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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

In a dynamic environment, companies face the challenge of increasing customer requirements. Today's customers expect fast delivery of 
affordable and to their needs tailored products. As a result, companies need to act more flexible and thus move away from pure make-to-stock 
and make-to-order productions described in literature. Shifting the customer order decoupling point to in-between order processing strategies 
such as assemble-to-order can increase the probability of meeting the customised demand on time. In addition, companies in practice use a variety 
of different methods for processes like order generation, order release, sequencing and lot sizing to adjust their chosen order processing strategy 
to fit their individual needs. An example known from industry regarding such hybrid order processing strategy is a make-to-order production 
with fixed lot sizes. The share of a batch, which is not needed to satisfy the customer’s order, is stored. These leftover products allow very short 
delivery times for small order quantities. In this paper, possibilities to generate such hybrid order processing strategies are identified and 
structured. Causal diagrams and logistic models are used to analyse the effects of hybrid order processing strategies on economic and logistic 
objectives.  
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1. Introduction 

Increasing customer requirements and shorter product life 
cycles challenge manufacturing companies. Such a dynamic 
environment calls not only for low product costs and high 
product quality but also for a high level of logistic performance. 
The order processing strategy has direct and indirect influence 
on various economic and logistic objectives and thus can help 
to improve the flexibility of manufacturing companies. 
Examples of the objectives influenced by the order processing 
strategy are [1, 2, 3]: 

 due date compliance, 
 delivery time, 
 inventory costs in the finished goods store and 

 manufacturing costs (production lot size, setup costs, etc.). 

The literature mainly distinguishes between order 
processing strategies engineer-to-order (ETO), make-to-order 
(MTO), assemble-to-order (ATO) and make-to-stock (MTS) [4, 
5]. A wide variety of approaches to determine the appropriate 
order processing strategy exists. However, these approaches 
rely heavily on a number of assumptions and require a high 
level of knowledge in the literature. In industrial practice, time 
pressure often forces companies to simplify problems or to rely 
on empirical values for their decisions. The selection of the 
order processing strategy usually depends on qualitative criteria 
or experience, either as a lump sum for certain articles and order 
types or on a case-by-case basis for individual orders [6]. 
Changing from one strategy to another requires a shift of the 
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customer order decoupling point (CODP). Such a change 
usually requires a lot of effort and time considering the 
numerous factors influencing the order processing strategies. 
For this reason, companies rarely question a once made 
decision on the order processing strategy. Nevertheless, to be 
able to satisfy customer requirements, companies tend to move 
away from the pure order processing strategies described in the 
literature [7, 8].  

As MacCarthy points out there is a need for flexibility in 
order fulfilment [9]. Besides the order processing strategy, 
flexible mass customization also benefits from the constant 
technological improvement and the continuing globalization. 
Flexibility generated in that way, enables the emergence of 
various hybrid order processing strategies. On the downside, 
the selection of the most suitable order processing strategy for 
each product and the production planning and control (PPC) of 
the overall system is getting very complex. This paper intends 
to support the decision on the choice of the order processing 
strategy investigating the effects of hybrid order processing 
strategies on economical and logistical objectives. The 
underlying research project aims for a holistic decision support 
model to select a suitable order processing strategy from an 
economic and logistic point of view (see Figure 1). Developing 
such a model is a step-by-step process where many different 
aspects have to be taken into account. The objectives and 
influencing factors for traditional ETO, MTS and MTO 
strategies have already been examined to a certain extent in the 
literature. ATO is in the majority cases the only strategy 
considered in relation to hybrid order processing strategies. 
Throughout the years, individual authors have addressed other 
hybrid order processing strategies. However, neither a common 
definition nor a uniform description of hybrid order processing 
strategies exists or a systematic analysis of the effects of these 
strategies and the associated control parameters. 

 The subsequent section deals with hybrid order processing 
strategies and locates them in a company's internal supply 
chain. Furthermore, the process of identifying hybrid order 
processing and the development of hybrid order processing 
strategies in the context of PPC are described. The effects of 
different order processing strategies on the economic and 
logistic objectives are explained in section three. Based on this, 
section four discusses the use of logistic models to predict these 
effects. Section five concludes the study and outlines future 
research possibilities. 

2. Hybrid order processing strategies 

In the past, companies usually used only one order 
processing strategy due to quite similar products. Nowadays 
many companies offer a wide range of products. Different 
customer requirements for the respective products call for an 
individual decision on the order processing strategy for each 
product or product family. Figure 1 presents the particular steps 
to realise the vision of a holistic decision support model on a 
single product base. The fundamental idea is based on the 
assumption that hybrid order processing strategies enable more 
flexibility in companies. Following the understanding of 
Abdollahpour and Rezaian, a hybrid order processing strategy 
should be suitable for any production environment, which aims 

to achieve a balance between conflicting objectives [10]. 
Consequently, strategies that are prescribed by the product are 
excluded. A recent survey indicates that MTS and MTO are 
currently the most frequently used order processing strategies 
in Germany [11]. Therefore, traditional MTS and MTO 
systems were taken as a starting point. Given that this survey 
only considers two hybrid strategies, it is necessary to evaluate 
the extent to which companies use other hybrid strategies. 

 

 

Figure 1: Position of the current research within the project scope 

To identify hybrid order processing strategies a literature 
research and interviews with companies from various 
industries were conducted. The established scientific databases 
Scopus, Web of Science and Google Scholar were searched 
[12]. In so-called hybrids or combined MTS/MTO systems, a 
wide range of products forces most manufacturing companies 
to use several different order processing strategies 
simultaneously. From a production control point of view 
managing a production resource that is responsible MTS and 
MTO production at the same time is different from pure MTS 
or MTO systems. Peeters and van Ooijen refer to the control of 
such a system as a parallel hybrid MTS/MTO production 
control [13]. Therefore, such a system is not considered as 
hybrid order processing strategy. Sometimes the expression 
hybrid MTS/MTO system also refers to strategies with a CODP 
between MTS and MTO. However, to optimise a hybrid 
system, it is necessary to assign products to an order processing 
strategy first. A number of authors address this problem in 
hybrid MTS/MTO systems [14, 15, 16]. In practice, companies 
commonly implement even more order processing strategies 
than just MTS and MTO. Figure 2 shows the location of the 
identified hybrid order processing strategies in a company's 
internal supply chain. The decision among these order 
processing strategies depends primarily on economic and 
logistic influencing factors. The identified hybrid strategies are 
either part MTS and MTO or variations of a traditional MTS 
strategy. In the case of a high number of products and variants, 
the internal variance needs to be limited. Modularisation by 
subassemblies and a high degree of multi-use parts can 
contribute to this. Nevertheless, the economic advantages of 
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modularisation are opposed to an increasing complexity in the 
PPC [17]. Therefore, other approaches attempt to shift the point 
of variant origin as far back as possible in a company's internal 
supply chain. 

 

 

Figure 2: Order processing strategies in a company's internal supply chain 
sorted by the point of customisation [18] 

ATO consists of a forecast-driven manufacturing and a 
customer order-driven assembly [19]. Hence, this strategy 
corresponds to a combination of MTS and MTO. Configure-to-
Order (CTO) follows the same concept and therefore can be 
considered as a variant of ATO [20]. The main difference 
between ATO and CTO is the degree of individualisation [21]. 
The automotive industry is a common example for a CTO 
strategy. The customer can individually configure his car 
starting from the colour to the exterior mirror. In other 
industries, such as the pharmaceutical industry, the degree of 
customisation is lower because only a few individual parts are 
added to a standard product. However, in both cases CTO 
offers high flexibility regarding the product structure as well as 
low storage costs. Finish-to-Order (FTO) describes the post-
processing of an almost finished product. FTO only changes 
the external appearance of a product and not functionalities or 
structure [22]. As such, FTO is both broader and more inclusive 
than ATO and CTO [23]. Modification processes result from 
two causes. Depending on the cause, either a Modify-to-Order 
or a Modify-to-Stock strategy is present [24]. Modify-to-Order 
refers specific to products, which include a modification 
process based on individual customer requirements. Modify-
to-Stock on the other hand describes the placement of certain 
components for an in stock product. Either certain components 
are no longer available or improved components replace 
original ones. In practice, usually more than the two production 
stages shown in Figure 2 exist. Consequently, various versions 
of the order processing strategies located at the end of the 
production stage are possible. 

In the case of the three strategies MTS, Make-to-Forecast 
(MTF) and Pick-to-Order (PTO), the allocation of customer 
orders takes place in the dispatch area. PTO allows the 
customer to choose from standard items [25]. The total selected 
parts equals a configured product. Nevertheless, the customer 
himself is responsible for making the product ready for use 
[26]. Applications for such a modular principle typically occur 
in the furniture industry or among electronics manufacturers. 
Improvements of forecasting methods and an increasing 
availability of data continue to make a MTF strategy more 

interesting for companies than a traditional MTS strategy. The 
main advantage of MTF is the ability to adapt stocks to the 
customer demand dynamically [27]. 

Besides shifting the CODP, hybrid order processing 
strategies also evolve from various methods of manufacturing 
control. Companies need to make numerous strategic decisions 
in the context of manufacturing control. Thereby, they 
constantly adapt their previously chosen order processing 
strategy to the company and product-specific requirements. 
The Hanoverian Supply Chain Model [28] and Lödding’s 
Model of Manufacturing Control [29] were selected to support 
the search for further hybrid order processing strategies and 
modifications of already identified strategies. These PPC 
models shows the interactions between the PPC tasks and the 
logistic objectives in a company's internal supply chain. To 
track the emergence of hybrid order processing strategies, the 
PPC tasks listed in these models were examined in a stepwise 
manner. The evaluation revealed opportunities for the 
emergence of hybrid order processing strategies in various PPC 
tasks. PPC tasks located in manufacturing control can modify 
the order processing strategies shown in Figure 2. The essential 
tasks are the order generation, order release, sequencing and lot 
sizing. For example, specific machines may require a fixed 
production lot size. While in certain industries, companies can 
define a minimum order quantity for their customers, other 
companies simply charge higher prices for smaller purchases. 
As the Hanoverian Supply Chain Model can be considered an 
extension of Lödding’s approach [28], additional important 
aspects for the selection of an order processing strategy can be 
derived. An example for such an aspect is the priority assigned 
to the various order processing strategies. For example, 
suppliers in the automotive prioritise MTS orders from original 
equipment manufacturers over MTO orders from the 
aftermarket [30]. In the case of major MTO customers, the 
opposite situation can occur. In this context, the potential of 
MTS and MTO for workload balancing should be further 
investigated.  

In summary, hybrid strategies can be divided into the 
following three categories: combination of traditional MTS und 
MTO systems, variations of a traditional MTS and 
manufacturing control modifications. 

3. Review of effects on economic and logistic objectives 

Manufacturing companies must meet their customer 
requirements while producing as economically as possible. As 
the decision on the order processing strategy influences both 
economic and logistic objectives, many authors address the 
question of how products with different order processing 
strategies interact in a company. The focus lies mostly on a cost 
or performance optimisation of the PPC with multiple variables 
[31, 32] or on individual aspects such as scheduling [33, 34, 
35] or inventory control [36, 37]. Hoekstra and Romme argued 
that the throughput times, linked costs and investments vary 
between the different order processing strategies [4]. However, 
the wide-ranging impact of the choice of order processing 
strategy shows in the different aspects focused on in existing 
approaches. For example, Rafiei et al. focused on the capacity 
coordination regarding the system performance of a hybrid 
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MTS/MTO system [38]. Whereas Beemsterboer et al. analyse 
the inventory level and backlog state without prioritising either 
MTS or MTO [39]. In the following, MTS and MTO are used 
as examples to explain the effects of the order processing 
strategy on the economic and logistic objectives. 

MTS production orders can be controlled flexible, because 
customers are not directly linked to the production. Thus, 
influence the utilisation of the production capacity positively. 
Production orders do not derive from customer orders, allowing 
the use of a cost optimal lot size. In addition, short delivery 
times are possible. This requires the operation of a finished 
goods store, which is associated with costs and tied up capital 
for the infrastructure and goods. For a high level of delivery 
reliability, even in times of fluctuating demand, a high safety 
stock is necessary. As a result, the risk of unsaleable products 
increases [40]. In a MTO system, customer orders directly 
transform into production orders. This enables highly 
customised products as well as the possibility of including 
modification requests from customers after the start of 
production. As no finished goods store is required, the risk of 
unsaleable products does not exist. Consequently, the 
throughput times and thus the delivery times are clearly longer 
in comparison to MTS production. Furthermore, the realisation 
of economic production orders is not possible in a traditional 
MTO system [41]. 

Fawcett and Fawcett provide a good overview on the 
deliverables of an order fulfillment system and the associated 
costs of order fulfillment failures [42]. Companies use hybrid 
order processing strategies to decrease the risk of order 
fulfillment failures. By combining the specific advantages of 
MTS and MTO systems, they create a system that fits their 
particular needs. For example, a MTO strategy with fixed or 
minimum lot sizes is common in various industries. Each time 
a customer places an order and the company accepts it, the 
company initiates a request to its storage. The customer gets 
the order straight delivered if the stock of the product is high 
enough. Otherwise, the production planning and control system 
is searched for production orders of the ordered product. If no 
such job is in the system or the batch already is reserved for 
other orders, a new production job with the cost optimal lot size 
or a multiple of it is created. Not required finished products go 
straight into the storage. This strategy offers the advantage of 
short delivery times for small orders. Setup costs are reduced 
for a process related fixed or minimum lot size. If a cost optimal 
lot size is produced, this can be considered an MTS strategy 
without a safety stock. 

The numerous possibilities for generating hybrid order 
processing strategies result in highly complex systems 
containing diverse interactions. The influencing factors and the 
effects of the different hybrid order processing strategies on the 
objectives were structured by using causal diagrams. Apart 
from obvious knock-out characteristics such as expiration dates 
of materials, especially the quantity and fluctuation of demand 
appears to be a key factor. Using a preorder strategy [43] and 
improved methods for sales planning [44] can help to 
compensate uncertainties in demand. Several authors 
investigated additional aspects such as the performance of 
suppliers for different order processing strategies [45] or the 
relation between the release of orders and delays [46]. Jia et al. 

developed a dynamic method for the determination of the 
CODP [47]. This shows that the choice of the order processing 
strategy needs to be made not only once but continuously. 
Determining the most suitable order processing strategy for 
each product requires a comparison of different strategies. As 
changing the order processing strategy is associated with 
considerable effort, a prediction of the effects on the economic 
and logistic objectives is necessary. 

4. Prediction by logistic models 

Logistic models proved to be practicable, efficient 
instruments for the universal quantification of various 
processes in a company's internal supply chain [48]. The 
various order processing strategies result in different operating 
points in the models. Combining several logistic models and 
additional analyses, such as an ABC analysis, helps to predict 
the effects on the economic and logistic objectives. Volland 
already studied the effects of lot sizes and sequencing rules on 
logistic characteristic curves [49]. The configuration of the 
production system and the implemented manufacturing control 
methods strongly influences the effects on the objectives. For 
the development of a universally valid model, the effects of the 
hybrid order processing strategies need to be taken into 
account. To achieve this, the possibilities for the emergence of 
hybrid strategies as well as logistic models must be mapped 
along a company's internal supply chain. The number and 
structure of production stages varies considerably within 
companies. Therefore, the models for each production stage 
needs to be assigned individually for each company. In this 
way, it is also possible to determine whether an unsatisfactory 
fulfilment of objectives is caused by the order processing 
strategy or by problems in individual processes. The time 
required for the order depends on the system performance. 
Improving the processes and thus reaching a better operating 
point may result in considering a previously rejected strategy 
after all. 

A standard scenario serves to describe the changes in 
achieving the economic and logistic objectives caused by 
hybrid order processing strategies. Either a traditional MTS or 
MTO strategy is suitable as such a scenario. Depending on 
whether assuming an MTS or MTO strategy, slightly different 
objectives and models are relevant. In MTS production, service 
level and delivery capability are important, whereas in MTO 
production, schedule reliability and delivery time replace these. 
Individual objectives also require the use of different logistic 
models. The characteristic curve for stock-on-hand [50] and the 
storage model [51] describe the interrelationships in case of 
MTS. In a MTO environment the schedule compliance 
operating curve helps to model be relations between schedule 
compliance, delivery time and the stock of finished orders [52]. 
Other models, such as throughput diagrams [53] or lot sizing 
models [54], apply in both cases. For example, a change of the 
operating point in a lot sizing model results in different set up 
costs, purchasing costs and storage costs in the produced goods 
store. Table 1 shows possible effects of adding a fixed lot size 
to a traditional MTO strategy. Assuming a lot size, which is 
higher than the average lot size in the traditional MTO system, 
the costs in the produced goods store decrease. Improved 
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planning due to the stable lot size can have a positive effect on 
manufacturing costs, utilisation and productivity. The 
throughput time increases due to the longer operation time of 
an order. Operating with a fixed lot size, but not using a 
predefined criteria for order generation, as in a traditional MTS 
system, can cause issues. A few orders of large quantities can 
easily cause the system to clog. This increases the pressure on 
already existing bottlenecks and thus leads to a lower due date 
compliance. With the remaining products flowing into the 
storage, it is possible to deliver small order quantities directly. 
The in general longer throughput times of production orders 
overlaid this effect. The remaining products of already started 
production orders enable a slightly higher schedule 
compliance. In case of partial deliveries, this effect is 
intensified. 

Table 1. Example of effects of a MTO order processing strategy with fixed lot 
sizes compared to a traditional MTO production 

Objective Effect 

Procured goods store Slightly positive 

Semi-finished goods store No Effect 

Finished goods store Negative 

Work-in-Process Depends on other influencing variables 

Manufacturing costs Positive 

Utilisation Positive 

Productivity Positive 

Throughput time Negative 

Due date compliance Slightly negative 

Schedule compliance Slightly positive 

Delivery time Slightly positive 

 
These exemplary effects can overlap with the effects of 

other possible ways of generating hybrid order processing 
strategies. In addition, other aspects, such as the availability of 
material, can strengthen or weaken the effects. Furthermore, 
the interactions with the other products manufactured on the 
same production line need to be taken into account. In the case 
of products competing for capacity, the priorities set for the 
different products are an important aspect. Medini showed in a 
case study, that simulation is a suitable method for evaluate 
order management process in the context of mass 
customisation [55]. Simulation models provide a useful 
opportunity to validate the effects of hybrid order processing 
strategies on the economic and logistic objectives. Thus, the 
amount of hybrid order processing strategies relevant for a 
particular product and the effort required to apply the logistic 
models can be reduced. 

5. Conclusions and outlook 

To meet the dynamically changing customer requirements 
and still produce economically, companies seek to achieve a 
flexible mass customisation. The order processing strategy 
affects the economic and logistic objectives of a company. 
Therefore, it should also be easily adjustable. Companies 
already recognise this and increasingly move away from 
traditional systems with only one order processing strategy. 

Operating a system with multiple order processing strategies 
and estimating the wide-ranging consequences of changing the 
order processing strategy of a product presents a major 
challenge for companies. Applying hybrid order processing 
strategies increases the probability of meeting the customised 
demand. Although many companies use hybrid strategies, 
classic models cannot adequately reflect them. A model is 
required, which supports hybrid order processing strategies, 
and not only the decision between MTS and MTO products or 
the general situation of the CODP. To enable an easy 
application of such a model for companies, the transfer of the 
results into a software demonstrator is required. This paper 
contributes to the achievement of this vision by systematically 
describing hybrid order processing strategies and exemplarily 
illustrating their effects on the economic and logistic 
objectives. The interactions between the products with 
different order processing strategies manufactured on the same 
production line need to be further studied. In this context, the 
aspect of workload balancing should be included and the results 
evaluated by a simulation model. 
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