordination between the fabrication 
of different parts are however not addressed directly and seems to be dependent on 
the order release and priority in dispatching jobs between work-centres. 

4.3 Critical time path/critical chain of production activities 

For all products there exists a critical time path indicating the value stream that takes 
the longest time to finish. All activities on this path must be completed in time or the 
throughput time of the product will increase. All other activities on the other hand 
have slack time.  

A machine resource is often used to make more than one part for a project. Finding 
the critical time path thus involve mapping the production as an activity network with 
the extra restriction that each resource can only process one part at a time.  

When several projects are combined in a workflow, the critical paths do not neces-
sarily coincide with the critical chain of activities. The critical chain of production 
activities will all be located at the present bottleneck resource while the critical time 
path by definition is related to the throughput time of the project. The sequence and 
mix of projects will determine which potential bottleneck is active.  

Most non-repetitive manufacturers that do both fabrication and assembly, produce 
modifications on a small number of basic designs. Each product is thereby unique but 
contain many of the same parts and subassemblies as other projects based on the same 
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basic design. The different basic designs can be thought to generate product families 
with enough similarities as to routings and estimated workloads. A structured method 
to define and use product families in designing production control is found in [12]. 
Using the routings and workload-norm of the product families we can investigate the 
limitations and resulting bottlenecks for possible production mixes. Changing the 
product family mix will give rise to shifts in bottleneck resource. Templates based on 
product families may in other words form the basis for rough-cut capacity planning.  

5 Proposed guidelines 

We propose takt based planning and control as the planning and control principle for 
non-repetitive manufacturing. Takt defines how many customized products of a cer-
tain type or family the manufacturing system will complete in a fixed time period. 
Each product family has a defined takt based on prior investigation of how the mix 
will affect sequencing and resource utilization at the resulting bottlenecks.  

5.1 All parts and subassemblies must be finished before final assembly 
of a product.  

In our interpretation this means finishing the products one-by-one in each assembly 
cell. There is no 90% finished when it comes to preparing for assembly. Missing one 
part will stop the assembly process and it will need to be restarted when the part be-
comes available later.  

Final assembly might not be the final activity in the production process, but it's 
usually the last point where the separate value chains come together (marriage point). 
Activities that follow the final assembly may be successfully controlled by FIFO 
chains. 

5.2 Develop a takt-based plan using product family. 

We propose that rough-cut capacity plans are made using product families as tem-
plates. As pointed out earlier the templates may serve to identify the bottlenecks in 
producing a certain mix of products. The bottleneck resource defines the maximum 
output from the production system.  Changes in the mix may move the bottleneck to a 
different resource but the idea is that for a time period the mix of products can be 
estimated and will also be quite stable. The maximum output for each of the product 
families will that way be coordinated through the identified bottleneck resource.  

The next question is then how to sequence the different production orders. We pro-
pose takt time control because takt in addition to levelling activity at the bottleneck 
also provides opportunities for control and coordination at predictable points in time. 
For non-bottleneck resources the time leading up to final assembly will include some 
slack. How much slack depend on the total workload from all products that are pro-
duced simultaneously but this excess production capacity may also be utilised for 
MTS production of generic parts or service parts. Having predictable time limits thus 
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offer other opportunities for fabrication that will not interfere with production of cus-
tomised products. 

5.3 Insert time buffers before join operations in the production 
process. 

Before assembly all parts must be available, and this will in our opinion require a 
buffer before assembly. With takt-based planning and control assembly occurs at 
regular intervals for each product family and the size of the buffer may reflect the size 
of normal variations in processing times for that family. A buffer for variations in real 
processing times can be achieved either through establishing time buffers/WIP, the 
use of capacity buffers (excess/unplanned production capacity) or a combination of 
both. With takt time control the size of the WIP buffer translates directly to available 
time for fixing variations in processing times. Major disruptions will still have to (and 
should) be handled outside the production lines.   

5.4 Plan the sequence of projects in production (Operation plan) 

Having excess production capacity (slack) for non-bottleneck resources does not en-
sure that deliveries can be made to the schedule set by Takt. A plan for latest start of 
all production activities timed to deliver parts according to takt, will often show con-
flicts in allocation of capacity between the different products. Often this can be fixed 
by starting some activities earlier but sometimes the routings prohibit earlier start. 
However, these sequencing problems may be resolved in various ways including ex-
tra/slack capacity, rerouting of parts, etc. The point is that many of these options are 
available at the planning stage but are more limited when executing the plan. 

Some of the concerns are shown in Figure 1. The figure shows capacity usage by 
different machine centres (lines in the fig). The plan is for fabrication of all parts of 8 
products belonging to two different product families/assembly lines. Each colour bar 
represents capacity usage for fabrication of a product at each machine centre. Parts 
should be delivered to assembly line 1 at the end of each day (16 hrs) and to assembly 
line 2 each 1,5 day. The plan shows a situation with almost 2 bottleneck resources but 
the capacity usage at both are within the limit of what can be accommodated. Changes 
in the production sequence on non-bottleneck  machines will however in many cases 
lead to delayed delivery for assembly.   

We propose that an operations plan is made using the real estimates for all prod-
ucts. The objective of this planning activity is to identify these conflict areas and plan 
how this should be resolved before production is started.  
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Figure 1 Operation plan for a week 

 

5.5 Execute and evaluate the operations plan 

Planned times and resource utilization are estimates and deviations will occur. Dis-
ruptive events such as machine breakdowns or scrap production we hold to be beyond 
the scope of the planning system. These types of problems should be managed as 
exceptions, maybe using the capacity reserve set aside for those purposes. Deviations 
are thereby limited to naturally occurring variations and buffers should be used to 
eliminate the accumulation of delaying effects. The size of the buffers needs to be 
monitored. 

We propose that the sequence of projects/customer orders is maintained in produc-
tion of all parts and subassemblies, unless there has been a disruptive event that ren-
ders the plan impossible to implement. Using slack capacity to produce a part for 
another product with a later due date will not speed up the finishing of that product 
unless all the other parts for that product also can be accommodated. Changing the 
sequence of products in parts or subassemblies production thus seldom has positive 
impact on throughput times and will increase work in progress and confusion about 
priorities. The objective should be to find a sequence of products that optimizes the 
use of production capacity in the first place.  

6 Experience and further work 

The considerations and guidelines evolved trying to apply lean principles to the pro-
duction of case A. Their products are complex with a lot of fabricated parts and sub-
assemblies. Several methodologies for lean production control where considered. 
Inspired by the work of Duggan [12] we arrived at using the assembly subprocess as 
pacemaker and two distinct product families were identified. The process time of the 
assembly activities did not vary much within each product family which suggested the 
use of Takt to coordinate fabrication.  
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The guidelines we propose is not all that different from standard practice in hierar-
chical planning with ERP. The major differences are: (1) the investigation of how 
production mix affects production bottlenecks and (2) the use of Takt to regulate de-
liveries to the chosen pacemakers.  

Initially the guidelines were quite successful by reducing the throughput time of a 
whole unit by 50%. However, the change in demand brought on by the reduction of 
oil prices has changed the dynamics of the production system to the extent that our 
current model for rough-cut planning doesn't work. 

Without a working model for rough-cut capacity planning we are not be able to 
predict how the mix of products may create other bottlenecks than our assigned 
pacemaker; the assembly process. We are currently working on a new model for 
rough-cut planning that can accommodate more product families and describe the 
capacity constraints of different product mixes. We still believe that template 
BOM/WBS based on product families are adequate estimates for this purpose.  

Investigating product families in case B has shown that 70% of the number of cyl-
inders they make are sufficiently similar to organize their production in separate dedi-
cated lines. In other words, the work involved in applying the guidelines has led to 
better knowledge about the production system that suggested other improvements. 

Other areas that need more research are among several; priorities in release of 
workorders and in execution, a model for operations planning that supports different 
routings for different parts, joining the routings at assembly and the fact that a ma-
chine normally only can process one at a time. We expect that such a model will be a 
hybrid between a project model and MRP. 
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