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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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methodology for their fit to a process industry context based on general industry characteristics and insights from a case company. It is found that 
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1. Introduction 

Long past is the time where companies could produce a 
single product variant and expect to satisfy the market at large. 
Today, customers are presented with an incredible product 
variety offered by companies striving to remain competitive by 
introducing new products at an ever-faster pace and in smaller 
production volumes [1,2]. Indeed, Bernard et al. [3] found that 
companies offering multiple products had higher revenues and 
the addition of products to a firm’s portfolio likewise resulted 
in increased revenues. However, expanding the product 
portfolio in response to market demands can have adverse 
consequences for a manufacturing company as complexity-
related costs are likely to increase in consequence [4]. In 
response to these challenges, many discrete manufacturers 
have successfully adopted platform-based modular product 
development approaches for a wide array of products including 
automobiles [2], power tools [5], and consumer electronics [6]. 

While the process manufacturing industry is traditionally 
seen as a supplier of low variety high volume products such as 
petrochemicals and commodity materials [7], this is a 

superficial perspective on an industry that is experiencing 
similar market trends to those of the discrete manufacturing 
industry [8]. Nevertheless, whereas the discrete manufacturing 
industry has adopted modularization and platform-based 
product development at large, there is comparatively sparse 
evidence of this in the process manufacturing industry [9,10]. 
Some studies have even disputed the application of established 
product platform development concepts in the process 
manufacturing industry [9], whereas others have provided 
examples [10,11] and anecdotal evidence [9,12] of how such 
concepts may be conceived. 

Therefore, to further the knowledge of how modular product 
development can be applied in the process industry, this paper 
takes outset in the modular function deployment (MFD) 
method and analyses it with respect to process industry 
characteristics. MFD was selected as it has found widespread 
use in discrete manufacturing industry [13,14] providing 
credence to its applicability in practice. Furthermore, MFD is 
unique in that it explicitly considers business strategy [13–15], 
further strengthening its appeal to practitioners. These are 
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Long past is the time where companies could produce a 
single product variant and expect to satisfy the market at large. 
Today, customers are presented with an incredible product 
variety offered by companies striving to remain competitive by 
introducing new products at an ever-faster pace and in smaller 
production volumes [1,2]. Indeed, Bernard et al. [3] found that 
companies offering multiple products had higher revenues and 
the addition of products to a firm’s portfolio likewise resulted 
in increased revenues. However, expanding the product 
portfolio in response to market demands can have adverse 
consequences for a manufacturing company as complexity-
related costs are likely to increase in consequence [4]. In 
response to these challenges, many discrete manufacturers 
have successfully adopted platform-based modular product 
development approaches for a wide array of products including 
automobiles [2], power tools [5], and consumer electronics [6]. 

While the process manufacturing industry is traditionally 
seen as a supplier of low variety high volume products such as 
petrochemicals and commodity materials [7], this is a 

superficial perspective on an industry that is experiencing 
similar market trends to those of the discrete manufacturing 
industry [8]. Nevertheless, whereas the discrete manufacturing 
industry has adopted modularization and platform-based 
product development at large, there is comparatively sparse 
evidence of this in the process manufacturing industry [9,10]. 
Some studies have even disputed the application of established 
product platform development concepts in the process 
manufacturing industry [9], whereas others have provided 
examples [10,11] and anecdotal evidence [9,12] of how such 
concepts may be conceived. 

Therefore, to further the knowledge of how modular product 
development can be applied in the process industry, this paper 
takes outset in the modular function deployment (MFD) 
method and analyses it with respect to process industry 
characteristics. MFD was selected as it has found widespread 
use in discrete manufacturing industry [13,14] providing 
credence to its applicability in practice. Furthermore, MFD is 
unique in that it explicitly considers business strategy [13–15], 
further strengthening its appeal to practitioners. These are 
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contributing factors to MFD being considered a favorable 
approach to modular product design [16,17]. 

2. Modular function deployment 

Modular function deployment was developed in the 1990s 
and documented by Erixon [15] in the first of several 
publications outlining the method and demonstrating its use 
through various cases (e.g., [14,15,18]) and examples (e.g., 
[13]). As a method for designing modular products, MFD is 
described as “a structured, company-supportive method with 
the objective of finding the optimal modular product design, 
taking into consideration the company’s specific needs.” [19] 
From this description it is evident that MFD has a strong focus 
on the practical applicability and business perspective of 
modularization, which is a characteristic that has been 
highlighted as a distinctive beneficial trait [16,17,20]. 

2.1. The five steps of modular function deployment 

To support modular design of products, MFD utilizes a five-
step process ensuring that market, engineering, business 
strategic, and manufacturing needs are considered [14]. The 
analysis required in each step is supported by one or more tools 
which are a combination of qualitative and quantitative 
approaches. The five steps are [19]: 
1. Define customer requirements 
2. Select technical solutions 
3. Generate module concept 
4. Evaluate module concept 
5. Optimize modules 
The first step is concerned with capturing the needs of the 
market or customers, which are then translated into product 
properties [19]. This process is supported using a modified 
quality function deployment (QFD) method. 

In the second step, the product requirements identified 
through the first step are further translated into technical 
solutions by engineers. The technical perspective on the 
product is achieved through functional decomposition of the 
product [19]. Next, multiple alternative solutions are proposed 
and evaluated according to their fulfillment of defined 
evaluation criteria. 

The third step of the MFD method is the central step in 
designing a modular product. Here, the strategic goals of the 
company are imposed on the product through several Module 
Drivers. Each driver represents a different strategic reason for 
forming a module [19]. Based on a Module Identification 
Matrix, technical solutions are evaluated against the set of 
module drivers, and several module candidates are identified. 

In the fourth step, the identified module candidates are 
evaluated on their interface relations as well as economic 
impact and production performance [19]. This is supported 
partly by an interface matrix and a list of established evaluation 
parameters. 

In the fifth and final step, the product platform is 
documented through the requirements specification of each 
defined module. Once this documentation is complete, 

development resources may pivot to optimizing individual 
modules subject to the specified constraints. [19] 

In case non-satisfactory module performance is obtained, 
iterations of the design process may be required, and previous 
steps of the MFD are revisited. Findings from previous 
iterations are used as feedback to improve the design 
parameters and achieve better solutions [19]. 

3. Process industry characteristics 

Manufacturing industry can broadly be divided into two 
sub-industries: i) assembled or discrete manufacturing industry 
and ii) non-assembled or process manufacturing industry (often 
referred to as the process industry). 

Discrete manufacturing industry involves "manufacture of 
individual parts and components and then welding, bolting, or 
otherwise fastening them together into a finished product" [21]. 
The output of discrete manufacturing industries are discrete 
products, which are characterized as individual solid entities 
that can preserve their form without containerization [7,22]. 
While the output of process manufacturing industry may also 
be in individual units, the products are non-discrete in that 
individual elements are indistinguishable [23] and "often 
expand, evaporate or dry out" [7] resulting in them being 
incapable of maintaining their shape without containerization 
[7,22]. In general, the process manufacturing industry is 
defined either based on the types of products produced [24,25] 
or by the type of production processes utilized by the industry 
[7,21,26]. 

Although both industries share some similarities [7,27] there 
are several distinguishing characteristics between them, as 
summarized in Table 1, which may impact product 
development approaches. In the following sections, each of the 
characteristics listed in Table 1 are described and elaborated 
on. 
Table 1. Comparison of process industry and discrete manufacturing industry 
characteristics. Based primarily on the findings of [7,23,27,28]. 

3.1. Product structure depth 

In discrete manufacturing industry, products typically have 
deep product structures comprised of many components and 
subsystems whereas process industry products are typically 
characterized by very shallow product structures [21]. 
Akkerman et al. [12] presents the case of a flour manufacturer 

Process industry Discrete manufacturing industry 

Shallow product structure Deep product structure 

Blended formula or recipe Assembled bill-of-materials 

Few input raw materials Many input materials/components 

Frequent shelf-life constraints Limited shelf-life constraints 

Variable material grade Predictable material grade 

Frequent regulatory involvement Limited regulatory involvement 

Frequent co- or by-products No co- or by-products 

Often variable yield Predictable yield expected 

Primarily divergent product flow Primarily convergent product flow 

Material transformation Material reconfiguration 
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where products are either mixed from raw materials of pre-
blended and subsequently mixed, thus comprising either a 
single or two product structure levels, respectively. Dennis and 
Meredith [22] emphasizes that shallow product structures do 
not equal simple products. In fact, they found that yeast and 
bacteria manufacturing presented very complex products 
despite shallow product structures. 

3.2. Blended versus assembled products 

In many process industry sectors, input materials are 
combined and mixed to create a homogeneous product [24,27]. 
Examples include metal foundries where iron ore, coal, and 
other materials are combined to create homogeneous steel and 
metal alloys [7]. The homogenized intermediate product is 
often processed further through e.g., chemical, or thermal 
reactions before the final product is reached. 

3.3. Number of input materials 

Many process industry manufacturers use a single or few 
raw materials as input to their production processes [7]. For 
example, a meat processing plant uses a single source of meat 
to make various cutouts in different sizes, thus generating high 
product variety from a single material source. On the other 
hand, some process manufacturers rely on a relatively large 
number of input materials to generate their product variety [28]. 

3.4. Storage time restrictions 

Limited shelf-life of input and output materials is frequently 
observed in the process industry. In food and beverage 
manufacturing, for example, most raw materials and 
intermediate products are considered perishable goods, thereby 
imposing a limit on the delay until further processing. [29] 
Most products of these manufacturers likewise have limited 
shelf life, which imposes an upper bound on the storage time 
for such products. 

3.5. Material quality certainty 

Process industry manufacturers rely to a great extent on 
materials of natural origin, which implies inherent variation in 
their quality [29]. In industrial bakeries, seasonal variations in 
flour means that gluten content varies throughout the year, 
which may impact product performance [30]. Stainless steel 
manufacturers rely mainly on procurement of scrap metal as 
their input material, resulting in varying material grades [24]. 

3.6. Impact of regulations 

The process industry sector is influenced by government 
regulations to a higher degree than the discrete manufacturing 
industry [31]. In the pharmaceutical manufacturing industry, 

for example, regulations impose strict regulations on the 
products and their manufacturing processes [14]. 

3.7. Existence of co- and by-products 

As a result of production processes used, some process 
industry manufacturers must manage potential additional 
products, which may represent a market value (co-products) or 
be very difficult to sell (by-products) [29]. The existence of 
such additional process outcomes is often visible in food and 
pharmaceutical manufacturing [23,29]. 

3.8. Product yield certainty 

In some process industry sectors, production process yield 
is difficult to control, resulting in uncertain quality and volume 
of products [29]. The uncertainty of process outcomes has a 
potential negative impact on production management [32]. 

3.9. Product flow type 

The production flow of many process industry 
manufacturers resembles a V-shape in that few input materials 
are processed into a relatively large number of end products 
[21,23]. In petroleum refineries, crude oil is separated into a 
range of different fuel grades and other petroleum-based 
chemicals [33]. Although the divergent product flow is an 
often-cited characteristic of process industry manufacturers, it 
does not apply to every company in the process industry [29]. 

3.10. Material change type 

A main distinguishing factor of process industry 
manufacturers is the nature of the material transformation 
process. In discrete manufacturing industry, raw materials are 
manipulated by means of physical production processes while 
maintaining the original material. In process industries, 
materials often undergo a transformation during production, 
resulting in the final product being identifiable different to the 
input material(s). [33] 

4. Modular function deployment in a process industrial 
context 

This section compares the main elements and proposed tools 
for each step in the MFD method, as outlined in Sec. 2, with 
relevant process industry characteristics from Sec. 3. In 
supplement to a broader industry-focused analysis, each step of 
the MFD method is supplemented with relevant findings from 
a case company to bring additional empirical evidence to 
support the analysis results. 

4.1. Case description 

The case company is a medium-sized European 
manufacturer of consumer chemicals. Production is primarily 
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contributing factors to MFD being considered a favorable 
approach to modular product design [16,17]. 

2. Modular function deployment 

Modular function deployment was developed in the 1990s 
and documented by Erixon [15] in the first of several 
publications outlining the method and demonstrating its use 
through various cases (e.g., [14,15,18]) and examples (e.g., 
[13]). As a method for designing modular products, MFD is 
described as “a structured, company-supportive method with 
the objective of finding the optimal modular product design, 
taking into consideration the company’s specific needs.” [19] 
From this description it is evident that MFD has a strong focus 
on the practical applicability and business perspective of 
modularization, which is a characteristic that has been 
highlighted as a distinctive beneficial trait [16,17,20]. 

2.1. The five steps of modular function deployment 

To support modular design of products, MFD utilizes a five-
step process ensuring that market, engineering, business 
strategic, and manufacturing needs are considered [14]. The 
analysis required in each step is supported by one or more tools 
which are a combination of qualitative and quantitative 
approaches. The five steps are [19]: 
1. Define customer requirements 
2. Select technical solutions 
3. Generate module concept 
4. Evaluate module concept 
5. Optimize modules 
The first step is concerned with capturing the needs of the 
market or customers, which are then translated into product 
properties [19]. This process is supported using a modified 
quality function deployment (QFD) method. 

In the second step, the product requirements identified 
through the first step are further translated into technical 
solutions by engineers. The technical perspective on the 
product is achieved through functional decomposition of the 
product [19]. Next, multiple alternative solutions are proposed 
and evaluated according to their fulfillment of defined 
evaluation criteria. 

The third step of the MFD method is the central step in 
designing a modular product. Here, the strategic goals of the 
company are imposed on the product through several Module 
Drivers. Each driver represents a different strategic reason for 
forming a module [19]. Based on a Module Identification 
Matrix, technical solutions are evaluated against the set of 
module drivers, and several module candidates are identified. 

In the fourth step, the identified module candidates are 
evaluated on their interface relations as well as economic 
impact and production performance [19]. This is supported 
partly by an interface matrix and a list of established evaluation 
parameters. 

In the fifth and final step, the product platform is 
documented through the requirements specification of each 
defined module. Once this documentation is complete, 

development resources may pivot to optimizing individual 
modules subject to the specified constraints. [19] 

In case non-satisfactory module performance is obtained, 
iterations of the design process may be required, and previous 
steps of the MFD are revisited. Findings from previous 
iterations are used as feedback to improve the design 
parameters and achieve better solutions [19]. 

3. Process industry characteristics 

Manufacturing industry can broadly be divided into two 
sub-industries: i) assembled or discrete manufacturing industry 
and ii) non-assembled or process manufacturing industry (often 
referred to as the process industry). 

Discrete manufacturing industry involves "manufacture of 
individual parts and components and then welding, bolting, or 
otherwise fastening them together into a finished product" [21]. 
The output of discrete manufacturing industries are discrete 
products, which are characterized as individual solid entities 
that can preserve their form without containerization [7,22]. 
While the output of process manufacturing industry may also 
be in individual units, the products are non-discrete in that 
individual elements are indistinguishable [23] and "often 
expand, evaporate or dry out" [7] resulting in them being 
incapable of maintaining their shape without containerization 
[7,22]. In general, the process manufacturing industry is 
defined either based on the types of products produced [24,25] 
or by the type of production processes utilized by the industry 
[7,21,26]. 

Although both industries share some similarities [7,27] there 
are several distinguishing characteristics between them, as 
summarized in Table 1, which may impact product 
development approaches. In the following sections, each of the 
characteristics listed in Table 1 are described and elaborated 
on. 
Table 1. Comparison of process industry and discrete manufacturing industry 
characteristics. Based primarily on the findings of [7,23,27,28]. 

3.1. Product structure depth 

In discrete manufacturing industry, products typically have 
deep product structures comprised of many components and 
subsystems whereas process industry products are typically 
characterized by very shallow product structures [21]. 
Akkerman et al. [12] presents the case of a flour manufacturer 

Process industry Discrete manufacturing industry 

Shallow product structure Deep product structure 

Blended formula or recipe Assembled bill-of-materials 

Few input raw materials Many input materials/components 

Frequent shelf-life constraints Limited shelf-life constraints 

Variable material grade Predictable material grade 

Frequent regulatory involvement Limited regulatory involvement 

Frequent co- or by-products No co- or by-products 

Often variable yield Predictable yield expected 

Primarily divergent product flow Primarily convergent product flow 

Material transformation Material reconfiguration 
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where products are either mixed from raw materials of pre-
blended and subsequently mixed, thus comprising either a 
single or two product structure levels, respectively. Dennis and 
Meredith [22] emphasizes that shallow product structures do 
not equal simple products. In fact, they found that yeast and 
bacteria manufacturing presented very complex products 
despite shallow product structures. 

3.2. Blended versus assembled products 

In many process industry sectors, input materials are 
combined and mixed to create a homogeneous product [24,27]. 
Examples include metal foundries where iron ore, coal, and 
other materials are combined to create homogeneous steel and 
metal alloys [7]. The homogenized intermediate product is 
often processed further through e.g., chemical, or thermal 
reactions before the final product is reached. 

3.3. Number of input materials 

Many process industry manufacturers use a single or few 
raw materials as input to their production processes [7]. For 
example, a meat processing plant uses a single source of meat 
to make various cutouts in different sizes, thus generating high 
product variety from a single material source. On the other 
hand, some process manufacturers rely on a relatively large 
number of input materials to generate their product variety [28]. 

3.4. Storage time restrictions 

Limited shelf-life of input and output materials is frequently 
observed in the process industry. In food and beverage 
manufacturing, for example, most raw materials and 
intermediate products are considered perishable goods, thereby 
imposing a limit on the delay until further processing. [29] 
Most products of these manufacturers likewise have limited 
shelf life, which imposes an upper bound on the storage time 
for such products. 

3.5. Material quality certainty 

Process industry manufacturers rely to a great extent on 
materials of natural origin, which implies inherent variation in 
their quality [29]. In industrial bakeries, seasonal variations in 
flour means that gluten content varies throughout the year, 
which may impact product performance [30]. Stainless steel 
manufacturers rely mainly on procurement of scrap metal as 
their input material, resulting in varying material grades [24]. 

3.6. Impact of regulations 

The process industry sector is influenced by government 
regulations to a higher degree than the discrete manufacturing 
industry [31]. In the pharmaceutical manufacturing industry, 

for example, regulations impose strict regulations on the 
products and their manufacturing processes [14]. 

3.7. Existence of co- and by-products 

As a result of production processes used, some process 
industry manufacturers must manage potential additional 
products, which may represent a market value (co-products) or 
be very difficult to sell (by-products) [29]. The existence of 
such additional process outcomes is often visible in food and 
pharmaceutical manufacturing [23,29]. 

3.8. Product yield certainty 

In some process industry sectors, production process yield 
is difficult to control, resulting in uncertain quality and volume 
of products [29]. The uncertainty of process outcomes has a 
potential negative impact on production management [32]. 

3.9. Product flow type 

The production flow of many process industry 
manufacturers resembles a V-shape in that few input materials 
are processed into a relatively large number of end products 
[21,23]. In petroleum refineries, crude oil is separated into a 
range of different fuel grades and other petroleum-based 
chemicals [33]. Although the divergent product flow is an 
often-cited characteristic of process industry manufacturers, it 
does not apply to every company in the process industry [29]. 

3.10. Material change type 

A main distinguishing factor of process industry 
manufacturers is the nature of the material transformation 
process. In discrete manufacturing industry, raw materials are 
manipulated by means of physical production processes while 
maintaining the original material. In process industries, 
materials often undergo a transformation during production, 
resulting in the final product being identifiable different to the 
input material(s). [33] 

4. Modular function deployment in a process industrial 
context 

This section compares the main elements and proposed tools 
for each step in the MFD method, as outlined in Sec. 2, with 
relevant process industry characteristics from Sec. 3. In 
supplement to a broader industry-focused analysis, each step of 
the MFD method is supplemented with relevant findings from 
a case company to bring additional empirical evidence to 
support the analysis results. 

4.1. Case description 

The case company is a medium-sized European 
manufacturer of consumer chemicals. Production is primarily 
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performed through batch mixing, although some product 
groups are made by continuous production processes. The 
company operates primarily within the business-to-business 
segment and a vast majority of the products are made-to-stock 
to accommodate fast and frequent deliveries to customers. The 
company has an extensive product range of more than 1000 
product variants distributed across 19 different product groups. 
In addition to the relatively large product portfolio, the 
company furthermore experiences an annual renewal rate of 
around 30 percent of the product portfolio. Both factors 
contribute to considerable complexity within product 
development and manufacturing and logistics operations in the 
company. With an aim to grow considerably in the near future, 
the company aims at reducing its internal complexity while 
maintaining the ability to deliver the increasing number of 
product variants demanded by its customers. 

For this paper, a single product group was selected for the 
case study. Due to confidentiality reasons, the product group 
selected has been anonymized. Product group selection was 
done based on an analysis of the product variety across all 
product groups and their importance to the company from a 
financial perspective. The selected product group scored high 
on both dimensions, which was the primary reason for its 
selection. 

4.2. Step 1: Define customer requirements 

Determining customer requirements and translating these to 
product properties through the application of QFD has also 
been reported in the process industry [34–36], although it is 
noted that the diffusion of the method is not as high in this 
industry as in discrete manufacturing [35].  However, Lager 
[36] argues that the specifics of the process industry are not 
addressed by traditional QFD, citing the often-missing 
relationship between process industry manufacturers and end 
users as the primary reason. Consequently, a modified 
industry-specific version is proposed. As the process industry 
is made up of heterogeneous sectors, there may be instances 
where the link to the end-consumer exists, thus making 
traditional QFD applicable, while other situations may require 
use of the modified QFD approach by Lager [36]. 

As the case company manufactures consumer products, the 
modified QFD proposed by Erixon [15] was selected. It was, 
however, found that to encompass all the variations of the 
product family required by the different market segments, the 
Customer Value Rating matrix proposed by Borjesson [13] was 
more appropriate. This allowed the matrix to encompass the 
differences in product feature preferences across the low-, mid-
, and high-end market segments. 

4.3. Step 2: Select technical solutions 

Translating market requirements into engineering solutions 
is achieved through a functional decomposition of the product. 
There is no correct way to perform functional decomposition 
[18], so several different tools are proposed to aid in this 
endeavor, each with a specific focus. The function-means tree 
hierarchically decomposes the product into sub-functions and 

their technical solutions, one-to-one [13,15], and is proposed 
for complex products, i.e., consisting of many parts [18]. 
However, as noted by King et al. [21] products in the process 
industry often have simple product structures. A hierarchical 
decomposition of products may therefore not be the preferred 
method for many process industry companies. 

The aim of achieving functional independence as a 
precondition for good modular designs may prove difficult in 
the process industry sectors producing homogeneous products, 
as interaction between product properties exists, contrary to 
assembled products [36]. Functional interdependence is also 
observed in the product group analyzed in the case company. 
Here, multiple ingredients directly influence the primary 
function of the product. Changing one ingredient category 
affects the performance of another ingredient category, which 
may result in reduced performance of the product. 

Following functional decomposition of the product, 
evaluation and selection of technical solutions is needed. The 
Pugh Selection Matrix was originally proposed by Erixon [15] 
for this task due to its simplicity in use. The matrix is based on 
several defined criteria. While the criteria are not predefined, 
and emphasis is placed on adapting the criteria to the specific 
company [19], more generic criteria are also proposed [13,18]. 
The industry characteristics outlined in Sec. 3, could indicate 
that not all generic criteria would translate equally well to the 
process industry. For example, this industry is typically less 
labor intensive [21], which would make the criteria “direct 
labor” less important. In the case company, a relevant selection 
criterion may be the compatibility of a given solution with 
consumer guidance labels, such as vegan or sustainability-
focused ones. Other criteria could be the compatibility with 
existing process technologies or equipment as investment in 
new equipment may pose a significant expenditure. 

4.4. Step 3: Generate module concept 

Module drivers are the key element in MFD as they form the 
link between modular product development and the business’ 
strategy. Product strategy can be formulated across the life 
cycle of the product, for which reason module drivers span the 
entirety of this cycle [18]. Erixon [15] originally proposed 12 
generic module drivers to support this. It was emphasized that 
the list could be supported by company specific drivers [18] or 
reformulated to adapt a specific company [13] and generally 
should not be considered an exhaustive list [15]. 

Erixon [18] presents the styling module driver as a module 
that allows aesthetic differentiation of the product without 
affecting the rest of the product. In the case company, a style 
module may be identified through the materials colorant and 
perfume, as these are the primary differentiators from the 
perspective of the customer. However, in some formulations 
other ingredients may have a negative effect on these resulting 
in e.g., discoloring or fading of the colorant. 

In the process industry, product quality testing is often 
affected by slow microbiological reaction times [29], which 
may have a negative effect on production lead time. Even so, 
as described in Sec. 3.5 and 3.8, some process industry 
manufacturers are affected by either input material quality 
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uncertainty or production yield uncertainty. In such contexts, 
the ability to perform testing of individual modules may result 
in reduced rework and product waste. 

The three module drivers associated with after sales product 
life appear to be the generally least relevant category of module 
drivers. This is partly due to the inherent difficulties in 
performing service and maintenance on homogeneous products 
by replacing a module and partly because many process 
industry products are consumables, meaning that extending the 
life cycle of a product to allow prolonged use makes little sense. 
However, for some products such as the chemicals produced 
by the case company, the product function may be upgraded by 
mixing with other products from the company. For example, 
the general cleaning performance may be increased by adding 
a descaling product, which reduces the hardness of the water, 
while targeted cleaning performance may be achieved by 
adding a bleaching agent. 

To identify module drivers for different technical solutions, 
Erixon [15] suggests using a questionnaire. While a 
questionnaire may pose an easy approach to identify module 
drivers, the rapid development in industrial automation and 
information technology since the first publication could 
suggest the potential for adopting a data driven approach 
towards module driver identification. This could especially be 
relevant in the process industry, as production systems in this 
industry are generally characterized by a higher number of 
sensors in production [37]. 

Once the module drivers have been identified, these are 
scored in the Module Indication Matrix (MIM). Based on the 
scores in the MIM, module concepts can be generated. Methods 
proposed for the generation of module concepts range from 
creative processes [19]  to simple heuristics [38] to statistical 
methods [13]. In general, simple heuristics are proposed for 
simpler products, whereas hierarchical clustering is favored for 
more complex products. The generally simpler product 
structures of process industry manufacturers would suggest a 
bias against methods suitable for complex products. 

Finally, as part of the module concept generation phase, 
Ericsson and Erixon [19] present a method for determining the 
optimum number of modules in a product. The method is based 
on the assembly time of the product and its modules, and the 
relevance to process industry manufacturers seem low. Even 
so, in the case company, the production of a product 
formulation must be done in a predefined mixing order. This 
may be considered somewhat analogous to an assembly 
sequence in discrete manufacturing, although this would 
require additional research to confirm whether such a 
comparison can be made. 

4.5. Step 4: Evaluate module concept 

Interface evaluation is very important to consider the overall 
cost of a modular design [15]. However, the presented 
descriptions of interface types seem heavily biased towards 
mechanical products given their reliance on concepts like 
geometry and movement. 

In MFD, an Interface Matrix is proposed as a means of 
evaluating the module concepts and their interfaces. Ideally, 

either of two ideal assembly techniques i.e., the “hamburger” 
or “base part” technique, is sought [18,19] and all markings 
outside of the two ideal regions are deemed undesirable [18]. 
Nevertheless, the fundamental premise of the matrix seems 
invalid for most process industry products. This is based on the 
difficulty in identifying which of the assembly methods would 
be applied to a non-assembled mixed product such as the 
product group investigated in the case company. This is 
because while there is a defined mixing order which may to 
some extent resemble the "hamburger" assembly technique, 
chemicals reactions occur between each step resulting in the 
previous module(s) being transformed and homogenized. 
Furthermore, the implied "distance" between the assembled 
modules does not apply as the formulation is homogenized, in 
which case the assembly style resembles neither of the two 
ideal scenarios presented. 

Once the interface evaluation has been completed, the 
module concepts are evaluated against several parameters [19], 
which are a combination of rules and metrics. Erixon [15] 
combines these metrics into a Modularity Evaluation Chart. 
While some of the proposed metrics may translate well to the 
process industry, such as the share of carryover, share of 
purchased modules and number of modules in product, others 
may not translate as well. A questionable parameter is the 
interface complexity metric due to the challenges addressed 
previously concerning defining and evaluating interfaces 
following established conventions. The material purity in 
modules is another example of a parameter with lower usability 
as most products are homogeneous and thereby uniform in 
nature, as explained in Sec. 3.2. 

4.6. Step 5: Optimize modules 

In the final step, development shifts from product 
architecture definition towards specifying and documenting the 
requirements of individual modules [13,15,19]. The 
importance of performing design for manufacture and 
assembly-based improvements to modules is emphasized. 
Although the method is seemingly focused on assembled 
products it has been used in process industry sectors as well 
[39], indicating that the methods and tools suggested in this 
step would translate well to the process industry. 

5. Concluding remarks 

This study has analyzed the modular function deployment 
method regarding its applicability to process industry products. 
Generally, it is found that modular function deployment in its 
original form may not be directly applicable for process 
industry products and should be adapted before use in this 
industry is considered feasible. 

In the first step, it was concluded that QFD in its essence 
seems applicable although a modified approach may be needed 
for optimal use in process industries. Analysis of step two 
concluded that methods aimed at complex product structures 
would seemingly be less relevant in the process industry. 
Furthermore, the selection criteria used in the Pugh Selection 
Matrix cannot be translated completely to the process industry 
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performed through batch mixing, although some product 
groups are made by continuous production processes. The 
company operates primarily within the business-to-business 
segment and a vast majority of the products are made-to-stock 
to accommodate fast and frequent deliveries to customers. The 
company has an extensive product range of more than 1000 
product variants distributed across 19 different product groups. 
In addition to the relatively large product portfolio, the 
company furthermore experiences an annual renewal rate of 
around 30 percent of the product portfolio. Both factors 
contribute to considerable complexity within product 
development and manufacturing and logistics operations in the 
company. With an aim to grow considerably in the near future, 
the company aims at reducing its internal complexity while 
maintaining the ability to deliver the increasing number of 
product variants demanded by its customers. 

For this paper, a single product group was selected for the 
case study. Due to confidentiality reasons, the product group 
selected has been anonymized. Product group selection was 
done based on an analysis of the product variety across all 
product groups and their importance to the company from a 
financial perspective. The selected product group scored high 
on both dimensions, which was the primary reason for its 
selection. 

4.2. Step 1: Define customer requirements 

Determining customer requirements and translating these to 
product properties through the application of QFD has also 
been reported in the process industry [34–36], although it is 
noted that the diffusion of the method is not as high in this 
industry as in discrete manufacturing [35].  However, Lager 
[36] argues that the specifics of the process industry are not 
addressed by traditional QFD, citing the often-missing 
relationship between process industry manufacturers and end 
users as the primary reason. Consequently, a modified 
industry-specific version is proposed. As the process industry 
is made up of heterogeneous sectors, there may be instances 
where the link to the end-consumer exists, thus making 
traditional QFD applicable, while other situations may require 
use of the modified QFD approach by Lager [36]. 

As the case company manufactures consumer products, the 
modified QFD proposed by Erixon [15] was selected. It was, 
however, found that to encompass all the variations of the 
product family required by the different market segments, the 
Customer Value Rating matrix proposed by Borjesson [13] was 
more appropriate. This allowed the matrix to encompass the 
differences in product feature preferences across the low-, mid-
, and high-end market segments. 

4.3. Step 2: Select technical solutions 

Translating market requirements into engineering solutions 
is achieved through a functional decomposition of the product. 
There is no correct way to perform functional decomposition 
[18], so several different tools are proposed to aid in this 
endeavor, each with a specific focus. The function-means tree 
hierarchically decomposes the product into sub-functions and 

their technical solutions, one-to-one [13,15], and is proposed 
for complex products, i.e., consisting of many parts [18]. 
However, as noted by King et al. [21] products in the process 
industry often have simple product structures. A hierarchical 
decomposition of products may therefore not be the preferred 
method for many process industry companies. 

The aim of achieving functional independence as a 
precondition for good modular designs may prove difficult in 
the process industry sectors producing homogeneous products, 
as interaction between product properties exists, contrary to 
assembled products [36]. Functional interdependence is also 
observed in the product group analyzed in the case company. 
Here, multiple ingredients directly influence the primary 
function of the product. Changing one ingredient category 
affects the performance of another ingredient category, which 
may result in reduced performance of the product. 

Following functional decomposition of the product, 
evaluation and selection of technical solutions is needed. The 
Pugh Selection Matrix was originally proposed by Erixon [15] 
for this task due to its simplicity in use. The matrix is based on 
several defined criteria. While the criteria are not predefined, 
and emphasis is placed on adapting the criteria to the specific 
company [19], more generic criteria are also proposed [13,18]. 
The industry characteristics outlined in Sec. 3, could indicate 
that not all generic criteria would translate equally well to the 
process industry. For example, this industry is typically less 
labor intensive [21], which would make the criteria “direct 
labor” less important. In the case company, a relevant selection 
criterion may be the compatibility of a given solution with 
consumer guidance labels, such as vegan or sustainability-
focused ones. Other criteria could be the compatibility with 
existing process technologies or equipment as investment in 
new equipment may pose a significant expenditure. 

4.4. Step 3: Generate module concept 

Module drivers are the key element in MFD as they form the 
link between modular product development and the business’ 
strategy. Product strategy can be formulated across the life 
cycle of the product, for which reason module drivers span the 
entirety of this cycle [18]. Erixon [15] originally proposed 12 
generic module drivers to support this. It was emphasized that 
the list could be supported by company specific drivers [18] or 
reformulated to adapt a specific company [13] and generally 
should not be considered an exhaustive list [15]. 

Erixon [18] presents the styling module driver as a module 
that allows aesthetic differentiation of the product without 
affecting the rest of the product. In the case company, a style 
module may be identified through the materials colorant and 
perfume, as these are the primary differentiators from the 
perspective of the customer. However, in some formulations 
other ingredients may have a negative effect on these resulting 
in e.g., discoloring or fading of the colorant. 

In the process industry, product quality testing is often 
affected by slow microbiological reaction times [29], which 
may have a negative effect on production lead time. Even so, 
as described in Sec. 3.5 and 3.8, some process industry 
manufacturers are affected by either input material quality 
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uncertainty or production yield uncertainty. In such contexts, 
the ability to perform testing of individual modules may result 
in reduced rework and product waste. 

The three module drivers associated with after sales product 
life appear to be the generally least relevant category of module 
drivers. This is partly due to the inherent difficulties in 
performing service and maintenance on homogeneous products 
by replacing a module and partly because many process 
industry products are consumables, meaning that extending the 
life cycle of a product to allow prolonged use makes little sense. 
However, for some products such as the chemicals produced 
by the case company, the product function may be upgraded by 
mixing with other products from the company. For example, 
the general cleaning performance may be increased by adding 
a descaling product, which reduces the hardness of the water, 
while targeted cleaning performance may be achieved by 
adding a bleaching agent. 

To identify module drivers for different technical solutions, 
Erixon [15] suggests using a questionnaire. While a 
questionnaire may pose an easy approach to identify module 
drivers, the rapid development in industrial automation and 
information technology since the first publication could 
suggest the potential for adopting a data driven approach 
towards module driver identification. This could especially be 
relevant in the process industry, as production systems in this 
industry are generally characterized by a higher number of 
sensors in production [37]. 

Once the module drivers have been identified, these are 
scored in the Module Indication Matrix (MIM). Based on the 
scores in the MIM, module concepts can be generated. Methods 
proposed for the generation of module concepts range from 
creative processes [19]  to simple heuristics [38] to statistical 
methods [13]. In general, simple heuristics are proposed for 
simpler products, whereas hierarchical clustering is favored for 
more complex products. The generally simpler product 
structures of process industry manufacturers would suggest a 
bias against methods suitable for complex products. 

Finally, as part of the module concept generation phase, 
Ericsson and Erixon [19] present a method for determining the 
optimum number of modules in a product. The method is based 
on the assembly time of the product and its modules, and the 
relevance to process industry manufacturers seem low. Even 
so, in the case company, the production of a product 
formulation must be done in a predefined mixing order. This 
may be considered somewhat analogous to an assembly 
sequence in discrete manufacturing, although this would 
require additional research to confirm whether such a 
comparison can be made. 

4.5. Step 4: Evaluate module concept 

Interface evaluation is very important to consider the overall 
cost of a modular design [15]. However, the presented 
descriptions of interface types seem heavily biased towards 
mechanical products given their reliance on concepts like 
geometry and movement. 

In MFD, an Interface Matrix is proposed as a means of 
evaluating the module concepts and their interfaces. Ideally, 

either of two ideal assembly techniques i.e., the “hamburger” 
or “base part” technique, is sought [18,19] and all markings 
outside of the two ideal regions are deemed undesirable [18]. 
Nevertheless, the fundamental premise of the matrix seems 
invalid for most process industry products. This is based on the 
difficulty in identifying which of the assembly methods would 
be applied to a non-assembled mixed product such as the 
product group investigated in the case company. This is 
because while there is a defined mixing order which may to 
some extent resemble the "hamburger" assembly technique, 
chemicals reactions occur between each step resulting in the 
previous module(s) being transformed and homogenized. 
Furthermore, the implied "distance" between the assembled 
modules does not apply as the formulation is homogenized, in 
which case the assembly style resembles neither of the two 
ideal scenarios presented. 

Once the interface evaluation has been completed, the 
module concepts are evaluated against several parameters [19], 
which are a combination of rules and metrics. Erixon [15] 
combines these metrics into a Modularity Evaluation Chart. 
While some of the proposed metrics may translate well to the 
process industry, such as the share of carryover, share of 
purchased modules and number of modules in product, others 
may not translate as well. A questionable parameter is the 
interface complexity metric due to the challenges addressed 
previously concerning defining and evaluating interfaces 
following established conventions. The material purity in 
modules is another example of a parameter with lower usability 
as most products are homogeneous and thereby uniform in 
nature, as explained in Sec. 3.2. 

4.6. Step 5: Optimize modules 

In the final step, development shifts from product 
architecture definition towards specifying and documenting the 
requirements of individual modules [13,15,19]. The 
importance of performing design for manufacture and 
assembly-based improvements to modules is emphasized. 
Although the method is seemingly focused on assembled 
products it has been used in process industry sectors as well 
[39], indicating that the methods and tools suggested in this 
step would translate well to the process industry. 

5. Concluding remarks 

This study has analyzed the modular function deployment 
method regarding its applicability to process industry products. 
Generally, it is found that modular function deployment in its 
original form may not be directly applicable for process 
industry products and should be adapted before use in this 
industry is considered feasible. 

In the first step, it was concluded that QFD in its essence 
seems applicable although a modified approach may be needed 
for optimal use in process industries. Analysis of step two 
concluded that methods aimed at complex product structures 
would seemingly be less relevant in the process industry. 
Furthermore, the selection criteria used in the Pugh Selection 
Matrix cannot be translated completely to the process industry 
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and should be adapted to the specifics of the sector and 
company. In the third step, the proposed methods can be used 
to some extent, although several of the module drivers do not 
fit the process industry. For the fourth step, it was found that 
the interface matrix is not applicable in the process industry due 
to the nature of the products in this industry. Some of the 
interface evaluation parameters likewise do not translate well 
to the process industry. In the final step, no major differences 
between the discrete and process manufacturing industry were 
identified. 

Based on the analyses, several relevant points for further 
research have been identified. In step two, development of a 
generic set of criteria for evaluating technical solutions in the 
process industry could be a means of further tailoring the 
method to the process industry. For step three, a thorough 
analysis of the applicability of proposed module drivers is 
deemed important for the potential adoption of this method in 
the process industry. Investigating an alternative method for 
determining the optimal number of modules for non-assembled 
products is likewise relevant to guide product development 
engineers. In step four, further research effort should be 
directed towards the concept of interfaces in the process 
industry and how interface evaluation may be achieved for non-
assembled products. 
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